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RÉSUMÉ

Un atelier/symposium a eu lieu aux Laboratoires nucléaires de Chalk River
en Ontario, du 20 au 22 mars 1989, pour examiner le progrès réalisé en
radioprotection au cours de ces 25 dernières années ainsi que les
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d'experts du Canada et d'autres pays pour identifier les besoins en
évolution en radioprotection et les buts possibles quant à la recherche
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FOREWORD

PURPOSE

The Workshop/Symposium on "Radiation protection: Past and
Future" was held to mark the retirement of Dr. A.M. Marko from the
Chalk River Nuclear Laboratories. Dr. Marko has coordinated research
activities in Health Sciences at the Chalk River Nuclear Laboratories
since 1961 and was one of the founding members of both the
International Radiation Protection Association and the Canadian
Radiation Protection Association. The occasion of his retirement
seemed an appropriate time to review the progress in radiation
protection over the past 25 years and consider what needs to be done
in the future.

A major goal of this workshop/symposium was to bring together a
group of experts from Canada and other countries to identify changing
needs in radiation protection and potential goals for future research.
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GLOSSARY OF ABBREVIATIONS

AECB - Atomic Energy Control Board, Canada
AECL - Atomic Energy of Canada Limited
ALARA - "as low as reasonably achievable, economic and social

factors being taken into account"

CRNL - Chalk River Nuclear Laboratories

DAC - derived air concentration

DE - dose equivalent
DRL - derived release limit

EPA - Environmental Protection Agency, USA

HT (or T2) - tritiated hydrogen gas
HTO - tritiated water

IAEA - International Atomic Energy Agency
ICRP - International Commission on Radiological Protection
ICRP-26 - ICRP Publication 26: Recommendations of the International

Commission on Radiological Protection (1977)
ICRU - International Commission on Radiation Units and

Measurements
IRPA - International Radiation Protection Association

LCL - lymphoblastoid cell line
LET - linear energy transfer

MPC - maximum permissible concentration

NCRP - National Council on Radiation Protection and
Measurements, USA

NRCC - National Research Council of Canada
NRPB - National Radiological Protection Board, UK

Q (or QF) - quality factor
QA - quality assurance

RERF - Radiation Effects Research Foundation (a cooperative
Japan-United States Research Organization)

Sv - sievert; the cSv is one-hundredth of a Sv, the mSv is
one-millionth of a Sv and the uSv is one-millionth of a Sv.
Unit for measuring dose equivalent. 1 Sv equals 100 rem.

TLD - thermoluminescence dosimeter
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UNSCEAR - United Nations Scientific Committee on the Effects of
Atomic Radiation

WHO - World Health Organization
WL - working level, equal to 3.7 Bq per litre air of radon in

equilibrium with its short-lived progeny
WLM - working level month, equal to exposure to one working level

for 170 hours. At a breathing rate of 1.2 m^h"1, 1 WLM is
equivalent to inhalation of a total potential alpha energy
of 4.2 mJ of radon progeny.
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REFLECTIONS ON HEALTH PROTECTION

Gordon C. Butler
4694 West 13th Avenue

Vancouver B.C.
Canada V6R 2V7

ABSTRACT:The author reminisces about his forty-seven years
of association with applied toxicology to comment on,
inter alia, the concept of exposure, the importance of
quantification, the pitfalls of conservatism and the
importance of public attitudes, both rational and irrational

Although I have received no formal instruction in toxicology,
I have for forty-seven years worked with a variety of
applications of the subject. This goes back to World War II
when I was a member of the Physiology Section of Chemical
Warfare Labs in the Canadian Army. We were housed in the NRC
building at 100 Sussex Drive in Ottawa and thus began my
thirty-three year association with NRCC.

in peacetime it is not customary to be introduced to the
practice of toxicology by considering the harm to people from
some agent manufactured and delivered for the purpose by
humans. But some of the lessons learned then remain with me
to this day. One of the central ideas of that experience
is the importance of dose and dose rate or, in the case
of an air-borne toxin, exposure and duration of exposure.
Exposure was measured by concentration in air, C, multiplied
by duration of exposure, T, and toxicity was measured by
CT50, the CT to produce 50% lethality in an exposed group.
At that time it was a revelation to me to learn that CT50
was not a constant but increased with T, the duration of
exposure. The issue of what we mean by dose, dose rate and
total dose is one that I still find myself arguing with my
peers.

One of the earliest thinkers in applied toxicology, of whom
we have a written record, is Paracelsus whose real name was
Theophrastus Bombastus von Hohenheim. He was a German-Swiss
physician who worked near Basel at the beginning of the
seventeenth century. I consider him the father of health
physics; to give you an appreciation of his perspicacity
he recognized that miners were the most exposed industrial
workers and he made them his chief preoccupation. He said
"Alle Dinge sind Gift und nichts ohne Gift; allein die Dosis
macht dass ein Ding kein Gift ist"(ref.l) which I translate
freely as "All things are poisons and nothing is without
toxicity but the dose determines if a thing is non-toxic."
This focuses attention on the central importance of

v in toxiroloav.



Unfortunately,most members of the public have not heard of
Paracelsus and his teachings. They do not realize that a
large newspaper headline about the discovery of some
toxin in a compartment of the environment means nothing
without quantitative dose estimates. It was an argument on
this point that initiated me to the work of UNSCEAR.

To use a more recent example, in Vancouver the announcement
that dioxins have been detected in English Bay may only mean
that the monitoring laboratory has a new analytical method
that permits detection at levels lower by an order of magnitude.

Another central issue in applied toxicology is the dose-effect
relation, often summarized by a plot of the response or effect
against the dose. There are a number of problems with this
relation beginning with the selection of the best measure of
both variables. The next difficulty is that it is very
difficult, if not impossible, to determine a level of exposure
or dose at which there is no effect, the so-called threshold
or no-effect level (NEL). To avoid arguments about this you
may decide, as ICRP has, to adopt the conservative assumption
that there is no threshold dose of radiation.

Although this was laudable from one point of view it has led
to endless difficulties in public education. All doses,
however small, may be calculated to produce some harm so we
cannot speak of a safe dose. Moreover one cannot easily
determine a dose that is Below Regulatory Concern (BRC).
One can only calculate the risks of harm and try to show
that they are relatively trivial.

This approach by risk estimates has an interesting history.
In the early 1960's when I first represented Canada in
UNSCEAR,that Committee decided to make one of it's basic
activities the publication of risk estimates for human
beings exposed to ionizing radiation. There was opposition
to this especially by a radiologist representing the USA
on the Committee. I can only guess that he was afraid of
drawing too much public attention to the fact that there
were risks of harm in irradiating people. I have vivid
memories of my difficulty with this attitude when I was
chairman of UNSCEAR.

Many of us had a different view of this exercise in risk
estimation; we felt that if we could make comparable estimates
of risks from exposure to radiation and other toxins, the
result would be so compelling that public concern would be
quieted for all time. But this was not to be; we had no
adequate appreciation of what James Daglish of IAEA has
called Radiophobia. In a recent article on the subject(Ref.2)
he refers extensively to a WHO report(Ref.3) published in
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1958. Reading these two articles set me thinking that
radiophobia was more than an extreme attitude to radiation of
rare individuals in the public- it is in fact a form of ill
health resulting from radiation-related activities. It should be
thought of as the earliest of the early effects of radiation.
It occurs even before the exposure. It's enhancement as a result
of accidental releases of radioactivity at Windscale, Three Mile
Island and Chernobyl is well documented.

Sufferers from radiophobia are placed at a great disadvantage.
Firstly,they deny themselves some of the benefits of radiation
such as food preservation and medical and dental diagnosis.
Secondly,they deny themselves education about the risks and
benefits of radiation; in its extreme form radiophobia causes
a sufferer from it to suspect all scientific information unless
it comes from another radiophobe. Another impediment to
education is that many radiophobes and toxiphobes refuse to
think quantitatively as Paracelsus advised us nearly four
hundred years ago.

There are other difficulties in educating the public about
toxins in our environment. Before the Freedom of Information
Acts in Canada and the USA it could be claimed that
regulators had vact stores of data that they kept to themselves.
But the promulgation of these acts did not cure the problem
because laymen did not have the ability to digest all the
scientific facts that were made available; they needed trusted
experts to do it for them. It was also claimed that discussion
of the data in a public forum would help to educate the
laymen. But some of these discussions in which I have
participated have been disappointing because the worried
members of the public have concentrated on discussions of
non-problems while important issues have been ignored.
Again what is needed is advice from a trusted expert.

Other difficulties are rooted in the honesty of health
physicists which leads them to their ultra-conservative
approaches. I have already mentioned that the linear
non-threshold assumption which is their working hypothesis
for health protection makes it impossible to make simple
reassuring statements about the safety of regulatory limits. As
well, over-cautious decisions about siting and discharge
limits lead rational members of the public to suspect that some
unknown hazard exists.

Finally, repeated attempts to educate the public may be
misinterpreted as a "hard sell" which could stimulate an
automatic sales resistance.



One of the reasons for inviting me to speak at this symposium
must be to encourage me to speak about the future of health
protection. I would encourage you to give adequate consideration
to laymen's attitudes because from them come public will and the
resources to control hazards. Also, in addressing these we can
hope to promote a rational attitude to the magnitudes of all
hazards to health.

Another reason for inviting me to participate is that I have
known Arthur Marko for such a long time, probably longer than
any other participant in this workshop.
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The Radiation Protection Programme of the Commission of the
European Communities: Past, Present and Future

George B. Gerber, Commission of the European Communities, Radiation Protection
Programme
Commission of the European Communities DG XII-D-3, Brussels B-1049, Belgium. 200
Rue de la Loi

SUMMARY

The paper presents the development of the Radiation Protection Programme of the
Commission of the European Communities (CEC) over a period n\' almost 30 years. This
research Programme which represents the complement to the regulatory obligations of the
CEC and supports about 30 % of Community research in this area by means of cost-
shared contracts. U also emphasizes co-operation within the Community and with other
countries. One valuable instrument for promoting co-operation are groups, such as the
European Late Effect Project Group (EULEP) whose working is explained in some detail.
The Chernobyl accident presented a special challenge to research in the Community, and
10 specific research actions were initiated to assess its radiological consequences and to
improve preparedness against nuclear accidents.

INTRODUCTION

This presentation aims to trace some of the past developments of radiation protection
research, characterize its present state, and discuss some of the means and ways by which
radiation protection expertise could be maintained and extended in the future, using for
illustration the Radiation Protection Programme of the Commission of the European
Communities.

This meeting is held to honour Dr.Marko.His retirement is not only the departure from
active research of a scientist who has stamped his mark on radiation research for over
more than 30 years, it also exemplifies the departure of an entire generation of scientists
who entered this research area during a period of active expansion after World War II.
and who are now approaching retirement age. Thus, it illuminates the cross roads at which
radiation protection research now stands.
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Certainly, radiation research did not come from nowhere in the late forties and early
titties. Already in the earlier part of the century following the discovery of X-rays and
radioactivity, a substantial number of imaginative scientists elucidated several fundamental
problems of the effects ol' radiation, and turned out astonishingly good research results
which, unfortunately are often forgotten today. Nevertheless, it was the impact oi the
atomic bomb and the determined development of nuclear energy which intensified interest,
(raining and funding in this area of research and brought about an influx of young, highly
qualified, scientists coming from very different disciplines during the late forties and the
fifties. In a way, this pattern has been repeated several times,for example,when molecular
biology and biotechnology became fashionable. Certainly, the fashionable air has gone from
radiation protection research, and the last years have not been kind to its development,
but this does not mean that we have solved all the problems in this area and can dispense
of the expertise which derives from such research.

I USTORY AND PRESENT STATE OF THE RADIATION PROTECTION
PROGRAMME OF THE EUROPEAN COMMUNITIES

When Europe stalled to unite in the fifties, politicians were convinced that the Community
needed a common and independent energy policy, and that nuclear energy must contribute
,m important share to this goal. Politicians also understood quite well that the development
of radiation technologies required an adequate protection of man and his environment
based on an understanding of the extent, the effects and the risks of radiation exposure.
Consequently, the six countries which formed the original European Community when
signing the EL'KATOM Treaty in 195S to "promote cooperation on the peaceful
development of nuclear energy", insisted also that appropriate Community instruments be
developed to safeguard human health. This was to be carried out by charging the
Commission of the European Communities with the obligation to set up appropriate
uniform basic safety standards, and to carry out research into the "harmful effects of
radiation on living organisms".

Tlius, the Commission's Radiation Protection Research and Training Programme came
into being, and has continued its development over a period of almost 30 years. As seen
from today's perspectives, the aims of the Programme are:

- to improve and extend the scientific basis for the regulatory obligations of the
Commission

- to contribute to the understanding of
A) human exposure to radiation and radioactivity,
B) consequences of radiation exposures; their assessment, prevention and treatment,
C) risks and management of radiation exposure.

- to promote cooperation and exchange of information on radiation protection in the
Community and with other countries.

- to assure by training and support of research the preservation of radiation protection
expertise in the Community.
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These aims are being achieved by several means:

- Cost-shared contracts are concluded with institutions of Member States. As a rule the
Commission contributes from 25 to 50 % to the work, the rest must come from the
institutes own resources. These contracts are increasingly of a trans-national character
where several institutions work together on a common goal.

- Cooperation between scientists and exchange of information is promoted by study group
meetings between contractors and by workshops. The workshops, with a wide
international participation, are often organized together with a contractor's laboratory
and/or other organizations such as the US Department of Energy or the AHCL. Finally.
co-operative groups of scientists were initiated and are being supported by the
Commission.

- Co-operation with international organizations, such as ICRP or ICRU, is maintained by
means of contracts awarded to them. Countries outside the European Community are
drawn into co-operation with the Commission and Community lal lratories either based
on formal Memoranda of Understandings or tin an ad hoc basis. The Memoranda oi
Understandings are implemented by co-organisation of workshops, exchange of scientists,
definition of common priorities and, increasingly, elaboration of joint projects. Regular
staff meetings are held during which all these aspects are discussed.

At its outset, the Programme had not yet fully delimited its goals and, in the absence o\
other pertinent Community research programmes, efforts were also devoted to aspects
such as application ol radiation and radionuclides in agriculture and medicine. Increasingly,
however, the CEC Programme concentrated on radiation protection research proper. As
many of you will remember, radiation research in the fifties and early sixties meant mainly
acute effects of radiation; radioecology and late effects, such as cancer or genetic damage,
seemed of less interest then, and risk assessment and optimization studies were still far
away from scientific research considerations. Nevertheless, when I recently scanned the
old proposals and reports of the CEC Programme, I was amazed how, in many instances,
the Programme was first to trace lines ol future priorities which only later were
substantiated by active research. I like to think that the Programme had something to i.\o
with this evolution by the wide circulation of its aims and priorities for funding.

The Programme had another decisive advantage: it came at a time when radiation
research in Member States was just about to expand. Therefore its coordinating efforts
were particularly well appreciated and successful, because they allowed laboratories and
public authorities in Member States to concentrate on certain priority subjects taking
advantage, for other subjects, of the collective know-how, installations and expertise in the
rest oi' the Community. Moreover, as new Member States entered the European
Community, they were progressively incorporated into these European efforts and could
develop their own expertise with the help of others. This is clearly evident when one
scrutinizes the development of scientific publications in some Member States.
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Just as radiation protection research in general has done, the CEC Radiation Protection
Programme has grown steadily until the recent years and attained an annual budget of
about 15 M US $. This may not seem very large, but one must consider that the
Programme only pays parts of the costs of a research project. In fact, although the
Programme's resources represent only about 10 % of those of the Member States in
radiation protection research, about 30 % of all such pertinent research in Member States
is supported in the about 500 cost-shared contracts awarded by the Programme, and more
than 90 % of the scientists involved in European radiation protection research participate
in its coordinating activities .

What has the Programme accomplished? Passing money to an institution is certainly not
a justification for a Community Programme since this can be as well and even perhaps
more cheaply done by national authorities. It is the added value due a more efficient use
of research resources and the avoidance of duplication due to collaboration between
scientists that justifies a CEC programme. Moreover, a CEC Programme would be able
to respond more rapidly and efficiently to emergencies and could provide help for
developing radiation protection expertise in Member States which have little such potential.

1 have already cited some examples for cooperation and development, and others will be
given below. However, I should like to stress one particular aspect, that is the contribution
of the Programme to the creation of a European Community of scientists who are highly
motivated for trans-national cooperation. For me, who belongs to a generation which has
still experienced the senseless killing and hate between brother nations of World War II.
this is one of the most magnificent and significant achievements of the European
Community.

I low does the Commission's Radiation Protection Programme fit in the general research
policy, how does it work and how does it achieve its principal goals? I shall be rather brief
on these points. The general research policy of the Commission, together with the means
to be provided, is developed in the Framework Programme of Community activities in the
field of Research and Technological Development which, amongst other aims, also cites
"Quality of Life. Radiation Protection". The multi-annual Radiation Protection Programme
proposals are prepared by the Commission's staff together with the Advisory and
Coordination Management Committee (CGC) "Radiation Protection". This Committee
consists of two members and experts from each Member State. The Programme is then
discussed by the Scientific and Technical Committee which is responsible for all nuclear
programmes before the Commission accepts it and sends it to the European Parliament
and the Council of Ministers. Parliament then gives an opinion on the proposal and the
Council decides on its adoption.

When adopted, the Programme publishes a call for proposals. The research projects
submitted are discussed by the CGC and finally accepted or refused by the Commission.
The Commission's staff are responsible for monitoring the execution of the work and for
initiating cooperation. Annual reports as well as a final report are required from the
contractor, and these are published and widely diffused.
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THE COOPERATIVE GROUPS INITIATED AND SUPPORTED BY II IE
COMMISSION'S PROGRAMME

One of the most effective instruments to promote cooperation between European scientists
is the cooperative group of scientists initiated and/or supported by the Radiation
Protection Programme. Several such groups with somewhat varying structures and goals
exist. The European Dosimetry Group (EURADOS) and the European Late Effect Project
Group(EULEP)are composed mainly of laboratories from Member States, not all of them
necessarily contractors, whereas the International Union of Radioecologists is a more
international and independent organisation. Additionally, ad hoc groups of a few contractor
laboratories are constituted with a more limited scope, for example, the 10 laboratories
developing the Methodology for the Assessment of the Radiological Impact of Accidents,
shortened the MARIA project.

The working of a cooperative group is best explained with EULHP as an example.
EULEP, the largest such group has an annual budget of about 150 000 US$, all of which
comes from the Commission's Programme. Twenty one Community laboratories who have
voting rights participate in EULEP and a Swiss, a Swedish and a Polish institute are also
associated to it. Three types of memberships exist in EULEP: a) Voting members are the
institutions with a long standing engagement in late effect research, b) associated members.
presently about 100, are scientists from these laboratories who are actively engaged in
relevant research and c) corresponding members (about 30) are either scientists not
working in a larger institutional context, institutes intending to become a full member, or
organizations interested in EULEP activities.

EULEP carries out its co-ordinating activities in 16 task groups which deal with a wide
range of late effect research topics and in 4 standardization committees which assure
execution of work in a reproducible and optimal manner (Fig. 1). It should be emphasized
that EULEP does not fund research but promotes cooperation, for example,by sponsoring
small technical workshops, short term exchanges of scientists or services which one
laboratory renders to another in the context of a joint project. Indeed, many, but not all.
members of EULEP are also contractors a( the CEC Radiation Protection Programme,
others are funded by their national governments or other sources.

EULEP is administered by a Council consisting of a chairman and 6 members. In addition,
two scientific coordinators, dealing respectively with internal and external exposure, advise
the Council on scientific matters, in particular on the creation of task groups. A task group
can be composed of at least 3 laboratories; it must be approved by the scientific
coordinator, and its methodology, eg. dosimetry or molecular techniques be evaluated by
the appropriate standardization committees. The work is regularly reviewed, and is
presented and discussed at EULEP meetings. This procedure assures that the work
receives the input from other scientists and, when appropriate, other laboratories can join
the task group. Participation in the work of an EULEP task group is often recognized as
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ll mark of excellence which facilitates obtaining support from national authorities or from

the Commission.

These procedures may appear to be rather complicated and somewhat bureaucratic, but
they have been worked out by the scientists themselves. Indeed, scientists enjoy immensely
the opportunities for cooperation which EULEP provides and they have established
scientific contacts to such an extent it is almost as if they were working in the same
laboratory. Two co-operative ventures will serve as examples for the work carried out.

Results from different studies on deposition and clearance of radioactive particles in the
lung are often not comparable because different types of aerosols, different conditions of
inhalation or different species are used. Seven EULEP laboratories worked out a joint
protocol for a study on deposition and clearance of inhaled Co-57 particles in different
species (mice, rats, dogs, monkeys and man) and EULEP provided the material for
inhalation. The first part of the study dealing with deposition has already been published
and the studies on clearance are virtually finished. These results will allow an extrapolation
of many existing animai studies to man.

Another task group studies decorporation of radionuclides t'rom accidentally contaminated
persons. As a first step a protocol on the methodology of testing the efficiency of a
potentially useful compound was elaborated and published. Next a joint project to evaluate
the usefulness of a new potentially valuable compound, Licam C, developed by Dr.
Raymond in California was set up. Licam synthesis was commissioned by the Radiation
Protection Programme, and the tests in different species and following different modes of
application have confirmed that Licam is effective and suitable for decorporating
plutonium but not other actinides, but that kidney toxicity may be a serious impediment
to its application.

POST-CHERNOBYL ACTIONS

On the American continent, it is probably difficult to understand the impact that the
Chernobyl accident has had in Europe on political and public opinion on the application
of radiation technologies and on radiation protection. Scientists would largely agree that,
in terms of the doses and risks involved, the radiological consequences of Chernobyl are
small compared to those from indoor radon exposure or even from medical diagnostic
radiology and that most of the basic scientific information to deal with such an accident
was available. However, the different repercussion an accident of the Chernobyl scale
could have on agriculture, national and international food trade, long-term energy options,
and information and opinion of the public had never been fully anticipated.

Radioactive contamination of food presented the greatest immediate challenge. In the
absence of Community or international regulations or recommendations, several Member
States and even regions, such as the German Lander, often under public pressure, set
unscientifically low intervention levels for radioactivity in food resulting in still greater
public anxiety, disruption of trade and large economic losses without any concomitant
obvious health benefits.
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The Commission of the European Communities, in its concurrent obligations to safeguard
Community free trade interchange and protect health from radiation hazards, convoked
its advisory body on radiation protection very soon after the accident. This group
recommended levels which for cesium were only marginally different from those finally
adopted. Nevertheless, the Council of Ministers did not adopt these recommendations but
set somewhat lower levels about one month after the accident. It would be too long to
repeat the long and tedious negotiations which 18 months later resulted in Community-
wide intervention levels for radioactivity in major foodstuffs and. still later, in beverages
and baby food. The problem of minor foodstuffs, such as tea and spices, and of animal
feed, however, is still a subject of discussion.

The Chernobyl accident represented, however, not only a problem for regulatory actions
but was also a challenge for research because its radiological consequences had to be
assessed and the scientific knowledge required to deal with such an accident had to be
updated. The Radiation Protection Programme convened several workshops within weeks
of the accident to assess the radiological consequences and, with the help of its CCiC.
identified ten topics which needed additional research most urgently (tig. 2). Cooperative
ventures were foreseen in which from 3 to 8 laboratories participated in a project. Some
work started almost immediately, but others had to await the tedious budgetary acceptance
by the Council of Ministers so that most o\ it is still ongoing and I can only present the
general scope (Fig. 3-12) of this research. The final results will be published fully in 1W0.

FUTURE NEEDS FOR RADIATION PROTECTION RESEARCH IN
THE EUROPEAN COMMUNITY

Speaking about the future is always difficult, not only may it seem whimsical but people
may even remind you later of what you have said. Thus, I shall restrict myself to pointing
out where, in my opinion our emphasis should be placed.

There is no question that radiation protection research is indispensable if we want to
continue to exploit radiation technologies. One might argue that we attach relatively too
much importance to radiation compared to other dangerous agents in our environment and
conclude that there is a greater need for research on protection against other harmful
agents rather than for less research on radiation. Public anxiety about radiation risks
certainly plays an important role but there exist good scientific arguments for the
continuation of such research. It is only necessary to consider the impact on human health
of normal exposure situations, mainly from radon and medical diagnostic radiology, and
from possible larger scale accidental exposure to realize the need for more research.

Radiation protection research in the future must, however, define its goals more clearly
in the light of the problems it is called upon to solve and, in particular, must increasingly
take into consideration the needs of regulatory actions and the practical applications in
radiation protection.
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There is an urgent need to maintain and expand expertise in radiation protection. Since
much of this expertise is not only daily routine, but must also be able to deal with
unexpected situations and requires a balanced judgement involving many different factors.
This will only be possible if the experts have a wide-range view based on continuing
research. The present man power situation in this area is disturbing and can rapidly
become critical, many senior scientists are retiring and few young well-trained scientists are
working in radiation protection research. Consequently, we must undertake a major effort
to induce young scientists to obtain the necessary expertise not only in their limited field
a\' research but also with respect to the broader lines of radiation protection concepts and
practices and we must convince them that there is a future for them in radiation
protection.

With regard to the subjects which should be given priority, a judicious balance should be
made between those which we know contribute most to exposure of mankind, such as
natural and medical exposure, and those which are foremost in people's mind such as
nuclear energy and nuclear accidents. It might be of interest for you to see the topics that
the CEC radiation protection has chosen for research during the years 1990-1994 (Fig. 13-
15).

Finally, we must combine our efforts in research and cooperate not only in the European
Community but worldwide if we want to obtain the maximum of results from limited
resources. 1 believe that the presence of my European colleagues and myself at this
meeting demonstrates that this is feasible and that we are making good progress in this
direction.



Figure !: List of task groups and standardisation committees in EULEP
with their scientific chairman in parenthesis.

Figure 2: List of Post-Chernobyl Actions carried out in the CEC Radiation Protection
Programme.

A Taskgroups

Molecular Biology of Osteosarcoma (Erfle)

Molecular Biology of Lymphoma (Guillemain)

Vascular Effects in Central Nervous System (Reinhold)

Effects on the Pre-implantation Embryo (Streffer)

Effects on Skin (Coggle)

Interspecies Programme on Lung Models and their Parameters (Kreyling)

Treatment of Incorporated Actinides (Stradling)

Effects on Bone-Marrow Stem Cells (Schoeters)

Bone-seeking Radionuclides (Humphreys)

Effects on the Heart (Yeung)

Effects on Developing Central Nervous System (Konermann)

Residual Radiation Injury in Skin (Hopewell)

Cell Biology of Lymphoma (Hooghe)

Effect of Radionuclides and Irradiation on Gl Tract (Harrison)

Fetal Dosimetry and Incorporated Radionuclides (Stather)

B Standardization Committees

Pathology (Banasch)

Cell and Molecular Biology (Janowski)

Internal Radiation Dosimetry and Techniques (Taylor)

External Radiation Dosimetry and Techniques (Broerse)

A)Assessment of Consequences.

1) Long-distance Atmospheric Models.

2) Radiological Aspects of Nuclear Accident Scenarios.

3) Transfer of Radionuclides in the Foodchain.

4) Monitoring and Surveillance in Accident Situations.

5) Feasibility of Epidemiological Studies.

B) Countermeasures.

6) Countermeasures in the Agricultural Environment.

7) Countermeasures in the Urban Environment.

8) Data for Intervention Levels for Radioactivity in Food.

9) Preventive Medication of Persons.

10) Treatment of Accidentally Exposed Persons.

Figure 3: (I) Long-distance Atmospheric Models.

Analysis of Data: Intrinsic variability and heterogeneity

Estimation of the "Source term": Development of a direct and iterative algorithm based
on atmospheric transfer models,

Relations between long-distance and local atmospheric models: Applications for
emergency response, use of forecast wind-field data,

Complex-terrain modeling: Influence of gross topographical disturbances (mountain
ranges).

l



Figure 4: (II) Radiological Aspects of Nuclear Accident Scenarios.

A Probabilistic Models: MARIA Modules
(Methods for the Assessment of the Radiological Impact of Accidents)

Long-distance atmospheric- transfer
- Transfer through the environment and the foodchain
- Health effects models

Economic and social consequences
Countermeasures
Computer system to aid decision-making

B Real-Time Models

- Short- and medium-range transport models
Treatment of complex terrain
Dose prediction models
(Computer system to aid decision-making in preparation)

Figure 5: (III) Transfer of Radionuclides in the Foodchain.

Impact of chemical speciatinn on transfer: Influence of chemical form, particle
parameters and presence of other elements on transfer in soil and to plants.

Contamination of natural ecosystems: transfer to food from low-grade grazing lands,
tundra vegetation, poor soils; irrigation and drinking water from contaminated water
catchment areas.

Transfer to animals and animal products (milk and meat): Studies in hitherto neglected
farm animals (poultry, sheep, goats, pigs). Input data for intervention levels for animal
feed.

Contamination of aquatic ecosystems: Emphasis on impounded fresh-water bodies,
sedimentation and clearance mechanisms, influence of acidity and ionic composition .

Validation of soil-plant transfer parameters: Evaluation of data derived from the
Chernobyl accident, uncertainty analysis of existing information, study of effects of
season, region and altitude.

Figure 6: (IV) Monitoring and Surveillance in Accident Situations.

Development of rapid standardized methods to determine degree and type of surface
contamination.

Development of more rapid and reliable procedures to measure food and water
contamination (especially alpha and beta emitters).

Development of methods to monitor rapidly a large number of internally and externally
contaminated persons, including the evaluation of selection criteria,

Development of simple and reliable standards to be used in an accident situation.
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Figure 7: (V) Feasibility of Hpideniiological Suidies.

This feasibility study has been carried out on the expressive demand by the European
Parliament. Its results have been reviewed and recommendations have been made b\ a
Panel of high-level, international specialists in epidemiology

Review of available data on exposure in the European Community.

Critical appraisal of possible health consequences in the Community.

Recommendations on eventual studies in the Community with emphasis on the
populations to be studied, the type(s) ol'cancer, genetic and'or teratogenetic effects and
the practical feasibility of such studies.

Considerations with respect to epidemiologieal studies in the Soviet I :nion.

Figure S: ( . I) Counlermeasures in the Agricultural Environment.

Collection of information: studying counlcrmeasures and their results in different past
accidents taking into account peculiar types of contamination and o\ agricultural
environments, study of the technical means employed and their effectiveness

Development of practical countermeasures in the near, intermediate and far field:
Removal or avoidance of contamination ol agricultural products: studies on near field
(mechanical means, fixation on soil) and far-intermediate field measures (agiicultural
techniques, such as mechanical, fertilizing and food crop rotation apptoaches). questions
related to the disposal of contaminated material.

Food processing: Evaluation of information available and some experimental studies
on removal of radionudides, in particular caesium, during different food processing
methods (eg.cooking, preparation of milk and meat products).

•imire l): (VII) Countermeasures in the Urban Environment.

Basic studies: on the physicoclicmical aspects of binding ol rndionuclidcs (esp. caesium)
on different materials found in the urban environment, inventory of the materials,
critical evaluation of information available with respect to the EC situation,
development o\ experimental models and pilot studies for different de-contamination
measures.

Practical countermensurcs: Studies on the properties of deposited caesium, development
of a large scale model to study practical decontamination of concrete and asphalt
surfaces, adsorplivc properties ot street dust.
Immobilization of radioactivity on urban surlaees by emulsions, plaslics etc.
(Study of the cost-effectiveness of the ditlerent decontamination measures, in
preparation).
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Figure 10: (VIII) Data for Intervention Levels for Radioactivity in Food.

Radioecological models for internal dose assessment: different accident scenarios,
influence of season, temporal pattern after an accident, calculation of mean annual
doses taking into account origin of food and habits of food consumption and their
possible changes after an accident.

Distribution and consumption of food: Collection of information on food consumption
in the Community and the impact of an accident on food distribution and consumption,
including an uncertainty analysis of these data.

- Metaholic-dosimetric models: Emphasis on age-dependent and disease-dependent
parameters, evaluation of available animal and human data (eg- on patients), analysis
of their uncertainty.

Measurement of internal contamination in man: Total body and excretion
measurements together with activity measurement of ingested food to verify the models
mentioned above and the assumptions made in the EC regulations for intervention
levels in food.

Emergency management system: Evaluation of the benefits of food intervention levels
and measurements for different accident scenarios, study of decision criteria and of
practical management aspects.

Figure 11: (IX) Preventive Medication of Persons.

Decision criteria based on risk and benefits.
- Survey of iodine supply in the diet.
- Radiokinetics of iodine in foetal and newborn thyroid using an animal model

(chimpanzees) close to man,
- epidemiological study on persons who received twice diagnostic iodine (to exclude

(he effects of the underlying disease),
- basic studies on 1-139 compared to short-term application of X-ray with respect to

cell transformation,

Risks from non radioactive iodine,
- literature survey on incidence of hyperthyroidism after initiation of iodine

prophylaxis programmes.
- effects of non-radioactive iodine on chimpanzee foetus and new-born and

corroborative data on human autopsy material.

Improved protocols for iodide administration.
- studies on young chimpanzees of uptake of I-13V after iodide prevention,
- investigations in scintigraphy patients on the length of time iodide is still effective.
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Figure 12: (X) Treatment of Accidentally I Exposed. Persons.

A) Iivaluation of Biological Damage

Improvement of cytogenetic tests: development of in on.1 rapid, eflective ;nul simple
procedures, more r;ipid by cell fusion methods, more effective by increasing yield ot
seornble mitoses, more simple by developing micronucleus :nul oilier tests.

B) Management and 'I'reatment

Development ot an expert system based on an evaluation ol all existing information on
radiation victims, their incorporation into a computerized data bank and their
connections to computer simulation models for liemopoietic damage. Integration ot
these steps will lead to an expert system KADI {MA (Radiation Accident Dl-eision
MAking).

Use of hematopoictie growth taitois to determine m i hesus mniikns the residual
regeneration (acuities and the lalei applicalkm ot ihis technique lo patients.

Application ol liemopoietic growth factors for slimulalion hemopoietic recovery in \ i \o .
including experimental studies on the consequences on the dilterent lieniopoietic cell
lines, use ol these (actors to amplify and maintain in vitro stem cultures.

- The management of patients exposed in the mid-lethal to lull-lethal range, development
of decision criteria, studies on the length of time alter an accident a hone niairou
transplantation is beneficial,

(Yyoprescrvation of nutologous stem cells, study of all aspects lioni collection.
preservation, simplification and retransfusion.

Problems related to chronic irradiation, assessment of damage and clinical management,
study on patients treated with mulli-fiactionateil whole body irradiation.

Figure 13: (A) Subject Areas of the ('!•!(' Radiation Protection Programme

A) Human Exposure to Radiation and Radioactivity
A.I. Measurement of Radiation Dose and its Interpretation

A. I . I . Development and implementation of standards and procedures linked to the
concepts of dose equivalent quantities for both external ami internal exposure,

A. 1.2. Radiation measurement and instrumentation for individual and area dosimetry.
A.I. . ' . Derivation of organ closes and effective dose equivalents.
A.1.4. Assessment of internal exposure.

A.2. Transfer and Behaviour ol" Radionuclides in the Knvironment

A.2.1. I-nvironmcntnl behaviour of radiomiclides in situations meriting particular attention
for long-term behaviour or post-accident conditions.

A.2.2. Natural radioactivity in the environment and its pathways to man.
A.2.3. Influence of specialion. chemical w.odiltcation. changes in physico-chemical

properties and biolouical convetsion. particularly with respect to: long-lived tission
and corrosion products, actimdes. tritium and diluents from radiopharmaceulics
or nuclear medicine,

A.2.4. The behaviour of accidentally released radionuchdes. evaluation of the reliability
of transfer parameters and experimental studies.

A.2.5. The role ot retention and release ot ladionuclides in natural ecosystems such as
forests, moorland, swamps, marshlands, water bodies and in marginal ugriculunal
areas.

A.2.f). Development ol countcrmeasures in reduce the contamination in the environment
and lo impede its transfer to man.
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Figure 14: (B) Subject Are;is of the CEC Radiation Protection Programme

B) Consequences of Radiation Exposure to Man; their Assessment,
Prevention and Treatment

B.I. Stochastic Effects of Radiation

B.I.I. Interpretation of low dose and low dose rate effects with the help of
microdosimetry,

B.1.2. Repair and modification of genetic damage and individual radiosensitivity.
B. 1.3. Cellular, molecular and animal studies to determine the risk of stochastic somatic

effects of radiation with respect to low dose, low dose rate and radiation quality,
B. 1.4. Assessment of genetic risks in man.
B. 1.5. Action of radionudides on target cells in relation to radionuclide metabolism and

studies on hiolom'cal models for radionuclide-induced cancer.

B.2. Non-stochastic Effects of Radiation

B.2.1. Radiation syndromes and their treatment after exposure of large parts of the body.
B.2.2. Irradiation and committed exposure from incorporated radionuclides,
B.2.3. Radiation syndromes and their treatment after local exposure to skin and

subcutaneous tissues,
B.2.4. Radiation damage to lens, thyroid and other tissues of relevance in radiation

protection,

B.3. Radiation effects on the developing organism with emphasis on damage
to the central nervous system, hemopoietic system, carcinogenesis and
transfer of radionuclides.

Figure 15: (C) Subject Areas of the CEC Radiation Protection Programme

C) Risks and Management of Radiation Exposure

C 1. Assessment of Human Exposure and Risks

C.I.I. Evaluation and statistics of the different types of human exposure,
C. 1.2. Exposure to natural radioactivity and evaluation of parameters influencing these

risks,
C. 1.3. Comparative assessment of exposure and risks,
C.I.4. Epidemiological studies in human populations.

C.2. Optimisation and Management of Radiation Protection

C.2.1. Optimisation of radiological protection,
C.2.2. Reduction of patient exposure in medical diagnostic radiology,
C.2.3. Management of radiological protection in normal and accident situations,
C.2.4. Probabilistic risk assessment and real-time models for assessing the consequences

of accidental releases of radioactivity and for evaluating effectiveness and feasibility
of countermeasures.
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ICRP AND ITS INFLUENCE ON RADIATION PROTECTION IN THE UNITED STATES

Charles B. Meinhold
Division Head, Radiological Sciences Division

Department of Nuclear Energy
Brookhaven National Laboratory

UPTON, New York 11973
United States

INTRODUCTION

It is an honor to be invited to participate in this collegial and intellectual
tribute to Dr. Mnrko. His enormous impact on Canadian Radiation Protection is
obvious and well known. His long association with IRPA and the Health Physics
Society attest to his interest and contributions to international radiation
protection. Marko, health physics, research, and Chalk River are simply
synonymous.

Before beginning my formal presentation, you must know that I do not speak for
the ICRP, the NCRP, nor for any agency of the U.S. government. These remarks
are limited to personal observations and interpretations only.

My topic for this meeting is ICRP and its influence on radiation protection in
the United States. I first presented this paper to a meeting of the Japanese
Nuclear' Safety Research Association last June. At that time I was surprised
to learn of the similarity in the U.S. and Japanese progress in the adaptation
of ICRP 26. (It will soon be too late.) This week I hope to learn how Canada
has approached this issue. To accomplish this, I will focus on the
recommendations given by the ICRP, primarily those found in ICRP Publication
26. From my perspective, this document contained the first set of radiation
protection recommendations based on a coherent radiobiological foundation.
Faeh of the ICRP topics will then be reviewed against the equivalent
recommendation given by the NCRP. The NCRP is the national equivalent of the
ICRP. Both the ICRP and the NCRP are constituted as scientific organizations
whose members are selected for their individual abilities only. They have no
regulatory authority or responsibility.

1 will then attempt to show the status of these recommendations with regard to
U.S. regulatory agency activities which in the United States are many and
varied. In a paper at the recent International Radiation Protection
Association Congress in Sydney, Dr. William Mills noted that "Seven
enforceable standards have been promulgated by the U.S. Environmental
Protection Agency (EPA); four of the U.S. Nuclear Regulatory Commission (NRC);
two by the Department of Labor (DOL); and one by the Food and Drug
Administration (FDA). In addition, five federal guidelines presently in
effect and Presidentially approved were promulgated by the former U.S. Federal
Radiation Council (FRC) and two were promulgated by the EPA Administrator, who
in 1970 was given the responsibility to "advise the President on radiation
mat tors directly or indirectly affecting health." Truly a formidable
collection of regulatory authorities.
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ANNUAL DOSE EQUIVALENT LIMIT - OCCUPATIONAL

ICRP - 1977

In its 1977 Recommendations, the Commission recommended a limit for stochastic
effects based on the total risk to all tissues irradiated together with a
constraint that no single tissue shall receive more than a specified limit to
prevent nonstochastic damage. The establishment of a nonstochastic limit is
straightforward (almost). One must simply set a limit which will prevent such
effects ("prevention of nonstochastic effects" is perhaps an unfortunate
phrase The objective might better be "to prevent nonstochastic effects
which interfere with function.")

In ICRP 26 the Commission noted that the average fatal cancer risk to workers
whose working conditions were subject to the Commission's Recommendations,
including a 50 mSv annual dose equivalent limit, was comparable with the
average risk in other safe industries.

The ICRP therefore recommended an annual dose equivalent limit of 50 mSv for
the uniform exposure of the whole body. For nonuniform irradiation, the
Commission recommended a limit of "effective" dose equivalent such that the
sum of the products of the dose equivalent to each tissue or organ and the
appropriate weighting factor specific to that tissue not exceed 50 mSv. This
limit is constrained by the nonstochastic limit of .5 Sv (.15 Sv for the
lens). The Commission addressed the question related to the distribution of
individual doses with the realization that industrial risks have similar
distributions (truck drivers in the manufacturing industry for example). The
temporal distribution of doses to an individual worker in many occupations was
expected to ensure that the lifetime doses were within the safe industry
boundaries since "it would be their expected lifetime dose equivalent that
would indicate their total individual risk." (Although a few workers may
receive annual exposures close, to the limit, 'hey are very unlikely to do so
over many years.)

NCRP - 1087

I'sing an approach similar to that of ICRP 26, the NCRP in Report 91
recommended the same basic annual dose equivalent limit for the whole body of
50 mSv and tissue limit of .5 Sv. The NCRP, however, expanded on the dose
Limit concept on two specific points. First, on the idea of the dose
equivalent limit as an upper boundary, the Council specifically noted that "It
is only when the cost of further dose reduction is truly unreasonable that the
limit should be approached." Second, the Council emphasized the lifetime risk
as the issue of greatest importance with regard to the individual worker. The
Council recommended that efforts be. made to ensure that the cumulative dose
equivalent to workers in tens of mSv not exceed the value of his or her age in
years. For example, at age 50 the worker's lifetime occupational exposure
should be less than 500 mSv. There is some concern that this might result in
younger workers being unnecessarily chosen for high-exposure activities since
workers around the age. of 20 would be limited only by the annual dose
equivalent limit.
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EPA - 1987

Using the same approach as that given in ICRP Publication 26 and in NCRP
Report 91, the U.S. has recommended an annual dose equivalent limit of 5 rem
(50 mSv), including adoption of the effective dose equivalent limit. The
tissue limit is also the same, i.e., 50 rem (.5 Sv) except for the lens of the
eye with a limit of 15 rem (.15 Sv).

U.S. Government Regulation

In 1958, the Atomic Energy Commission (predecessor of the Nuclear Regulatory
Agency) promulgated a regulation in Part 20, Title 10 of the Code of Federal
Regulations. In that document the annual dose limit was set at age-18 times
5 rein and a 13-week limit of 3 rem. Those limits exist today for those
licensed by the U.S. NRC.

U.S. DOE- 1974

In 1974, the U.S. Department of Energy (DOE) (previously the Energy Research
and Development Administration) adopted the 1971 Recommendations of the NCRP
and the 1965 Recommendations of the ICRP and set dose equivalent limits of 3
rem per 13 weeks and 5 rem/yr.

INPO - 1981

Shortly after the Three Mile Island Accident, the nuclear power industry in
the United States formed the Institute of Nuclear Power Operations to serve as
an industry-sponsored audit and assessment organization aimed at promoting
excellence in nuclear power plant operations.

In 1981, the Institute of Nuclear Power Operations recommended that the
nuclear power utilities take steps to ensure that no individual receive
exposure in excess of 5 rem/yr. By 1984, no individual had exceeded that dose
equivalent on an annual basis in the nuclear power industry.

DOSE EQUIVALENT LIMITS FOR INDIVIDUAL MEMBERS OF THE PUBLIC

In its 1985 Washington statement, the ICRP expressed their view that the
principle limit for individual members of the public is 1 mSv in a year. This
was based on an annual fatal accident risk associated with public
transportation of 10 to 10" . They did allow for "a subsidiary dose limit
of 5 mSv in a year for some yjars provided that the average annual effective
dose equivalent over a lifetime does not exceed the principle limit of 1 mSv
i ii a year . "

The skin and lens of the eye were singled out for application of a
nonstochastic limit of 50 mSv in a year.
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NCRP - 1987

In 1987, the NCRP In essence echoed the recommendation of the ICRP's
Washington statement, i.e., 1 mSv per year with an allowance to permit 5 mSv
occasionally as long as the lifetime average would be less than 1 mSv.

Governmental Regulations

The primary limit used by the federal agencies can be traced to
recommendations of the FRC in 1960 in which the individual limit was given as
500 mrem per year with the admonition that for particular groups an average of
170 mrem would assure compliance.

It should be noted that the genetically based limit of 5 rem in 30 years
recommended for the protection of populations (5 rem/30 yrs = 170 mrem/yr)
gives the same level of protection.

The NRC's current regulations still carry the 500 mrem/yr limit for individual
members of the public in 10 CFR Part 20 Regulation, although air emissions are
subjected to site-specific requirements.

'['lie DOE has since 1986 required adherence to the NCRP/ICRP Recommendation of
100 mrem/yr, although it too recognizes the EPA's requirements with respect to
cLean air regulations. This latter requirement results in DOE limited
airborne effluents such that no individual public member of the public would be
exposed to more than 2 5 mrem/yr to the whole body, nor 7 5 mrem/yr to
individual organs.

PROTECTION OF THE EMBRYO/FETUS

iCRP - 1977

In 1977, the ICRP recommended that once pregnancy is diagnosed "arrangements
should bo made to insure that the woman can continue to work on in working
condi tion. . . " .

This is a condition where it is most unlikely that the annual exposure will
exceed 3/10ths of the dose equivalent limit.- This recommendation was based on
potential interference with growth and development from exposure and a
suggestion that susceptibility to the induction of certain malignancies may be
higher during prenatal life. If the working condition ensured that the
exposure prior to pregnancy diagnosis was maintained below the annual dose
equivalent limit for workers and that such exposure be delivered at a fairly
uniform rate over the year, the Commission felt the embryo would be unlikely
to receive 5 mSv during the first 2 months.

It is reasonable to assume that it is unlikely that the fetus could receive
more than 5 mSv for the first 2 months and 15 mSv divided by 12 for each of
the succeeding 7 months for a total of somewhat less than 15 mSv. This, of
course, overestimates the probable exposure since it does not consider
optimization of protection and it assumes that the worker is exposed up to the
t i.me of delivery .
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ICRP - 1983

Based on analysis by Otake and Schull, which drew attention to the risk of
severe mental retardation in children exposed jji utero with particular
sensitivity during the period from 8 weeks to 15 weeks after conception, the
Commission provided the following additional recommendations in its statement
following the 1983 Washington meeting: "The methods of protecting pregnant
women at work should provide a standard of protection for the fetus broadly
comparable with that provided by protection of members of the general public.
If under working conditions B, as would be expected, substantial
irregularities in the dose rate do not occur, the dose received by the fetus
over the critical period of 2 months would not be expected to exceed about 1
mSv. The Commission recommends that specific operational arrangements should
be made to avoid irregularities in the rate at which the dose can be achieved
and to keep those to the fetus as low as reasonably achievable."

The Commission noted at that time that the risk or probability of cancer or
other teratogenic risk would not be significantly different from previous
estimates. This led the Commission to maintain its 1977 Recommendation with
regard to the protection of women of reproductive capacity (50 mSv/yr)
provided that the exposure is at a fairly uniform rate.

NCRF - 1987

In its 1987 Recommendation, the NCRP noted that the UNSCEAR (1986) values for
the total risk (mortality, induction of mutations, mental retardation, solid
tumors, leukemia) were about .2 Sv" . They also indicated that for the
smaller doses likely to be encountered in practice, the risk is thought to be
relatively small in relation to the natural incidence or probability.

"The NCRP recommends a total dose equivalent limit (excluding medical
exposure) of 5 mSv for the embryo/fetus." Once a pregnancy becomes known,
exposure of the embryo/fetus should be no greater than .5 mSv in any month.
In an approach similar to that of the ICRP, the Council further recommended
that "Special attention is required to insure that if exposures are received
occupationally, they are distributed uniformly with time so that the
embryo/fetus does not receive more than its limit before pregnancy is known."

U.S. EPA - 1987

In their Presidentially approved 1987 recommendations to the federal agencies,
the EPA recommended that the dose equivalent to the fetus as a result of
occupational exposure of a woman who had declared she is pregnant should be
maintained as low as reasonably achievable and in any case should not exceed 5
mSv during the entire gestation period. They also recommended that efforts
should be made to avoid substantial variation above the uniform monthly
exposure, rate that would satisfy this limiting value.



Federal Regulations

The existing federal regulations do not address individual limits for the
fetus or for women of reproductive capacity. This is primarily so as to
insure they do not form the basis for discriminatory practices in regard to
hiring, discharge, compensation, etc., for female workers. In lieu of
specific limits, the federal agencies require that the female worker be fully
informed of the risks to the embryo/fetus so that she may take actions to
reduce her exposure.

The Future

Perhaps the radiobiological item of importance with regard to sensitivity of
the fetus for mental retardation or loss of intelligence lies in the
suggestion that the current, data may suggest threshold for these effects.
This would not seem to be particularly surprising since such phenomenon would
appear to have the characteristics of nonstochastic events. It is also clear,
however, that unt.il we have clear evidence of a threshold, prudence dictates
'hat we maintain the present recommendations.

S.I. U M T S

'll-.is is a topic about which the United States Is most unlike the rest of the
v.orld.

i'ast-d on a desire to have the science of radiation protection use the same
.,v:-;t.em of quantities and units as the rest of the worldwide scientific
community, the ICRP adopteci the special name sievert for the dose equivalent
in [CRT Publication 26. The rapid introduction of the gray for absorbed dose
.irici becquerel for radioactive decay completed this objective.

N'Hi' - 1085

The NCRP adopted the SI quantities and units in 1985. The method of
introduction was given in NCRP Report 82. For example, until December of 1986
;hn traditional units were to be given first followed by the SI units given in
••> irenthesis. During the period January 1987 to December 1989 the measurements
•.vrt; to be reported with the value in SI units followed by the value in
traditional units in parenthesis. By January 1990, the transfer should be
complete; and only SI units are to be used.

(•oy e m mental Rep.ul a t i ons

KPA - 1r? 8 7

In its radiation protection guidance to federal agencies for occupational
exposure published in 1987, the EPA incorporated the system in the following
manner: Measurements are given in the traditional units followed by the SI
units in parenthesis.
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Health Physics - 1984

In the Editor's page in Vol. 47, No. 1, of the journal Health Physics. the
Editor-in-Chief, Genevieve Roessler, courageously announced that the journal
would require SI units in all manuscripts.

QUALITY FACTOR FOR NEUTRONS

ICRP - 1985

Following its 1985 Paris meeting, the Commission made the following statement:
"The information now available on the relative biological effectiveness (RBE)
for neutrons for a variety of cellular effects .in vitro, and for life
shortening in the mouse, is being reviewed by the Commission. The
implications of this information will be considered as part of the larger
review of recommendations to be undertaken by the Commission over the next
four years or so. Meanwhile, in the case of neutrons, the Commission
recommends an increase in Q by about a factor of 2. The permitted
approximation for Q for fast neutrons thus changes from 10 to 20. These
changes relate only to neutrons and no other changes in Q are recommended at
this time.

NCRP - 1987

In 1987, in its Report 91, the NCRP recommended the following values for Q: x
rays, gamma rays, beta particles and electrons - 1; thermal neutrons - 5;
neutron (other), protons, alpha particles, etc. - 20.

Governmental Regulations

None of the federal agencies in the United States have adopted a change at
this time. This is to a large degree based on the temporary nature of the
ICRP Recommendation.

This is an area of some contention. There are those who believe that "no
change is needed." In fact, however, there is simply no scientific basis for
the existing Q values. If then we are to start from first principles, we must
use the scant data we have on RBEs. We do not and will not have human data
for neutron dose estimates and so must rely entirely on models derived from
simple biological systems.

APPLICATION OF THE COMMITTED DOSE EQUIVALENT FOR PLANNING, OPERATIONS, AND
CONTROL

This, too, is an area of some concern in the United States.

ICRP - 1978

In its statement following the 1978 Stockholm meeting, the ICRP modified
several paragraphs which had seemed to some to suggest that the Commission
recommendations were intended only to be used prospectively. Specifically,
the phrase "are intended as guides for planning purposes" in paragraph 89 and
the phrase "are intended for planning purposes" in paragraph 93, were deleted.
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In addition, following its 1984 Stockholm meeting, the Commission issued the
following statement: "At the Stockholm meeting the Commission reviewed those
aspects of its policy underlying the use of committed dose equivalent. The
Commission confirms that its policy is to limit the risk committed by each
war of operation, no credit being taken for earlier years if these have
committed lower risks, or for future years in the expectation of improved
conditions of exposure."

This objective is achieved by the use of annual limits on intake calculated
.'roin the committed dose equivalent-, using a 50-year integrating period.

The Commission recognizes that there are practical difficulties in using
monitoring results to estimate annual intakes of some materials, notably
plutonium, but it believes these difficulties can be overcome and that their
existence does not invalidate the above conclusions.

NCRP - 1987

In NCRP Report 91, the Council made the following observations. First, the
committed dose equivalent from lifelong intake of some radionuclides from long
effective half-life will overestimate by about a factor of 2 or more the
iit'etime risk that can actually be expressed. Secondly, the committed dose
equivalent is appropriate for radiation protection planning, for the
demonstration of compliance with these plans, and for the calculation of
• Dinual limits of intake. They did point out that the evaluation of health
effects of exposed individuals should be based on estimates of actual absorbed
nose derived from the models given in ICRP-30 for the period of exposure
appropriate to that particular individual. Further, when greater accuracy is
desired, physiological and exposure information specific to the individual
shouLd be used.

l-i'A - ins7

!u its January 1987 radiation protection guidance to federal agencies for
occupational exposure, the EPA recommends the use of the committed effective
dose equivalent and notes that this should provide the primary basis for the
control of internal exposure to radioactive materials. However, when
exposures in excess of the limits have occurred, the EPA recommends that
provision be made to assess annual dose equivalents due to radionuclides
!\-rained in the body for as long as they are significant for insuring
ronformance with the annual dose limits.

I'.S. DOF, - 1988

The DOE in its most recent orders takes the rather strange position that all
intakes of radioactive material constitute loss of control. They do, however,
require that individual records reflect both the committed and annual dose
equivalents from internal emitters.
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US. NRC

The NRC has traditionally required licensees to control exposure to
airborne effluents on the basis of a limitation on the product of maximum
permissible concentration and hours exposed. This, in effect, is in
compliance with the committed dose equivalents approach since the MPCs (now
the DACs) were calculated on the basis of the committed dose equivalent.

RADON REMEDIATION IN HOMES

ICRP - 1984
In its Publication 39, the Commission made several recommendations

concerning radon in homes. First, the Commission drew a distinction between
existing and future homes. A suggestion for remedial action (existing homes)
was 200 Bq/m (20 mSv/yr) -- perhaps higher levels would be appropriate if the
remediation is highly disruptive. For future homes, the Commission recom-
mended an upper hour'1 of 100 Bq/m (10 rnSv/yr) .

NCRP - 1984/1987
In its Report 91, the NCRP endorsed for remedial action the recom-

mendation it made in 1984 of .07 joule hours per cubic meter (20 mSv). This
recommendation was based to a large degree on an awareness that even this
value could result in disruption of a large number of homes. Further, the
Council expects that this recommendation coupled with the admonition to take
steps to keep radon exposures in the home to levels as low as reasonably
achievable will reduce the radon concentration far below these values.

V.S. F.PA - 1986
The Environmental Protection Agency provided guidelines for radon in

indoor air in 1986. Their recommendation was that remedial action be con-
sidered when the radon daughter product concentration reached 4 picocuries per
liter on an annual basis. This, in fact, is not terribly different from the
ICRP and NCRP recommendation.

RISK ESTIMATES

I would like to conclude this lecture with a discussion of risk
ostimates.

New information on risks will have an extraordinarily important
impact, on radiation protection standards. I think it merely important here to
point out that in addition to the RERF data, clearly the most important data
available, we also must consider risk estimates from other exposed populations
(for example the ankylosing spondylitics) , and other smaller groups of exposed
individuals on whom both the dose delivered and the cancer incidence infor-
mation is available. However, the primary difficulty lies in the fact that we
•nay never have human data below 200 to 500 mSv delivered at low dose rates. I
have always been intrigued by the fact that we have established our dose
limits for genetic effects entirely on the basis of animal data and micro-
dosim^tric models. We are also moving in that direction for the quality
factor of neutrons. The reason, of course, is that no human data exists, so
we must rely on animal data, simple biological systems data, and microdosi-
me trie-based models. Since we do not have human data for the low LET, low
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dose rate radiations, I would ask why we don't give more weight to the animal,
simple biological, and microdosimetric data for that part of our radiation
protection standards development.

Following the Como statement of the ICRP last year in which the
Commission noted the potential increase in radiation risks, many countries
became concerned about the adequacy of the current dose limits. Most accepted
the Commission's advice to simply pay proper attention to optimization while
awaiting UNSCEAR, the National Academy of Science's BEIR Committee, and ICRP
Committee 1 analysis of all the available data. Both the United Kingdom and
the Federal Republic of Germany took a somewhat more aggressive approach. The
United Kingdom's National Radiological Protection Board suggested that over a
several year period the average annual exposure to any individual should be
IPSS than 15 mSv. You will note that this is, in fact, not very different
from the NCRP's 1987 advice. I am told the Federal Republic of Germany has
promulgated similar guidance.
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ABSTRACT

The recent changes in estimates of risk from radiation ^ y.|>.v;ur> have led
to a re-consideration of dose limits and the system of dose limitation. This
paper explores the reasons for the changes in risk estimates and explores the
implications for limitation of doses for both workers and the public. Limits
represent the lower boundary of a forbidden range of doses so that keeping
doses as low as reasonably achievable becomes more important and thought must
be given to the ways this can be done in future. Environmental pressures are
also mounting as a result of reported leukaemia clusters around nuclear sites,
so again there is pressure for change. The paper speculates on the direction
of protection in each area.
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Introduction

This Symposium is sub-titled "Past and Future" which implies there is no
present. Is Radiation Protection in limbo? The answer to some extent must be
that it is. We all know that the risk estimates for radiation exposure have
increased - at least for populations exposed to high doses, but ICRP has yet
to offer advice on how protection philosophy and practice should be amended.
The result is that in various countries some interim actions are being taken,
while awaiting (with bated breath) the pronouncements expected of ICRP in
1990. In this paper, I wish to speculate on some aspects of what ICRP may be
considering and point to what might be the direction of protection.

Let me spend a moment on the past. We know that x-rays were discovered
in 1895, and that in 1896 the first paper appeared reporting radiation damage
to the skin of the hands and fingers of tin- early experimental investigators.
Radium was used for therapy soon after l-w-rqiu rr I ' s uk'iit i f ii-.-u ion o(
radioactivity, also in 1896, and in the next ten years several hundred papers
were published on the damage caused by radiation. Several countries were
actively reviewing standards for safety by the start of the First World War,
but it was not until 1925 that the International Congress of Radiology was
formed and first met to consider establishing protection standards.

A system of dosimetry was next needed before dose limits could be
defined. It was in 1934 that recommendations were made implying the concept
of a safe threshold - "under satisfactory working conditions a person in
normal health can tolerate exposure to x-rays to an extent of about
0.2 ronfpL'n.<: per day"

111 - about ten times the present dose limit. The
tolerance limit idea continued and in 1951 "the figure of I R p.r uvek siims
very close to the probable threshold for adverse effects" led to a proposed
••). i K :UT wvik for low I.KT radiation, in considering neutrons and
alpha-particles, it was stated that "anaemia and bone damage appear to have a
threshold at 1 //Ci Ra-226".

By 1954 the threshold was rejected13' and "maximum permissible doses were
such as to involve a risk which is small compared with other hazards in life"
and "since no radiation level higher than natural background can be regarded
as absolutely 'safe', the problem is to choose a practical level that, in the
light of present knowledge, involves a negligible risk". The change was
brought about by the emerging epidemiological evidence of excess malignancies
amongst radiologists and the first indication of excess leukaemias in
Hiroshima and Nagasaki. The problem had become one of limiting the
probability of harm and much of what has subsequently developed relates to the
estimation of that probability of harm and the decision on what is acceptable.
The problem arises in both working and public environments and I will deal
with the issues in turn as we look at the future.

Changes in Risk Estimates

Let me now turn to that missing link "the present". It has been becoming
evident that the estimates of risk from exposure to ionising radiation were
increasing. In 1987, ICRP felt the need to make a statement about risk
figures following its Como meeting14', and my own organisation - NRPB - gave
advice to our government departments and regulatory agencies to consider the
implications of the change in risk estimates for dose limits151 . The major
addition to our present knowledge is the publication of the 1988 UNSCEAR
report'fi' which contains an assessment of human carcinogenic risks following
irradiation.
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Although there are several population groups who were exposed in the past
to high doses of radiation and from which estimates of risk can be made,
including patients treated for ankylosing spondylitis and other medical
conditions or tnose exposed at work, the single most important source of
information is from the survivors of the Hiroshima and Nagasaki atomic bombs.
The new risk estimates depend largely on the latest Japanese data which have
been up-dated for two main changes. First, the dosimetry has been revised to
take account of the high humidity in the air over the cities which
substantially reduced the neutron dose, compared with the earlier values based
on measurements in the dry air of the Nevada Desert. Improved estimates have
also been made of tissue and organ doses, allowing for the shielding provided
by buildings.

The most important change is that the increase in the number of cancers
that have appeared in the exposed population now supports a relative or
multiplicative risk model rather than the old additive model161, at least for
the most common cancer types. The multiplicative model implies that for the
majority of solid cancers, the risk increases with time after exposure,
following the natural incidence with age. Since two-thirds of the Japanese
survivors are still alive, there is uncertainty over whether the
multiplicative effect will continue throughout the lifetime of the remainder.
For some groups, such as the spondylitics, there is an indication that the
excess rate may decline at long times after exposure, but it has not been seen
in the Japanese.

For a population of all ages, the 1988 UNSCEAR report derives a fatal
cancer risk following whole body gamma-exposure at high doses and high
dose-rates of 11 x 10 Gy"1 , using the multiplicative model and age-dependent
risk factors. For a working population, using age average risk factors, the
result is 8 x 10" Gy" . In Table 1, these results are compared with the
risks that would be obtained using an additive model and with the 1977
assessment by UNSCEAR of 2.5 x 10"2 Gy"1 . Risks are less using the additive
model because they are not based on the natural incidence which increases
markedly at older ages. The excess deaths that have already occurred to 1985
in the Japanese are 340 amongst 76 000 people having a mean dose of 0.12 Gy,
ie 340 deaths and 9100 man Sv giving a rate of nearly 4 x 10"2 Gy"1 .

The risk rates in Table 1 apply at high doses and high dose-rates and the
problem is to predict rates applicable to low dose chronic exposures as
usually found in protection situations. ICRP in 1977 divided the 1977 UNSCEAR
risks by 2 to obtain the 1.25 x 10"2 Sv"1 in Publication 26(4). In 1986,
UNSCEAR reviewed dose response relationships in detail and concluded that the
risk derived at high dose and dose-rate would over-estimate low dose and rate
risks by a factor up to 51 '. In 1988, UNSCEAR quoted dose-rate reduction
factors of between 2 and 10 as having been reported but they make no
recommendations.

A review of available data by Stather et al(8' has concluded that a
dose-rate reduction factor of 3 can be substantiated and, when the
multiplicative model is transferred from the Japanese population to that of
the UK, the resulting fatal cancer risk factors for protection purposes can be
seen in Table 2. In order to establish effective risks, some allowance has to
be made for hereditary defects, as ICRP has previously done, but now including
all future generations. There can also be a case for allowing something for
non-fatal effects. Non-fatal cancers arise at a rate of about half the
fatality rate, but a non-fatal cancer might only be regarded as one-fifth or
one-tenth as serious as a fatality. Thus, effective risk factors emerge of
5.5 x 10"2 Sv"1 for a population of all ages, and 4.5 x 10"2 Sv"1 for a



- 32 -

TABLE 1

Projected lifetime risk of fatal cancer at high doses and
high dose-rates

(1(T2 Gy"1)

Projection model

Multiplicative I Additive

UNSCEAR 1988

Population of all ages

Working population

| UNSCEAR 1977

Population of all ages

11

8

5

6

2.5

TABLE 2

Risk factors for protection purposes

(10~2 Sv"1

Fatal cancers

Hereditary defects

Non-fatal cancers*

Sum*

Total population

4.5

0.8

2.3

5.5

Working

3

0

1

4

population

.4

.8

.7

.5

*Non-fatal cancers are weighted as being 5 to 10 times less
severe as fatal cancers
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Implications for dose limits

I think we have now moved, at least temporarily, into the future. Since
we continue to hold to a linear relationship between dose and risk, we need to
find an upper limit of risk for workers and the public. When the Board
produced GS9( 5', we relied on the results of a Royal Society Study Group191

which was concerned with risk generally, not just nuclear, and there has since
been a proposal by our Health and Safety Executive on levels of tolerable

Both groups set similar tolerable or acceptable limits: for workers, a
figure of 10" y~ is seen as the dividing line between what is just tolerable
and what is intolerable. For the public, HSE set a tolerable limit of
10~4 y"1 but the Royal Society was more cautious, implying the acceptable
limit is between 10"5 and 10"4 per year. The implications of these figures
are shown in Table 3. Continued exposure at the present occupational dose
limit leads to a risk more than twice the proposed tolerable risk limit. At
10"3 y"1 , the implied limit is 22 mSv, while if^you take the risk that we
thought 50 mSv corresponded to in 1977 (5 x 10~4), the implied dose limit is
11 mSv y"1. NRPB interim guidance was for an average of 15 mSv y"1 .
Similarly for the public, the 1 mSv dose limit gives a value below the HSE
proposed tolerable risk limit but within the Royal Society's range. Inverting
the calculation, the risk limits mentioned lead to a dose limit for the public
between 2 and 0.2 mSv. The Board proposed 0.5 mSv for a single site
discharge.

The direction of protection? Dose limits for workers are likely to be
reduced but total risks will only be reduced if all exposures are kept as low
as reasonably achievable. I have been discussing dose limits and clearly most
exposures will be well below the limits. ICRP has proposed optimisation and
the use of cost benefit analysis, but I have to say there has been some
reluctance to its use. Design engineers and even health physicists prefer
targets to work to, rather than trying to optimise their work. A practical
way forward may be to undertake generic optimisations and arrive at some
series of "dose constraints". Thus, a nuclear power operator on a given type
of plant might be expected to receive no more than, say, 5 mSv in any year,
whereas a maintenance worker on the same plant may be constrained to 10 mSv a
year, and a reprocessing plant maintenance worker could be allowed 15 mSv per
year. This may be a simpler system to operate in future, but the idea needs
development.

Environmental aspects of protection

It may be that the principal dose limit of 1 mSv per year is retained in
future, and present discharges may be much lower than the historic figures,
but the current concerns about leukaemia clustering result from those past
discharges.

A number of epidemiological studies have recently been published in the
UK which have indicated that the incidence of childhood leukaemia is elevated
in populations resident near some nuclear sites. Darby and Doll have, with
colleagues'111, examined leukaemia and cancer mortality near nuclear
installations in England and Wales in the period 1969-1978. Although no
general increase was found, the analysis suggested a small increase in
lymphoid leukaemia and Hodgkin's disease in the age group 0-24 years.
However, the report also notes that there is no correlation with distance
from, or since the time of start-up of, the plants.



TABLE 3

Annual risks associated with levels of

Annual dose (mSv)

Occupational

50

15

22

11

Public

1

0.5

2

0.2

ICRP and UK limit

NRPB advice

corresponds to

corresponds to

ICRP dose limit

NRPB advice

corresponds to

corresponds to

continued exposure

Annual risk !

2.3 10"3

6.8 10"4

io-3

1 5 10"4

;

5.5 10~5

2.8 10"5

10"4

10" 5
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The story had begun with allegations of a tenfold excess of childhood
leukaemias close to the Sellafield plant. Gardner et al ( 1 3 ) have published a
follow-up study of children born during 1950-83 to mothers resident in the
village of Seascale which is situated about 3 km to the south of the BNFL
Sellafield plant. In a population of 1068 children, five deaths from
leukaemia were recorded to 30 June 1986 compared with 0.53 expected at
national rates. It was noteworthy that no cases of leukaemia were observed in
1546 children (0.8 expected) who attended schools in Seascale but were born
elsewhere*14'. The report by Gardner confirmed earlier observations of an
increased incidence of childhood leukaemia in the village, which led to the
report of the Black Advisory Group in 1984, and subsequently to the Committee
on Medical Aspects of Radiation in the Environment (COMARE) in 1985.

Heaseman et al ! 1 2 ) reported an approximately tenfold excess (5 observed,
0.513 expected) of leukaemia registrations in the 0-24 age group, in the
period 1979-1984, at distances less than 12.5 km from the Dounreay Nuclear
Power Development Establishment (DNPDE), Caithness, which includes Thurso. No
excess was found in the periods 1968-73 and 1974-78 and the significance of
the excess found is very dependent upon the time period and distance from the
site chosen for study. The results do suggest, however, that the incidence of
leukaemia in the area is elevated over that expected for all Scotland cancer
registration rates.

Inevitably, there have been suggestions that discharges of radioactive
materials from the nuclear installations may be at least partly responsible
for these increased rates of childhood leukaemia. As a consequence, we at the
National Radiological Protection Board have undertaken a series of studies to
assess possible routes of exposure and radiation doses to members of the
population living near BNFL, Sellafield115'*6'17'; DNPDE, Dounreay1 T8'1 9'; the
Atomic Weapons Establishment (AWE), Aldermaston; the Royal Ordnance Factory
(ROF), Burghfield; and the Atomic Energy Research Establishment (AERE),
Harwell12 . We based the calculation of radiation doses to the population
near these sites, as far as possible, on measurements of the levels of
radionuclides in environmental materials; where appropriate information was
not available, relevant concentrations had to be predicted from information
supplied to the Board on discharges from the sites using mathematical models.
Radiation doses were also calculated for the other main sources of population
exposure: natural radiation, weapons fallout, and medical exposure.

Typical radiation doses to the red bone marrow calculated at 5-year
intervals for 1-year old children living neat these installations are shown in
Table 4. The dose to the bone marrow is given as it is considered to be the
sensitive tissue for the induction of radiation-induced leukaemia. With the
exception of children born in Sellafield in the mid-1950s, the radiation doses
resulting from the discharges from the different sites are all less, often
very substantially less, than those from natural radiation. Furthermore, they
show no correlation with the increased leukaemia incidences observed. Thus,
at both Seascale and Thurso, there was an approximately tenfold increase in
leukaemia incidence, though over different periods, yet the radiation doses
differed overall by more than an order of magnitude. In west Berkshire and
Basingstoke and North Hampshire District Health Authorities, where a doubling
of the childhood leukaemia rate in children aged 0-4 years has been
reported'111, the radiation doses are less than 1/10 000 of those at Seascale.

Despite these results, and because of the lack of any alternative
explanation, there remains concern that the doses and risks we calculated may
have been underestimated and that releases of radioactive materials from some
nuclear sites are partly or wholly responsible for the elevated incidence of



Comparison of dose equivalents, uSv, to red bone marrow

of 1-year-old children

Year

1955

1960

1965

1970

1975

1980

In Seascale

from BNFL,

Sellafield

1 200

120

58

120

330

170

In Thurso

from DNPDE,

Caithness

0

3.5

15

8.9

3.1

0.30

In Thurso

from BNFL,

Sellafield

NC2

0.19

0.37

0.94

4.8

4.2

At 5 km

from AWKE,

Aldermaston

7.7 x lu"5

5.0 x 10~3

4.9 x 10"3

1.5 x 10'2

2.4 x 10"2

1.2 x 10"2

At 5 Km

from ROF,

Burghfield

0

0

0

3.5 x 10'7

8.6 x 10"7

4.3 x 10"6

At 5 km

from AERE

Harwell

0.38

0.61

0.61

1.6 x 10'2

1.6 x 10"2

1.8 x 10"2

Weapons

fallout1

54

90

260

85

42

27

Natural1

990

990

990

990

990

990

Notes :

1. Values typical of Oxfordshire and Berkshire. Fallout doses in Thurso and Sellafield are up to a factor of

two or so higher.

2. NC = not calculated.
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leukaemia in local communities. Some of this concern arises as the dose
calculations have depended to •> large extent on information on discharges from
the sites and on the use of mathematical models for predicting the behaviour
of radionuclides in the environment and for calculating tissue doses. As the
debate in the UK has largely centred on the BNFL site at Sellafield, which has
been responsible for larger releases of radioactive material to the
environment than any other, I will use the analysis for Seascale as an example
of the type of comprehensive assessment that was done.

In Table 5, I summarise the results of our investigations. There were 5
leukaemias, 0.5 expected on national statistics and 0.1 we predicted from all
radiation sources, some 0.016 (16%) due to Sellafield. Environmental samples
and autopsy analysis support the dosimetric results of our assessment.
Initially, people felt we had missed a nuclide or a pathway; but as hypothesis
after hypothesis was dismissed, more attention focussed on alpha-emitters and
plutonium. Here again, Table 5 shows that for Seascale, the natural
alpha-dose was giving rise to 2.5 times the risk of the plutonium from
discharges. For other sites the alpha-dose is far smaller.

For all 5 fatal leukaemias to be due to Sellafield alpha-discharges would
require a QF of 50 000 - a value never proposed by even the most outspoken
critics. A corollary would be that natural radiation alpha-doses, if they had
this QF, would give rise to 13 leukaemias in every population the size of
Seascale over the same time period.

The direction of protection? We could not and cannot see how radiation
in the environment could be responsible for the reported incidence.
Nevertheless, levels of discharges will be reduced and we will have to spend
more time looking for lower levels of radionuclides in ever more unlikely
pathways. We may even have to consider the effects on species other than
mankind.

Much is known about ionising radiation and leukaemia but other agents are
implicated - genetic hereditary factors, drugs, chemicals and toxic materials.
Infectious agents, particularly viruses, have long been suspected as a cause
of human leukaemia and have been demonstrated to be leukaemogenic in animals
but the human connection has not been made. Papers have recently been
published pointing to the possible outbreak of leukaemia clusters when an
influx of new people arrives in an established population, and leukaemia is
certainly known to be higher in children born of parents in Social Class 1.
Are they better isolated from some infections and thus more liable to succumb
to leukaemia viruses they encounter? Meanwhile, reports of other intense
clusters are reported far from nuclear establishments - there is one at
Gateshead and another at Kingston-upon-Hull - both in industrialised areas of
the north-east. People tend to ignore these and concentrate on the nuclear
establishments. People in general, and the media in particular, have a need
to find the "cause" - to apportion blame. No-one likes to think their child
has leukaemia because of their genes or their lifestyle. Perhaps the time has
come to investigate leukaemia rather than radiation. It would not be too
onerous to undertake case control investigations of all newly-diagnosed
childhood leukaemias - some 400 of which arise each year in the UK. Perhaps
some pattern will emerge.

Conclusion

First an assertion - People are becoming more risk conscious. Both the
workforce and members of the public are able to express their concerns more
numetrately. They demand a better standard of protection and some, admittedly
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Table 5

Risk of radiation-induced leukaemia in Seascale study population,

by source, and contributions from low and high LET radiation

Predicted number of

leukaemias in study

Source

Sellafield discharges

Windsca

Weapons

Medical

Natural

Total

le fire

fallout
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extremists, would like a risk-free society. I do not believe we can meet this
zero risk demand, as some of my colleagues in the USA are, by defining
radiation as having zero risk at low levels.

In this paper I have summarised what we know about effects of radiation
and how that knowledge can indicate Directions of Protection in working and
public environments. We are in a time of change. I asked at the beginning if
radiation protection is in limbo - the answer is that radiation protection
is alive and well, certainly in NRPB.

Radiation protection philosophy is something we should be proud of and
not apologise for. The past has seen imaginative conceptual thought, the
present gives us a system of control which is better than for any other
environmental agent. The future is uncertain, not because of any failing of
the profession, not because of any doubt over technology, but as The Times
leader of 6 January 1989 put it (with regard to radioactive waste disposal)
because of pusillanimous politicians. We must have the courage to hold our
ground.
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ABSTRACT

In the regulation of radiation protection new information must be assessed for its relevance and
importance. If necessary, regulatory policy must be changed and such decisions involve an
element of judgement. The factors that may thus influence regulatory decisions may be
categorized as:

a) increasing confidence
b) promoting compatibility
c) creating balance •

Increased confidence can result from advances in, for instance, epidemiology and dosimetry,
and compatibility can be improved by using a unified approach to include probabilistic events,
and by developing a basis for comparing radiation risks to other risks. Balance can be
promoted by using such comparisons to allocate resources, and by using the ALARA principle.

While consideration of these factors is not expected to lead to drastic changes in regulations,
epidemiology and dosimetry are the factors expected to have the strongest influence on
regulatory policy.

1. INTRODUCTION

Regulators are constantly faced with a vast amount of rapidly-evolving scientific, economic and
social information which can impact on their functions. Judgements must be continually made
on the relevance of this information and the influence it should have on the regulatory
instruments and the way they are applied. (References 1 and 2) This paper puts forward
several examples of the types of information currently being generated and the potential
influences they might have on our future activities, as perceived by the AECB's Radiation
Protection Division. Later in this Symposium, Dr. Stocker will be providing us with a detailed
description of the AECB's Regulatory Support Program which generates, through contracted
research, a significant amount of the information which influences our future regulatory
activities.

^StafTbFRadiaiioh Protection Division or AECB.



2. CURRENT AEC REGULATIONS

The Canadian Atomic Energy Control (AEC) Regulations reflect the Canadian philosophy of
regulating atomic energy. Requirements are general and quite basic, allowing for interaction
between the licensee and the regulator in the licensing of the more complex applications (e.g.,
nuclear power plants). For most other applications, particularly where there are numerous
licensees with limited activities (e.g., industrial radiographers), more detailed regulations are
provided.

Over the past few years, general amendments to the AEC Regulations have been generated and
are currently in the process of being incorporated in the legislation. For example, the AECB
mandate now explicitly covers the protection of the environment. Regarding the amendments
relating to radiation protection, the recommendations of ICRP 26 form the basis for most of the
revisions. In particular, the effective dose equivalent concept, as well as an ALARA provision,
have been incorporated. Although this may seem like a long time between the appearance of
ICRP 26 (1977) and these revisions, in our view, it has not affected the quality of regulation of
the nuclear industry in Canada (Reference 1).

Future revisions of the Regulations and their application will undoubtedly occur, influenced by
many factors. Some factors may not promote explicit changes in the Regulations but rather
affect the way in which we regulate. For example, substantial scientific evidence to
corroborate a significant change in the risk index could result in a revision of (he dose limits.
Also, recommendations made by international organizations which suggest incorporating an
explicit target value below the dose limit (as currently being contemplated by ICRP) may not
necessarily result in a revision to the Regulations; however, the recommendation could
influence the emphasis which a regulator would place on the need for a licensee to establish
such a target value in his operating policies and principles.

*. CATEGORIES OF INFLUENCE

These influencing factors may best be illustrated by grouping them in three categories:

;t) Increasing Confidence: in most cases, we are looking at the corollary of a decrease in
uncertainty; that is, confidence is usually increased as uncertainty is reduced.

h) Promoting Compatibility: there is still a wide variety of concepts and approaches for
dealing with risk. These approaches need to be melded together so that overall risk can be
more easily addressed.

c) Creating Balance: without reasonable cognizance of all factors involved, we may be led
in a direction which could be advantageous for one group but detrimental for another; some
optimum has to be pursued.

4. CONFIDENCE

Some of the "tools" of the regulatory trade take the form of applied constraints, which in turn
are based on scientific observations, experimental results and statistical analyses. The degree
of confidence with which the public views our activities can be influenced by the confidence
we have in our own tools. Obtaining this public confidence is important since the more



confidence the public has, the less influential social pressures will be in forcing regulatory
control to levels well beyond those deemed reasonable by applying ALARA.

There tire many areas of endeavour which will contribute to increase confidence - following are
a few examples.

4.1 Epidemiology

Greater pooling of data on health effects will provide increased statistical power and thus
enable changes in cancer incidence to be more accurately estimated.

Accounting for demographical, age and sex differences will further refine the results of
statistical analyses. For example, risk of health effects from radiation of an adult is reasonably
understood from the Japanese data, whereas there is still uncertainty concerning the long-term
effects on those exposed in childhood, because they are just entering their major cancer risk
years (Reference 3).

4.2 Dosimetry

Radiobiological studies at the cellular level (microdosimetry) and more complex modelling of
metabolic pathways will aid in our comprehension of actual detriment. For example, results of
the Bowden study (Reference 4) on bronchial epithelium cells are quite different from previous
data - this may lead to a revision of lung dosimetry. We will hear more from Dr. Johnson later
on the whole subject of internal dosimetry.

4.3 Risk Coefficients/Dose Limits

As the epidemiological and dosimetric information evolves, i. vor-increasing refinement of the
various conversion factors will result. Recently, comments have been made to the effect that
risk coefficients derived from the latest review of the Japanese data and the most recent
dosimetry could probably only be out by a factor of 3, whereas the previous ones were
probably out by a factor of 10 (Reference 3). Also, as estimations of dose to the foetus are
refined, the current restrictions on female workers could be affected.

4.4 Unified Approach

Should the concept of the combination of the radiation protection and nuclear safety approaches
into one "system" become accepted, reductions in uncertainties in both dose estimation and
determination of probability of the initiating event will be necessary for it to be effective in the
regulatory context.

4.5 Plant and Personnel

As nuclear fuel cycle facilities mature and approach the end of their design lifetime, it is
necessary to rehabilitate or decommission the facilities. In addition, we are being presented
with such new activities as the underground mining of high-grade uranium ore bodies, nuclear
submarines, small remote reactors and other uses of radioisotopes. These are leading to
different and even unique radiation protection situations which will require new or modified
regulatory action.



Also, personnel, after several years of relatively-routine operations, could become complacent,
necessitating re-training and, possibly, modifications to radiat ion protect ion controls to
minimize any negative impact. These changes should add confidence in the safety of the
continued operation of these facilities.

4.6 Visibility

One of the major objectives of the current AECB President is to promote better communication
between the AECB and the public by rendering the Board's activities more visible. The
intention is to enhance the credibility of, and instill greater public confidence in, our regulatory
activities.

This will certainly entail trie production of more public information to explain, in layman's
terms, the basis of the radiation protection aspects of the AEC Regulations. It may also
necessitate simplification of the Regulations themselves. Since the Regulations take into
account the ICRP Recommendations, the lucidity of the latter will assist greatly in the wording
and the understanding of the Regulations. The trend of the ICRP Recommendations over the
past several years to become increasingly more complex - a trend which appears to be
continuing with the upcoming revisions to ICRP 26 - tends to run counter to this rising need
for ease of understanding. Although we may be concerned about the comprehensiveness of the
Recommendations and the consequent Regulations, we should not allow them to become less
comprehensible.

5. COMPATIBILITY

There is increased emphasis on trying to deal with a variety of risks in a similar manner. The
extent to which the various factors can be made compatible will influence how well the
concepts and approaches can be melded together and thus enhance their degree of usefulness
for regulators.

5.1 Radiation Risks

The proposed "Unified Approach" (see section 4.4) attempts to bring together the principles of
radiation protection and nuclear safety. For radiation protection, we are concerned about the
stochastic risk from a specified dose due to events for which the probability is usually unity.
On the other hand, nuclear safety considers the risk from a defined dose arising from an event
with a probability of occurrence which is usually much less than one. A major consideration is
the compatibility, or the actual equivalence of, these two perspectives on "risk".

5.2 Radiation versus Other Risks

Total acceptance by the public or workers of the equivalence of radiation and convention risks
is unlikely in the short term and, in fact, may never occur. However, the development of a
greater degree of acceptance could be assisted by the application of suitable bases for
comparison. A few of the current efforts in this direction include the "Index of Harm" concept
(Reference 6) and the "Cumulative Lifetime Loss" concept (Reference 7).



5.3 Radiation Protection and the Environment

Fundamental differences in the approaches to protecting the environment exist amongst
regulatory agencies, depending on the origins of these agencies and their primary
responsibilities.

The AECB, as the regulator of atomic energy, has grown up with radiation protection and thus
advocates the ALARA principle. Environmental agencies, on the other hand, have been used
to dealing with some variant of the "Best Practicable Technology" principle. The former
includes cost/benefit optimization, whereas the latter could be viewed as a "minimalist"
approach.

Another difference is evident when we consider how the environment is viewed by each
agency. The AECB has considered the environment mainly as a pathway to man, whereas
environmental agencies advocate that the environment is an entity in its own right. We should
note here, however, that the upcoming General Amendments to the AEC Regulations include
"protection of the environment" explicitly in the mandate. Both from the perspective of this
amendment and the need to improve overall effectiveness of regulation, greater compatibility
amongst the various principles and views of the agencies involved would, therefore, be
beneficial.

5.4 Man and All Species

The ICRP tenet that all species are protected if man is protected has been the basis for our
singular lack of attention to radiological impact on the environment itself. Some doubt as to the
compatibility of the two parts of this premise has recently arisen (Reference 8). Since this may
influence the way in which we carry out our responsibilities regarding protection of the
environment, any lack of compatibility needs to be clarified.

5.5 Epidemiology

Many aspects of epidemiological studies are affected by the degree of compatibility of
circumstances and data. Compatibility of control and subject populations is fundamental to all
epidemiological studies; recent concerns about the transfer of data and conclusions among
demographically-different populations, in particular the use of the Japanese data in other parts
of the world is a typical example. Improvements in handling these incompatibilities are
continually being sought and will often have a significant impact on regulation.

6. BALANCE

Along with the efforts to increase confidence and reduce incompatibilities in regulatory tools
and their application should come a better balance among factors which are currently regarded
in isolation. This balancing should have two main objectives:

- more effective regulation while utilizing resources more efficiently; and

- elimination of situations where improvements for one group result in increased detriment to
another.



6.1 Radiation versus Other Risks

Situations involving risk due to radiation, whether in the domain of the worker or the public,
continue to draw greater attention (and resources) than those involving conventional risks, even
though the actual risk of the former, by comparison, may be much lower. This imbalance
needs to be redressed. It is not likely that equivalence will be achieved, but it can be set as an
objective so that the limited resources applied to risk reduction are used efficiently.

6.2 ALARA

By its nature, the application of the ALARA principle involves a balancing of detriments (costs,
risks) and benefits. However, situations exist where optimizing the radiation protection
provisions for one group may increase the detriment to another group, if there is a close
coupling between the two groups, for example, a uranium mine located in close proximity to a
population centre. Adequate protection of the miners may call for a large flow of ventilation
air. However, the exhaust from this ventilation may impact directly on the nearby population
centre, resulting in a significant public dose. On the other hand, optimizing protection for the
public may demand a much lower ventilation flow, which in turn would increase the miners'
exposures. Some overall balancing would, therefore, be necessary to account for these
opposite-acting linked situations.

There are other aspects of ALARA which warrant closer scrutiny in order to avoid unnecessary
imbalances, such as the relative roles of individual and collective dose when deciding on a
strategy for its application. For example, one strategy might be to allow a few workers in a
facility to receive relatively high doses and the remainder quite low doses. Another strategy
might be to assign the work so that all workers received approximately the same individual
dose. The collective dose would be essentially the same in each case, hence would not
differentiate between the two strategies. However, the former strategy is like .y to be less
acceptable, particularly to the few higher-dose individuals.

6.3 Other Considerations

Several theories or phenomena are surfacing (or re-surfacing) which will have to be placed in
their proper perspective. Some examples are: hormesis, which emphasizes the beneficial, as
opposed to the detrimental, effects of radiation at low doses; the significance of viral, as
opposed to radiological, initiation of cancer, particularly leukemia; leukemia clusters, their
geographical distribution and the significance of those in close proximity to nuclear facilities,
and greater radiosensitivity of sub-populations.

Regarding the last subject, i.e., the radiosensitivity phenomenon, Dr. Gentner will be
addressing the methodology of detection of radiosensitive individuals later in the Symposium.
I would like now to identify some possible considerations of a regulator, given that the
methodology is viable.

Upon identifying a group with enhanced radiosensitivity, initial reactions might include the
following: this group should be provided with additional protection, this group should be
restricted from being placed in high exposure areas, and dose constraints should be adjusted
downwards to account for higher sensitivity of subpopulations.



If those were all included in a regulatory strategy, some possible implications might be
additional costs for protective measures, reduced available workforce, possibly in some crucial
trades or specialties, and possible liability claims. Workers might also be affected by not being
allowed to do jobs which have higher pay because of the higher potential risk or they may be
automatically eliminated from a list of candidates for any job involving radiological work.

As one can see. several of these situations could affect the rights of the individual. The
regulator could be put in somewhat of a dilemma, since significant social implications would
have to be taken into account and some balance achieved with the usual radiation protection
considerations when making regulatory decisions.

7. CONCLUSIONS

The Regulations and the way we regulate will continuously be influenced by a variety of
factors. Some factors will corro'oorate our current approach, others will cause us to modify our
approach somewhat and head in a slightly different direction. The nature of the phenomena
with which we are dealing and the significant degree of interest in advancing our knowledge
therein are such thai any drastic change in our regulatory course is not likely.

There is not much doubt that our knowledge with respect to epidemiology and microdosimetry
will continue to have the strongest influence on the risk factors and thus on the dose
constraints, which are fundamental to the regulatory process. The interpretation and
application of the Al.ARA principle will require substantially more effort and refinement before
it Ivcomes a "mature" pan of the process.

There is still a long way to go to convince the public and the workers that the inbalance
between the resources applied to reducing radiation risk and conventional risk should be
drastically redressed. I-Iff on s to derive viable bases for comparison could assist and should
continue. Overall we seem to be headed in the right direction. Some of our objectives have
more impediments than others, but we should continue to ensure that we arc always increasing
our confidence in our regulatory tools, promoting compatibility among icguiatory approaches
and balancing our efforts so that maximum efficiency of resource utilization and effectiveness
of radiation protection are achieved.
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INTRODUCTION

One of the distinctive aspects of the field of radiation protection is the
broad international agreement on fundamental principles. As this audience
appreciates, this consensus has come about largely through the leadership
of the International Commission on Radiological Protection (ICRP).

Contributing to this influence is the fact that the ICRP was formed in
1950, before most countries began their nuclear programs, and its
predecessor, the International X-Ray and Radium Protection Commission,
began in 1928. More important has been the calibre of the people who have
served the commission over the years (including such notable Canadians as
our opening and closing speakers) and the high standard of their
recommendations.

The ICRP has always depended on research and studies in various countries
and has drawn on the experience gained in national programs and activities.
In turn, the national radiation protection communities — workers,
researchers, regulators, etc. — have had to interpret and apply the
recommendations of the ICRP in a manner appropriate to the particular
activities and societal structure of their countries. The ICRP
specifically notes, in the "Introduction" to its reports that its policy is
to emphasize fundamental principles and leave the application of its
recommendations to be elaborated by appropriate national bodies. Although
there is broad recognition of the soundness of ICRP recommendations their
implementation has not always been easy — witness the continuing struggle
by many countries to put ICRP-26 into effect.

Several, if not most, of the countries with advanced nuclear programs have
established central organizations to take on the task of interpreting ICRP
recommendations in their national context. Such bodies generally serve as
a focus for debate on national radiation protection standards and as a
visible and credible voice for the radiation protection community in their
countries. With the growing interest in, and concern about, non-ionizing
radiation, these national groups have usually taken on the task of
determining appropriate protection against this form, which the ICRP has
determined to be outside of its field of work.

In the following sections the situation in three countries is outlined as a
background for discussion of a possible structure for a national radiation
protection council for Canada.
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UNITED STATES OF AMERICA

The U.S.A. has the oldest national organization, the National Council on
Radiation Protection and Measurements (NCRP). Although the structure was
created in 1964, its predecessor, the National Committee on Radiation
Protection and Measurements dates back to 1930.

The NCRP has four basic objectives:

collect, analyse, develop and disseminate information and
recommenda t ions;

provide a means by which organizations may cooperate;

develop basic concepts;

- cooperate with the ICRP and the ICRU.

The Council is a iion-profit corporation with an annual budget of about
$1-1/2 million. It conducts its work primarily through committees, of
which there are, at last report, 31 active, out of a total of 82.
Additional task groups are formed for specific topics.

Financial support comes from 53 associations, institutes, and federal
government departments and agencies. Members of the committees contribute
their time and effort.

Over the years the NCRP has published about 100 reports, of which 30 are
now superseded or out-of-print, 12 Lauristan S. Taylor lectures and
proceedings of their annual meetings.

UNITED KINGDOM

In the U.K. a quite different organization has evolved.

The National Radiological Protection Board (NRPB) is much more than a
council, it is a full research establishment with a sizable staff. One of
its major functions, however, is to provide information and advice ("to
persons, including government departments, having responsibility for
protection from the hazards of radiation"). Created in 1970, the NRPB's
mandate was extended in 1974 to include non-ionizing radiation.

The NRPB issues numerous scientific reports and papers. It publishes
advice on specific topics, often in such a succinct style that they occupy
less than a page.

FEDERAL REPUBLIC OF GERMANY

The FRG pursued yet another route.
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Germany has a federal structure in which legislative authority is more
decentralized than in Canada. However, the federal government has the
authority to establish basic standards in nuclear safety and radiation
protection. To assist it in this function the federal government has
established to senior level advisory committees; the Reactor Safety
Commission (RSK) and the Radiation Protection Commission (SSK) to advise
the Minister of the Interior.

The SSK was created in 1974 and had a major hand in the preparation of the
1976 Radiation Protection Ordinance, the basic federal law in this area.
The Commission has issued a number of recommendations over the years and is
involved in questions associated with the licensing of nuclear
installations.

The typical membership of the SSK is 15, chosen by the Minister from
recopnized and experienced specialists in appropriate fields, primarily
from universities and institutes. The Commission is supported in its work
by a scientific secretariat of about ten, provided by the Company for
Reactor Safety ((iRS). Members are appointed for a three-year term and may
have one consecutive re-appointment.

THE CANADIAN SITUATION

Canada's nuclear program dates back to World War II, as early as that of
any nation (and before the creation of the ICRP). Earlier the country was
a major producer of radium. Consequently, there is a long experience with
ionizing radiation.

Radiation protection was a major concern during the days of the Montreal
Laboratory and has remained a priority task ever since. Canadians have
been in the forefront of developments in the field, including the adoption
of what is now called the ALARA concept well before it became an
international philosophy. Canadian health physics professionals have been,
and are, recognized throughout the world.

Nuclear and radiation activities in the country have grown and have become
more diverse over the years since the early beginnings. The licences
issued by the Atomic Energy Control Board (AECB) give an indication of the
extent. Today there are almost 5 000 radioisotope licensees, eight uranium
mines, 18 operating power reactors, eight research reactors, and other
facilities (including the two large research sites of Atomic Energy of
Canada Limited). In addition, there are thousands of X-ray machines across
the country which are under provincial jurisdiction.

On the regulatory side the AECB has, under the Atomic Energy Control Act,
responsibility for activities related to "atomic energy", as defined in the
Act, which excludes X-ray machines and low energy accelerators.

Given the extent of nuclear activities regulations issued by the AECB have
a major affect and influence. The Atomic Energy Control Regulations first
included a section on radiation protection in 1960. That section has been
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modified and augmented over the years and a further revision is included in
the draft total revision of the Regulations issued last year for comment.

To assist it in this area the AECB created, in 1979, an Advisory Committee
on Radiological Protection (ACRP). The membership of that committee has
ranged from 10 to 13, drawn from various relevant disciplines. Currently
the committee is supported by one scientific secretary.

DISCUSSION

Without in any way implying that there are significant deficiencies in
Canada's radiation protection practices, the growth of activities, the
divisions of jurisdiction, the growing use of and concern about non-
ionizing radiation all suggest that the country could benefit from a very
senior, national, advisory body for radiation protection.

Of the models from other countries reviewed above, it would be unrealistic,
given the current austerity attitude of the federal government, to expect
that anything comparable to the NRPB could be created in this country.

With our smaller economy it is also unlikely that a non-profit organization
similar to the NCRP could be realized although some variation of the
approach may be feasible.

At first glance it may appear that the ACRP is similar to the SSK of
Germany. The ACRP is limited, however, to activities within the mandate of
the AECB, and more seriously, does not receive the support necessary for it
to be a truly effective body.

The ACRP does provide a basis for the establishment of a national
organization. If it, or a similar group, reported to a minister with broad
relevant responsibilities (such as the Minister of Health and Welfare) or
were detached (somewhat like the Science Council) and were provided with
appropriate support it could become a focus for and voice of the Canadian
radiation protection community, both nationally and internationally.

**************************

The author, now retired and a part-time consultant, was formerly a Senior
Adviser of the AECB and responsible for the ACRP and its sister, the
Advisory Committee on Nuclear Safety. Previously, he had been Nuclear
Energy Adviser in the Energy Policy Group of the Dept. of Energy, Mines and
Resources, and earlier, Head of Nuclear Facility Licensing at the AECB.
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ABSTRACT

The title of this symposium "Radiation Protection: Past and Future " invites the
dangerous practice of predicting the future on the basis of past experience. A
better title as far as this paper is concerned would be "Radiation Protection: Past,
Present and Future". Understanding how our present dose limits have evolved may help
us to make today's situation a watershed marking the introduction of more realistic
methods of dose control, instead of another step in an ongoing saga of continuing
reductions in the maximum permissible dose as knowledge of the associated risks
increases - a saga which has been exploited to great advantage by various
anti-nuclear groups. The widely held belief that there is a need for yet another
reduction in the annual maximum permissible dose for occupationally exposed workers
ignores the impact of the ALARA principle on the protection of workers and this
paper is intended to demonstrate that such a change is unnecessary, and could well
be counterproductive in terms of risk reduction.

INTRODUCTION

Very soon after Rontgen's discovery of X-rays in 1895 it became recognised that
control of the radiation risks to which X-ray workers are subject was necessary. By
1897 Clarence Dally, an assistant to Thomas Edison one of the pioneer workers, had
developed a fatal radiation cancer and several others occurred about the same time.
In view of this, it is perhaps surprising that better appreciation of the
carcinogenic potential of low level chronic exposure only developed in the late
1950's,with the discovery of significantly enhanced incidences of leukemia among
survivors of the atom bomb and patients who had been treated with radiation for
ankylosing spondylitis. Table 1 shows some key steps in the gradual development of
current recommendations for radiation protection procedures; however,I do not want
to dwell on these various steps, merely to recognise that they show a progressive
trend towards more and more stringent controls on occupational exposure. Furthermore,
the situation today is that our evaluation of the carcinogenic potential of exposure
to ionizing radiation continues to rise as a result of ongoing studies of the
exposed populations, and serious consideration is being given to the need for
another very significant reduction in the permissible annual dose. In the case of
radon daughters the U.S. National Institute for Occupational Safety and Health has
already recommended that the permissible exposure of underground miners should be
reduced from four working level months per year to one. (NIOSH publication
No 88-101.)
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FIGURE 1

RONTGEN SOCIETY

Recommendations for the Protection oF X-ray Operators
The harmful effects produced by X-rays are cumulative and do

not generally appear until some weeks or months after the damage has
been done. It is to be noted that X-rays of any degree of hardness are
capable of producing ill effects, although it is corrunonly supposed that
soft rays only are harmful.

It is undesirable that any X-ray treatment should be carried out
except under the direction of a qualified medical practitioner experienced
in X-ray work.

All X-ray tubes must be provided, when in use, with a protecting
shield or cover which prevents the access of rays to the operators and
which encloses the tube, leaving an adjustable opening only sufficiently
large to allow the passage of a sheaf of rays of the size necessary for the
work in hand. Even with this shielding the operator may not be com-
pletely protected in all cases (e.g. especially in screen work), and the use
of movable screens, gloves and aprons is recommended.

Operators should be warned that shields obtainable commercially
are often ineffective and tests of their opacity should be made.

Whenever possible the cubicle system should be used for X-ray
treatment and the operator should be able to make all adjustments froih
a protected space.

When screen examination is required it is essential that the screen
should be covered with thick lead glass of proved opacity and that the
screen should be independently supported and not held in the hands of
the operator. If the hands are so used they should be properly protected.

The hand or any portion of the body of the operator should never
be Uoed to test the hardness or quality of the X-ray tube; any fimple form
of penetrometer can be easily arranged for this purpose.
November, 1915.
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TABLE 1.

Major stages in the development of current dose limits.

1915 First operator protection recommendations issued by the
Rontgen Society. (Figure 1}

1928 Formation of the I.C.R.P. and the I.C.R.U. by the first
International Congress of Radiology.

1934 I.C.R.P. recommend maximum permissible dose limit of 0.2 R per
day. Shorter working day and longer holidays usual for
radiation workers.

1948 N.C.R.P. reduce maximum permissible dose to 0.3 R per week.

1949 Concept of permissible dose introduced to replace threshold
dose.

1956 I.C.R.P. definition of "permissible dose" adopted. (Figure 2)

1956-58 N.C.R.P. followed by I.C.R.P. introduce the concept of age
proration with the formula D = 5(N-18).

1973 Introduction of the ALARA principle by I.C.R.P.
in Report. No. 22.

1977 Concept of effective dose equivalent introduced by I.C.R.P.
in Report No.26. Maximum annual occupational E.D.E. 50 mSv.
Also the concept that radiation risks should not exceed those
in "other safe industries" replaced the "permissible dose"
concept.

FIGURE 2.

Definition of Permissible Dose. (I.C.R.P. 1958)

The permissible dose for an individual is that dose accumulated over a long period
of time or resulting from a single exposure, which, in the light of present
knowledge, carries a negligible probability of severe somatic or genetic injuries;
furthermore , it is such a dose that any effects which occur irore frequently are
limited to those of a minor nature that would not be considered ^acceptable by the
exposed individual and by competent medical authorities. Any severe somatic injuries
(e.g. leukemia) which might result from exposure of individuals to the permissible
dose would be limited to an exceedingly small fraction of the exposed group; effects
such as shortening of life span, which might be expected to occur more frequently,
would be very slight and would likely be hidden by normal biological variations. The
permissible dose can therefore be expected to produce effects that could b2
detectable only by statistical methods applied to large groups.



CHANGES IN RISK ESTIMATES

Somewhat surprisingly two thirds of the study population exposed to radiation by the
atom bombs dropped in Hiroshima and Nagasaki are still alive. As the study
population ages and becomes subject to a higher incidence of naturally - occurring
cancers there is an accompanying increase in the incidence of radiation-induced
solid tumours among those exposed. There are relatively few types of cancer where
this incidence has peaked in a way similar to that for leukemia. It appears that the
calculated lifetime risk per unit of exposure may continue to rise throughout the
lifespan of the study population, and this is the primary reason for concerns about
the inadequacy of existing dose limits. Recent data also tends to support a relative
risk model and this has some bearing on overall risk estimates. Nevertheless, based
urxrn deaths among early radiologists, the 1977 UNSCEAR report assumed that the final
ratal of deaths from radiation-induced malignancies in the study population would be
about six times the number of deaths from leukemia; and it is still much too early
*c conclude that this estimate will not be correct.

Yet another factor which has led to significantly increased risk estimates has been
the reworking of the dosimetry data for the exposed population. The earliest set of
dose estimates for the survivors was produced in 1957 and was coded T57D to indicate
i.hau it was based on tentative dosimetry calculations. This was replaced by more
sophisticated calculations, also intended to be tentative, in 1965. However,the T65D
•."iaua was supported by experimental work carried out by Japanese scientists which led
vo misplaced confidence in its accuracy lasting for over a decade, despite a few
•:.̂ nce.rn3 about lew yield and a surprising apparent assymmetry in the dose
• iistribution for the Hiroshima bomb. The T65D data indicated that the uranium-235
:,. ?:b dropped at Hiroshima had been associated with a much higher neutron dose and a
r.'.ucri lower gaira .lose than the plufonium bomb dropped on Nagasaki. It resulted in
•::.:. rcbabiy high ostijnates for the risk of leukemia being induced by neutron
radiation; arid eventually to a reassessment of the dosimetry calculations, using
;r.oro sophisticated computer programs, which had by then become available, to
calculate the free field data. This was combined with a detailed reassessment of the
probable effects of shielding, and wherever possible every step in these
•alculations for each individual was supported by experimental data. This was a very
r:r;gthy project which eventually, in 1986, led to the introduction of the now
definitive DS86 dosimetry data that is associated with significantly greater risk
factors per unit dose equivalent.

The most comprehensive evaluation of all this new data was made in the UNSCEAR
reporc submitted to the United Nations in September 1988. The lifetime cancer risk
from radiation was estimated at 2.5% per sievert in the 1977 UNSCEAR report. The
1983 report increases this by a factor of approximately 2 for an absolute risk
model, or three for a relative risk model. However,in assessing the importance of
this change for dose limitation procedures another complication arises. UNSCEAR
recognise that for chronic low-level irradiation the risk is reduced and a reduction
factor of 2 was used by I.C.R.P. when preparing Report No 26. The new UNSCEAR report
indicates that the committee plans further study of the most appropriate risk
reduction factor in the future, and simply indicates that various values between 2
arid 10 have been reported in the literature. If the upper value is eventually
adopted the risk per sievert for chronic exposure would be lower than that given in
':he 1977 report even when using the relative risk model.



RADIATION PROTECTION IN PRACTICE

When nobody doubted the threshold hypothesis which implies that any dose below the
permissible limit is completely safe, compliance with regulatory dose limits was the
only objective of a radiation control program. It was accepted that dose limits for
members of the public could logically be much lower than those for occupationally
exposed workers, but this was based on consideration of the overall genetic
detriment for the whole population, and never justified on the basis that a worker
could reasonably be exposed to a higher risk. It was believed that any dose below
the permissible limit must be 'safe', a somewhat idyllic situation which finally
ended in 1973 with the publication by the International Commission on Radiological
Protection of Report 22 (1). This formally replaced the threshold concept by the
linear risk hypothesis, and introduced the principle that all radiation doses must
be kept as low as readily achievable (the ALARA principle). Since occupational
radiation exposures are controlled so that non-stochastic effects can virtually be
ignored, this means the main concern of the radiation worker has become the
stochastic possibility of him developing a radiation induced malignancy.
Consequently , there has been a total change of attitude. All workers recognise any
radiation exposure, however small, as having an associated potential health
detriment and trade unions are active to ensure that the ALARA concept is rigorously
enforced at both federal and provincial level (2), (3), (4). The result of this, as
reference to a few recent copies of the annual publication from Health and Welfare
Canada entitled "Occupational Radiation Exposures in Canada" quickly demonstrates,
is that very few radiation workers receive doses exceeding the maximum permissible
level, and that this proportion is steadily declining as the ALARA concept bites
deeper year by year. Whereas twenty years ago it was approximately one in every 1000
radiation workers, it is now one in every 10 000 (5), (6).Many monitored workers are
of course employed under conditions where a significant radiation exposure is
neither likely nor expected. Personnel monitoring may be undertaken for the
psychological reassurance which it gives, and may also be necessary where no dose is
normally experienced although a significant dose could arise under accident or fault
conditions. Nevertheless, for all the categories of workers considered separately in
these publications, the average radiation dose does not now exceed the level
permissible for unmonitored members of the general public. This is a clear
demonstration of the general impact of the ALARA principle.

Some years ago inspectors from a regulatory agency would commend a radiation user if
none of his workers had doses exceeding 90% of the limit, today they may ask him to
further reduce the exposure of an employee receiving a dose only one tenth of the
annual occupational limit (a permissible level for a member of the public). Although
some radiation dose is inevitable for workers in certain areas of employment;
primarily those associated with the nuclear fuel cycle but also including
cardiology, radiology where there is extensive use of fluoroscopic procedures,
nuclear medicine technology and industrial radiography; the magnitudes of these
doses a re being continually reduced. Few of the workers feel that they are employed
in a hazardous occupation. They, have learned to assess their radiation risk
rationally and look at it in perspective with the other risks of daily living. In
practical terms this means that they are no longer concerned about their annual
radiation dose limit, the only question of importance to their, is their cumulative
lifetime exposure. Consequently, they are less interested in the dose limit than in
the typical dose which they are likely to receive from any particular job they have
to do, and whether there is any reasonable way in which this can be further reduced.
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I will give two examples of where annual dose limits may be detrimental to the
effective implementation of ALARA. Let us consider two companies arploying radiation
workers where, even after all reasonable protection procedures have been introduced,
the potential radiation hazards in conpany B are the greater. The implementation of
ALARA will mean that despite identical dose limits employees of company A will be
expected to be exposed only at much lower doses; and it will therefore, from a
radiation point of view, be a safer place in which to work. It is still difficult
for society to accept this. The dose limits are the same and the old attitude that
all exposures below the limit are safe persists. This is counterproductive to the
effective implementation of ALARA. Company A is reluctant to expend significantly
more on reducing radiation exposures which, even with little effort, are already
well below those characteristic of conpany B. Regulations and inspectors from
regulatory agencies can only go so far towards changing this attitude. What is
required is an. ongoing dialogue between the employees and the management of both
companies designed to identify possible actions which would lead to improvement, and
assess whether these come within the meaning of "reasonably achievable". When ALARA
is being effectively implemented in this way an annual dose limit has no value and
is often counterproductive because the actual doses are so much below the limit that
it encourages complacency.

The overall cancer risk 01 workers depends upon their lifetime career dose, not on
trie dose in any one year. It is much safer to work under conditions where there is a
nonTial annual exposure of less than 10 mSv, but where an isolated incident may occur
and nay result in a few individuals receiving a dose of 80 mSv; rather than under
renditions where theie is a consistent annual exposure of 30 .'-'Sv every year. Yet the
former circumstances contravene present regulations and are likely to lead to
;:r.o::ecution whilst the latter do not; the former employer is likely to be branded by
m e media as callous and irresponsible whilst the latter will not. In the absence of
:•• annual dose liriiit attention would, more realistically, be focussed on the average
doses.

In the past an important justification for the annual limit was this threat of
prosecution - it was the ultimate sanction for bringing pressure to bear on a
reluctant employer. Today pressure comes far earlier and is directed towards
.achieving ALARA. Neither em absolute standard, such as the annual limit, nor
comparison with other companies carrying out similar operations, has any relevance
to this goal, and each employers record is assessed entirely on the basis of actual
performance. Approved personal dosimetry services are required to advise the
appropriate regulatory body of any high radiation dose - usually any dose which
exceeds one tenth of the present maximum permissible limit. An investigation must
then be held to determine the reason for this dose, normally this leads to changes
being implemented to reduce the likelihood of it; recurring. With this control system
already fully established, the radiation doses associated with most types of work
are showing a gradual decline and the removal of the annual dose limit would not
reduce the protection given to the workers.

It seems clear therefore that even among the most highly exposed groups the concerns
expressed by I.C.R.P. about the possibility of some workers receiving a dose close
to the annual limit every year throughout much of their working lifetime, are being
respected. There is still considerable uncertainty about whether changes in our
present risk estimates are required, but it can probably be agreed that in practice
workers should be protected against being asked to work under conditions which could
lead to an excessive lifetime dose.



CONCLUSIONS

Radiation safety procedures were developed to achieve two different ends, the most
important is to protect any individual from being exposed to an excessive and
unacceptable cancer risk, the other is to minimise the health detriment associated
with the total population dose. Annual dose limits were introduced to achieve the
first of these objectives but no longer contribute to this need. Their only value
now is in helping to justify a sub-optimum radiation control program and it is time
to consider whether replacing them by a lifetime exposure limit of, for example, 1
Sv might lead to improved radiation safety practice. This would have the important
advantage of encouraging estimates of individual lifetime risks to be based on
actual exposure data. Such estimates would be much more realistic and defensible
than those we usually see based on the assumption that workers experience the
maximum permissible annual dose every year throughout their working life. As health
physicists we are all becoming increasingly aware that the changes in risk estimates
reviewed in this paper can lead to totally unacceptable lifetime cancer risks when
these are calculated by the latter method. The I.C.R.P. comparison of radiation
risks with the risks of working in other safe industries (7) is now only valid when
the calculation is based either on actual recorded exposures or on a realistic
lifetime dose limit.

Today the annual dose limit is as obsolescent as the weekly dose limit was in 1956.
The only concern about abandoning it arises from fears that regulatory bodies in
some parts of the world might be prepared to authorise emergency clean up
operations, such as those which might arise during the decommissioning of power
stations, under conditions that could lead to workers experiencing a significant
proportion of their lifetime dose during a short period of time. The return to some
form of prorating formula would eliminate this possibility, although it should not
be necessary in countries where the ALARA principle has been given a firm legal
basis.
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ABSTRACT

Public demand to know the delayed risks associated with various
working and living environments has led private industry, the
health and research communities, labour unions, and government to
intensify their efforts to obtain quantitative human data. For
example, the long-term health effects of radiation, pesticides
and sprays, asbestos, glass fiber and chemicals are of interest.
Thase studies seek to relate prior "exposure" or circumstances
in the lives of people to subsequent harm such as deaths from
various causes or cancer among those who are living. Specific
files and studies are described and used to illustrate how this
information is extremely important in assessing and controlling
workplace hazards, for labour negotiations and relations, for the
fitting of regulatory standards for substances, for developing
compensation criteria, and for the evaluation of the efficacy of
preventive, control and treatment measures for improving the
quality of health care for Canadians.

INTRODUCTION

Rndi.ition is one of the many agents occurring in our environment that is
capable of causing cancers. We are all unavoidably exposed to natural
background radiation. If we wish to exploit the beneficial uses of
radiation in medicine, industry, and for the production of electricity,
some further exposure to radiation is almost inevitable. One needs to
ensure therefore that the standards of protection are appropriately based,
and one would want to understand the mechanism by which radiation causes
cancer and genetic defects. This paper will concentrate on the steps
reouired to obtain some of the necessary human data regarding delayed
health pffectr-, where the concern is about the impact and consequences of

term low-level radiation exposures.

The material in this paper is divided into four main sections. First,
background information is given regarding what a long-term medical
follow-uo study is and the key elements in such a study. The major
milestones in the historical development of computerized record linkage in
Canada are discussed next, as well as some recent developments and uses of
the Canadian Mortality Data Base and the National Cancer Incidence
Reporting System at Statistics Canada. The third section will examine some
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radiation and other studies currently in progress which have used these
files and facilities. Special emphasis will be placed on studies which
were directly or indirectly related to work at Chalk River. Many of these
studies have been collaborative or have been carried out on a cost-recovery
basis. Finally the paper concludes with examples of our data needs for the
future. References will be made throughout to related published papers and
workshops.

BACKGROUND INFORMATION

A lon<r,-term medical follow-up study is one in which individuals of interest
have been "exposed" to some sort of delayed risk due tc their occupation,
environment, through an accident, therapeutic practice, or whatever. These
individuals are followed up over time to see if they are well, sick, or
have diod. This usually involves bringing together what we term "starting
point" files with "end point" files. At Statistics Canada, our emphasis
is on the development of appropriate national "end point" files, under
conditions which protect the confidential nature of the data. Other
agencies generally come to us with their "starting point" file for study,
involving a cohort of workers from a given company or industry.

A T.ifk Group on "Genetic Monitoring for Environmental Effects" was set up
by the World Health Organisation and met in Ottawa in 1984. It issued a
published document entitled "Guidelines for the Study of Genetic Effects in
Hunan PopMlir -* on;;" (1). This document outlines some of the key elements
for conc'.'.ici: i.ps- long-term medical follow-up studies.

The key elements should ideally include:
). Rome nneans of identifying the individuals in the exposed (or affected)

population to be. studied;
'. A.vai Ir.bil ity of a reasonably similar comparison group to serve as the

unexposed (or unaffected) controls;
1. Some indication or measure of either the nature or the general source

of the anticipated effect or harm;
t\. Some prior knowledge of the likely endpoints;
^. Where possible, some separation into different levels of exposure with

which to investigate a likely dose-response relationship; and
6. Information regarding potential confounding variables, such as smoking.

Not a 1.1 of rhpse elements will be available in equal degree for any study.
However, none of those that are available should be overlooked in the
initial documentation or the subsequent analysis. Thus a typical follow-up
study often requires some knowledge of work histories, dose histories,
health outcomes, and the personal identifications of the individuals
involved. It. is the personal identification that brings all the other
pieces of information together for the same individual.

There has been a need to develop computerized techniques which will link a
variety of records together. In addition, it has been necessary to adapt
existing systems of vital and health records, including special registers
of hereditary conditions and cancer, to facilitate such follow-up and to
serve as "endpoint" files. Let us now review some of the historic



computerized record linkage development work, which has been done in Canada,
and in particular note progress which is being made to create files at the
national level for death and cancer.

MAJOR MILESTONES IN THE DEVELOPMENT OF COMPUTERIZED RECORD LINKAGE IN
CANADA

Record linkage is an important technique in the development, production,
analysis and evaluation of statistical data in Canada. The idea is by no
means new. The term was first used by the Chief of the United States
National Office of Vital Statistics, Dr. Halbert Dunn, in a talk given in
Canada in 1946. Dunn (2) is worth quoting for his imagery:

"Each person in the world creates a book of life. Its pages are made up of
the records of the principle events in life. Record linkage is the name
given to the process of assembling the pages of the book into a volume."

There h^ve been several major milestones in the development of record
linkage techniques in Canada. Dr. Newcombe working at Atomic Energy of
Crmadr* in Chalk River was one of the first pioneers in the development of
computerized record linkage techniques, and these methods were first
described in 1959 (.3).

The rriginnl idea of probabilistic linkage was an attempt to imitate
intuitively the working of the human mind when it is carrying out the same
task. The aim in the late 1950s and 1960s was to make the approach
efficient and to demonstrate its scope and value. The proposal, back in
1957, was to get family data relevant to the genetic risks of radiation,
but even more basic than that, to derive some sort of measure of the amount
of heredity and congenital disease in the general population. Permission
was granted to use records from the province of British Columbia, and there
v/fis collaboration with Statistics Canada. Development of the theory in a
more rigorous mathematical fashion was carried out in 1969 by Dr. Ivan
Fellepi and Alan Stmter of Statistics Canada (4).

T.n family studies, one link" birth records into sibship groups, along with
T.arentnl marriage records, and then adds various health records relating to
<*earh; handicar* , congenital anomalies, and hospitalization to create
personal histories within the parental-offspring groupings.
Mulri-peneration and cousin studies are potentially possible and were shown
to be feasible using three data sets from British Columbia, namely to do
with the parents of a bride and groom, the marriage itself , and on the
births data out of the marriage. Individual follow-up, however, is in much
greater demand in the 1970s and 1980s primarily for detecting cancers.

Over the last decade Statistics Canada, which is Canada's centralized
statistical rgeney, has had substantial success in the production of
statistical data on delayed health effects using several national and
provincial health files. Canada is unique in possessing a machine-readable
Mortality Data Base containing over six million deaths dating back to 1950
(5) and a generalized system (6-8) for linking these records to other files
of interest on n probabilistic basis. Development of this capacity has



helped reduce the cost and increase the scope and scale of long-term
medical follow-up investigations. Building disease registries, quality
assessment, and evaluation of the files are more recent developments.

The original rationale supporting the development or a generalized record
linkage system around 1979 was the assumed multiplicity of applications to
which it could be applied. This assumption has proven to be correct. This
system was developed at Statistics Canada in consultation with the
Epidemiology Unit of the National Cancer Institute of Canada. Statistics
Canada has applied the generalized record linkage methodology in over 50
cost-recovery research studies in the health area. Many of the results of
this approach were reported in a Workshop held in Ottawa in 1986 (9). In
addition, similar undertakings have been initiated in several provinces,
including Manitoba flO'*, Ontario (11), British Columbia and Quebec. This
past year Dr. Newcombe had a handbook of record linkage published (12)
which is aimed at those wanting to get started with the unfamiliar task.
Work is starting at Statistics Canada on the design of a new linkage system
which will be usrble on small as well as large computers.

DEATH AND CANCER AS SPECIAL ENDPOINTS

Thi; development of the Canadian Mortality Data Base was initiated in the
nu'd-T.970c? in response to the need for data relating to the mortality of
uranium miners for the Man Commission. Currently, the Mortality Data Base
is maintained in three forms. The first consists of machine-readable
records for fhe period 1950 to the present with coded cause of death. These
records are in a standard format, consolidated over all Canadian provinces,
•*nd over a span of yearr, to facilitate searching by computer The file is
growing at a rate of about 185 000 events per year and is backed up by
source documents on microfilm. The second is in the form of compact
microfiche listings which are used for small research studies, or for
references in manual searching of special cases. The third consists of an
historical summary file which has been created to serve special requests
for historical tabulations. A typical use of such a file is the production
of mortality atlas data to illustrate the spatial variation of mortality
rarps in Canada in order to facilitate the identification of high risk
regions, and the detection of any noteworthy patterns of disease
distribution. This file is also useful for deriving appropriate
denominator figures broken down in a consistent fashion.

The establishment of the Saskatchewan Cancer Registry in 1932 placed Canada
in the forefront of cancer registration. Since then, each province has
founded cancer registries. To bring these provincial sources together, a
National Cancer Incidence Reporting System was established in 1969 and
became fully operational in 1985 when Ontario provided data to the system.
(further details of these registries, as well as a variety of other
registries have been described in the May 1988 issue of Chronic Diseases in
Canada, volume 9, number 3.)

In December 1985, a site review of the National Cancer Incidence Reporting
System was undertaken sponsored by the National Cancer Institute of Canada
and Statistics Canada. The kev recommendation was that a National Council



of Cancer Registries be formed, representing all participants in the
National Cancer Incidence Reporting System, and that it be charged with the
responsibility of ensuring the development of a fully functional Canadian
Cancer Registry.

Additional recommendations were that adequate resources be made available
to the Health Division of Statistics Canada in order to develop a fully
functional and truly national registry and that agreements be negotiated
between each province and the federal government to govern the conduct of
federal-provincial activities in the development of a Canadian Cancer
Registry.

To facilitate the formation of this Council, the National Cancer Institute
of Canada provided funding for a three - year period (1986-1989). The
agreements to out the National Council of Cancer Registries in place are
currently being considered by the participants and progress is being made
with regard to the recommendations of the Site Review. Three working
groups have been set up for standardization (including data quality and
comparatibi.lity), data base development and death clearance.

In addition the National Cancer Institute of Canada and the Atomic Energy
Control Board have funded a two-year study of a mortality and cancer
morbidity fn? low-up of fluorosc.opy patients. Cancer data from 1975-83 are
now hfirig prppared in a form suitable for use in long-term follow-up
stud* PK .

STUDIES W PROGRESS

Now I will highlight how the results of several occupational studies are
being used. Details of these studies were reported in the "Proceedings of
the Workshop OP Computerized Record Linkage in Health Research" held in
1986 (9).
1. The data are being used in developing appropriate regulatory standards

(e.g. radiation studies).
2. The data are being used in developing worker compensation criteria

(e.g. the Ontario miners study).
^. The data are being used to assess and control workplace hazards (e.g. a

study of asbestos cement factory workers)
4. Further studies have been initiated as a result of union- management

agreements (e.g. a study of nickel workers).
5. The dat.i are being usod for improving the quality of health care (e.g.

the fluoroscopv study and breast screening studies).

RADIATION STUDIES

In Canada, there are several epidemiological investigations of personnel
associated with the nuclear industry. The studies include individuals who
witnessed nuclear tests and participated in the 1953 and 1958 clean-up
operations at Chalk River (13), nuclear plant workers, persons involved in
research and development in the nuclear industry, such as employees of
Atomic Energy of Canada (14,15), Ontario uranium and non-uranium miners
(16).. Newfoundland fluorspar miners (17), miners and refinery workers of
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Eldorado Nuclear Resources Limited, as well as a large follow-up based on
the records in the National Dose Registry which is maintained by Health and
Welfare. Results from several of these studies have been discussed in a
recent paper by Mary Werner and Dave Myers (18).

Ir the follow-up of the health of the employees of Atomic Energy of Canada
during the period 1950—31, no individual kinds of cancer showed a
significantly increased death rate compared to the population rate (15).
Results from a recent mortality update are currently being analyzed by the
National Cancer Institute of Canada.

Over the past three years much work has been done to bring together all
records relating to the same individual in a collaborative Canadian
National Dose Registry Study. This phase is nearing completion and a
mortality follow-up is planned over the next year.

Tn the 1950s approximately 1000 Canadian Armed Forces personnel witnessed
nuclear tests in .Australia and Nevada and also participated in the 1953 and
1958 clean-up operations .it the Chalk River Nuclear Laboratories. Questions
have been raised in parliament and concerns expressed in the press,
t"r>le"ision and in particular a CBC radio program that there may be
increased ri?k of illness, especially cancer, in those who were exposed.

The report prepared by the University of Ottawa describing this study found
rh.it the penrr.-̂ l mortality experience among the exposed individuals was
•; i-nilar to f.h-it of nr\ une.xposed control group who were of the same age,
military service, and rank and engaged in similar trades at the time of
ivponure, There were no elevations in cause-specific mortality for those
conditions which were known to be associated with radiation exposure.

ONTARIO MINERS

fn JH study of Ontario uranium miners there is a highly significant increase
in thr? number of deaths from lun^ cancer. The cohort that was followed
also included non-uranium miners. Tn 1986, a report was issued regarding
the risks to gold miners in Ontario, over the period 1955-77, by Dr. Jan
Mull.f>r and his co-workers (19). This report looked at increases in lung and
stomach cancers among gold miners, and the results were later reviewed by
the Industrial Disease Standards Panel, along with other evidence about the
risks of gold mining- A report of the Panel's findings was sent to the
Ontario Workers' Compensation Board (20).

Tn summary, the Panel's report .stated that there was adequate evidence from
the cohort studies to support the finding of increased mortality risk for
lung rancor in f>o]d miners. The evidence for an elevated risk of stomach
cfncf.r in po]d minors, the report indicated, is more difficult to interpret
and remains inconclusive.

The. Workers' Compensation Board adopted a new policy to compensate family
members for miners who worked in mines before 1945. Compensation will be
leased on a reasonable latency period between first employment in a gold
mine and the development of lung cancer.
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An update of the death search for this cohort to the end of 1986 is
currently in progress.

ASBESTOS CEMENT FACTORY WORKERS

There is a possibility in radiation studies that, an excess of cancers may
be observed but that these are related to exposure to non-radiological
carcinogens, such as asbestos or organic solvents, possibly in conjunction
with very low-level radiation. Similar follow-up of asbestos workers may
therefore be relevant to the radiation problem.

In May, 1984, a "Report of the Royal Commission of Health and Safety
Arising from the Use of Asbestos in Ontario" was tabled in the Ontario
legislature (?.l).

In the Royal Commission hearings, results of a mortality study among
employees of an asbestos cement factory were reported by Dr. Murray
Finkelstein of the Ontario Ministry of Labour. The deaths in this study
group were identified using the 1950-77 Mortality Data Base. Death rates
from lung cancer and mesothelioma were found to be elevated among exposed
employees, and papers by Dr. Finkelstein reporting these results have
appeared in the British Journal of Industrial Medicine in 1983 (22) and in
the American Review of Respiratory Disease in 1984 (23). Currently, the
mortality of this study group is being updated to 1986.

BREAST CANCER FOLLOWING FLUOROSCOPY IN A COHORT OF CANADIAN TUBERCULOSIS
PATIENTS

Radiation-induced breast cancer is of particular concern because of the
increased use of mammography in screening for breast cancer. The Canadian
Study for Cancer following Multiple Fluoroscopy was initiated in 1972 by
the National Cancer Institute of Canada. Data on 31 710 women treated for
tuberculosis in Canadian sanatoria in the 1930s and 1940s, and known to be
alive at the beginning of 1950, have been assembled from the original
natinnt records. The results of a mortality search for this cohort have
br>.<*n reported earlier (24). When updated with more recent cancer incidence
~nd mortality data, they should provide further insight, with respect to
both breast cancer and other tumours. Work on the update has been
initiated.

THE FUTURE

There are several lessons we have learnt regarding future statistical data
of the kinds needed in order to carry out such long-term occupational
health studies efficiently.

1. There is a need to improve our ''starting point" files (25). We have
recently developed a standard questionnaire, in a project sponsored by the
Atomic Energy Control Board (26). This questionnaire was field tested in
several companies and agencies, including Atomic Energy of Canada Limited.
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2. There is a to use existing administrative files for statistical
purposes in order to reduce the cost and response burden of studies. This
was the theme of a conference held in Ottawa in 1987 (27).

3. There is a need to organize national historic files, such as the
Canadian Mortality Data Base, the Canadian Cancer Registry, the National
Dose Registry, and other speci.i] registers of hericiitary conditions.

4. There is a need to develop generalized computer software. An example
nf this is the generali^eTi record linkage system which has been developed
at 3f atistic! Canada. In addition, nsw generalized software is now being
developed for coding items such as occupation and for the standardization
of address information (28).
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ABSTRACT

X-ray procedures in Canada result in a collective dose equivalent of 13 000 to
26 000 person-sievert per year. The annual cost of resulting deleterious effects
is estimated at $190 to 750 million, while the annual cost of the Federal X-ray
protection program is approximately $700 000.

INTRODUCTION

For many people, the term "exposure to (ionizing) radiation" evokes the image
of a nuclear explosion, nuclear reactor running out of control, or at least a
major spill of radioactive material. In reality, all such highly visible and
frightening events are responsible for only a small fraction of the collective
dose from man-made sources of ionizing radiation to Canadians.

The population dose comes from three major sources: X-ray procedures,
environmental radiation, and nuclear medicine. The figures presented in this
paper are estimates obtained by combining our own data with information from
other sources, both Canadian and foreign. Some figures, such as the cost and
numbers of medical procedures, are gathered from mandatory statistical reports;
others, such as the costs of deleterious effects, are estimates.

1. X-RAY SOURCES

Any equipment using high energy electrons in its operation is a potential source
of X-rays. The estimated numbers of various X-ray sources in Canada are shown
in Table 1 below.

Table 1: Numbers of X-Rays Sources in Canada

Equipment Type

Diagnostic
Dental
CT Scanners
El. Acceler.
Therapy Eq.
Ther. Simul.
Baggage + Cabinet
Diffract. + Analyt.
EJ . Microscops'-;
Industrial
Other (gauges,
processors, etc.)

Units
(est.

16
23

in Canada
1986)

500
000
135 (count)
58 (count)
130
30

500
650
125
500

150

Market Size
(in $M/y)

90

10
6

nil
1

est. 50 units
N/A
N/A
N/A

N/A

Federal Depts.
(1987, excl. DND)

191
221
0
0
0
0

254
13
21
6

N/A
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Large number of X-ray sources, such as high voltage vacuum tubes, are usually
safely enclosed within shielded cabinets and are not considered. Also not listed
are television receivers, VDTs and similar equipment regulated under the
Radiation Emitting Devices Act, but emitting no X-radiation.

2. NUMBERS OF RADIOLOGICAL EXAMINATIONS IN CANADA

Medical diagnostic X-ray procedures are by far the most important source of the
collective dose from man-made sources of ionizing radiation. Table 2 below shows
the numbers of these procedures.

Table 2: Numbers of Radiological Examinations in Canada, in Million"

Fiscal Year
Fee-for-service
Hospital patients
Total number

1981-82
8.4
15.7
24.1

1982-83
8.6
15.9
24.5

1983-84
8.9
16.5
25.4

1984-85
8.8
17.2
26.0

" ... as reported from provincial health insurance programs [1]

3. TOTAL POPULATION DOSE IN CANADA

Virtually all of the X-ray dose to the Canadian population comes from diagnostic
radiological procedures. In the absence of comprehensive Canadian data, we have
made the usual assumption that radiological procedures and equipment used in
Canada and the U.S. are similar. We estimate that the average annual per capita
dose equivalent from diagnostic radiological procedures in Canada is 0.5 mSv
[2] to 1.0 mSv [3], which translates to a collective dose equivalent of 13 000
to 26 000 person-Sv, resulting from 26 million diagnostic procedures performed
every year. Table 3, prepared with the use of data from NCRP 93 [2], BEIR III
[.3], and DNHW [1,4,5] gives a comparison of per capita and collective dose
equivalents for several groups exposed to man-made sources of ionizing radiation.

Table 3: Average Dose and Collective Dose Equivalents in Canada

1 Source

Medical Exposures

Diagnostic X-Rays (1985)

Dental X-Rays

Nuclear Medicine (1984)

Number"
Involved

26 000 000 [1]

N/A

1 100 000 [5]

Occupational Exposures

Medical Professions
Non-med. Professions
Total Occupational

(1985) [4:1
31
37
68

438
177
615

Average
Dose eq.
(mSv)

0.5 [2]
1.0 [3]
0.03 [3]

3.8

0.22
2.04
1.21

Annual Collective
Dose Equivalent
(person-sievert)

13 000
26 000

400

4 165

Consumer and Industrial
Products [6] gen. population 0.06-0.13

Total Collective Dose Eq., rounded to -J[-v oerson-Sv

1

19

500 -

000 -

7
75
82

3

34

.1

.8

.9

250

000

for medical exposures this is the n jnber of procedures, for occupational
exposures this is the number of workers on dosimetry service
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4. COST ESTIMATKS OF DELETERIOUS EFFECTS OF IONIZING RADIATION

The results of any estimate of the costs associated with radiation damage depend
on the assumptions used to evaluate the effects of low doses of ionizing
radiation on humans. There is no unanimity about the dose/effect model for
scmatic effects, and no empirical proof of genetic effects in humans. The dollar
values tor the cost of deleterious effects of ionizing radiation are taken from
the ICRP Publication 37 [7|. Various authors estimate the value of the unit
collective dose from US$1 000 to US$100 000 per person-sievert.; the ICRP uses
the range from 10 000 to 20 000 US$(1983). The estimated monetary equivalent
depends on a number of factors, including but not limited to the per capita
income, life expectancy, and the value which the social and political system
places on human life. Figures given in this paper are in Canadian dollars
(1985). Assuming that all crucial factors are essentially same in Canada and
the U.S., the cost range would be from $14 500 to $29 000 per person-sievert.
In all calculations it is assumed that the doses involved are always be Low the
threshold for any non-stochastic effect, and that a linear dose/effect mode; I

applies.

Table 4 gives the summary
radiation in Canada.

of the costs of deleterious effects of ionizing

Table 4: Annual Cost of Deleterious Effects of Ionizing Radiation

Source

I Diagnostic X-Rays
!Nuc1. Medicine
jOccupational Doses
j Consumer Products

Co 1 let:t. ive
Dose Eq.
(person-Sv)

13 to 26 000 (1985)
4 165 (1984)
82.8 (1985)
I 500 to 3 250

(lost Range
(1985 $CDN
mill ion)

190 to 750
60 to 120
1.2 to 2.4
22 to 94

Out er Range"'
( 1985 $CDN
m i 1 1 i on)

19 to 3 800
6 to 1 200
0.12 to 12
2.2 to 470

>v ... using the whole cost range quoted in ICRP 37 (7]

5. MEANS OF RISK CONTROL

The means used to control X-radiation hazards can be separated into two broad
categories:

(i) regulation of equipment design, construction, performance, and use, and

(ii) education and quality control on the individual operator level.

Federal and provincial authorities have responsibility for different aspects of
protection against X-radiation. The Federal Bureau of Radiation and Medical
Devices prepares and implements Regulations under the Radiation Emitting Devices
(RED) Act, and publishes Safety Codes that are used as official guidelines within
the Federal jurisdiction. These codes can be, and are, used by others as
guidelines and the basis of regulations.

Under the RED Act, the Federal government enforces mandatory standards of design,
construction and performance for X-ray emitting devices imported into or sold
in Canada. It also provides radiation safety surveillance for equipment operated
by Federal departments and their agencies.

Individual provinces have the control over the safe installation and use of
X-ray equipment within their jurisdiction. The means and degree of control
fiifier from one; province to another. All provinces have some form of radiation
protection legislation and most have a radiation protection service: only Quebec
and PEL rely on outside services.
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While the general provisions of the RED Act and RED Regulations provide a sound
basis for ensuring that only equipment meeting minimum safety and performance
requirements reaches the user, they cannot ensure that equipment will be used
and maintained so as to minimize the radiation doses to operators, the general
public, and for medical and dental equipment, to the patient. Government
agencies involved in radiation protection realize that ultimately it is each
individual operator who plays the most important role in reducing the doses
connected with X-ray equipment use. Some provinces have legislated quality
control programs, while others emphasize voluntary programs and education.

As shown in Table 3, the principal source of X-ray doses is diagnostic radiology.
It accounts for most of the population exposure from the man-made sources of
ionizing radiation, and for this reason it offers the largest potential for the
dose reduction. There are a number of causes of unnecessary patient exposure;
an analysis would provide enough material for several papers. The most common
are:

incorrect film processing (wrong temperature, processing time or
chemicals), resulting in retakes and increased patient dose,

retakes due to improper exposure technique, patient motion or poor
positioning, or administrative errors, and

X-ray procedures performed for only medico-legal reasons, due to pressure
from patients or their relatives, or done "just for the record".

Equipment problems are not, in general, a major factor in unnecessary exposure
to the patient.

6. RADIATION SURVEILLANCE IN FEDERAL JURISDICTION

Medical and dental X-ray installations under the Federal jurisdiction are
surveyed by the Bureau of Radiation and Medical Devices every three to five
years. The survey consists of a safety and operational check of the X-ray unit,
Including the reproducibility, kilovoltage, timer accuracy, beam collimation,
etc. The facility is inspected to verify the correct selection of screen-film
combinations, condition of the darkroom, and the radiation safety of personnel
and others in its vicinity. Film processing, exposure technique charts and
patient positioning are reviewed with the operator.

Non-medical X-ray equipment, such as baggage X-ray inspection units, cabinet
X-ray units, X-ray diffractometers, etc., are surveyed at different intervals,
depending on the equipment design and use. The numbers and cost of inspections
for all X-ray equipment are summarized in Table 5.

Table 5: Numbers and Costs of Inspections in Federal Domain [8J

Item
Facility Surveys
Medical X-Ray Units
Non-Med. X-Ray Units
Surveillance Cost - PY*

$000*

1983-84
75
74
90
3

132
68
5

1984-85
82
129
133
3.75

144.6

1985-86
111
136
152
4.

192.
68
4

includes the cost of inspection travel, processing and follow-up, as well
as the preparation of safety codes
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After each survey, a formal report is sent to the facility administrator,
outlining the corrective actions necessary to produce diagnostic radiographs
and repair the faulty equipment. Deficiencies found are corrected immediately
whenever possible. When a hazard cannot be removed during the inspection visit,
a restricted use order is issued, advising the operator that the unit may be used
only in life threatening cases until it has been repaired.

The operators range from fully qualified technologists working in busy hospitals
to unqualified, though usually experienced, persons supervised by the charge
nurse. The inspectors instruct operators in elements of quality control, problem
recognition, maintenance scheduling, film processing and patient positioning.

7. COSTS OF X-RAY PROTECTION PROGRAM ON FEDERAL LEVEL

The X-ray protection on the Federal level is carried out by the X-Ray Section
of the Bureau of Radiation and Medical Devices. The Section's organization and
the cost of its operation are shown in Figure 1 and Table 6.

Figure 1: X-Ray Section
Head

1
Medical
X-Ray Unit

Each unit consists of a

Table 6: Cost of Federal

Component

Research and
Data Collection

Regs and Codes'"
Education
Surveillance
Admin, and Other'"

Total

Non-Medical
X-Ray Unit

professional anc

1
Advanced Svstem
X-Ray Unit

one inspector

X-Ray Protection Program

1983-84
$K

100

32
4

158
216

510

PY

2.13

1.08
0.1
4.82
2.4

10.53

1984-85
$K

102

60
80
216
133

591

PY

2.2

1.3
1.7
4.8
2.9

12.9

or

I
Inspection
X-Ray Unit

technician.

1985-86
$K

101

72
87

288
131

679

2

1
1
5
2

12

PY

.1

.4

.3

.1

.3

1986
$K

79

63
59
371
134

706

-87
PY

2.0

1.5
1.5
6.2
2.0

12.3

" ...includes the proportional cost of management and administration

The figures shown in Table 6 represent the whole cost of the X-Ray Protection
Project, including the preparation and enforcement of Radiation Emitting Devices
Regulations, radiation safety surveillance in the Federal Domain (see Table 5),
research, education, and advisory activities.

CONCLUSION

The Federal X-ray protection program regulates equipment which accounts for over
70 per cent of collective dose equivalent from man-made sources of ionizing
radiation. There is a potential to reduce population doses from medical
diagnostic X-ray equipment. The current cost of the Federal X-ray protection
program for all X-ray emitting devices is approximately $700 thousand per year,
which is about 0.1 to 0.3 per cent of the cost of deleterious effects of
diagnostic X-rays.
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ABSTRACT

The modern nuclear medicine department utilizes a diverse group of radioisotopes
and an equally diverse group o-f radiopharmaceuticals onto which they are
attached. In the clinical setting it is often too easy to minimize the radiation
protection procedures that should be -followed when handling these drugs. This
paper describes the current menu o-f radiopharmaceuticals in use, •followed by the
methods employed to give adequate radiation protection to the sta-f-f and the
patients. Work patterns o-f personnel may be followed more closely now than in the
past with almost instantaneous TLD monitoring available. The implications of
these analyses are discussed.

NUCLEAR PHARMACY PRACTICE

The nuclear pharmacy at Chedoke-McMaster Hospitals was established in 1973 in
order to provide radiopharmaceuticals to the Hamilton hospitals. In 1975 it
became licenced as a radiopharmaceutical manufacturer under Schedule C of the
Food and Drug Act. The nuclear pharmacy now supplies radiopharmacsuticals to
about 40 hospitals across the country. The radioisotopes employed range from the
short-lived dysprosium-165 (2.3 hours) to carbon-14 and from low energy tritium
to iron-59. The quantities in use are also variable. Every working day 100 GBq
of technetium-99m is required to produce 7 different radiopharmaceuticals for the
city hospitals and in contrast, on the same day, 0.185 MBq of carbon-14 could be
dispensed for a metabolic study. Table I outlines some of the radioisotopes and
the quantities used in this operation. One of the problems associated with
diversity is the tendency to treat all radioisotopes in the same manner with
respect to handling and shielding. One must guard against handling carbon-14
behind the same quantity of lead shielding as that used for iron-59 or more
dangerously, handling therapeutic doses of iodine-131 as if it were easily
shielded technetium-99m. Caution must also be found when the inevitable accident
occurs. Are all spills treated in an equal fashion? When ant' where do you wipe
test? How often do you do these?

TABLE I: Major

technetium-99m
thallium-201
gallium-67
fluorine-18

radioisotopes in use

100 GBq
40 GBq
2 GBq
15 GBq

in Hamilton.

iodine-125
iodine-131
indium-Ill
yttrium-90

2
1

74
50

GBq
GBq
MBq
GBq

The quantity of technetiuai-99m represents the daily requirements; the other
quantities are the usual weekly or production requirement.
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Proper handling of radioactive materials is -further complicated by the design and
properties o-f the radiopharmaceutical. Most of these drugs are sterile pyrogen
•free intravenous injectables. Preparation techniques common to pharmacy are
o-f ten impossible because o-f the radiation hazard; similarly some common practices
in radioisotope laboratories cannot be used in drug production. Unlike
commercial radiopharmaceutical production -facilities, the hospital-based nuclear
pharmacy is often lacking in space not only to perform its pharmaceutical tasks
but also a sufficient space between the production facility and the scanning area
of the hospital. Care must be taken with the placing of the scanners. The
annihilation gammas from the positrons of fluorine-18 can make a mess of a scan as
they scatter off the thin lead collimator being used with technetium-99m. The
personnel of the unit usually wear several hats, requiring that long periods of
the day be spent in an intermediate level laboratory. The solution to some of
these problems is described in this paper.

Air Supply

In a. sterile pharmaceutical operation the room in which the drugs are prepared
should be under positive pressure; the opposite to that required for a
radioisotope laboratory. The ultimate goal is to produce a sterile, apyrogenic
radiopharmaceutical. At Chedoke-PlcMaster Hospitals this problem has been solved
by using vertical -flow 1007. exhaust laminar flow hoods. For the purpose of drug
production the wort surface is under positive air flow, the rooir, environment is
under a net negative pressure with all of the air being sucked through the front
mesh of the hood. This allows the worker to have a curtain of air between
themself and the radioisotope and at the same time keeps the drug in a clean
environment. Open beakers and tubes may be used safely knowing that the air
supply is not going to contaminate the drug. The standard laboratory fumehood
is only used for storage and dispensing of iodine-131 samples.

Shielding

When working in the above environment it is important to remember that the air
flow should not be hampered by walls of lead or a fume hood full of equipment.
When shielding the vials used in the preparation of the drugs one must consider
the air flow as well as radiation safety. I prefer to use proximal shielding
whenever possible. The ideal attenuation by lead of the technetium-99m 140 KeV
gamma allows up to 100 GBq to be handled without any remote equipment whatsoever.
The container need only be 0.5 cm thick to accomplish the task. The problem
arises when using such a container that a beam of radiation is coming out of the
open closure area. Lead containers must be us<=d that minimize this exposure.
The airflow in the hood and the potential break in the sterile environment is not
s problem when this type of shielding is used. The shielding of the syringe used
to draw the solution out of the vial does present a problem. Syringe shields
never completely shield the syringe. There is still a beam of radiation coming
straight through the syringe onto the fingers of the pharmacist preparing the
arug. One solution to this problem is to work quickly and accurately, keeping
pressures in the vial and in the syringe in the proper proportion and ensuring
that the corrtct volume is in the barrel of the syringe before removing the
needle from the vial. Larger uore needles should be used so that the exposure
time to the fingers is minimal when drawing up the doses. Using these techniques
large quantities of technetium-99m may be handled and many doses dispensed with
small radiation exposures to the pharmacist.
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When other radioisotopes are used, the shield should if at all possible try to
adhere to the same principles. When large quantities o-f thai 1 ium-201 are being
prepared, the product must be diluted up to a volume of 900 ml. Even though
thai 1ium-201 is a low energy gamma emmitter, the preparation is performed with
the 1000 ml collection bottle in a lead ring. The transfers of both concentrated
thallium-201 and other reagents is performed through fine teflon tubing. The
tubing is either shielded with roofer's lead or placed behind a single row of
bricks. Since the lead ring and the shielding bricks only occupy an area of 40
cm?, the air flow to the area is not compromised and both worker and drug safety
are ensured. Using the same concept but this time using plexiglass instead of
lead, the beta particle emission of yttrium-90 may be attenuated and a colloid
produced in the reaction flask. Teflon tubing is used for the transfers and
additions of reagents and the final colloidal suspension. Plexiglass containers
are used to shield the vials that the chemical is placed into. In the end if
common sense prevails the balance between sterility and safety may be achieved.

Work Patterns

Shielding itself will not guarantee a safe environment. The work habits of those
working with radiopharmaceuticals is critical (1). If a vial containing 100 GBq in
a volume of 10 ml is left containing positive air pressure inside it, the next
time it is tipped over and a needle attached to a syringe is inserted through the
closure it is likely that a small fountain of solution will squirt out of the
vial closure and contaminate the worker and the work area. It is wise to leave
each radiopharmaceutical vial containing a slight negative air pressure. When
the vial is next punctured, no leakage occurs. Although vials outside of their
shields during assay procedures must be handled with tongs, a tray should be held
under the transfer area to prevent the vial from dropping onto the bench and then
the floor where it will break. Although common sense must again prevail, there
is nevertheless a skill required in handling heavy lead containers in one hand
and a syringe in a syringe shield in the other. Experience has shown that it
requires approximately one to two months of constant work before this skill is
achieved. Radiopharmaceuticals being sterilized in an autoclave should be placed
in suitable lead containers so that if one of the vials breaks the contents would
be contained. These points seem trivial when written down on paper but when 10
GBq lands an your work surface or worse on your face or clothing you quickly
begin to appreciate the trivia.

All of the above examples stress the need to prevent leakage of the contents of a
vial onto the worker or the work surface. Personal safe habits are also
necessary. In addition to the regular use of gloves and lab coats, lead aprons
are worn during regular dispensing operations. When iodinations are performed
this is supplemented with a rubber smock and a double pair of gloves taped around
the wrists. All iodinations are performed using the vertical laminar flow hood.
The thyroid activity is monitored in every worker after each iodination. Having
utilized these tools and concepts one must then examine their effect on the
workplace or on the products.

RADIATION DOSIttETRY

Personnel

One of the more difficult concepts to grasp in the nuclear pharmacy is the direct
relation between the safety measures used and the actual radiation dose received
by the worker. When a new piece of shielding is installed it is fairly easy to
measure the decrease in the radioactivity achieved by the change. On the other
hc.nd, when the pharmacist works in the new environment is there really any change



in the personal dosimetry. Although small pocket pencil dosimeters may be worn,
I -find that they give an indication o-f the dose rate at the time but to be use-ful
really require the worker to keep a log and -fill out the data over a longer
period af time. When one is performing many dispensing events during a day
involving more than one radioisotope this discipline becomes an impractical
chore. I also believe that proper radiation sa-fety is only per-formed when a
second party is involved; and at flcMaster University the Health Physics Department
per-forms this function. The TLD has provided the means by which the work
patterns of the pharmacist may be monitored during short periods of time and then
be related to the dose measured on the TLD badge. Since 1984 the Panasonic Model
806 TLD has been used in our department. A two-week cycle is used with a two-day
wait for readings. During the same period a simple calendar has kept a record of
each person's major function. If more detailed records are required the
dispensing records may be consulted. Figure 1 shows an 18-week record for three
pharmacists. Person 3 had the highest exposure during the fourth period. On
investigation it was found that he had not only prepared the technetium-99m products but
also had worked with 40-50 GBq of yttrium-90. This was reflected in the skin
dose during the same period. Extra shielding was placed in the yttrium-90
production area and the dcses were lower during subsequent preparations. Persons
1 and 2 were cohorts performing almost identical tasks during the weeks that they
were responsible for the technetium-99m radiopharmaceutical preparation. Person
2 was consistently more careful and at the end of the 18-week period had an
exposure 1.51 mSv less than Person 1. It is interesting to note that the ring TLD
dosimeters worn by these two people corresponded to the pattern seen in the body
baage. When special tasks are to be performed, personnel are assigned a second
badge which may be read on a daily basis. The Panasonic TLD gives an Effective
Dose Equivalent directly as a readout based on the recommendations of ICRP 51. It
".as been a very useful tool when used with our non-personal monitors to try to
•"elate radiation exposure to the working function (2).
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Patients

The pharmacist has had training in pharmacokinetics, and biopharmaceutics and hits
a clear conception of dose response curves. The nuclear pharmacist has been
spoiled by the o-ften complete single organ speci-ficity o-f some o-f the
radiopharmaceuticals which makes pharmacokinetics almost unnecessary. On the
plus side, the gamma camera and computer technology allows the visualization o-f
"instant" pharmacokinetics. Radiation dosimetry requires one to blend these two
ideas (3) and then add the mysteries o-f mathematics in order to come to terms
with the gray and the sievert, with any sophistication, beyond the simplicity of
the package insert. The doses in these inserts therefore have little meaning
beyond the relative values that may be used if one drug is compared to another. In
pharmacy the therapeutic effect of a drug is usually related to a measureable
biological response. Without this response the sievert seems impotent.
Nevertheless,doses of 700 MBq of technetium-99m radiopharmaceuticals are commonly
injected into patients with little thought being given to the actual equivalent
dose that is being given to the individual organs to which the
radiopharmaceutical is directed.

Therapeutic utilization of radiopharmaceuticals gives the pharmacist the response
with which the dose equivalent may have some tangible meaning. Knowing from
earlier work that a cumulative dose equivalent of 350 mSv/mm* from a dose of
yttrium-90 would result in a suitable treatment of an inflamed synovial membrane,
we calculated the quantity of dysprosium-165 that would result in the same
response. When tested in rabbits the predictable biological response was
observed; the sievert was now potent. It would be hoped in the future that the
gap between the theoretical calculation and the observation o-f drug localization
and response will be eliminated as the health physicist becomes more practical
and the nuclear pharmacist becomes more analytical.

CONCLUSION

Radiation protection is seen from a different perspective by everyone. As a
nuclear pharmacist I try to view it from both my own and the patient's
perspective. The pharmacist is perhaps in the unique position of following the
radiopharmaceutical from the conception in a reactor, through the radiochemical
stage, the pharmaceutical stage, and ultimately to its use in the patient. In
all stages of this chain one must be conscious of the protection tools available
to safely complete the task. Having done this the pharmacist must also be aware
that the patient has the anticipated res'-: c with respect to this
radiopharmaceutical as would be expected from a non-radioactive
pharmaceutical. Strict adherance to sound radiation protection principles will
result in both the pharmacist's and the patient's needs being met.
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INTERNAL DOSIMETRY, PAST AND FUTURE

J. R. Johnson
Health Physics Department

Pacific Northwest Laboratory
Richland, Washington 99352

U.S.A.

INTRODUCTION

This paper is a review of the progress in the dosimetry of internally
deposited radionuclides (internal dosimetry) since World War II. Previous to
that, only naturally occurring radionuclides were available and only a
limited number of studies of biokinetics and dosimetry were done. The main
radionuclides studied were 226Ra, 228Ra, and 224R 3 (1,2,3) but natural
uranium (4) was also studied mainly because of its toxic effect as a heavy
metal, and not because it was radioactive. The effects of 22bRa in bone,
mainly from the radium dial painters, also formed the only bases for the
radiotoxicity of radionuclides in bone for many years, and it is still, along
with 224R 3 (5), the main source of information on the effects of alpha
emitters in bone.

The publications of the International Commission on Radiological Protection
that have an impact on internal dosimetry are used as mileposts for this
review. These series of publications, more than any other., represent a broad
consensus of opinion within the radiation protection community at the time of
their publication, and have formed the bases for radiation protection
practice throughout the world. This review is not meant to be exhaustive; it
is meant to be a personnel view of the evolution of internal dosimetry, and
to present the author's opinion of what the future directions in internal
dosimetry will be.

THE CHALK RIVER CONFERENCE

The use of uranium in fission reactors and weapons, and the production and
use of activation and fission products during and after World War II resulted
in a rapid increase in the need for information by which to set radiation
protection standards for internally deposited radionuclides. Individual
countries and individual laboratories within countries were developing these
standards, in a large part, from information from the U.S. atomic bomb
projects. As an example, in 1945, J. S. Mitchell (the first Biolcgy Director
of the laboratory that was to become CRNL) was charged with developing
standards for the "Petawawa Works," where the NRX reactor was being built.
A short memorandum that he wrote after his return from a visit to Rochester
in 1944, and his memorandum "On Some Aspects of the Biological Effects of
Atomic Radiation," set radiation protection standards for the reactor site.
Interestingly, the tolerance level given in this latter memorandum for 222Rn
and uranium in air, based on the dose to the bronchial epithelium from radon
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progeny and to the bone from uranium, are very similar to values of Derived
Air Concentrations (DACs) used today.

It was realized that the lack of a consistent set of radiation protection
standards between laboratories and countries was detrimental to radiation
protection, and a conference was held at Chalk River in 1949 to address this
issue. The official title of the conference was the Permissible Doses
Conference, but it is often referred to as the "Chalk River Conference," or
the "Standard Man Conference." The attendees at the conference (Table 1)
included many of the pioneers in radiation protection. The minutes of the
conference contained what I would call the first comprehensive documentation
of standard quantities for use in internal dosimetry. Their achievements
included:

• defining Standard Man. This is a necessary foundation for internal
dosimetry calculations, and a measure of how well they did this is that
many parameters are virtually unchanged through two revisions [ICRP
Publications 2 (6) and 23 (7)]. We will have to await the publication
of the revision of ICRP Publication 23 which is expected within a few
years to see how well it will continue tc resist the forces of change.

• defining a biokinetic lung modol, and with "exposure" limits of 0.3 rep
per week for critical tissues, setting Maximum Permissible Body Burdens
(MPBB), Maximum Permissible Concentrations in Air (MPCa) and Maximum
Permissible Concentrations in Water (MPCw) for selected radionuclides.
The MPBB was the body burden that would give an exposure rate to the
maximum exposed tissue equal to the exposure rate limits. Similarly,
the MPCs were the concentrations in air or water, which with the intakes
and retention defined for Standard Man, would give the maximum exposure
rate at equilibrium. The concepts of MPBB and MPC have persisted and
are still in limited use even though the ICRP has not recommended their
use for many years.

TABLE 1. Permissible Doses Conference--Chalk River, 1949

United States

Dr. Shields Warren (Chairman)
Dr. Austin M. Brues
Dr. G. Failla
Dr. J. G. Hamilton
Dr. L. Hempelmann
Dr. deHoffman (Secretary)
Dr. Wright Langham (Secretary)
Dr. K. Z. Morgan
Dr. H. M. Parker
Dr. L. S. Taylor
Dr. B. S. Wolf
Col. A. A. Nelson

Canada

Dr. W. B. Lewis
Dr. H. Carmichael
Dr. A. J. Cipriani
Dr. G. H. Guest
Dr. G. C. Laurence
Dr. G. E. McMurtire (Secretary)
Dr. E. Renton
Dr. E. 0. Braaten

United Kingdom

Prof. J. S. Mitchell
Mr. A. C. Chamberlain
Dr. E. F. Edson
Dr. G. J. Neary (Secretary)
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ICRP PUBLICATIONS 2, 6, AND 9

The minutes of the Chalk River Conference formed the bases for a report in
the British Journal of Radiology (8). This report was subsequently expanded
and modified and was issued as ICRP Publication 2 (6a). This report (with
revisions in Publication 6 (6b) essentially became the handbook for radiation
protection from unsealed radiation sources for many years, not to be replaced
until the late 1970s with ICRP Publication 30 (9).

It is interesting to explore the evolution of concepts and terms through this
series of publications. One such concept is the use of the power function to
describe radionuclide retention in the human body. The power function was
discussed in Publication 2, but was not recommended for use until
Publication 6. This change had a significant effect on calculated doses, as
will be shown later.

A term first defined in Publication 2 was effective energy (not to be
confused with effective dose equivalent, which was not defined until 1978
(10). It was defined as

Ei fi Ei (RBE)i N

where fi is the fraction of decay that results in the emission of particle i,
Ei is the average energy of the particle that is deposited in the tissue of
interest, (RBE)i represents the correction for radiation quality, later to be
called the quality factor, and N represented "other modifying factors". The
sum is over all emissions from a decay. The only time the value N was not
unity was for a and (3 decay in bone, where the effective energy was increased
by a factor of 5 (except for radium) to account for the possibility that the
risk estimates based on radium would be too low because of differences in
distribution between radium and other radionuclides in bone.

This term has now been replaced (ICRP-30) by the specific effective energy
SEE(i«-j), where i refers to the target tissue or organ and j to the source
tissue or organ. The specific effective energy is calculated from the
effective energy by dividing by the mass of the target organ. ICRP
Publication 2 included tables of effective energies for a large set of
radionuclides, just as the appendixes to ICRP Publication 30 include this
information in the form of SEE(i-*-j) calculated using modern techniques and
modern nuclear decay data.

Another evolving concept evolving was the integration time for internal
exposures. The minutes of the Chalk River Conference referred to doses when
the body burden reached equilibrium. It was realized that some radionuclides
have long retention times in the body, and hence will not reach equilibrium.
The calculations in Ref 8 used a 70-year integration time which was changed
to more realistic 50-years (assumed to be a working lifetime) in ICRP
Publication 2. ICRP Publication 9 (6c) went on to define the committed dose,
which was the dose to an organ or tissue over the fifty years following on
intake, and recommended that the committed dose from intakes of radionuclides
in a quarter year be limited to one half the annual bone limit.
Interestingly, this recommendation has been largely ignored by the radiation
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protection community. This 50-year working lifetime is still used as the
integration time for committed dose calculations (9), and will likely to
continue to be.

Another issue that was referred to in these publications was the need to set
limits for individuals who receive both external doses (limited to 5 rem y-1)
and internal doses (with individual organ dose limits at 15 rem y-1 for most
organs) and for situations where more than one organ received an internal
dose. This did not raise difficulties when the critical tissue limit was
15 rem y-1 for either external or internal, as it was previous to 1955 (8),
but it did with the introduction of a whole body limit lower than the limit
to any tissue. To resolve this issue, ICRP Publication 6 recommended that if
the body burden was less than 0.5 M.PBB, no restriction on dose would be
required, while if the body burden exceeded 0.5 MPBB, the external dose
should be restricted to 1.5 rem y-1. ICRP Publication 9 also recommended
restrictions on internal dose when an individual was exposed to external
radiation, and vice versa, but these were not as clear as those in
Publication 6. As was the case with the recommendations on committed dose,
these recommendations were largely ignored throughout the radiation
protection community.

ICRP PUBLICATIONS 10, 10A, AND 54

While ICRP Publication 2 focused on the calculation of MPCs,
Publication 10 (11), 10A (12), and 54 (13) were directed at providing
guidance for the calculation of doses from measured activity in vivo or in
excreta. Publication 10 gave summaries of the current knowledge of
radionuclide metabolism, and mathematical description of this metabolism. It
stressed the need to modify models to fit an individual's monitoring results.
It defined and calculated the investigation levels (ILs) for selected
radionuclides. The IL was the body burden from an intake that would result
in a committed dose equal to one-twentieth of the annual dose limit. This
value of one-twentieth was derived from the quarterly limit on committed dose
of one-half the annual dose limit that was recommended in ICRP Publication 9,
and the recommendation that internal contaminations with doses that exceed
one-tenth the limit be investigated and an individual's retention used to
estimate dose. This practice has been in place for many years at the Chalk
River Nuclear Laboratories (14), and differs somewhat from the current
recommendations of the ICRP (13, 15). Publication 10 used the IL and the
retention functions for the selected radionuclides to calculate Derived
Investigation Levels (DILs) for bioassay results at various times after an
intake. These DIL results were then compared to state of the art measurement
capabilities at that time. It is of interest to note how little measurement
capabilities have changed in the 20 or more years since this publication, as
mentioned below.

ICRP Publication 10A basically extended the calculations presented in
Publication lu to multiple intakes, and give guidance of the calculations of
lung dose and doses to other organs for insoluble materials. One of the
drawbacks of Publication 10, as was the case in Publication 2, was that only
lung doses were considered for insoluble compounds, and lung retention was
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ignored for soluble compounds. These give rise to two problems. The first
is that the dose to organs other than the lung may be limiting for the
insoluble radionuclides with a long retention time in the body (most notably
the bone seekers), and the second is that early excretion of soluble
radionuclides will be affected by lung retention, and ignoring this factor
may result in errors in the calculated organ retention from excreta data.

ICRP Publication 54 uses the current lung model (16) and GI tract model (17)
with a mixture of retention models to calculate retention and excretion of
radionuclides. The results of these calculations are recommended to be u&ed
with monitoring data to estimate intakes, which are subsequently to be
compared with the annual limit on intake (ALI) taken from ICRP Publication 30
(9). In some cases, the retention and excretion model is not the model used
to calculate dose. This results in calculation of intakes, opposed to dose
rate and committed dose, becoming the primary purpose of an internal
dosimetry program. This is not a serious drawback if the only purpose of a
monitoring program was to keep exposures below acceptable limits. However, a
major purpose of monitoring programs is to estimate risks to individuals who
have internally deposited radionuclides, and the procedures recommended in
Publication 54 are not very useful in this regard. As an example, a
recommendation in Publication 54 is that a recording level (RL) be set below
the investigation level (IL) on intake, as was the case in Publication 35,
and derived levels (DRL and DIL) be calculated for measured values from these
levels. When the DRL is exceeded, but not the DIL, intakes are to be
recorded with no further investigations into possible differences between
assumed retention and actual retention. This practice could lead to the
recording of results that are meaningless; there is no way of knowing if the
results represent gross over or under estimation of dose, and hence risk.

ICRP PUBLICATION 30

ICRP Publication 30 (9) replaced ICRP Publication 2 as the "handbook" in
1979. There was considerable development in internal dosimetry in the
intervening years, some of which is mentioned above. Some of the more
important developments and their references, are listed below.

Lung (16) and GI Tract (17) Models
• Defines deposition and clearance from regional (NP, TB, P, LN) lung
• Gives a comprehensive classification (D, W, Y) for essentially all

compounds. D represents compounds cleared from the lung in days, V in
weeks, and Y in years

• Defines GI tract structure and clearance rates.

ICRP Publication 19 (18) and 48 (19)
• Gives metabolism of plutonium and other actinides based on detailed

review of results in animals and man
• Refines parameters of lung models (18)
• Gives fi factors (19) for general public
• Only skeletal retention is described, which does not allow the use of

modern bone dosimetry concepts (9,20).
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ICRP Publication 20 (20)
• Gives a comprehensive review of alkaline earth metabolism (mainly

radium) in man
• The use of power functions makes its use with lung model very difficult;

this issue has been solved in various ways (9,23)
• It gives the first "modern" bone model, containing cancellous, compact

mineral bone, and bone surfaces compartments. These compartments have
subsequently been used as source organs, with red bone marrow and bone
surfaces the target organs (9,21,22).

ICRP Publication 23 (7)
• Defines Reference Man and Reference Woman for use in internal dosimetry
• Gives a comprehensive review of age dependent human parameters
• Lists stable element concentration in organs
• Gives Sij factors for photons. These factors were developed as part of

the dosimetry work being done at the Oak Ridge National Laboratory (22).

ICRP Publication 26 (23)
• Defines effective dose equivalent (EDE) and committed effective dose

equivalent (CEJE) quantities
• Changes organ dose limit; they went from 15 rern y-i for all organs,

except red bone marrow and gonads (which were 5 rem yl) and bone, skin
and thyroid (which were 30 rem y~l) to 50 rem y-1 for all organs except
the lens of the eye, which remained at 15 rem y-1.

• Changes Q for alpha particles from 10 to 20
• Established annual limit on intakes (ALI) and derived air concentrations

(DAC) as secondary limits
• Recommends reporting and investigation levels different from those in

Publication 10 (11).

The changes mentioned above have been used to calculate ALIs for selected
radionuclides and these are given in Table 2. It should be noted that the
ALIs in Table 2 are calculated using the dose limits recommended by ICRP at
the time that the changes were made. Some of the changes had a large impact
on the ALI, while others had little impact, or were offset by other changes.
An example of a major change in the ALI is 226R 3 [Table 2(b)] for which the
ALI increased by about a factor of 8 when the power function was used in
1968, increased by a further factor of 8 between 1968 and 1979, and decreased
by a factor of about 3 with the new dose limits. An example where there was
little overall impact is 233u [Table 2 (c)] which changed by a total of about
a factor of 3 between 1959 and 1979, but returned to essentially the 1957
value with the introduction of new dose limits.

FUTURE DIRECTION

There will be a major revision to ICRP Publication 30 following publication
of the new recommendations of the ICRP, which is expected within the next few
years. This revision may result in minor changes in committed organ and
effective doses if the quality factors and weighting factors change, but
would result in larger changes in ALIs if a change in the effective dose
equivalent limit is recommended.
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TABLE 2. Examples of changes in the ALIs Recommended by ICRP
from 1959 (ICRP Publication 2) to Present. ALIs
were calculated by the author when they were not
p,iven explicitly by ICRP [(a) = x ioa]

(a) SR-90 INGESTION

DATE CHANGE

1959
1962 CA/SR RATIO
1968 POWER FUNCTION+
1972 REVISED POWER FUNCTION
1974 REVISED BONE DOSIMETRY
1979 NEW DOSE LIMITS
1979 NEW DOSE LIMITS

+ Also given in Table B of ICRP-2

ALI
see notes

4.1(4)
1.0(5)
1.8(5)
1.7(5)
5.1(5)
1.2(6)
1.4(6)

REFERENCE

ICRP-2
ICRP-6
ICRP-1O
ICRP-20

ORNL-5000
ICRP-30
ICRP-30

(b) RA-226 INGESTION

DATE CHANGE

1959
1968 POWER FUNCTION+
1972 REVISED POWER FUNCTION
1974 REVISED BONE DOSIMETRY
1979 Fi (0.3 + 0.2)
1979 NEW DOSE LIMITS (Qa: 10 •» 20)
1979 NEW DOSE LIMITS (Qa: 10 •• 20)

+ Also given in Table B in ICRP-2

ALI
see notes

4.1(3)
3.0(4)
4.5(4)
1.6(5)
2.4(5)
7.4(4)
1.7(5)

REFERENCE

ICRP-2
ICRP-10
ICRP-20
ORNL-5000
ICRP-30
ICRP-30
ICRP-30

NOTES

1
1
1
1
2
3
4

NOTES

5
5
5
2
2
3
4

DATE

1959
1966
1968
1980
1974
1979
1979

(c) U-233 INHALATION (SOL, CLASS D)

CHANGE

NEW LUNG MODEL
POWER FUNCTION

NEW METABOLIC MODEL
NEW BONE DOSIMETRY

NEW DOSE LIMITS (Qa: 10 -» 20)
NEW DOSE LIMITS (Qa: 10 + 20)

ALI
see notes

4.6(4)
2.9(4)
4.7(4)
9.9(3)
1.4(5)
4.5(4)
6.7(4)

REFERENCE

ICRP-2
H.P. 12 173
ICRP-10

AECL-6478
ORNL-5000
ICRP-30
ICRP-30

NOT

1
1
1
1
2
3
4



_ 90 -

DATE

1959
1959
1959
1966
1972
1974
1979
1988
1988

TABLE 2. (contd)

(d) PU-239 INHALATION (INSOL, CLASS Y)

CHANGE

LUNG ti/2 = 365 d
LUNG ti/2 = 120 d

BONE AS CRITICAL ORGAN
NEW LUNG MODEL

NEW METABOLIC MODEL
NEW BONE DOSIMETRY

NEW DOSE LIMITS (Qa: 10 -» 20)
REVISED MODEL PARAMETERS
REVISED MODEL PARAMETERS

ALI
see notes

3.7(3)
1.1(4)
3.7(2)
8.1(2)
8.1(2)
8.1(2)
5.3(2)
6.1(2)
6.2(2)

REFERENCE

ICRP-2
ICRP-2
ICRP-2

H.P. 12 173
ICRP-19

ORNL-5000
ICRP-30
ICRP-48
ICRP-48

NOT

6
6
2
2
2
3
3
3
4

Notes:

Intake to give a committed dose equivalent of 0.3 Sv to bone.
This includes a factor of N = 5 in the calculation of dose
equivalent in the equation for effective energy.
Intake to give a committed dose equivalent of 0.05 Sv to
red bone marro;/.
Intake to give a committed dose equivalent of 0.5 Sv to
bone surfaces.
Intake to give a committed effective dose equivalent of 0.05 Sv.
Intake rate that will result in 0.1 /iCi (3700 Bq) in bone
at equilibrium.
Intake to give a committed dose equivalent of 0.15 Sv to lung.

ICRP Publication 53 (24) points to the likely trend of a future ICRP
publication on internal dose. This publication gives doses to patients who
have been administered a radionuclide for diagnostic or therapeutic reasons,
and on age, sex, and disease-state dependent. As an example, the new lung
model being developed by an ICRP Task Group (25, 26) will emphasis the
variability that exist between individuals in retention and clearance of
inhaled radionuclides. It will also describe methods for using bioassay
results in dose assessment for individuals.

New computer tools will allow the development and use of more realistic
metabolic models. The usual first order, once through, linear models that
have been used in ICRP Publication 30, and which are adequate to calculate
ALIs (27) will be replaced by models that better describe actual metabolism,
and which can be readily modified.

New dosimeter models that calculate doses to cells will be developed. This
has happened to some extent with bone where doses to bone surfaces and red
bone marrow are now calculated (9) but the geometric description of the
relationship between the site of radionuclide deposition and cells at risk
are not very realistic (28). Similarly, models to calculate doses from the
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deposition and retention of short-lived radionuclides in the respiratory
tract are being continually revised (29, 30, 31, 32), and recent experiments
(33) have shown that the earlier data (34) on the distribution on cells in
the bronchial epithelium may need revision.

MEASUREMENTS

No decisions on the past and future of internal dosimeters would be complete
without a discussion of the progress, or lack thereof, in the in vivo and
in vitro measurements and in air monitoring because these connect the models
discussed above to the individuals for which dose assessments are required.
These areas have vast literature of their own, and it is far beyond the
scope of this paper to give even a brief review. However, several recent
developments are worth noting.

In vivo measurements: The availability of high resolution solid state
detectors have resulted in considerable improvement in sensitivity and
specificity for measuring radionuclides in vivo. This is particularly true
for chest counting for actinides in the lungs. Previously, phoswich
detectors (e.g., 35) were the detectors of choice, but arrays of intrinsic
germanium detectors can provide for better background subtraction (and hence
improved sensitivity) than phoswich detectors and provide more positive
radionuclide identification in the lung (36).

In vitro measurements: Again, alpha solid state detectors (primarily silicon
surface barrier) have provided some improvement in sensitivity and
specificity for radiochemical analyses of excreta. However, the sensitivity
is still not adequate for some of the actinides. Neutron-induced fusion has
better sensitivity but only works for a limited number of isotopes and
requires a high flux reactor. Damage track detectors (37) also show some
improvement but still suffer the same drawbacks. Recent work on resonance
ionization spectroscopy (38) shows considerable promise to lower the
sensitivity by several orders of magnitude and provide isotopic
identification for long-lived isotopes.

Air monitoring: Workplace monitoring is an integral part of any radiation
protection program where radionuclides can become airborne. These monitors
are usually used to indicate when "up set" conditions have occurred, and
often initiate other measurement programs to estimate intakes and doses
received by workers. However, because of the poor sensitivity for actinides
mentioned above, and because in vitro and in vivo measurements are usually
not useful for short lived radionuclides such as radon progeny, personal air
samplers are becoming more widely used to assess exposure (39). This trend
is likely to continue and is one of the direct links between radioactivity
and toxic chemical exposure assessment.
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ABSTRACT

For a group of workers of a uranium mine where thorium is also present, the discrepancy
between routine grab-sampling/time averaging and personal dosimetry data, the lack of
correlation between exposures to Rn-222 decay products, doses from gamma radiation and
exposures to airborne radioactive dust tend to support the requirement for personal dosimetry.
The large and rapid temporal servability of the concentration of Rn-222 decay products and of
uranium/thorium ore dust in the air at fixed workplaces reinforces the conclusion that the
uncertainties attached to grab sampling dosimetry are difficult to quantify. However, it is
shown that a good correlatin of exposures to Rn-220 decay products can be deduced from
those of Rn-222 decay products and that the total radiation exposure received by individuals is
approximately 1.4 times the exposure to Rn-222 decay products.

INTRODUCTION

In uranium mines and mills, workers are always exposed to three different sources of radiation:
gamma radiation, Rn-222 decay products, and long-lived radioactive dust (airborne ore dust or
uranium concentrate). In mines where Th-232 is also present in significant quantities in the
ore, workers are exposed to Rn-220 decay products, while ore dust will contain all the
elements of the Th-232 decay series in addition to those of U-238. Such a multitude of
radiation sources makes it difficult to satisfy the recommendations set out in the International
Commission on Radiological Protection's Publication 35 (ICRP 1982), and particularly to
demonstrate that an adequate level of safety is achieved. Moreover, the lack of complete,
accurate and reliable data on individual exposures to radiation hazards in uranium mines has
been most frustrating to epidemiologists who have undertaken to quantify radiological risks
incurred by workers in uranium mines and mills. For these reasons and with a view to
following the ICRP recommendations, it is desirable that future monitoring techniques be
capable of measuring individual exposures to the various sources of radiation with an
acceptable level of accuracy and reliability, for the purpose of dose limitation, for assessing the
application of the ALARA principle, and for collecting individual exposures and related
parameters for future epidemiological studies.

In this paper, we analyze the results of individual dose data obtained simultaneously by
personal alpha and gamma dosimetry, and from routine "grab sampling" dosimetry for Rn-222
decay products. We also examine the implications of the degree of solubility of the most
significant radionuclides present in ore dust, and of the temporal variability of the concentration
of airborne Rn-222 decay products and long-lived dust on the reliability of dosimetry data.
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Exposure data from both personal and grab-sampling dosimetry have been collected on a
subpopulation of mine workers for whom all sets of monthly exposures were collected over a
12-month period. It is shown that, on the basis of the available data, and not withstanding
their accuracy, it would be necessary to resort to personal dosimetry to meet the
recommendations set out in ICRP Publications 35 and 47 (ICRP 1982; ICRP 1985). (It must
also be noted that this paper is an analysis of dosimetry data according to the most recent ICRP
recommendations; it does not present an official position of the Atomic Energy Control Board
on the subject).

In this paper, unless otherwise specified, the term "total dose" means the sum of the received
effective dose equivalent (external) and the received committed effective dose equivalent
(internal). In the field of radiation protection, the term "monitoring" means either "assessing
the magnitude of radiation hazards at the workplace" or "determining individual doses from, or
exposures to, radiation hazards". Since the notions of workplace monitoring and dose
assessment are different in nature, they may call for different approaches and techniques. In
this paper, radiation monitoring means the determination of exposure to, and individual doses
from, radiation.

OBJECTIVES OF RADIATION MONITORING

The general objectives of routine radiation-monitoring programs are:

(1) to provide timely information for dose control purposes, over the course of the
dosimetry year, to ensure that no worker receives radiation exposures in excess of the
annual dose limit (application of the dose-limitation principle);

(2) to use monitoring data for analyzing the adequacy of existing preventive measures, with
a view to optimizing the resources allocated to health and safety (application of the
as-low-as-reasonably achievable [ALARA] principle); and

(3) to collect reliable exposure data for future epidemiological studies.

Whatever the objectives of a monitoring program, it is necessary to specify the minimum
requirements that should be met. Ideally, a monitoring program should ensure the accurate
measurement of individual exposures attributable to each source of radiation. These
exposures, and other occupational data should be recorded so that they may be used, in the
future, for epidemiological studies.

DETERMINATION OF MONITORING REQUIREMENTS

The guidelines for determining radiation-monitoring needs are given in ICRP Publication 35
(ICRP 1982). The special case of uranium mines and mills is addressed in ICRP Publication
47 (ICRP 1985). According to these recommendations, a radiation-monitoring procedure
should be designed in accordance with the following conditions:

(1) if there is a likelihood that workers receive an annual dose in excess of 5 mSv, some
sort of dose-monitoring and dose-recording system is required;

(2) if there is a possibility that workers receive an annual dose in excess of 15 mSv,
personal monitoring is necessary;
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(3) if there are groups of workers in which individuals consistently receive greater than
average exposure, those responsible for radiation safety should give special attention to
monitoring techniques and working conditions of these groups and individuals; and

(4) if there are workplaces or areas in the facility where exposures are substantially higher
than average, those responsible for radiation safety should take special care to use
monitoring techniques capable of measuring exposures accurately and do so in a timely
manner to prevent overexposures.

ICRP DOSE-LIMITATION SYSTEM FOR URANIUM AND THORIUM WORKERS

The ICRP-recommended individual dose limits are intended to apply to the sum of both
external and internal dose contributions. The sum of the annual effective dose equivalent (of
external radiation) and of the annual committed effective dose equivalent (of internal radiation)
must not exceed 50 mSv. This condition will be fulfilled if the following relationship is
satisfied:

H
E.Lext

ALL
<1 1)

where Hg is the annual effective dose equivalent from external radiation, Hg^ is t n e annual
limit on the effective dose equivalent, I; is the annual intake of the group of nuclides j , and AL1;
is the annual limit on intake for the group of nuclides j .

The ICRP recommendation for additivity has the effect of reducing the allowable inhalation of
Rn-222 decay products below their recommendation limit by an amount dependent on the
concurrent exposure to external radiation, Rn-220 decay products, and ore dust. For limitation
of stochastic effects, the combination formula can be expressed, in the case of U mines, as

H
E.ext(y) Rn(y) Vn (y)

S I (2)

where:

HE,cxt(y)

IRn(y)

is the annual effective dose equivalent from external
radiation,

is the annual intake of potential a activity from Rn-222 decay
products,
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lTn(y) is t n e annual intake of potential a activity from Rn-220 decay
products, and

*U,Th(y) ^ t n e annual intake of a activity associated with U and Th ore
dust.

The corresponding annual limits, a, b, c and d, are a = 50 mSv, b= 4.8 (working level months
(WLM), c= 14 WLM. In the considered uranium mine, Th-232 is also present in significant
quantities (Duport 1985), and the solubility of the major radionuclides has been studied
(Robertson 1986). From the information contained in these two references, the annual limit
on intake for ore dust was found to be d = 2400 Bq.

In contrast with the combination formula given in ICRP Publication 47, equation (2) has only
one term for long-lived dust. This is necessary, because in routine monitoring, it is not
feasible to discriminate between alpha emissions due to the elements of the U-238 decay series
from those of the Th-232 decay series when counting dust samples.

Variability of the different components of radiation exposure in uranium mines and mills

The intensity of radiation exposure in mines and mills is variable both in time and space. This
is due to the wide variety of work practices, facility configuration, evolution and fluctuation in
ventilation, workers' mobility, etc. Few investigations have been conducted to characterize
time and space variability of radiation parameters, however, their knowledge would be
beneficial to the design of a dosimetry procedure for which criteria of accuracy and reliability
have been set.

Regarding exposure to radon daughter, which is the main component of the total dose received
by underground uranium miners in low-grade mines, temporal working level variability is an
important factor in the design of a dosimetry procedure.

In the few instances where working level has been measured at a fixed workplace by frequent
grab sampling, rapid and large variations have been observed. Two examples of this
variability are given in Table 1.

Reference

Makepeace, 1980

Chapuis, 1978

Chapuis, 1978

Bigu, 1989

Location

Canada

France

France

Canada

WL temporal
variability

1 to 7 in about
30 minutes

1 to 5 in 24 hours

1 to 3 in 3 hours

LLD variability
1 to 7 in 10 to 40 minutes

Table I. Temporal variability of working level in underground workplaces.
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Long-lived dust

There is little information on the temporal variability of the concentration of long-lived dusi in
the air. In an active workplace of an underground uranium mine, Bigu (Bigu 1989) has
observed that mineral dust concentration in the air can vary by a ratio of 1 to 7 in a few minutes
(see Table I). The particle size range observed was 0.5 to 10 (im. Further, samples collected
for the purpose measuring WL (Rn) and WL (Th) are obtained by means of low flowrate

personal samplers. The volume of air sampled is of the order of 10 to 20 litres, too small to
collect any measurable amount of alpha activity from long-lived dust.

A study conducted in Elliot Lake mines and mills (Duport, 1985) indicates that long-lived dust
concentrations in air varies from 10 to 200 Bq/nP in mills. The Activity Median Aerodynamic
Diameter (AMAD) is never found to be 1 p.m (the default AMAD value used by the 1CRP 30
Publication to calculate ALI's), but always in the vicinity of 5 Jim.

In recent works, Johnson (Johnson, 1981), and Duport and Horvath (Duport 1989) show that
the contribution of long-lived dust to the total dose of radiation is also governed by the
solubility of the many radionuclides involved.

For example, the ALI for ore dust that contains equal parts of class Y and class W material is
approximately half of the ALI when ihe radionuclides are class Y only. Also, the influence of
the AMAD on ALI decreases as the proportion of class W material in the ore increases. For
class W materials only, ALI values are almost independent of the AMAD.

RESULTS AND DATA ANALYSIS

Thirty-seven complete sets of annual radiation exposure and dose data were obtained. One
hundred and forty-eight complete sets of quarterly radiation exposure and dose data were also
collected. Figure 1 shows the distribution of both the component ratios of eqn (2) and of the
sum of these ratios. Each of the data sets but one (gamma doses) is log-normally distributed or
can be approximated by a log-normal distribution. Owing to the non-aerosol nature and the
relative uniformity of sources in non-vein-type uranium mines, and because of a threshold on
the TLD readings below which a "zero" exposure is recorded, gamma doses are generally not
log-normally distributed.

Figure 1 also shows that, for the median of the exposure distributions, the largest contributors
to individual annual total radiation doses are Rn-222 daughters (56%), followed by gamma
radiation (21%), Rn-220 daughters (12%) and long-lived radioactive dust (11%). The total
dose distribution indicates that no individual received a total dose of less than 10% (5 mSv) of
the dose limit, and that 68% of the individuals studied received a total dose in excess of 3()9f
(15 mSv) of the dose limit requiring personal monitoring (on the basis of ICRP
recommendations).

It has been shown elsewhere (Duport 1989) that in the group of workers studied,the exposures
vee i ved by workers of two occupational subgroups belong to the two upper quartiles of the
exposure distribution shown in figure 1.

In figures 2 to ''•>, it can be seen that there is no correlation between gamma, long-lived dust,
and Rn-222 decay product-exposures, and therefore that exposures to gamma radiation and
long-lived dust cannot be inferred from Rn-222 decay products exposures. However,
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exposures to Rn-220 decay products can be readily inferred from Rn-222 exposures, and
Rn-222 exposures are a reasonably good estimate of total radiation exposures.

Since the group of workers studied was subject to both personal dosimetry and routine grab
sampling - occupancy time dosimetry, annual and quarterly exposures to Rn-222 decay
products obtained from both methods are compared. No comparison was possible for
long-lived dust and Rn-220 decay products for lack of routine grab-sampling dosimetry data.

Recent experience (Chapuis et al. 1979; Miles et al. 1983; Bernhard et al. 1985; Zettwoog
1981) has shown that PADs measure individual exposure to Rn daughters more accurately than
grab-sampling. Notwithstanding all the precautions taken in analyzing data obtained from
"grab-sampling" and "personal" dosimetry, Fig. t> illustrates the discrepancies observed
between the quarterly and yearly individual exposures to Rn-222 daughters estimated by
grab-sampling dosimetry and measured by time-integrating personal dosimetry. (These data
are representative only of the mine studied over a given 1-year period.)

CONCLUSION

Individual exposures to each component of the airborne radiation components present in
uranium mines have been measured by means of personal integrating dosimeters, which
integrate exposures over a calendar month. All wide and sudden variations of airborne
radioactivity concentrations are therefore "seen" and taken into account in personal dosimeters.

In contrast, it is difficult, and probably impossible to quantify the uncertainities introduced in
grab-sampling-time averaging dosimeters data, in the view of the observed variability of ore
dust and Rn-222 concentration in the air. Moreover, the ALI for long-lived dust is strongly
dependent upon the physical and chemical characteristics of the ore dust and these
characteristics can be expected to be site specific. The magnitude of radiation components
relative to each other is also site-specific; and special attention is required for high grade ore
mines now exploited or in preparation.

The lack of correlation between individual exposures to specific radiation components (except
between Rn-222 and Rn-220 daughter exposures) precludes the accurate estimation of the total
radiation dose from the measurement of one selected hazard. Owing to the lack of comparative
studies between facilities, it is prudent not to extrapolate the results presented here to any other
facility, since it is likely that exposure conditions are highly site-specific.

The partial results presented here indicate that, according to the recommendations of ICRP
Publications 35 (ICRP 1982) and 47 (ICRP 1985):

(a) the radiation exposures and doses from each radiation component received by personnel
examined in this study should be monitored and recorded because all individuals of the
sample population receive annual total radiation doses in excess of 5 mSv. (At present,
Rn-222 daughters exposures and doses of gamma radiation only are monitored and
recorded for the studied group.)

(b) Ideally, personal dosimeters should be used to measure exposures and doses from each
radiation hazard, because a large fraction (68%) of the sample population receives
annual total radiation doses in excess of 15 mSv. If limited use of personal dosimetiy
techniques is envisaged, the results obtained from a preliminary survey of exposure
conditions will likely indicate which groups of workers need more attention, and what



- nn -
fraction of the different groups should be equipped with personal dosimeters to ensure
adequate radiation dosimetry.

More generally, monitoring programs should be designed to meet clearly defined criteria.
These criteria could be:

to ensure that regulatory dose limits are enforced. This implies that individual total
exposures to radiation are known with a reasonable, quantifiable accuracy. When
different sources of radiation are involved, like in uranium mines, and when there is no
correlation between exposures from different sources, exposures to each source of
radiation should be measured,

to apply the ALARA principle. In this case, exposures must be linked to workplace
characteristics, work practices and prevention practices, in order to determine, from the

analysis of the data where radiation protection resources can be applied most cost
effectively.

to collect information for future epidemiology studies. Data collected for the application
of the ALARA principle are suitable for input in epidemiology studies.
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RELATIVE RISKS AND OCCUPATIONAL EXPOSURE TO RADIATION

D.K. Myers and M.M. Werner
Radiation Biology Branch, Physics and Health Sciences

Chalk River Nuclear Laboratories

ABSTRACT

Uncertainties in the risk coefficients for biological effects produced in humans
by low doses of ionizing radiation are noted. In general, no excess of overall
cancer mortality is observed in workers exposed to about one-tenth of the
recommended occupational limit for low-LET radiation at low dose rate, while
excess mortality due to lung cancer is observed in miners who were in the past
exposed to high-LET radiation from inhaled radon progeny at 10 times or more the
recommended occupational limit. For the time being, we have assumed risk
coefficients of 2 x 10~2 per Sv for low-LET radiation and 3 x 10~4 per WLM for
inhaled radon progeny. When the impact of hazards is expressed in terms of years
of life lost or seriously impaired, occupational hazards to underground uranium
miners would appear to be about 6 times higher than the upper limit for workers
in a safe industry, while occupational hazards to workers in a nuclear generating
station are about 0.1 times this limit. In both cases, conventional accidents
rather than radiation exposures are responsible for most of this time-loss
detriment. Some suggestions for further research and development in the 1990's
are noted.

ESTIMATES OF RADIATION RISKS

The effects of radiation on humans are reviewed periodically by a number of
national and international scientific committees, who attempt to estimate the
potential effects of exposure to low doses of radiation at low dose rates, i.e.
less than say 50 mSv per year to the whole body or less than 500 mSv per year
to any given tissue in the body. The scientists involved in assessment of these
risks have generally recognised the uncertainties involved and these
uncertainties are reflected in their reports. For regulatory purposes, a range
of possible estimates is however not very satisfactory. Regulatory agencies in
Canada and other countries have generally followed the lead of the International
Commission on Radiological Protection (ICRP) (1) in assuming that the risk of
radiation-induced fatal cancers is about 1.3% per personSv with a total weighted
risk for all radiation-induced health detriments of about 2% per person-Sv.

Considerable interest has been stimulated by recent revisions of estimated
radiation doses received by survivors of the Hiroshima-Nagasaki bomb explosions
in 1945. The resultant data are still being examined by various scientific
committees. At the present time, only one committee report has been published
(2); their estimates of risk of fatal cancers induced by exposure to low-LET
radiation at low doses and low dose rates are summari ~ed in Table 1. These
initial values suggest a risk of about 1.3% per personSv with a 3-fold range of
uncertainty in both directions. The conclusions drawn by other scientific
committees are being awaited.
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Table 1. Estimates of potential harm per 100 persons (50% female, 50% male)
due to radiation-induced fatal cancers in persons age 25-64 years,
as derived from UNSCEAR 1988 (2).

Risk projection model

Absolute

Relative

Excess fata
Gy low-LET
at low dose

0.4 - 2.

0.8 - 4.

1 cancers/
radiation

rate

Years of
low-LET
low dose

8.8 - 44

9.7 - 49.

life lost/Gy
radiation at
rate

5

OCCUPATIONAL RADIATION EXPOSURES AND MORTALITY OF WORKERS

Estimates of excess fatal cancers induced by radiation exposure depend primarily
on [a] epidemiological followup of groups of persons exposed in the past to high
radiation doses at high dose rate and [b] laboratory studies on the yield of
various relevant biological endpoints in other organisms at different doses and
dose rates. The radiation exposures of groups of humans exposed in the past to
high radiation doses were of course not measured at the time and have to be
estimated retrospectively. In order to be more certain that the derived risk
estimates are not grossly in error, epidemiological followup of workers exposed
to low radiation doses at low dose rate is essential.

Fig. 1 shows the results obtained in the followup of a small group of 412 Chalk
River employees whose cumulative recorded occupational exposures between 1956
and 1982 were greater than 0.2 Sv (3). A cumulative dose of 0.2 Sv is roughly
equivalent to the radiation dose received from other non-occupational sources
by a£c; 65; the average recorded occupational dose for this particular group of
employees was 0.44 Sv. No increase in mortality attributed to cancer or any
other cause was observed in this group (Fig. 1). These data are not inconsistent
with a lifetime fatal cancer risk of 1.3% per Sv.

Fig. 2 illustrates relative cancer mortality reported for a variety of larger
groups of radiation workers in different countries. In general, there is no
excess of deaths due to cancer among any of the groups of workers exposed to low
doses of low-LET radiation at low dose rate, but excess cancer deaths are
observed in groups of underground miners who were exposed to relatively high
doses of high-LET radiation from inhaled radon progeny; the excess cancer deaths
in these miners are due to lung cancer. This difference might be largely
attributed to the fact that past exposures in underground uranium mines in the
1950's and 1960's were frequently 10 times (Fig. 3) higher than the maximum
limits recommended by the ICRP in 1959 (4). Average exposures of workers at the
Chalk River laboratories (Fig. 3) and in nuclear generating stations have, in
contrast, generally been closer to one-tenth of the recommended limit (1,4).
The epidemiological data on former uranium miners can be used to derive lifetime
risk estimates of about 3 x 10"* fatal lung cancers per WLM of exposure to radon
progeny (5,6), with roughly a 2-fold range of uncertainty in both directions for
the best available data.
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Figure 1. Mortality among 412
CRNL employees with
recorded lifetime
doses greater than
0.2 Sv to 1982
December (3).
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COMPARISON OF CONVENTIONAL AND RADIOLOGICAL HAZARDS TO WORKERS

In order to compare the relative impact of various hazards such as radiation-
induced cancers, genetic diseases induced in the children of exposed workers and
conventional accidents, attention has been devoted to the years of normal life
expectancy lost or seriously impaired (2,7,8). Table 2 summarises data on this
topic. In order to calculate these values, the risk coefficients were assumed
to be 2 x 10"* per cSv for low-LET radiation and 3 x ICT*1 per WLM for inhaled
radon progeny. Radiation-induced cancel's were assumed to result in 18 years of
life lost or seriously impaired (2,8) and fatal accidents in an average of 35
years of life expectancy lost (8). There are major problems in estimating the
relative importance of non-fatal accidents; relative rates for similar jobs may
vary 10-fold from one country to another (8) and are highly dependent on local
interpretations of local compensation regulations. According to data provided
to Labour Canada, recorded rates of occupational non-fatal disabling injuries
increased 37% over the decade from 1971 to 1980 while recorded rates of
occupational fatalities decreased about 40% over the same period of time. The
data given in Table. 2 should therefore not be considered to be anything than
rough approximations. We have assumed that the average time off-work for
compensable non-iatal accidents is about 25 days during the same year (8,9) plus
another 25 days in subsequent years attributable to the small percentage of cases
of non-fatal accidents which result in permanent total or partial disability (9) .
Other data on the impact of non-fatal accidents were taken from the analyses
given in ICRP Publication 45 (8). Underground uranium miners in the Elliot Lake
area of Canada may suffer from an additional occupational hazard, silicosis;
preliminary estimates of years of life seriously impaired suggest that silicosis
might add about 5% to the values given in Table 2.

Some interesting, if not novel, conclusions are suggested by Table 2. [i]
Underground uranium raining is a relatively hazardous occupation; the occupational
detriment expressed in years of life lost or seriously impaired appears to be
about 6 times higher than the limit for the average worker in a safe industry.
[ii] Some 80% of the time-loss detriment for uranium miners appears to be due
to conventional accidents, not radiation exposure. [i i i ] Radiation workers in
Ontario Hydro nuclear generating division are exposed to occupational risks which
arc similar to or somewhat smaller than those anticipated for the safest general
category listed by Labour Canada, namely finance, [iv] Occupational hazards for
all workers at Ontario Hydro are currently low and well below the limit for a
safe industry. The data for Atomic Energy of Canada Limited are similar to those
for Ontario Hydro (personal communication from G. Crispin, 1989). [v] In North
America, fatal risks in driving to and from work are likely to exceed those
incurred at work in many of the safer occupations (8). [vi] Cigarette smoking
represents a major voluntary health hazard for all workers.

Some indication of the relative importance of fatal occupational accidents can
be derived from Fig. 4. For all industries combined, fatal occupational
accidents represent about one-quarter of all fatal accidents to workers (Fig.
4) and about one - thirtieth of deaths from all causes between ages 20 and 64 (10).
For Ontario Hydro, where occupational fatalities have been reduced to a very
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Table 2. Approximate estimates of time-loss detriment for various groups of
workers in Canada

Category of
workers

Hazard Assumed
annual exposure

Years of life lost
or seriously impaired
per 100 workers psr
year of continued
exposure

. Male smokers

Fishing and
hunting

Underground
uranium
mining

Open-pit
uranium
mining

Cigarette
smoking

Fatal accidents
Non-fatal accidents

Fatal accidents
Non-fatal accidents
Radiation exposures

Fatal accidents
Non-fatal accidents
Radiation exposures

365 packs
(1 pack/day) [a]

2 x 10"3 [b]
_ [c]

9 x 10'4 [d]
0.13 [d]

1.2 WLM + 4 mSv 7
+ 12 mSv other [e]

12.

3.2
i.a
1.2'

10.6

6.2

Driving 70 km/ Fatal accidents
working day Non-fatal accidents

Working in Fatal accidents
safe industry Non-fatal accidents

Finance

OH nuclear
generating
stations

!All other OH
!workers

Fatal accidents
Non-fatal accidents

Fatal accidents
Non-fatal accidents
Radiation exposures

Fatal accidents
Non-fatal accidents

3 x 10 - [d]
0.08 [d]
0.07 WLM +0.6 mSv 7
+ 12 mSv other [e]

2.6 x 10"4 [f]
0.019 [f]

< 1 x 10"4 [g]
[c]

1 x 10"5 [b]
[c]

0 [h]
0.009 [h]
5 mSv [i]

0.8 x 10"5 [h]
0.04 [h]

1.1
1.0
0.5'

0.9.
0.3'

< 0.35.<
< 0.8 '

0.04.
0.15'

0.0 ,
[h] 0.04V

0.1 '

0.03)
[hi 0.3 f

2.6

1.2

1.1

0.2

0.14

0.33

References for Table 2: [a] Cohen, B.L. and Lee, I.S. Health Phys. 36, 707-722,
1979. [b] Employment injuries and occupational illnesses, Labour Canada, Ottawa,
1984. [c] ICRP Publication 45, 1985. [d] Report of the Royal Commission on the
Health and Safety of Workers in Mines, Government of Ontario, Toronto, 1976.
[e] Data on recent recorded exposures to radon progeny and external gamma were
supplied by W.N. Sont, Bureau of Radiation and Medical Devices, Health and
Welfare Canada, while data on exposures to other radiation sources were supplied



by P.J. Duport, Atomic Energy Control Board of Canada, Ottawa. [f] Accident
Facts, National Safety Council, Chicago, 1986. [g] ICRP Publication 26, 1977.
}h] Average for 1983-7 from Ontario Hydro Health and Safety Performance, 1983
Co 1987, assuming 1760 working hours per year and 1.5 calendar days lost per
working day. [il R.T. 1'opplo, Ontario Hydro, in this proceedings.

low rate in recent years (Table 2), the incidence of accidental fatalities among
workers during off-job hours is about 35 times the number of accidental
fatalities at work in 1983-7. The rates of fatal accidents, both on-the-job and
of t~-the-job, have been decreasing steadily since 1945 (Fig. 4), as have rates
(if death from all other causes combined (10,11).

m
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Figure 4. A comparison of on-job and off-job US death rates for workers (Ref.
f, Table 2).

SOME PROBLEMS FOR THE FUTURE

Many areas in the field of radiation protection require further research and
development. These include improved understanding of the mechanisms involved
in cancer development, the influences of hereditary variations in susceptibility
io cancer induction and the mechanisms leading to the development of mental
retardation during fetal development; an understanding of these mechanisms is
important for deciding whether these endpoints are really stochastic effects of
radiation. High priority should be given to the reduction of conventional risks
to uranium miners as well as improvements in measuring radiation exposures of
n.iners. Inhalation of radon progeny is thought to be the cause of most of the
radiation exposure from natural sources to the general public; there is a need
for more sophisticated time-since-exposure models for analysis of the
epidemiological data for uranium miners so that inconsistencies which currently
exist between the high dose extrapolation from miner data to low dose general



public exposures are minimized. There is a necessity to ensure that measures
which protect individual members of the general public also ensure the survival
of populations of other species. Followup of groups of radiation workers and
of persons exposed to high radiation doses must be continued to ensure that
currently-accepted estimates of risk of radiation-induced cancer a""e reasonably
correct. Finally, the health benefits of activities involving radiation and
radioactive materials such as nuclear power generation and nuclear medicine have
not been emphasized in radiation protection. One problem in the 1990's will be
to look more carefully at the balance between health benefits and health costs,
as recommended by the ICRP (1). Health costs due to conventional accidents
should not be excluded from these considerations. In a word, where should effort
be concentrated in order to achieve the best protection of the health of workers
and of the general public?
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ABSTRACT

In order to specify the hazards of radiation fields and the dose equivalents
received by individuals more precisely and coherently than is done by currently-
used dose equivalent quantities, the ICRU has defined four new such quantities.
One of their a .us was that the required changes to dosimeters and monitoring
instruments, in order to measure the new quantities, would be as small .is
possible. These new quantities are described and some of the requirements that
they will impose on measuring devices are outlined.

INTRODUCTION

the last dozen years, the effective dose equivalent, Hg, proposed by tho
ICRP in 1977 has become widely accepted as the quantity on which dose limit;-;
in radiation protection are based. Unfortunately, this quantity cannot be used
as the basis of practical measurements because it is unmeasurable; you cannot
insert dosimeters into half a dozen organs. Also, it is defined for an individual
person, rather than for any standard phantom, so there is no unique relation
between a given radiation field and effective dose equivalent.

For practical radiation protection, we continue to use various other dosimetric
quantities that all have serious disadvantages. For example, many survcv
instruments for photons still read exposure rates. Exposure is unsuitable for
use with SI units (because there is then no longer a simple relation between
exposure and dose equivalent) and its use is considered obsolete by the ICRU and
ICRP, Exposure depends on interactions in free air, and therefore its use will
underestimate the dose to a person in a given radiation field because it makes
no allowance for the effect of backscattering from the body. For photons of 50
to 80 keV this increases the D.E. by about 60%. Measurements of neutron fields
are usually based on the maximum D.E. that the field would produce in a
cylindrical phantom ("MADE"), and it is unsatisfactory to have to use different
quantities to specify neutron fields and gamma ray fields.

In 1971 the ICRU proposed the D.E. Index and this was later subdivided into the
deep and shallow D.E. indices. The deep dose equivalent index is defined as the
maximum dose equivalent at. a depth greater than 1 cm in the ICRU sphere (a
tissue sphere 30 cm in diameter). A problem with using the maximum dose is that
the location of this maximum depends on the type and energy of the radiation
and on its direction of incidence. Thus, when the ICRU sphere is exposed
simultaneously to radiations of different types, energies or directions, the dose
equivalent index for the total irradiation is not equal to the sum of the dose
equivalent indices for the separate components - i.e. the index is non-nddi tive.
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Although in practical radiation protection this only occasionally leads to
serious errors, it is conceptually a very untidy situation.

THE NEW ICRU QUANTITIES

To try to resolve these difficulties, the ICRU in 1985 proposed four new
quantities for the practical determination of dose equivalent. These are intended
to replace quantities in current use. They specify both ambient radiation levels
in the workplace and the dose equivalents received by individuals. In North
America there has been relatively little discussion of these quantities and their
implications, although they have been widely discussed in Europe. While these
quantities are far from perfect, they do provide a basis for describing hazards
in radiation protection that is more coherent and precise than our present
system, and it seems fairly probable that we will all be using them eventually.
Some of you will not be familiar with these quantities, so I will describe what
they are and then say how their adoption would affect instruments and dosimeters.

Twc 3^ these quantities are for measuring ambient radiation fields - the "ambient
D.E." for gamma rays and neutrons and the "directional D.E.", primarily for beta
rays. The other two ;ire for describing personal doses - the "individual dose
equivalent, penetrating" and the "individual dose equivalent, superficial".

Oi these quantities, the most difficult to appreciate is the ambient dose
equivalent. One would like to describe a radiation field as it exists at a point
in free space but, at the same time, one wants to make allowance for the increase
of the dose produced by backscattering when a body is present at that point.
These two requirements are physically incompatible since the body changes the
Ireo-space field by both attenuation and backscattering. One attempts to resolve
;his dilemma by assuming that radiation that may actually come from all
directions is aligned in a parallel beam. The body is represented by the ICRU
sphere and the ambient D.E. is the dose equivalent at 10 mm depth in the sphere,
along a radius anti-parallel to the direction of the field. It is written H*(10).

The ambient dose equivalent is thus, in general, a fictitious quantity; it
applies to an aligned field that may exist only in one's imagination.
Nevertheless•>it can be measured. An instrument with an isotropic response (and
with no body or sphere present) gives the same reading in a multidirectional
field as it would if all this radiation were aligned in a parallel beam. How do
we allow for backscattering? If backscattering had the same effect at all
energies, its effect could be simulated by just increasing all readings by a
constant factor. Since, in fact, backscattering varies with photon or neutron
energy, the energy response of the instrument should be adjusted in some way to
simulate this variation. I will discuss this later.

While the ambient dose equivalent specifies a field of strongly-penetrating
radiation, the field of weakly-penetrating radiation (usually beta rays) is
specified by the "directional dose equivalent". This is the dose equivalent that
the actual radiation field produces at a depth of 0.07 mm in the ICRU sphere.
It is written H'(0.07). This D.E. is a function of direction. It is the quantity
that beta ray survey instruments should be designed to measure. Since the sphere
.stops all beta radiation coming from the back, a beta instrument should not be
designed to have an isotropic response.
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The "individual dose equivalent, penetrating", Hp(10), is the actual dose
equivalent at 10 mm depth at any location on the body of a person. This quantity
is not uniquely related to the radiation field because it depends on thf
individual and on the location on the body. A quantity that jjs uniquely defined
by the radiation field and which can be used for calibrating dosimeters, is the
actual D.E. at 10 mm depth in the ICRU sphere - H'(10). This is an acceptable
substitute for the individual dose equivalent, penetrating, since the ICRU
sphere has roughly the same backscattering and attenuation properties as the
human torso.
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How well do H'(10) or Hp(10) approximate the effective dose equivalent? I-'ij;.
1 shows the ratio of Hg to Hp(10) for photons coming from various directions,
as a function of photon energy. The points having ratios near 1 correspond to
radiation coming from the "front" - i.e. the side of the body on which the dost'
is measured. The points at higher values correspond to radiation coming from the
opposite side. Thus,Hp(10) is generally a good approximation to Hg for photons,
if the detector is on the irradiated side of the body.

Fig. 2 shows the same ratio for neutrons of various energies and directions.
Here, even for frontal irradiation (shown by the solid squares), H'(10) or IIp(lO)
overestimates Hg by as much as a factor of 3 at some energies. This results from
the strong attenuation of neutrons in the body. The overestimate is greater when
the neutrons come from other directions. Thus, H'(10) is a very conservative
approximation to Hg for neutrons.
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The individual dose equivalent, superficial, Hs(0.07), is the corresponding
D.E. for non-penetrating radiation. It is the dose at 0.07 mm depth at any point
on the body and corresponds to what is loosely called "skin dose". It is very
closely approximated by the directional dose equivalent, H'(0.07), at that point.

REQUIREMENTS IMPOSED ON SURVEY INSTRUMENTS

How will present instruments have to be modified to measure ambient D.E. for
gamma rays and neutrons and to measure directional dcse equivalent for beta
rays? For this purpose the important characteristics of instruments are the
variations of their responses with energy and direction.

Fig. 3 shows how the ambient D.E. for an exposure of 1 roentgon varies with
photon energy. The peak near 60 keV occurs because H*(10) includes backscattered

photons. An instrument that measures
exposure accurately at all energies
and that is calibrated at high energies
will therefore underestimate H*(10)
around 60 keV. In the case of ion-
chamber instruments, correction is
fairly easy. Such instruments often
currently OVIT-respond to exposure in
just this energy region because their
walls have a higher atomic number than
that of air. By putting the right
amount of materials like Al in the
walls the energy response can be
tailored to match this curve fairly
closely. Below 60 keV, H*(10) decreases
because it is the D.E. under 10 mm of

,.,.. ,• ,.., ' . :,,-• ,i,.ni H*M"> i> r tissue, which attenuates low energy
• Hi:: i •• ••;: . •, •• i'-in. U >i •! •.•!!<•!.••! p h o t o n s p r e f e r e n t i a l l y . W h e n o n e w a s

' :;' ' • ' • trying to measure roentgens this

attenuation was a defect of the instrument: now it is what is required so there
is no need to use a very thin wall.

The angular response of present ion chamber instruments is typically nearly
isotropic, which is just what is required to measure ambient D.E.

Geiger counters over-respond strongly to exposure at energies below 100 keV and
most instruments using them as detectors have filters to try to flatten this
response. Correcting the response to match H*(10) may be slightly easier than
matching exposure. The angular response of such instruments is not very good at
low energies but at least may be no worse when ambient dose equivalent is
measured instead of exposure.

Neutron Instruments have in the past usually been designed to read the maximum
dose in a cylindrical phantom. This differs by only a few percent from the dose
at 10 mm depth in the ICRU sphere, except at neutron energies between a few eV
and some tens of keV, and errors at these energies are not serious in practice.
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REQUIREMENTS ON PERSONAL DOSIMETERS

Adoption of the ICRU quantities would require us to measure H'(10), the dose
equivalent under 10 mm of tissue. This is very close to what many dosimeters
measure at present. The correction of the energy response for the effects of
backscattering, that was needed for survey instruments, almost vanishes since
the backscattering from the body on which the dosimeter is worn is close to the
backscattering from the ICRU sphere.

At low photon energies, the variation in sensitivity with angle that resulted
from varying attenuation in the covering material was considered a defect. Now,
a varying attenuation is an inherent property of H'(10) (Fig. 4) and is a
requirement. although the variation of response of an existing instrument may
not closely match that required.
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The measurement of neutrons may also be improved when the new quantities are
used. For example, the most important defect of neutron damage track detectors
is that their response drops off with increasing angle of incidence. Again, for
H'(10), a decrease of response with -ingle is required (Fig. 5). While the actual
angular response of these detectors often differs from this, at least it is
significantly improved when H'(10) is to be measured.

Finally, for beta radiation the quantity to be measured is H'(0.07), the dose
equivalent at 0.07 mm below the surface of tissue. This is what we have been
attempting to measure for years. The primary difficulty in realizing this
measurement is that of getting a sufficiently thin detector. For the new quantity
it will be neither more difficult nor easier than it is now.
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DISCUSSION

In summary, while modifications to instruments and, r.o a much lesser extent, to
personal dosimeters, will be required to improve the accuracy with which the
new quantities can be measured, the problems of measuring them are no more
difficult, and in some cases are easier, than they are in present measurements.
What are the disadvantages of these new quantities?

First, it seems curious to base measurements of radiation hazards on an
imaginary quantity - H*(10). Second, for neutrons the approximation of H'(10)
to effective dose equivalent is not very close, even if it is conservative. Dose
i units will continue to be specified in terms of effective dose equivalent, Hg.
For practical radiation protection, the ICRU's advice appears to be "The ambient
and directional dose equivalents give conservative estimates of H~r. Since Hg is
immeasurable, forget about it i'or practical measurements and just try to measure
If (10) and H'(0.07) as well ,JS possible." Some dosimetri.st.~s are unhappy with
this point of view. They Feel that anything that can be done to get a closer
estimate of Hg should be done. This debate will probably continue for yeai's.

So, when are we likely :.o convert to these quantities? In Europe this conversion
h-,.y more or less :-;;arr;-d. In North America, if v/e judge from the speed with which
Instruments have been changed to read in SI unit.s, conversion to the ICRU
i,'.iant.ities is not very imminent. But in a way the change to the new quantities
;;; much easier than changing to SI units. In many situations present instruments
will read the new quantities about as accurately as thev now read the old. So
we could claim immediately that we are measuring the new quantities and then
iradually make the changes to instruments that improve their accuracy.
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ABSTRACT

The CRNL dosimetry system using LiF thermoluminescent dosimeters (TLD) has
evolved over a period of 20 years. It comprises dosimeters, reading equipment
and procedures which are described in their present form. Developments in
progress, and envisaged, are also discussed. The paper also shows how the doses
are recorded.

INTRODUCTION

Until 1972, photographic film dosimetry was used at CRNL for measuring individual
doses to the skin and whole body (Knight et al., 1966). By 1968, TLDs promised
considerable advantages for individual monitoring (Jones, 1968). These
advantages included:

* the near tissue equivalence of many of the TL materials which facilitates
accurate and reliable dosimetry when beta rays or low energy photons contribute
an appreciable fraction of the dose

* TLDs could be more easily read automatically for reliable reading and
identification without continuous human intervention in the process

* TLDs could be reused many times which reduces the costs per reading, and
allows individual calibration

* smaller doses could be detected under laboratory conditions, although, in the
field, care is needed to realize this promise

* TLDs can be processed rapidly in small numbers which is important in an
emergency

* TLDs can cover a very wide dynamic range. This is very important because doses
as small as 0.1 mSv and as large as 10 Sv must be measured without, in some
cases, any foreknowledge.

In 1968 there were not available, as there are today, commercial TLD systems
which met these promises. Bearing this and the described advantages in mind,
a decision was made (Jones, 1968) to develop a TLD system for monitoring external
doses from gamma and beta radiation.
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THE DOSIMETRY SYSTEM

F I C l ' R K 1 . TI . I ) p l . i q i l e .i\ul

It became apparent that it was necessary to develop a complete TLD system
comprising dosimeters, TLD readers and procedures.

The dosimeter comprises TLD elements held within an identity badge. Both the
badge and the plaque, on which the TLD elements were mounted, carry the employee
number of the wearer. In the beginning, the plaque, which was made equal in size
to the photographic film dosimeter, was used in the corresponding badge. It did
not prevent sand (quartz) from getting in. It is strongly thermoluminescent
giving rise to spurious indications of dose. This badge was replaced by one that
is gasketted to keep out sand and other thermoluminescent materials. Figure 1
shows the TLD plaque and the badge into whirh it fits. After evaluating various
forms of TLD it was decided to use LiF(Mg,Ti). It is formed into 3.2 x 3.2 mm
pieces; one, 0.28 mm thick, is
covered with 7 mg/cm2 of tape and a
second, 0.89 mm thick is in between
two 2 mm discs of aluminum. The
thicker TLD is used to measure the
dose from penetrating radiation to
the whole body, and the thinner the
surface dose from beta and gamma
rays. Behind the whole-body TLD
another, unmounted one is carried in
the badge. This is used for quality
control or to provide a second
reading for confirmation of an
unexpected result (Wernli, 1980).
The whole-body TLD is made from
natural lithium but the surface TLD
is made from Li-7. The presence of
thermal neutrons is indicated by the
ratio of the readings from the two
TLDs.

When this happens, the neutron dose
is measured using track etch
detectors (Cross, 1986). The dose
assigned is the sum of the neutron
and skin doses.

BC3S6

AECl

To increase the sensitivity of the
dosimeters and thus to reduce the
probability of spurious readings,
radiation sensitization (Mayhugh, Fullerton, 1975) is used. This technique
requires a single, large dose (300-100 Gy) of Co-60 gamma rays followed by a
high temperature and UV anneal. Apart from increasing the light emitted by the
TLD by about four times, other improvements were observed (Jones, Richter, 1983).
These included:



- 123 -

* decreased photon energy dependence expressed as a function of the effective
dose equivalent when the dosimeters were mounted on a phantom (Jones, Marsolais
1979).

* reduced fading (<3% in three months).

* no detectable departures from linearity for doses <32 Gy.

An automatic TLD reader for the dosimeters was developed (Jones, 1972) and the
unique features of the thermal and optical parts are seen in Figure 2.

FICl'RF. 2. h V a t i n s ; o i t i n - I' 1,11 . l i u i ,L ;U L l u - r i i
I i •..•,!it .

TO PHOTOMULTIPLIER
i

t h < - i-in i 1 1 i'd

;.TH NITROGEN
FIBRE LIGHT GUIDE

GLA< SUPPORT
FOR THERMOCOUPLE

The plaque mounted
TLDs are pressed
upwards by a platinum-
tipped anvil, main-
tained at about 300°C,
against a small _GHT-TIGHT
thermocouple. The TLD ,": IJME FILLED
remains in this
position until the
thermocouple has
attained a predeter-
mined temperature,
thus ensuring that the
TLD temperature lies
above the thermocouple
temperature and below
that of the anvil tip. _^ ~I:TT~-:-:"-:.;*« r'*^ • '~n —~==T^=:r—
During this time, a ' "̂  '•. • '-."•.'. • 1
fraction of the light *--^-=^-—'/ \" ---- j~^—.•--A
emitted is gathered " * "/
and transmitted to a <• -
cooled photomultiplier • " ••'<•
by a fibre optics
light guide.

i
In Figure 3 the reader, glow curve plotter, dose calculator and their
interactions are illustrated.

Principles of the reader are explained by following the sequence of operation.
Up to 200 TLD plaques are loaded into a magazine, along with at least two TLD
plaques given a known dose, and at least two exposed only to background
radiation. These control TLD plaques are processed first so that doses can be
calculated as soon as a TLD plaque is read. The lowest TLD plaque in the
magazine moves horizontally in a shuttle first to an identifier. The identity
goes to the dose calculator and is used to find the two calibration factors
written in a file on a floppy disc. While the TLDs are heating the emitted light
i.s converted, by the photo multiplier and analog-to-digital converter, into a
number of pulses proportional to the TLD dose. The dose calculator computes the
dose and stores the results on a second floppy disc while printing them. At the
same time, the pulse train from the ADC is fed to the glow curve plotter which
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plots light vs. time whenever a preset dose is exceeded (0.2 mSv at CRNL) .
Before the shuttle returns for another TLD plaque it exposes the light guide to
a light source to test the stability of the ratio of pulses produced to light
emitted. About 200 TLD plaques are read in one hour.

The procedure for
handling dosimeters
normally takes about one
month. After reading,
the plaques (including
control plaques) are
annealed overnight at
80°C. These are then
inserted into a set of
numbered badges labelled
A or B. The letters
refer to alternating
t w o-w e e k dosimetry
cycles. The A F< • ics
are in service wh i : • the
H series art h-lng
processed, or vice

two-week

j) r i .nii.1 pi1 r i phi1 r;i 1

in .

:>-O TI.Ds
out
the
the

TTT -

:V.;ring the
'•v.-lo, the cr
•i n- shifted i.:> ;n:d
ni a lead shield In
building cont;i; ni nr,
is.surc! TLDs to permit cancelling of the background when the employees are not
«t work. After two vf-oks, the dosimeters are withdrawn from service and before
'tu'jnp; read are annealed at 80°C for one hour. At least two TLDs have been given
I . }'> R of Co-60 p/uv.mr, j'livs, the dosimeter exposure which occurs when the wearer
rornjves 10 mSv (Jones, 1966, Jones and Marsolais, 1979). The exposure rate in
tiic irradiation jig is determined by intercornparison with NRCC.

A random sample of the unmounted TLDs are read in a semi-automatic hot nitrogen
iMs reader every three months and the doses estimated are compared with the sum
of doses estimated from the TLD plaques. These two sets of doses are then
compared using linear regression analysis and on an individual basis.

Extremity dosimetry is performed using sensitised LiF(Mg,Ti) distributed
throughout thin (0,13 mm) discs of teflon with a total mass per unit area of
30 mg/enr. These are contained in pouches, with mass per unit ares of 30 mg/citr,
which are fixed to the finger tips with "velcro" . Standardising is done by
reference to the contact dose, 2.2 mSv/hour (Plato, 1979) from the surface of
urani urn.
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DEVELOPMENT PROGRAM

A much more sensitive form of LiF (Wang, 1986) has become available both in the
form of chips and powder. The greater sensitivity has been exploited to modify
the CRNL badge to provide a lower limit of detectabilty for gamma rays. More
important, it has permitted the construction of a very thin TLD for measuring
beta ray doses with low dependence on beta ray energy and direction (Jones,
1989).

A new type of liquid light guide is being studied with a view to replacing the
fibre optics one. The new guide promises greater transmission for the blue and
near UV light emitted by both forms of LiF TLD. Also, it does not transmit red
and infra-red radiation which is emitted by the heater.

A new form of extremity TLD is being evaluated. It is very thin with a thin
window and has proved to be well suited to beta dosimetry.

Work is beginning on a new TLD plaque identifier using a bar code printed on a
high temperature plastic film (polyimide) which permits annealing of the plaques
at 250°C.

DOSE RECORDS

Dose records are maintained to satisfy several requirements:

* Operational control of worker exposures, to ensure compliance with
administrative and regulatory limits. This requires prompt notification, to both
workers and supervisor, of all significant exposures.

* Periodic reporting of summarized exposure data to higher levels of management,
the AECB, and the public.

* Long-term recording of dose data for epidemiological studies designed to
estimate the average magnitude of any detrimental health effects of radiation.

* Detailed long-term records on individual employees are required occasionally
for Workman's Compensation and similar claims.

* Some form of archival "primary data", equivalent to lab notebooks, should be
kept to demonstrate that dosimetry was adequately performed in case of, for
instance, a disputed claim.

Radiation recording is similar to ordinary accounting; its unique feature,
reflected in the last three items above, is that health effects, if they occur
at all, are not expected to appear until 10 years or more after an exposure.

The TLD readers used at CRNL have always had the capability to put out data in
computer-readable forms, and this has lead to the establishment of several
generations of computer-based record-keeping systems (Holford et al., 1988).
These systems have so far concentrated on the first two objectives, operational
control and summary reports, while archival storage and the provision of data
for long-term studies have been secondary considerations. As computer systems
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increase in capacity, it should be possible to expand the database to include
long-term data. We also intend to investigate the use of an optical disc sub-
system (WORM) for storage of primary data. This device seems almost ideal for
the purpose in that the discs have a storage lifetime of at least 10 years, and
the data, once written, cannot easily be modified. The capacity of these devices
is so large that one disc should hold not only the output of the TLD readers for
a year but also the significant glow curves, in digitized form.
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ABSTRACT

A dosimetric model has been developed for the uptake of tritium from TT-
contaminated metal surfaces. The model provides a good representation of
tritium-in-urine results and tritium-in-skin results from animal exposure
experiments. The model predicts a skin dose conversion factor of 5 x 10s Sv per
Bq of organically bound tritium (OBT) excreted, assuming that the contaminated
skin area was 20 cm".

INTRODUCTION

Experiments by Hutchin and Vaughan (1965) on rats, and by Eakins et al.
(Hutchinson and Eakins, 1968; Eakins and Hutchinson, 1969, 1975) on humans, have
shown that a surface contaminated by tritiated hydrogen gas that is brought into
contact with intact skin will result in elevated concentrations of
organically-bound tritium (OBT) in urine, and in skin at the point of contact.
Johnson and Dunford (1985) have evaluated the range of likely dosimetric
consequences of this mode of tritium uptake and have concluded that the skin dose
should be considered. We have recently completed a series of experiments in
order to to better quantify the relationship between OBT in urine and skin dose.

A preliminary report on this work has previously appeared (Johnson et al., 1988)
and a more detailed report for Ontario Hydro is under preparation. This report
will describe the dosimetric model developed to describe our experimental
results. In addition, further experimental work, supported in part by the
Canadian Fusion Fuels Technology Project, is currently underway to better define
the dosimetric model reported here.

THE EXPERIMENT

Twenty-six Sprague-Dawley hairless rats were contaminated by rubbing their hind
flanks with a Ti-contaminated planchet over an area of approximately 20 cm2.
All contaminated rats were initially kept in metabolic cages for a minimum of
three days. Thereafter, pairs of contaminated rats were placed in the metabolic
cages for 24 hour periods at representative times post exposure. All urine
samples were collected and analyzed by cold temperature distillation (Peterman
et al., 1985) for total HTO and OBT content. Groups of two rats were sacrificed
for tissue analysis at representative times post exposure.

To estimate the amount of HTO in tissue, the tissue was soaked in distilled water
and then vacuum dried. The distilled water and the free tissue water were
collected in a liquid nitrogen cold trap during the drying procedure and analyzed
by liquid scintillation counting. The OBT was determined by combusting the dried
tissue and analyzing the condensate.
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While the tritium content of many different organs was determined - blood, brain,
kidney, liver, muscle, unexposed sin, and exposed skin - only the results for
the exposed skin will be explicitly considered here.

RESULTS

The experimental tritium-in-urine results and the tritium-in-skin results are
presented in Figures 2 through 5. These figures also present the model output.

DOSIMETRIC MODEL

Various dosimetric models were considered. All were variations on the two models
previously suggested by Johnson and Dunford (1985). The model finally selected
is presented in Figure 1.

FIGURE 1
Dosimetric Model
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The model consists of six compartments: three skin compartments - HTO in skin,
OBT in skin (fast), and OBT in skin (slow); two transfer compartments - HTO in
body fluids and OBT in body fluids; and one long-term storage compartment - OBT
in tissue. The two OBT in skin compartments are necessary to model the
experimental OBT-in-skin results. That is, the OBT-in-skin data show a
nonexponential decay that can be satisfactorily approximated by the sum of two
exponentials.

The long-term storage compartment is necessary because the experimental time
constant of the OBT in skin (slow) is too fast to account for the long-term
excretion of tritium. The model allows the long-term storage compartmftnt to
empty by excretion of both OBT and HTO since both types of excretion exhibit a
long-term component. The OBT excretion of the long-term storage compartment is
direct to urine in order to simplify the mathematics.

It was assumed that 50% of the HTO in body fluids was excreted by paths other
than urinary excretion.

Since the model does not involve recycling, an exact solution of the coupled
first order differential equations is straightforward but tedious. The equations
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were solved exactly and coded into a LOTUS spreadsheet. The various parameters
were then adjusted until a good fit was obtained. Goodness of fit was determined
by eye.

The spreadsheet contained internal consistency checks based on the conservation
of activity. In addition, the solution was checked against two independent
programs: one solved the equations exactly; one solved the equations
numerically.

The solution of the differential equations gave, for the urinary excretion, the
instantaneous excretion rate at a given time. This was integrated over the
previous day in order to calculate the daily urinary excretion. It is for this
reason that model predictions for times less than one day are not plotted.

No data other than the urinary excretion and the measured tritium in skin values
were used in the fitting procedure. However, the resultant model predictions
were checked for general consistency with the experimental tritium concentrations
in other tissues. This comparison is not definitive because the model does not
consider individual identifiable organs other than the exposed skin.

It is important to note that the initial contents of the three skin compartments
were also adjustable parameters. For this model, it is not valid to determine
the time-equals-zero tritium-in-urine concentration by backward extrapolation
of the experimental results, and then calculate the total tritium in the animal
using the known total volume of bcdy water. This is because there is no reason
to assume that the concentration of OBT in urine is in equilibrium with the
concentration of OBT in body water. The HTO component should be in equilibrium,
however.

In adjusting the various model parameters, it was decided to deliberately
overestimate the amount of OBT in skin at long times. This was done in order
not to underestimate the skin dose.

CONCLUSIONS

The derived model parameters are presented in Table 1 and the fit to the
experimental data is presented in Figures 2 through 5. The model and the data
have been normalized to an initial uptake of 1 Bq.

The model predicts that the integrated amount of OBT in the exposed skin is of
the order of 0.5 Bq»day per Bq of uptake. (A number of this order can be derived
directly from the experimental results without reference to any particular
model.) For a contaminated area of 20 cm", the skin dose would be about
2 x 10'8 Sv. The model predicts that approximately 40% of the intake is excreted
as OBT. Thus the dose conversion factor is of the order of 5 x 10'8 Sv per Bq
of OBT excreted (assuming a contaminated skin area of 20 cm") . This dose
conversion factor is sufficiently large that the skin dose may be limiting in
some situations.
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TABLE 1
Dosimetric

N,(0)
N3(0)
N4(0)

Ai

A2

A3
A4

As
A6

A7

As

Model Parameters

0.33
0.66
0.01

5 .
0.02
4.
0.05
0 . 2
1 .5
1.5
0.003

Bq
Bq
Bq

d 1

d 1

d'1

d 1

d 1

d'1

d 1

d 1
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TRITIUM IN THE ENVIRONMENT

R.M. Brown
Environmental Research Branch

Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories
CHALK RIVER, Ontario KOJ 1J0

Canada

ABSTRACT

This poster presents a few examples of measurements at CRNL over the past
35 years of tritium in the environment. The concentration of bomb tritium
in precipitation, river water and groundwater illustrates the movement of a
global pulse of HTO through a river basin and into a groundwater system.
The movement down the Ottawa River of a pulse of reactor tritium released
recently is shown. The distribution of tritium in the annual growth rings
of trees growing in a waste management area gives information on the past
history of tritium in the area. Results from recent studies of the
behaviour in the open environment of tritium released as HT are summarized.
In each case estimates of the committed dose to exposed individuals are
presented.

BOMB TRITIUM

*" i
 it-

Figure 1. Tritium in Ottawa Precipitation and River Water.



In the past the major release of tritium to the environment has been from
bomb testing. Most was initially deposited in the stratosphere as HTO. It
was transferred to the troposphere in spring-time injections resulting in
the annual cycle shown in Figure 1 (Data from CRNL (1), IAEA (2), Univ. of
Waterloo (3)). Tritium deposited in precipitation over the continents was
hold up by the surface and groundwater systems as illustrated by the lag of
tritium concentration in the Ottawa River relative to that in
precipitation. Correlation of tritium concentrations in precipitation and
in river water in the 1950's gave an estimate of the mean residence time of
water in the drainage basin of 3.5 years. This has been used to predict the
river tritium concentrations in subsequent years.

Committed dose equivalent from 35 years drinking of bomb tritium in
Ottawa River water: 1.4 x 1(T6 Sv

Incremental committed dose for 1988: 10" Sv

TRITIUM DISTRIBUTION (MAY. 1979)

i > ?
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Figure 2: The Distribution of Tritium in Groundwater at the
Recharge Zone of the WNRE Pinawa Aquifer

in groundwater systems, bomb tritium provides a marker for water
infiltrated in the 1960's [Figure 2 (CRNL data from (4))].

From the depth of the peak concentration one obtains the infiltration rate
in recharge areas.

Integration of the amount of tritium in the profile gives an estimate of
the fractional infiltration of precipitation.

The absence of tritium indicates infiltration occurred before 1950.
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REACTOR TRITIUM

An acute release of HTO to a river travels downstream in a gradually
lengthening pulse (Figure 3). Integration of the pulse gives an estimate of
the total release. The peak transit time from location to location gives
useful information on the river dynamics. Iterative fitting of the observed
pulse to a pulse • Iculated from flow and dispersion considerations gives
an estimate of tht appropriate dispersion parameters of the system for
predictive purposes.

In this case of a release from NRU on 1988 Dec. 8, the release was estimated
to be 3.9 x 1014 Bq (10 500 Ci).

Committed dose equivalent from drinking 1.5 L per day of this river water
during plume passage : 10"' Sv.

£ " F

Figure 3 HTO Pulse In Ottawa River from NRU Relute Figure 4: Trrtium in the Annual Growth Ringi of a Balsam Rr

CRNL Liquid Waste Disposal Area.Cut 1978.

Tritium in soil and groundwaters is incorporaced into both the free water
and organic components of growing vegetation(5) . Tritium profiles in the
annual growth riny,'.- of trees growing in Waste Management Areas at CRNL
illustrate the mol,iiity of free HTO and the immobility of organically-bound
tritium (OBT). In Figure 4, HTO has penetrated to the centre of the tree
which was formed » fore any tritium was in the area. In contrast, the OBT
has remained fixed in the growth ring in which it was originally deposited.
The peaks in OBT correspond to periods of increased releases of tritium to
the area due to leak problems in the heavy water reactors of the site. The
OBT ;; ives a ; ecord of past tritium concentrations in the vicinity.
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FUSION TRITIUM

In the future, fusion reactors will have large inventories of T2 and the
major source of tritium in the environment may be leakage from these
facilities. Field releases of HT have been done to study the fate of
tritium released to the environment in the elemental form (6) ̂ Figure 5).
The most important question is the rate of conversion of HT to HTO since
'chc latter is 10 000 times more radiotoxic.

CONVESSIOH Of r»T TO
HTO IN T H I ATMOSPHEItl

HT RELHSf
POWT

Of HT PLUME

MT OCPOSiTION
y TO SOIL WITH

CONVERSION ' 0 HTO

HT DEPOSITION
TO VIQETATION

\ / HTO DtFFUSONrMASS
' TRANSFER IN SOU.

HTO
FROM SOU.

. TO ATMOSPHERE

KTO
«»USP»NSION
FROM
VIO1TATI0M

Figure 5: KEY PROCESSES IN HT CONVERSION

Scientists from 7 laboratories participated in an experimental release of
3.5 X 1012 Bq (95 Ci) of HT in June 1987. The ratio of HTO/HT observed
along the field during the release is shown in Figure 6.

A E C L
CFA
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N'R
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Pce frcm Pe'ecse Pctn! frn)

Figure 6: Ratio or HTO lo HT Concentrations along the
Field Centreline during Release
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Major Findings of the Studies:

-Oxidation of HT in the atmosphere is very slow.
-Primary site of oxidation of HT is the surface soils.
-HTO observed in the air originates from evaporation from the soil and

persisted well after plume passage.
-Direct uptake of HT by vegetation was negligible.
-Vegetation HTO originated from uptake of soil water and/or exchange

with air moisture.
-Organically bound tritium fraction was small immediately after the

release but exceeded that of the free water HTO after 2 weeks due
to more rapid loss of the HTO.

-The experiments have provided a detailed data base for dispersion
model development.

Comparison of dose from an HT release to that from an equivalent HTO
release:

HT HTO HTO/HT

From the plume 0.03 x 10'7 Sv 200 x 10'7 Sv 7000

Following week 2. x 10"7 20 x 10"7 10

Totals 2.0 x 10"7 Sv 220 x 10"7 Sv 100

Conelusions:

-Dose dominated by HT oxidation in the soil.
-Plume dose small compared to dose after plume passage.
-Local impact much less than an equivalent HTO release.
-All HT released eventually goes to HTO, so global dose will ba the

same as for HTO release.
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RADIOLOGICAL HEALTH AND THE UNITED STATES PUBLIC HEALTH SERVICE

John C. Villforth
Director

Center for Devices and Radiological Health
Food and Drug Administration

5600 Fishers Lane
Rockville, Maryland 20857

This year the United States celebrates the Centennial of the Commissioned
Corps of Public Health Service. An anniversary of this magnitude has special
significance and it is timely, therefore, to reflect upon our accomplishments
and the events that influenced them. It is often noted that "history repeats
itself," and as we trace our public health protection "roots" in the
radiation area, there are some recurrent themes that are especially
noteworthy. My intention is to provide a glance through time at some of the
significant events and accomplishments in our efforts to protect the public
from unnecessary exposure to manmade radiation. Keep in mind that this is
but one facet of the Public Health Service mission which uses its cadre of
trained clinicians, scientists and health professionals to protect and
advance the health of the American people.

THE EARLY YEARS

One of the earliest points on our radiation timeline would be the work in
1923 of PHS Assistant Surgeon R.C. Williams, of the Office of Industrial
Hygiene and Sanitation. Dr. Williams assisted the National Bureau of
Standards (now the National Institute for Science and Technology or NIST) by
assessing the exposure of the National Bureau of Standards staff during
calibration of radium sources used by medical professionals. He was one of
the earliest users of dental films as "film badges." He established that
these employees were being routinely exposed to radiation and reported a
correlation with film density and apparent decreases in their red and white
blood cell counts. This work resulted in the issuance of recommendations
that:

o Blood examinations and blood pressure readings be made at regular
intervals on all employees of the radium section.

o All new employees of the section, before beginning work, be given
complete physical examinations, including examination of the blood.

o In the handling of radium, all employees of the section utilize to
the greatest possible extent all practicable protective devices, such
as screens, lead-lined carrier boxes, and handling forceps.

o All employees of the section be warned to reduce to a minimum the
amount of unavoidable unprotected exposure to radiation, and not
remain in the vicinity of radium longer than is necessary.(1)
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It is interesting to note that at about the same time as the Public Health
Service was issuing its i.ecommendations on protective measures for radium
calibration, the International X-ray and Radium Protection Committee (the
predecessor to the International Committee for Radiation Protection)
published similar guidance dealing with protective measures for x-ray
procedures and radium calibration. These recommendations focused on working
hour limitations, protective procedures, and electrical precautions for using
x-ray equipment.(2)

Dr. Williams had set the stage for many of the important considerations of
ladiation protection, but ironically the Public Health Service required some
prompting to fully become involved in radiation protection. A 1928 letter
from the Public Health Service Surgeon General dimming to the New Jersey
Health Commissioner, underscores the reluctance of the PHS to participate in
the investigation of the risks from the use of radium dial paint in industry.
"Our function is to prevent the spread of diseases, more especially
communicable disease," according to dimming, and "the use of radium dial
paint is an industrial hazard and there is nothing catching about it."(3)
Notwithstanding this initial reaction, the Public Health Service reversed its
Hfcision only a year later and announced its Industrial Hygiene and
Sanitation Division would conduct the study for investigating health hazards
in ladium dial painting. The investigators were to submit recommendations
for State law governing the industry so as to prevent additional deaths from
rhe occupa t i on.(4)

In .subsequent years, against the backdrop of the upheaval created by World
.i'at II, there was continued awareness of the importance of radiation
piotection for medical personnel. A report prepared by the Public Health
Service's National Institutes of Health in 1941 noted that the use of medical
ladiation was increasing and that methods to ensure the protection of health
professionals should not be ignored. The National Institutes of Health
.studied radiation protection practices in 45 hospitals and it was noted that
none of these passed muster. Skin changes were observed in one-quarter of
the radiologists surveyed. Nonetheless it was apparent that there was
increasing awareness of problems and the need for efforts to minimize and
monitor exposure.

For example, the report cited problems associated with x-ray equipment
operators entering the treatment room with the x-ray tube in operation, the
routine use of medical personnel to hold the patient, and recommended that
mote attention be paid to hazards associated with these practices,
i'luoroscopy was noted as "one of the worst offenders in causing
ovorexposure," and additional study to determine the sufficiency of lead
barriers and lead-lined control rooms for the x-ray equipment operators was
advised. Also mentioned was the need for methods more reliable than dental
films to monitor radiation exposure. In this early report by the National
Institutes of Health, two important areas that are still stressed today
emerged as key: education of personnel on protective techniques and the need
for enhancements to equipment that would afford greater radiation protection.

The report concludes by noting that "no hospital visited had provided optimal
piotection in every regard. It was observed, however, that most of the
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radiologists were becoming increasingly aware of their problems and wrre
taking steps to reduce exposures." The report also suggested that the- skin
damage seen suggested that much remained to be accomplished in preventing
overexposure, and it would be interesting to see the results of a careful
Nation-wide (emphasis added) survey of injuries among radiation workers.
Furthermore, education of all radiation personnel on protection practices
should be stressed as much as the provision of protective devices.

During the discussion of these recommendations, the report also noted that
the new and increasing demands of National Defense activities, along with the
use of new radiation methods, would create the need for additional equipment
and personnel. Because these new activities could cause more overe>:posure,
the report urged that protection surveys and educational programs include
industry and defense activities.(5)

POST WORLD WAR II

With its recommendations for additional study, increased protection measures,
and the need to include defense activities, the National Institutes of Health
report foreshadowed the next period in radiation protection. There were a
number of PUS activities spanning the 1950's through the early 60's that
focused on the effects of low levels of ionizing radiation. The primary
emphasis of this work, however, was not medical radiation. Instead, much of
the Federal and State efforts at this time were devoted to m isuiing the
levels of radioactivity in the environment, searching for the potential
biologic consequences of low-level contaminination and seeking ways to
minimize it. Remember that during this time a substantial proportion of tlir
world's population was receiving low levels of exposure to ionizing radiation
as a result of the above-ground testing of nuclear weapons.

During this period, the Public Health Service forged ahead in promoting
research, information and training in radiological, health. Environmental
radiation responsibilities for conducting surveillance and monitoring
programs created the need for new and/or improved measuring instruments. In
addition to developing these instruments, the Public Health Service also
provided consultative .services to government and nongovernmental agencies.

In 10/(0 the first cooperative agreement between the Atomic Energy Commission
and the Public Health Service was signed. The purpose of this agreement was
to conduct a study of stream characteristics of the Columbia River Basin
to determine the effect of radioactive wasi.es in the vicinity of weapons
production sites. A number of other cooperative agreements with the Atomic
Energy Commission were subsequently established. For example, a joint
program of research on the decontamination of radioactive waters was
initiated in 1950 by the Atomic Energy Commission-Public. Health Servicr at
the Oak Ridge National Laboratory.

In 1 Tb 1, the Atomic Energy Commission and the Public Health Service studied
stream characteristics of the Savannah River, related to Atomic Energy
Commission activities there. Also, during this year" the Atomic Energy
Commission first requested that the Public Health Service provide personnel
to assist in off-site radiological monitoring at the Nevada Weapons Testing
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Site. In 1953, the Public Health Service was requested to measure
fallout in the "off-site" area (which covered a radius of 300 miles from the
test site).

Perhaps the most significant action undertaken by the Atomic Energy
Commission and the Public Health Service was the joint agreement of February
1, 1954, whereby the Public Health Service agreed to support the weapons
testing activities of the Atomic Energy Commission by: conducting community
education and public relations programs; performing radiological monitoring,
operating air sampling and background recording equipment at designated
stations and collecting other environmental samples (water, food,
vegetation); operating chemical and counting laboratories and assisting in
the analysis of data; and preparing reports required by the Atomic Energy
Commission.

A satellite office of the Public Health Service radiological health program
was established in Las Vegas, Nevada to provide necessary coverage for the
Test Site Operation.';. During periods between test series, the permanent
Public Health Service staff at Las Vegas conducted a program of environmental
sampling (milk, water, food) and laboratory analysis, maintaining public
contacts and providing off-site coverage during safety shots intended to
••oiify the stability and safety of nuclear weapons.

Another facet of the Public Health Service's support and cooperation with
other government agencies was an agreement in 1956 with the Department of
Defense to provide off-site radiation safety support for inhabited areas
during nuciear weapons testing in the Pacific Ocean area. In addition, an
agreement was reached with the Atomic Energy Commission's Division of Biology
and Medicine, to establish a National Radiation Surveillance network to make
factual data about environmental monitoring during weapons testing at the
Pacific Proving Grounds test sites immediately available to the public.

While a major direction of this period was environmental radiation
monitoring, the Public Health Service was also managing activities in the
area of radiation exposure prevention. In 1953, an x-ray equipment
inspection program was carried out in Public Health Service hospitals and a
guide for inspection of medical and dental installations was developed. Also
in this year, the Radiological Health Branch of the Public Health Service
issued its first report on x-ray exposure in the healing arts.

CREATION OF THE DIVISION OF RADIOLOGICAL HEALTH

In 1958, the nation's concerns about the effects of low level radiation and
the increasing need for protecting the public against adverse effects caused
the Surgeon General to create a National Advisory Committee on Radiation
(NACOR). This committee was formed to provide the Surgeon General with
guidance on matters pertaining to the control of radiation hazards in the
Uni ted States.

Among the principal points made in the NACOR report were: "most of the
ionizing radiation received by the population today, other than that received
from natural sources, has been received from the x-ray machines employed by
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the health professions;" and "the absence of a comprehensive program through
which the health hazards of aj.,1 sources of ionizing radiation may be brought
under supervision appears to this Committee to be an important weakness in
this nation's efforts to control radiation safety."

The first report of this committee made the following proposals and
recommendat ions:

o Primary responsibility for the nation's protection from radiation hazards
should be established in a single agency of the Federal Government;
logically this should be the U.S. Public Health Service.

o The agency should be granted authority for broad planning in the field of
Radiation Control including the coordination of state arid local
regulatory programs with the safety operations of federal and private
groups in a manner which would provide a unified attack on problems
associated with the control of radiation hazards.

o The agency should be given the authority to develop a comprehensive
program for all sources of radiation.(6)

The points made by NACOR recognizing the importance of exposure to medical
sources of ionizing radiation paralleled the early reports of the United
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR)
which recognized that the "highest genetically significant doses were causeu
by diagnostic x-ray exposures." In 1957, the United Nations Committee issued
the following statement: "It appears most important ... that medical
irradiations of any form should be restricted to those which are of value and
importance, either in investigation or treatment, so that irradiation of the
population may be minimized without any impairment of the efficient medical
use of radiation."(7)

On July 1, 1958, based largely upon NACOR's recommendations, the Division of
Radiological Health was created within the Public Health Service's Bureau of
State Services. The Division, headquartered in Washington, D.C., was
allocated 51 positions and a budget of $393 000.

A Presidential executive order in 1959 directed the Department of Health and
Human Services to "intensify its radiological health efforts and have primary
responsibility for the collation, analysis, and interpretation of data on
environmental levels...so that the Secretary of Health, Education, and
Welfare may advise the President and the general, public." As a result of
this directive, the Division of Radiological Health within the Public. Health
Service established three regional laboratories to handle the required
measurement and surveillance work.

The first of these, the Southwestern Regional Radiological Health Laboratory,
was established on December A, 1959 in Las Vegas, Nevada. On February 10,
1960, the Southeastern Laboratory in Montgomery, Alabama was established,
and on October 12, 1961, responsibility for the Atomic Energy Commission's
facility in Winchester, Massachusetts was transferred to the Public Health
Service, creating the third in this network of Regional Radiological Health
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Laboratories. In April of 1960, the Public Health Service -- under the
authority provided by the Presidential directive to the Department of Health
and Human Services -- published the first issue of the monthly publication
"Radiological Health Data" to provide public access to nation-wide data on
radiation levels in the environment.(8)

In 1961 the Division of Radiological Health was given authority to create a
training grant program to meet the national need for radiological health
specialists and technicians. Training grant funds were used to strengthen
nnrl extend programs of basic instruction and to encourage greater enrollment
by providing financial assistance to qualified students preparing for careers
in radiological health. Training included study in radiobiology, atomic and
nuclear physics, hazards evaluation, epidemiology, bios tatistics, and other
areas of radiation science and public health. Over the years there were as
many as 35 university based specialist grants throughout the country in which
as much as $2 500 000 a year was invested before the program ended in 1975.

A research grant program, which the Division of Radiological Health began in
1962 continues today. It utilizes the scientific competence of the academic
community to solve defined and immediate problems in the fields of
tadiological health. A foremost example of the type of research supported
by this program is the collaborative research project the Division <>f
Radiological Health initiated with the Colorado State University in .'••*"
Collins, Colorado in 1962. This is a study of the long-term effects of
low-level i_n utero x radiation on the dog, and was designed on tlie
consistently observed radiation effect of lifespan shortening. (Note: This
study, funded thiough its expected completion in 1990, may be the first of
t lie large, large-animal studies to reach planned completion.)(9)

PASSAGE OF THE RADIATION CONTROL FOR HEALTH AND SAFETY ACT

[n January 1967, with a budget of some 20 million dollars, the Division
of Radiological Health became the National Center for Radiological Health.
I'D December 20, 1968, the organization underwent another name change and
became the Bureau of Radiological Health, a component of the now defunct
P'nvironmenta1 Control Administration, Consumer Protection and Environmental
Health Service. The total staff in Washington and the field was then some
KOO persons, with an operating budget of $15.5 million. As the environmental
programs (air, water, solid waste and occupational waste) matured and
concerns over these intensified, it spurred consumer and Congressional
concerns over unnecessary sources of radiation (unnecessary medical x-rays,
lasers, microwaves) and led to Congressional Hearings conducted by the House
interstate and Foreign Commerce Committee and the Senate Commerce Committee
on the problem of unnecessary x-ray emissions from color television and other
electronic product rad: •-! t ion exposure.

Those healings ultimately resulted in the passage of the Radiation Control
for Health and Safety Act of 1968 (P.L. 90-602) signed into law by the
President on October 18, l')68. Through this Act, the Congress declared that
the public health and safety must be protected from the dangers of electronic
product radiation. The term electronic product radiation means any ionizing
or non-ionizing electromagnetic or particulate radiation or any sonic,
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infrasonic, or ultrasonic wave which is emitted from an electronic product as
the result of the operation of an electronic circuit in such product. The
purpose of the Act was:

"...to provide for the establishment of an electronic product control
program which shall include the development and administration of
performance standards to control the emissions of ... radiation from
electronic products and the undertaking by public and private
organizations of research and investigations into the effects and control
of such radiation emissions."(10)

As a result of this authority, the Bureau promulgated nine Federal mandatoiy
performance standards for a variety of electronic products.

o Television Receivers, January 16, 1970
o Cold-Cathode Gas Discharge Tubes, May 19, 1970
o Microwave Ovens, October 7, 1971
o Diagnostic X-Ray Systems and Their Major Components,

August 2, 1974
o Cabinet X-Ray Systems (to include X-Ray Baggage Inspection Systems),

April 10, 1975
o Laser Products, August 2, 1976
o Ultrasonic Therapy Products, February 17, 1979
o Mercury Vapor Lamps, March 8, 1980
o Sunlamps, May 7, 1980.

On January 20, 1971, the President established an entirely new government
agency known as the Environmental Protection Agency (FPA) as a result of tho
public concerns over inadequate Federal attention to environmental
protection. The responsibilities for radiation surveillance and monitoring
in the environment were reassigned to the Environmental Protection Agency,
along with 318 Bureau employees and over S7 000 000. Programs related to
machine produced electronic product radiation and the Radiation Control fm
Health and Safety Act were left in the Public Health Service.

COMBINING THE MEDICAL DEVICE AND RADIOLOGICAL HEALTH PROGRAMS

The present radiation protection program of the Public Health Service
is administered by the Center for Devices and Radiological Health, and
remains part of the Food and Drug Administration. The Center for Devices and
Radiological Health was formed in 1982 when the Food and Drug Administration
consolidated the programs of the Bureau of Radiological Health and the Bui ran
of Medical Devices to capitalize on the common elements of these programs and
the engineering an! .scientific expertise that existed in both organizations.
Tt is one of four Centers comprising the Food and Drug Administration, a
scientific regulatory agency with broad responsibilities for the safety of
the nation's foods, cosmetics, drugs, biologies, medical devices and
radiological predicts.

The establishment of a viable radiological health program in the Public
Health Service began in the late fifties, initially directed to minimising
the exposure of the general population to environmental sources of ionizing
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radiation. As noted previously, concerns with some medical radiation matters
were raised as early as 1941 with the issuance of the National Institute of
Health's report on "Radium and X-ray Hazards in Hospitals." Despite the
Public Health Service's somewhat checkered pattern of growth and emphasis in
radiation protection, it is notewotthy that many of the basic concepts
identified in the infancy of the program continue to be viable today. In the
early days, the issue of unnecessary medical x-ray exposure, which is the
most significant source of exposure to man-made radiation, was divided into a
triad of problems -- equipment, technique and clinical judgment -- and these
remain just as valid today as they were at their inception.

CENTER PROGRAMS IN THF, HEAIJNC; ARTS

One aspect of the Public Health Service's radiological health program is
directed toward improving radiation equipment. The basics of equipment
safety are prescribed at the manufacturing stage by the Standard for
Diagnostic X ray Machines. This standard which became effective in 1974, was
developed under the authority provided by the Radiation Control for" Health
and Safety Act. !t remains in force today, addressing such issues as
col liinat ion, filtration, .mil maximum tube-housing leakage.

Stair radiation control programs, in cooperation with the Public Health
Service, conducted inspections of x-ray equipment, including machines used
foi dental examinations, with a focus on the major equipment problems and
enforcement of the performance standard. As a result, of these efforts and
M-rhnological impiovements, equipment problems were largely eliminated.
I'I obi ems with new equipment are no longer' a major contributor to unnecessary
patient exposure

once many of the equipment problems were solved through manufacturing and
Hi sign changes, and Federal arrd State inspectional programs, attention
••hifted to the technique side of the triad. The Center, the State radiation
lontiol programs, and professional groups concentrated on educational
programs to promote the use of techniques to produce optimum diagnostic
images with minimum radiation exposure. The cornerstone of the Center's
program in this area has been quality assurance -•- that is using all the
appropriate tools and procedures that are available to optimize the
diagnostic image and lessen the patient's exposure. To a great extent as a
result of the Center's collaborative work, OA is a byword in radiology today.

To help determine those facilities that required assistance in perfecting
radiation techniques, the Public Health Service cosponsored with the States,
the DENTAL Exposure Norma 1ization Technique (DENT). This effort was directed
toward measuring the exposure delivered during a typical dental exam and
comparing that exposure with normal values. Whenever a facility delivered an
atypical exposure, a followup visit by state personnel was scheduled with the
intent of evaluating the technique used in the facility and recommending
corrections. Coincident with this effort was the Nationwide Evaluation of
X-iay Trends program (NEXT), a program to monitor typical exposures delivered
from various projections. Due in part, to Center' programs and also to
technological improvements, the typical exposure from the dental bitewing
projection in the U.S. dropped from over 1200 mR in 1964 to less than 300 mR
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in recent y e a r s (Figure 1 ) . Similar reductions in the x-ray e x p o s u r e as the
beam e n t e r s the skin can be seen on other x-ray p r o j e c t i o n s (Figures 2 and
3 ) . Independent of the entrance skin e x p o s u r e , is the concern for limiting
the size of the x-ray beam to the area of the film or to the area of clinical
interest. X-rays that extend beyond this area are considered "wasted"
x - r a y s . (Figures 4 and 5 ) . This concern which was greatest when the medical
radiation program was started in the early 1960's is now e s s e n t i a l l y
eliminated for most of the common diagnostic p r o c e d u r e s .

C l i n i c a l judgment is the last element in the C e n t e r ' s medical radiation
protection program. For a number of years the consensus a m o n g physicians and
medical o r g a n i z a t i o n s was that, although the Center had a proper part to play
in improving equipment and techniques, there was no a n a l o g o u s role in helping
d e t e r m i n e when a paiticular kind of radiologic e x a m i n a t i o n was a p p r o p r i a t e .
That situation has changed in recent y e a r s . In close c o o p e r a t i o n with the
A m e r i c a n C o l l e g e of R a d i o l o g y , the Center has convened expert panels of
radiologists and r e p r e s e n t a t i v e s of other specialty g r o u p s to d e v e l o p vhat
have come to be known as " r e f e r r a l " or selection criteria for' radiographic
p r o c e d u r e s voluntary g u i d a n c e that can help the clinician d e c i d e on the
u s e f u l n e s s of the radiographic e x a m i n a t i o n under various clinical
c i r c u m s t a n c e s . We have published such criteria for: x-ray p e l v i m e t r y ,
routine chest radiographic s c r e e n i n g , presurgical chest radiography, skull
radiography after trauma, and dental radiography.

In spite of the efforts of the clinical community to limit the number and
frequency of diagnostic x-ray e x a m i n a t i o n s , the number of e x a m i n a t i o n s
c o n t i n u e s to increase in the U.S. This inciea.se from an e s t i m a t e of I K )
m i l l i o n e x a m i n a t i o n s in 1064 to an estimate of a little move than ?MO million
ill 1985 is much greater than the proportionate increase in population of the
country during the same period (Figure 6 ) . ( 1 1 ) In part this increase may
reflect the use of the newer x-ray m o d a l i t i e s that provide the clinician with
better diagnostic information and it may also he due to the greater"
a v a i l a b i l i t y of diagnostic x rays to unrterserved poi tions ot the U . S .
popu1 a t i on.

The a c c e p t a n c e by t.lie medical profession of the C e n t e r ' s lole in the clinical
judgment part of the triad is relatively new. The recent criteria published
for dental radiography is the culmination of y e a r s of work in this area and
piovides a good indication of how the radiation protection program has
evolved to the modern age of "cost e f f e c t i v e n e s s " and "patient a c t i v i s m . "
These r e c o m m e n d a t i o n s for patient x-ray selection referral criteria owe their
recent success to the public and professional concern over the potential
risks from radiation exposure and the increasing costs of radiographic
exami na t ions.

The publication of the dental radiography g u i d e l i n e s marks a d e p a r t u r e from
the customary practice of dentistry in which bitew ings x-rays weie taken
every six months o' yearly, and full-month radiographs every three y e a r s .
Using these g u i d e l i n e s , a dentist will t.nke an X ray based on clinical
o b s e r v a t i o n and the patient's health history. The g u i d e l i n e s serve as
recommendations that dentists can use to determine when they should take an
X ray, as well as the type of radiograph needed, and how frequently and under
what c o n d i t i o n s it should be t a k e n . ( 1 2 )
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FUTURE

Mote challenges remain. A program in minimizing fluoroscopy exposure has
been eluding us for some .30 years, however, the Center has recently completed
n methodology to assess the dose delivered during the upper GI exam. This is
the first step in the development of a comprehensive program in fluoroscopy.
Mammography has recently resurfaced as n major screening program in the U.S.
The imaging task in mammography is very demanding, and the Center is working
with the American College of Radiology in developing a certification program
for facilities which wish to perform mammography screening. This
certification program will ensure that facilities conduct examinations which
result in good clinical ladiographs. An increase in the use of the
examination is anticipated, and with this, the challenge will be even greater
to assure that the use of radiation is optimized so that the patient is
exposed only to thai amount of radiation which is clinically necessary.

New technologies /ill continue to develop, and new challenges will continue
in confront the Irntci. It is necessary to be ever vigilant and to develop
the appiopiiate guidance and regulations that will assure these technologies
,i re used wi se 1 y .
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FIGURE 3
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A SUMMARY* OF PROGRESS OF THE WORKING GROUP ON ALARA OF THE
ADVISORY COMMITTEES ON RADIATION PROTECTION AND NUCLEAR SAFETY

TO THE ATOMIC ENERGY CONTROL BOARD

R. Wilson
H & S Consultants Inc.
430 King Street West
TORONTO, Ontario

M5V 1L5

ABSTRACT

The Atomic Energy Control Board requested its Advisory Committees on Nuclear
Safety and Radiation Protection to provide advice on a proposed regulation
requiring licensees to comply with "As Low As Reasonably Achievable". The
advisory committees established a joint working group to prepare an advisory
report. This paper is a report of the progress of the working group.

INTRODUCTION

The As Low As Reasonably Achievable (ALARA) concept was introduced in early
drafts of the current revisions of the regulations made pursuant to the
Atomic Energy Control Act. The Atomic Energy Control Board, recognizing
that its staff advisors and licensees would require additional guidance on
this concept, requested the Advisory Committee on Nuclear Safety and the
Advisory Committee on Radiation Protection to the Board to provide
appropriate advice. The advisory committees formed a joint working group
for this purpose. The members of this working group are identified in
Appendix 1. The group first met in 1983.

Progress has been slow. There are several reasons for this, one of which is
that the subject is complex. As a result of a number of factors, including
the lengthy report preparation period, the views of the committee have
evolved and undergone considerable change during the deliberations. The
working group feels that the report has benefitted as a result. It is fully
expected that the working group report will be approved for publication in
the current year.

*This interim report is not to be referenced as it is incomplete and has
not been authorized for publication by the ACRP, the ACNS or the Atomic
Energy Control Board.
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The most recent version of the report has the following major sections:

INTRODUCTION

HISTORICAL REVIEW

OTHER REGULATORY APPROACHES

CURRENT CANADIAN PRACTICE AND PERFORMANCE

JUSTIFICATION AND OPTIMIZATION

FACTORS ASSOCIATED WITH DOSE ESTIMATION

COSTING SAFETY IMPROVEMENTS AND HEALTH DETRIMENT

APPLICATION OF ALARA

CONCLUSION.

REPORT INTRODUCTION

The introduction is brief and describes, as has been done here, the reasons
for the report's preparation, namely, the need for guidance by the Board and
its advisors on what is meant by As Low As Reasonably Achievable.

HISTORICAL REVIEW

In the historical review the development of the ALARA concept is outlined
from its first tentative expression by the International Commission on
Radiation Protection in 1959 "that all doses should be kept as low as
practicable and that any unnecessary exposures be avoided" through to the
current radiation protection philosophy of the ICRP, namely:

1. The Principle of Justification

2. The Principle of ALARA

3. The System of Dose Limits.

Other regulatory approaches are identified and in the discussion of these
the report recognizes that some of these are similar to ALARA and some such
as Best Available Technology are an ill-advised approach to regulation.
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CURRENT CANADIAN PRACTICE

The report considers current Canadian practice and acknowledges that an
ALARA approach in varying degrees has been adopted by many of those
regulated under the Atomic Energy Control Act. Examples and the performance
of various sectors of the Canadian radiological safety community are given
(Table 1).

Table 1. Projected Life Time Doses

Job Classification Projected Life Dose

Medical Lab. Technicians 37 mSv
! Radiological Technicians (Diagnostic) 50
! Radiological Technicians (Therapeutic) 78
j Nuclear Medicine Technicians 96

Dial Painters 540
Well Loggers 80
Industrial Radiographers 300
Nuclear Fuel Processors 170
Nuclear Station Workers 240
Mechanical Maintainers Nuclear Station 460
Reactor Operators 460
Uranium Miners 140 •*• 40 WLM

Reference: V.N. Sont and J.P. Ashmore. "Projected Whole Body
Cancer Doses tor Radiation Workers in Canada", Health Phys.,
Vol. 47, No. 5, 1984.

TCRP JUSTIFICATION AND OPTIMIZATION

Justification and optimization are discussed. It is assumed that at the
stage of application of ALARA in the regulatory process the more general
justification principle of the ICRP, which considers the totality of cost
and benefit t.o society of the technology which is the source of the
exposure, hay hfsn considered and accepted. The ICRP recommended practice
for optimizing the cost of protection (X) and the cost of the health
detriment (Y) is outlined. This latter is described by the ICRP as alpha
(a). The report identities the slope of the curve which represents the cost
of protection as the Marginal Cost of Dose Reduction - the MCDR. In the
working group's report this is given a key role in the ALARA process. This
is a straight cost-benefit approach.
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FACTORS ASSOCIATED WITH DOSE ESTIMATION

The report discusses at some length some of the factors associated with dose
estimation. The Collective Effective Dose Equivalent (CEDE) is identified
as being of prime concern in the application of ALARA although it is
Identified as recommendsd by the ICRP that situations where a person or
small group of individuals are receiving individual doses near the limit
require special consideration.

The problems associated with determining the CEDE are discussed, in
particular the difficulties associated with the determination of the
collective dose in the case of long-lived radionuclides which may become
widely dispersed in the atmosphere, ocean and biosphere, contributing
minuscule doses to large populations over long time periods. Some of these
difficulties are lack o*' knowledge of the behaviour of radionuclides in
geological time spans, the changes that may occur in population densities,
distributions and life-styles in the future. To simplify some of the major
problems associated with long-lived radionuclides an annual risk level is
proposed below wh i .L the risk may be considered negligible. This is taken
as equivalent to a dose rate of 1 microSv/a.

The problem of .letermininp the effects of the small doses of radiation at
extended times in the future is also identified, i.e., the fact that at some
time medical science will find a cure for malignant diseases. The need to
take this into account in some way, when costing dose, is identified.

COSTING SAFETY IMPROVEMENTS AND HEALTH DETRIMENT

The Marginal Cost of Dose Reduction is a quantity that is usually readily
estimated in any proposed change to a design or to a practice in radiation
protection. This value may be changed to the marginal cost of preventing a
statistical fatality by adoption of a suitable value of fatality risk per
person-Sv. Examples from the report NEA-80 of typical MCDRs in waste
management practice and their equivalent expenditure to prevent a fatality
are given in Table 2, and further values of expenditures to prevent a
fatality are given in an appendix of the draft report. At this stage the
report discusses the difficulty that may arise in the future, perhaps 50 to
100 years from the present, when it is possible that a cure may be found for
malignancies. If this were to occur then, if fatalities are the only
consequences to be considered, the cost that should rightly be assigned to
unit collective dose is zero. The report recognizes that this has been
considered by others and that some radiation protection authorities
recommend that discounting of future dose should be carried out. Some have
recommended sophisticated models for this discounting. The working group
believes that it is valid to apply some form of discounting but that it
should be simple and should be a part of the ALARA "PROCESS".
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Table 2. Estimated Cost-Effectiveness and Cost Per Statistical Life

Nuclide

Tritium

1-129

Saved of Collective Dose Commitment Reduction
or Disposal at i

Waste Form

Cement
Zirconium
Hydride

Silver
Zeolite

i Reference Fuel-Reprocessing

Cost Effectiveness Cost
$/Person-Sv

2.8 x 104

5.5 x 103

Through Storage
Plan

Per

1

2

t

Statistical
Life

4 x 106

7 x 105

Costing health detriment is considered separately and the caution is given
that this may be construed as an attempt to put a value on a human life and
that this raises philosophical and conceptual difficulties. Nevertheless,
attempts have been made to do this, primarily by economists. Examples are
given of two approaches: one by Graham and Vaupel in which foregone
earnings are used, and an early example by Dunster using insurance values.
An example of an estimate equalling $65 000 by Ontario Hydro of the economic
penalty associated with a fatality is cited. The cost of unit collective
dose is estimated from the various examples given illustrating that the
range of such cost is wide (from $1000 to $160 000). This is seen as
presenting some practical difficulties in the application of ALARA.

However, the objective cost of unit collective dose is not the only factor
which would cause a company to commit resources to reduce dose. There are
subjective factors such as public acceptance of a project or major program,
which would justify to a company much larger expenditures. Situations may
also arise where expenditures may be justified by either the objective value
of unit collective dose or comparable expenditures elsewhere in safety.
These expenditures may result in hardship to workers and so not be supported
by them or their unions, at least temporarily.

ALARA AS A PROCESS

Perhaps the most important contribution by the working group to the vast
amount that has been written about ALARA is the recognition that ALARA is a
process and that the manner in which the process is carried out is of
fundamental importance. The working group recommends that the process
includes the following important steps:
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identification of the key participants and a description of
the means by which they will provide input to the process,

a description of the decision-making process; for example,
are safety decisions made by management alone, or in
consultation with workers,

a description of the context in which decisions are made,
including all identified social and economic factors and
their relevance in the particular context,

the levels of radiological and non-radiological risks, and
any information on resource allocations for other safety
activities, and

the marginal costs of dose reduction for alternative dose
reduction strategies.

APPLICATION OF ALARA

The report recommends that the ALARA process should be applied to situations
where either workers or the public may be exposed to radiation as a result
of normal operations, including day-to-day malfunctions and incidents. The
process should not be applied to situations where deterministic approaches
are used to ensure that the radiological risks from serious accidents will
be very small. The process should, however, apply to post accident or
accident recovery operations.

APPLICATION DURING DESIGN AND OPERATION

Finally, the report recognizes that it may be prohibitively costly to follow
the practice of developing designs and evaluating the most cost effective.
In the design process past achievement should be recognized and designers
should match or attempt to improve on past performance as long as this can
be accomplished at reasonable cost.

In the operating phase it is important that mechanisms exist to identify
where collective dose is being received so that action may be taken to
reduce dose guided by the MCDR of the options.

RECOMMENDATIONS

The report recommends that the regulatory application of ALARA by the board
and its licensees should generally follow the recommendations of the ICRP
with some minor exceptions and with a major emphasis on the process.
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Specifically, the committees recommend that the cost-benefit approach
whereby the Marginal Cost of Dose Reduction is determined and this value
compared with the objective costs of other life-saving activities in
society. Following this subjective cost factors should be considered and a
comparison made with safety expenditures elsewhere in societal endeavours.

A major recommendation is that ALARA must be considered as a process and
that two key elements in the process are:

1. the identification of how decisions are made, and

2. that those affected by the decision should be included
in the decision making process.

Recommendations are also made on factors associated with the determination
of Collective Effective Dose Equivalent for long-lived radionuclides that
are environmentally persistent. These are that a lower level of integration
of collective dose rate of one microSv per annum should be adopted and that
some simple form of discounting the worth of future collective dose should
be applied.
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Appendix

ACRP/ACNS
WORKING GROUP

CHAIRMAN: Dr. E. MASTROMATTEO

MEMBERS: ACNS

Dr. O.R. LUNDELL
Dr. A. PEARSON
Mr.W.M. WALKER*

MEMBERS: ACRP

Dr.B.C. LENTLE
Mr, R. WILSON

* Now an AECB member
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RADIATION PROTECTION - IN SEARCH OK KXCELLKNCE

K.T. Popple
Director, Health and Safety Division

Ontario Hydro
700 University Avenue

TORONTO, Ontario M5G 1X6

Canada

ABSTRACT

During the past 25 years, the reduction of occupational radiation doses at
Ontario Hydro's nuclear generating stations has been the prime radiological
safety priority. It is, however, an appropriate time to consider the need for
further improvements in all aspects of the radiation protection program and
how such improvements can be made. Tn other words, time for a renewal of our
commitment in search of excellence in all aspects of radiological safety.
This paper reviews our performance over the last 25 years, highlights some of
the important elements of the present radiation protection program, and
describes some initiatives underway in our strive for excellence.

BACKGROUND

Ontario Hydro's nuclear generation program was initiated in the early 1960's
and has continued to expand to the presently planned capacity of about. 14 000
MW(e) by 1992. About half of the current electrical energy supply for Ontario
is now produced from nuclear generation.

:arly years, many invaluable lessons were learned from the prototype
Douglas Point generating stations which were designed and built by
operated by Ontario Hydro. Some of these lessons dealt with the

In the i
NPD and
Al-XI, and
effective management of radiation hazards associated with the operation and
maintenance of these stations.

RADIATION PR0TKCT10N FERKORMANCK

Karly in Ontario Hydro's nuclear generation program, it was recognized that
the performance of these stations should bo managed by results achieved in a
number of key areas. Specific measures and targets were established and
monitoring of performance has allowed us to identify where improvements were
Tieeded.

Worker Safety

The whole body radiation dose expenditures and growth in net nuclear
electrical generation over the last 25 years are shown in Figure 1, and it
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clearly illustrates the growth in the program from our first prototype station
of 20 MW(e) at NPD to the latest 800 MW(e) reactor units at the Bruce site.
The initial high levels of radiation dose resulted from design problems at the
full scale prototype station at Douglas Point. Both collective and average
individual dose levels decreased significantly in the early 1970's when design
changes were introduced to improve equipment reliability and maintain system
integrity. The design changes, combined with improvements in radiation
protection procedures and practices, have resulted in a continuing decrease in
both collective and average individual dose levels at subsequent stations.

FIG. 1 - COLLECTIVE DOSE PERFORMANCE
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In Ontario Hydro, four unit nuclear generating stations are operated and
M;I inl. nined with a total of about /50 regular staff. A comparison of the doses
for regular station staff and attached staff is shown in figure 2. It shows
Mini the station staff receive about lb% of tho collective dose; however, the
average dose per exposed worker is not significantly different for the two
groups. Normal operations, reactor fuelling and maintenance programs are
usually carried out by the regular station staff. It. is only during major
repair and maintenance programs that significant numbers of attached staff,
such as, the Ontario Hydro construction, are used e.xtensively.

A recent example of this approach was the Large Scale B'uel Channel Replacement
i'rogfam (LSKCRP) at the Pickering station where two reactor units were
successfully re buiIt.
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FIG. 2 - ANNUAL DOSES (5 Year Average)
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Public Safety;

The routine radioactive emissions to air and water from Ontario Hydro's
nuclear generating stations are maintained at a small fraction of the
regulatory limits. The limits that are used for day-to-day monitoring and
control of the various station emission pathways are called Derived Emission
Limits (DRLs)* and these limits for each station are calculated on the basis
of a standard methodology(l).

Although the DHLs provide a conservative level of individual protection,
Ontario Hydro adopted in the early 1970's the target of maintaining emissions
to both air and water to less than 1% of the DEL value for each radionuclide
or radionuclide group. The recorded performance for all of the operating
stations shows that the annual, average emission levels are consistently
maintained below this 1% DEL target. The results of the radiological
environmental monitoring program for ail of the operating stations provides an
ongoing assurance of this performance(2).

RADIATION PROTECTION PROGRAM

Many elements of Ontario Hydro's radiation protection program are
similar to those adopted by other electrical utilities around the
world. There are, however, some that are unique and have played a
major role in the performance achieved.

*Derived Emission Limit (DEL) • is the calculated quantity of a
radionuclide or group of radionuclides which if released from a
nuclear facility on a continuous basis would not result in an
individual member of the public receiving a radiation dose in excess
of the regulatory limits set by the Atomic Energy Control Board.
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Management Commitment

High levels of performance are only achieved if there is a visible commitment
from senior management to all elements of the radiation safety program. This
commitment has to be clearly communicated and accepted throughout the entire
organization all the way down to the first level supervisors and individual
workers. In Ontario Hydro, this commitment was formally documented by senior
management in the 1960's in the form of a set of Corporate Radiation
Protection Regulations(3). These regulations specify the policies and
principles of the overall radiation protection program and clearly define the
roles and responsibilities of the nuclear generating station operations
organization and the health physics support staff. The regulations are, in
fact, referenced in the operating licenses issued by the Atomic Knergy Control
Board for each of the nuclear generating stations.

Station performance in the areas of collective dose and average individual
doses to the workers is continually monitored and formally reported annually
to senior and station management(4). Ontario Hydro's performance is also
compared periodically with other nuclear generating utilities in the world(5)
as illustrated in Figure 3.

FIG. 3 - PERFORMANCE COMPARISON
(1986)
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At lower levels in the organization, commitment is supported by both design
and operating dose targets for individual stations and specific operations.
At the station level, radiation doses received by individual shift crews and
work units are reported and analyzed on a routine basis and performance in
minimizing exposures is considered in shift supervisor performance evaluations.
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Des ign Respons i.bi 1 i ty_

following the early experience from the Nl'D and Douglas Point stations, added
emphasis was given to the responsibility of the design groups in Ontario Hydro
for the reduction of occupational radiation doses for future stations. It was
clearly recognized that a close working relationship between design,
construction, and operating staff was necessary for operating experience t.o be
translated into improved design in an appropriate time frame. A design
support function for occupational dose reduction was created to assist the
design and construction organization and over the years, this process evolved
into a formal "Occupational radiation safety engineering program"(6) . Design
dose targets are allocated to individual systems. The projected dose
performance of a system, based on experience from operating stations, is
compared with these target:; and cost effective measures of reducing doses to
meet them are identified. This design review process requires the active
involvement of the designers, the radiation safety specialists in the design
group, and representatives from station operations and health physics staff.

Design change:; resulting from this process have included more rigorous
•materials selection and control, improved purification systems, component
elimination, improvement in equipment reliability, and plant layout
optimization. The design review process is used effectively not only for
normal station operating conditions but also for major planned repair and
maintenance programs, such as the Large Scale Kuel Channel Replacement Program
(LSKCKP) at the Pickering nuclear generating station.

Kadi at. ion Protection Training

Kxlrnsive training in radiological safety is provided to all regular staff at
Ontario Hydro's nuclear generating stations. Qualification of all station
staff is independently carried out by the station health physics staff who are
not. part, of the station line organization but. report to the corporate Health
and -Safety Division. There are four levels of qualification, and fully
qualified staft are required to complete a total of about LOO hours of
knowledge and skills training in radiation protection over a two year period.
Additional training and qualification in radiation protection is required for
all management and supervisory positions, such as, Shift Supervisors and First
opi-r.if ors, licensed by the Atomic Knergy Control Board.

The practical, training and qualification process has been an important element
in the radiation protection program from the beginning. It provides workers
with the necessary knowledge and skills to adequately protect themselves under
normal operating conditions without reliance on a team of radiation protection
technicians or surveyors. This approach has clear productivity benefits and
tends to do mystify worker concerns about exposures to ionizing radiation.

Operations C on t roI

The operating staff at the nuclear generating stations have developed and
regularly use a number of techniques for reducing and controlling occupational
doses during plant operation ami maintenance. The following provides a brief
description of some of the more effective techniques:
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Dose targets are set by station managers in consultation with the local
health physics staff for normal operations, planned maintenance and
shutdown programs. These targets are currently being reconsidered to
include collective and individual maximum, average and lifetime doses.

Decontamination of the heat transport system is used to remove activated
corrosion products prior to major maintenance programs.

Kuel bundle movement ;n the rear tors is carefully managed to minimize the
occurrence of fuel sheath failures and consequently minimize the fission
product activity within the heat transport and associated systems.

Mock tips and rehearsal facilities, remote handling tools, and special
shielding assemblies are used for work involving high radiation hazards
and possible h'gh radiation exposures.

For the T,arge Scale fuel Channel Koplacoment Program at the Pickering station,
these techniques were successfully implemented to achieve about a ten fold
reduction in the collective whole body dose estimated for this program from an
original total of 130 person- Sv to about 11 person Sv.

Work Planning

Radiation protection is made an integral part of the overall work planning
process on the nuclear generating stations. Work supervisors and technical
support staff responsible for planning work are required to make provisions
for- radiation protection at each step of a work plan as it is developed. This
include:; identifying the hazards, estimating the radiation doses associated
wLtli each step, identifying alternate work methods, and defining the necessary
controls and protection to be used to minimize exposures. Formal work plans
involving high radiation hazard levels and possible high exposures are
subjected to a formal review process and have to be approved by the operations
ri.iperviunr and station health physics st.aff. This process ensures, for
exj-inple, the identification of work which is complicated, unfamiliar, or
involves high radiation ha/.ards where specific job training may be desirable
prior to carrying out the work.

KXCK1.1,KNCK IN NADIATION PROTECTION

Since the Ontario Hydro nuclear generation program began in 1962, enormous
growth has occurred with 16 full scale commercial reactor units now in service
and four mor<v planned by 1994. Also societal expectations and interpretation
of standards in radiation protection have changed considerably over the past
Ab years. Given these two factors, we are undertaking a renewed commitment to
excellence in radiation protection in Ontario Hydro. In doing so, we realize
I hat I here is no substitute for a visible, unswerving commitment to excellence
by management, which, like most things, needs a fresh injection of enthusiasm
I tout time to time.
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There is no simple definition of excellence in radiological safety, or for
that matter, in any other field of endeavour, but the concept of excellence
imp lieu a continuous search for, and achievement of, improved performance and
of full utilization of available resources.

Attaining excellence requires an uncompromising attitude of continually
setting and meeting challenging goals for improvement and of being satisfied
with nothing less than 100%. further, this concept of continuous improvements
in radiological safety performance is entirely consistent with the Al.AKA
principle, as stated in the Recommendation of the Internationa] Commission on
Radiological Protection, ICKP Publication 26:(/) "that all exposure;; shall be
kept as low as reasonably achievable, economic and social factors being taken
into account".

It is evident that what i:; reasonably achievable is a function of our
understanding of the nature of radiation risks; the level of technology
available to manage radiation risks; the level o{ practical experience in
managing radiation risks; the level of concern regarding radiation risks
amongst employers, employees and the public; arid the level and nature of
competition tron other health and safety risks tor the limited econoric
resources available to reduce all risks.

The level, of understanding, available technology, and practical experience
generally improve with time, and therefore, make it possible fur there to be
continuous improvement in radiological safety performance. It is also clear
thai- both employees and the public Geek and expect such improvements. On the
other hand, the competition for limited economic resources available is also
increasing.

The current, level of radiological safety performance in Ontario Hydro is such
thai il would be <iif.fi.cu It to justify additional large capital expenditures to
i ;'.iprove performance. The future approach, therefore, must be primarily
focussed on management systems rather than technological changes, and must be
aimed at more effective use of investments already made in the design of
existing stations.

Two major initiatives that will contribute !o improved radiation protection
performance at the nuclear generating stations are currently being implemented.

Peer Evaluations

A self evaluation program, based on the proven process and techniques
developed and used by the Institute of Nuclear Power1 Operations (INI'O) in the
U.S., has been implemented in Ontario Hydro. The ]NPO organization was
created in 19/9 following the accident at the Three Mi.ie Island generating
station. Its overall mission is stated as follows:

"To provide the highest levels of safety and reliability to
promote excellence i n the operation of nuclear electric,
gene rat. ing slat ions . "(8)
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The self- ova luat ion peocoas, or "Fc«r Evaluation Process" as we refer to it. in
Ontario Hydro, was adopted from the operating plant evaluations process used
INt'O and cover;; a number of important operating area;;, one of which is
radiation protection. One of the main strengths of this process is that the
information gathering i u based mainly on direct observation of work being
performed and the material conditions of the facilities arid equipment at the
station. The evaluations are carried out by a team of hand picked, high
performing ©valuators who have been trained in observation techniques and have
a daiLy dialogue with their station peers or counterparts during the
on- station phase of the evaluation. The first evaluations f-.ir all. of the
existing operating stations have been completed and they were successful in
identifying a number of important areas for improvement in radiation
protection, such as, personnel, monitoring and contamination control and
radioactive waste management.

1ndependont Assessments

Coinp' ement ing the Peer (Evaluation process, the Health Physic:; staff in Ontario
Hydro are using an improved and more systematic radiation safety assessment
program at each of the generating slat lons(9). The primary objective of this
assessment program : •• tn f oi";'.. I i •'.(* the on going assessment role of the Station
Health I'hysicis! a • defined in trie Radiation Protection Regulations, namely,

"Health and Safety Division shall continual l.y assess the
effectiveness of the radiation protection program. The
assessment will. include monitoring, investigating unusual
:;i.tuat ions and periodic auditing."

. in. overall ;.b j ..•<:!. V ves of the assessment program are:

» to independently identify to Facility Management the extent to which the
radiation safety program is being executed as designed, the adequacy of
the program c3e:;ign, the risks resulting from the program as actually
executed, and the strategies for performance improvement, and

• to provide Ontario Hydro management, regulatory agencies, and other
legitimate interest groups, assurances that radiation safety programs are
being properly managed and executed and the deficiencies in these
programs are identified and corrected."

The independent assessment program defines three types of assessments to be
carried out by the Health Physics staff. On- going assessments to detect any
variances from standards as defined in 1h major elements of the radiation
safety program; investigations of any radiation accidents or incidents using
the "System safety" investigation process and techniques; and detailed
assessments that may be triggered by either the on going assessments or the
aceident/incident investigations. The detailed assessments may focus on a
single element of the radiation safety program or any combination of the 14
• • lenient.s as defined.
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The Peer Evaluations, on a year to year basis, and the independent
assessments, on a. week to week basis, will provide continuing feedback not
only on the overall effectiveness of the radiation safety program design but
also how well it is being executed at the various facilities. The findings
from these assessments will, enable line management to decide on cost effective
improvements; however, there will always be the need to ensure that the
effective remedial actions are taken. As the Chairman of the 1NPO
organization stated:

"Commitment to excellence i;; essential, but it is not enough. We
must achieve excellence if we are to receive the regulatory and
public respect we have so long sought(10)."

Meeting this goal, 1 believe, is the challenge for our nuclear general, i nj",
station;': in the 1.990's. Our past accomplishments in reducing and ^nntrolling
occupational radiat.ioa dose.; has shown that we have the expertise and the
capability to meet such a challenge. As- stated already, what we now need is a
fresh injection of enthusiasm, a renewal of our eon-nutment , a rofoeus of our
priorities and then get on with the job.
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ABSTRACT

The overall objective of Canada's Nuclear Fuel Waste Management Program
(CNFWMP) is to develop a method for safe, permanent disposal of nuclear
fuel waste from Candu™ reactors. Research and development pertaining to
this program covers interim storage, transportation, immobilization and
subsequent disposal. The proposed disposal concept involves burial of
waste deep in plutonic rock. A combination of man-made and natural
barriers will ensure safety of the facility. Experimental results and
natural analogues are used to guide the long-term environmental assessment
of the concept. At the present time, the CNFVMP is entering the concept
assessment phase, when regulatory agencies and the public will review a
formal submission, the Concept Assessment Document, summarizing the
findings of the program.

INTRODUCTION

The overall objective of Canada's Nuclear Fuel Was^e Management Program is
to ensure that radioactive wa.?te will have no significant adverse effects
on people and the environment at any time. There is no urgent need to
implement a disposal program now, because the present storage facilities
for Candu™ fuel, namely, water-filled storage bays at the reactor sites,
are adequate for several decades (1). This is the time, however, to
develop an appropriate strategy for permanent disposal and to secure public
acceptance.

This paper briefly describes the disposal concept and methodologies, and
experimental programs developed to assess the concept. The use of man-made
and natural barriers, as well as studies of natural analogues and
Shield surface environments will also 1K> discussed.
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Canadian Disposal Concept and Schedule for its Review

The governments of Canada and Ontario launched the Nuclear Fuel Waste
Management Program in 1978 (2). Ontario Hydro, a provincial utility, was
given the responsibility for developing and demonstrating the technologies
for interim storage and transportation of used fuel. Atomic Energy of
Canada Limited (AECL), a federal Crown corporation, was given the
responsibility for assessing the concept of disposal of nuclear fuel wastes
deep in a stable rock formation, and for developing and demonstrating the
associated technologies.

The program of developing and assessing the concept is now well advanced
and is entering a public and regulatory review process. A review panel is
expected to be established by the Minister of the Environment in the next
few months. It is anticipated that the panel will meet with the public,
AECL, and appropriate agencies of the federal and provincial governments
during 1989 to determine the scope of the review. Assuming that guidelines
are available from rhe panel by 1989, AECL plans to submit its Concept
Assessment Documentation (CAD) to the panel and the Atomic Energy Control
Board in 1991. Public hearings will be convened by the panel to review the
assessment, prohably during 1992. Based on recommendations from these
reviews, the government is expected to decide on the acceptability of the
concept. Site selection can begin only after the concept has been assessed
and the assessment has been reviewed by government agencies and the public.

The Canadian concept is to dispose of the immobilized nuclear fuel waste
deep in stable plutonic rock in the Canadian Shield. The term "nuclear
fuel waste'' is defined as both used fuel discharged from reactors and high-
level radioactive wastes that would result from reprocessing of used fuel
should recycling be implemented in the future.

The disposal concept uses a multibarrier approach (Figure 1). The disposal
vault would consist of an engineered excavation deep in the rock. The
waste would be sealed in a corrosion-resistant container, and emplaced in
the floor of rooms excavated in the rock mass, 500 to 1000 m below the
surface. The waste containers would be surrounded by a mixture of sand and
clay. When filled with containers, the rooms, access tunnels, and shafts
would be backfilled with a mixture of clay and crushed granite, and sealed
to ensure that no direct pathway from the vault to the biosphere remains.
This system of multiple barriers is designed to prevent radionuclide
migration to the biosphere in amounts that would present unacceptable risks
to people and the environment, without relying on any one barrier alone.

RESEARCH AND DEVELOPMENT

The generic research and development during the last decade achieved most
of the technical objectives set up at the beginning of the program and led
to the following achievements:
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Dissolution of used Candu™ fuel in groundvaters of the
Canadian Shield has been modelled using fundamental
mechanisms.

Conceptual container designs for disposal of used fuel have
been developed and prototypes tested; underlying materials
research has provided estimates of container lifetime.

Buffer and backfill properties have been investigated;
conceptual designs for equipment to emplace these materials
are available.

A methodology to characterize a site for a disposal facility
has been developed and is being demonstrated.

The Underground Research Laboratory (URL), a unique geoscience
research facility, has been constructed; experiments are
contributing to our understanding of geomechanics and
hydrogeology.

Natural analogues, specifically the rich uranium ore deposit
at Cigar Lake, are contributing to validation of geochemical
models.

Performance assessment methodology to evaluate the basic
safety and environmental aspects of a disposal system has been
developed and received extensive international peer review.

Dissolution of Used Fuel

The leaching and dissolution studies of used Candu™ fuel show that U02 is
highly resistant to dissolution by groundwaters commonly found at depth in
the Shield.

Radionuclide release from used fuel is ba ;ed on fundamental mechanisms and
a mathematical model has been developed and validated against experiments
(3). The three principal mechanisms of release are shown in Figure 2.
First, there is a rapid release of a fraction of volatile fission products,
notably about 2% of the inventory of. iodine and cesium, after the fuel
element is breached. This "instant release" occurs from the gap and
connected void space in the fuel element, to which volatile species migrate
during irradiation in the reactor. The instant release appears to be
independent of redox conditions in the groundwater. Next, fission
products, mainly iodine and cesium, are released over a period of many
years by preferential dissolution at the fuel grain boundaries. The rate
of release depends on the irradiation history of the fuel in the reactor.
Finally, there is a slow congruent dissolution, controlled by the
solubility of the U02 grains. Long-term leaching experiments show that the
fractional releases of technetium, strontium, pljtonium and uranium are
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comparable, in spite of their widely differing chemical properties. The
rate of congruent dissolution is strongly dependent on redox conditions;
under reducing conditions, the rate of congruent dissolution is lower.

Container

Several container designs are being evaluated (4). Prototype supported-
shell containers, with a 4-mm-thick titanium alloy outer shell, have
withstood external pressures up to 10 MPa at 150°C, meeting the primary
structural requirements for disposal in a vault at a depth of 1000 m.
Figure 3 shows the reference design for a particulate-filled container: a
cylinder 640 mm in diameter and 2200 mm in length, with a capacity of 72
bundles (about 1400 kg U).

To achieve container integrity for a period of about 500 years, the
container material must be highly resistant to the saline groundwaters
found at depth in the Shield (5, 6). Attention has focused on titanium
alloys, which provide protection by forming a passive surface film.
Crevice corrosion can be initiated at temperatures as low as 100°C, but its
propagation rate decreases with time.

Buffer. Backfill and Sealing

In the reference disposal facility design, each container is emplaced in a
vertical borehole in the floor of the disposal room and is surrounded by a
compacted buffer material (7).

A buffer consisting of equal weights of sand and sodium-bentonite clay has
been shown to provide an excellent diffusion barrier. Most of the
important physical and mechanical properties, such as strength, hydraulic
and thermal conductivities, and drying shrinkage, are optimized at this
composition. Sodium-bentonite has a high sorption capacity for many
radionuclides and contributes to retarding their rate of transport. Also,
the effective diffusion coefficients for anions such as I" and TcO4

2" are
very small. Moreover, there is a potential for tailoring the buffer
chemistry by the use of selected additives (8).

Site Characterization Methodology

Field research is now well advanced at three locations in the Precambrian
Shield: in the Atikokan and East Bull Lake regions of northern Ontario, and
particularly in the Vhiteshell region of southeastern Manitoba. Since
1978, the geology and hydrogeology of these research areas have been
characterized, and studies of the groundwater flow in each area are
continuing by monitoring the installed network of boreholes (9).
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The field studies have assisted in the development of techniques and
specialized instruments that can be used to derive a three-dimensional
description of the geology of a rock mass and its groundwater flow system.
This research is leading to the development of comprehensive methodology to
characterize disposal sites and to evaluate their isolation potential (10).

Underground Research Laboratory

Construction of the URL in a previously undisturbed granite rock mass,
situated in the Whiteshell Research Area, is now at an advanced stage
(Figure 4). The excavations comprise vertical access and ventilation
shafts, 255 m deep, and laboratory rooms at a depth of 240 m (9).

Pre-excavat ion characterization of the URL site has been used to
demonstrate the methodology for describing potential disposal sites. To
date, work at the laboratory has provided unique information on the
response of the rock mass and its groundwater flow system to excavation.
Construction-phase experiments have provided valuable information on the
characteristics of the rock mass, and in particular on its response to
excavation.

The access shaft has been extended to a depth of 443 m. Experiments are
planned to study response of the rock mass to heating, movement of
contaminants and groundwater through the rock mass, interaction of
container and sealing materials with granite and groundwater, and
effectiveness of various sealing methods.

Natural Analogue Studies

Interesting geochemical field studies were completed at the Cigar Lake
uranium ore deposit in northern Saskatchewan (11). Our studies of cores
from exploratory boreholes indicate that the ore body was formed about one
billion years ago in saline groundwater at temperatures of 150 to 200°C.

The Cigar Lake deposit, shown in Figure 5, consists of uranium oxides, with
an average grade of ore of about 12 vtX uranium. Many subvertical
fractures intersect both the ore body and the host rocks. The research at
Cigar Lake is providing an understanding of the origin and evolution of the
ore deposit and can be applied to validate models of geochemical processes
in a disposal vault.

Performance Assessment

The systems variability analysis methodology, which is the basis of the
SYVAC computer code, is now well established as a method of assessing the
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long-term safety of a disposal system (12). Models describing physical and
chemical processes in the vault, geosphere and biosphere have been
developed.

The vault model includes the rate of container failure, the release of
radionuclides from waste forms based on reaction kinetics or thermodynamic
equilibria, the concentration of dissolved radionuclides based on
solubility equilibria, transport of radionuclides through the buffer, and
the coupling processes between the vault and the geosphere.

The geosphere model includes migration along major fracture zones, in
addition to diffusion into the rock, matrix and sorption on fracture
surfaces.

The biosphere model which tracks the transport of radionuclides through
major pathways in the biosphere consists of four submodels: the food chain
and dose, the lake, the soil, and the atmosphere (Figure 6).

Doses are assessed for all the major pathways for radionuclides to reach
the critical individual, a reference person who lives at the discharge zone
and obtains all his water and food here. Consistent with the requirement
for concept assessment, vc have also reviewed all the potentially
chemically toxic elements in the vault and the concentrations of all vault
inventory elements in the biosphere. The intention is to predict the
concentration of these elements in soil and drinking water for comparison
with federal and provincial standards. An assessment of the impact of the
proposed disposal vault on the environment, apart from man, will be carried
out and a supporting document provided for concept assessment.

Pathways to the Environment and Man

Deep groundwater containing dissolved radionuclides could eventually reach
the biosphere (13). This groundwater may enter a well drilled into, or
rlose to, a fracture in the rock mass; a lake or low-lying wetland; or a
terrestrial location higher on the landscape through a perched water table
or minor fracture. The most probable natural entry point is a lake or bog.

In the case of a lake, we expect two major processes to occur:

- dispersion and mixing in the water column, and
- sorption onto particulates and sedimentation.

The sediments are then buried with time and behave as a sink for the
reactive radionuclides entering the lake.
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In the case of a bog, similar processes take place. The radionuclides
enter the bog with the groundvater through a rock fracture at its base and
are dispersed with the water. Both the lake and the bog have two common
factors, high organic matter contents and reducing conditions. These
factors may immobilize radionuclides by chemical precipitation and reduced
solubility.

Several experiments have been carried out to investigate the immobilization
of radionuclides in a bog. One study demonstrated that Np, Tc, and U
placed 0.4 m below the peat surface in large-block peat cores were
immobilized, probably in a reduced form, and essentially trapped (Figure
7). Iodine, however, reached the surface quickly and dispersed thoroughly
(14). A further study showed that this occurred in a real bog cradled by a
granitic host rock, but the extent of the migration was limited (Figure 8)
and iodine concentrations at the bog surface vere low (15). This
highlights the fact that the biosphere, like the geosphere, has unique
materials and chemistry which can also act as a barrier to radionuclides
brought to it by deep groundwater.

A terrestrial discharge point is highly improbable; however, investigation
of transport in unsaturated soil has been included in our modelling. This
work shows that the soil acts as a natural barrier 'o radionuclide
transport. The leached sell profiles commonly found on the Shield are
proof that natural elements and radionuclides present in reck tend to be
removed from the soil, and the predominant transport pathway is downward
away from the soil surface (16). Figure 9 shows the very long transport
times for the dispersion of radionuclides dissolved in the groundwater to
reach the soil surface from even a shallow 1-m soil profile. The mass of
radionuclide itself never moves up since mean annual precipitation is
almost always greater than evapotranspiration on the Shield (16).

SUMMARY

Canada has a comprehensive program lo manage its nuclear fuel waste. The
research and development program emphasizes the need to establish safe and
responsible disposal methods that ensure there will be no significant
adverse effect on people and the environment from these wastes.

The concept for deep geological disposal in plutonic rock is being assessed
and the research programs supporting this concept are well advanced.
Containers si1, rounded by natviral materials in an engineered vault impede
the release ot radionuclides. Understanding of transport processes in the
vault, geosphere and biosphere has led to a state-of-the-art model. All
important transport pathways for tadionuclides from the geosphere to reach
a reference individual of the critical group who dwells self-sufficiently
at the discharge zone are included. The unsaturated soil zone and wetlands
act as natural barriers to radionuclides entering this critical
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individuals' food and drinking water. Our research and development have
provided a comprehensive and complimentary understanding of the complex
underlying chemical and physical processes for the models developed to
predict the consequence of nuclear fuel waste disposal.

Effect of Soil Type on Soil Concentration
With a Groundwater Discharge
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Concrete canisters have become accepted for the management of
used nuclear fuel. To date three canister storage sites have been licensed
in Canada and the licensing of a fourth is in progress. In this paper
radiological protection studies associated with the development of the
concept are outlined. Dosimetric data from operational loadings of canis-
ters are also provided. These data establish the basis on vhich compari-
sons of dose commitments can be made with continued fuel storage in bays.

Dry storage of used nuclear fuel in concrete canisters was
studied in the mid-seventies. The canister is a reinforced concrete
structure with an interior steel liner into which used fuel is placed.
Fuel is loaded vertically into a stainless steel basket, vhich is then
dried and seal-welded. The basket is the release-prevention barrier,
whereas the concrete provides shielding and heat conduction to the
atmosphere. Once loaded and welded shut, each canister is a secure and
complete storage entity. The International Atomic Energy Agency (IAEA)
places special safeguard seals on the canisters.

Operationally, fuel is loaded into baskets either under water in
the fuel storage bay or as it is done at the Whiteshell Nuclear Research
Establishment (WNRE), after transfer to a hot cells facility. In the
former method the basket is raised into a shielded welding station by a
winch and grappling mechanism. There the fuel and basket are dried and the
basket cover is seal-welded. Radiation field measurements are also made
while the basket is in the welding station.

A lead-shielded flask is used to transport the loaded basket to
the canister field site. The flask contains the winch and grapple assembly
that lowers the basket into the open canister.

At the canister itself, a dual gantry crane hoists the transfer
flask from the transporting truck to the top of the canister. The second
winch raises the concrete and steel plug of the canister. The transfer
flask and the canister plug are moved in tandem so that skyshine from a
skyward-directed beam is eliminated.

Once lowered into the canister, the grapple is withdrawn, the
bottom doors of the flask are closed and the flask and plug are moved in
tandem again. The plug is lowered into place, the flask returned to the
truck and thence to the storage bays.



In the development of this concept, the radiological safety of
several features required to be studied: 1) The possibility of defects
arising in the dry fuel during transport; 2) Skyshine from an open
canister; 3) Radiation fields from the unshielded fuel, from the transfer
flask and from the canisters; 4) The efficacy of the shielding of the
concrete in the canisters; and 5) Personnel doses during the loading
operations. These are the studies that I wish to report on in this paper.

The ability of used fuel to withstand transportation in a dry
state was investigated. The original test program involved the transporta-
tion by truck of Douglas Point Generating Station fuel to WNRE. The
shipments, using the Pegase flask, provided a test for the arising of
defected elements during transit. No evidence of defects by virtue of the
krypton-85 analyses of the flask atmosphere was found. Statistically, 6840
elements of CANDU™ fuel were transported over 2 000 km without loss of
element integrity.

TABLE 1. EXPERIENCE WITH LONG DISTANCE, DRY TRANSPORT OF USED NUCLEAR FUEL

P d • air

Expei.

efers:

ience:

observations:

- no
- no
- no

loss of
increase
element

Shipments 4
Bundles 360
Elements 19 per bundle
Distance 2000 km

14 x 10fi element-kilometres

controlled atmosphere in flask
in flask contamination

sheath defects created

This study gave confidence that dry fuel transfers from the water
bay to the canister could be accomplished without causing fuel sheath de-
fects. In the operational loadings now conducted, the fuel is transported
only a few kilometres from the storage bay to the canister.

Skyshine from a skyward-directed beam of radiation from an open
canister was evaluated. Whiteshell Research gained experience with
skv.shine, as a result of a field irradiation project. In that study a

10 000-Ci (3.7 x 1014 li'i) source of cesium-137 was elevated to the top of a
20m tower in a protected area. Studies of the appropriate models for the
dose rate with distance from the source were made.

Based on the modeling of the skyshine term, Whiteshell Research
decided to measure scattered radiation from an open canister at one metre
above grade. For these studies the top was removed from a loaded canister
and the radiation beam was emitted skyward. Normalized data from five
tests are given in Figure 1. The air-scattered radiation component is
given as a fraction of the intensity of the emergent skyward beam according
to distance from the canister surface. The peak of skyshine radiation from
an open canister contributed a dose rate less than 80 uGy/h at a position
7 - 8 m from the exterior wall of the canister for this particular
canister.
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Operators at grade level would experience a low dose rate due to
skyshine should the canister top be removed. This radiation, however, can
be avoided by the loading procedure that prevents the unrestricted
emergence of a skyward-directed beam.

Radiation levels from unshielded fuel bundles and from an un-
shielded loaded fuel basket are of importance for emergency planning as
well as for assessment of shielding in the transfer flask and canisters.

The variation of dose rate with distance from an unshielded,
loaded fuel basket was obtained within a hot cells facility. These data
are shown in Figure 2. At approximately 15 cm from the basket surface,
dose rates of the order of 40 Gy/h were observed. These decreased to
1.2 Gy/h at 2 m from the basket surface, and at ~ 3 m, the dose rate
entered the region of an inverse square reduction with distance from the
basket. These observations aided contingency planning and the evaluation
of shielding.

The shielding in each of the six initial canisters used at
Whiteshell Research was examined by the health physics staff using an asym-
metric cobalt-60 source. The source was raised within the canister and the
radiation dose rate measured, circumferentially, at each elevation. No
discontinuities were found and the shielding attenuated the beam as pre-
dicted by calculation.

One test canister was fitted with an electrical heater. The
source check of this canister in a cold state and with a cavity temperature
of 300°C produced the same penetration of the cobalt-60 photons through the
concrete. This test gave confidence that the effectiveness of shielding
was not altered by elevated cavity temperatures as would occur with a fully
loaded canister.

The effect of thick shielding on the energy spectrum of gamma
photons emitted by the fuel was examined. Pulse-height analyzer tracings
of photon energy spectrum from a speck of unshielded CANDU™ fuel were
compared with the energy spectrum observed at the external surface of a
loaded canister. The multiple scattering events encountered by the gamma
radiation from fuel smeared the spectrum and removed the peak attributable
to cesium-137.

Once loaded, the radiation at the external surface of the
canister was measured. Considerable data on this external dose rate, both
at the surface of the canister and at some distance from it, have been
collected over a ten-year period.

Dose rates as a function of distance from the external surface of
the canisters have been regularly measured. With these data, one can
predict the ambient dose rate in an array of canisters when assessing the
collective dose arising in surveillance and maintenance work.



- 188 -

x 10"

n

0)

E
Z I x 10
o
c_o

2

SKYSHINE
Fraction of emergent beam which is present
as skyshine near ground level for an open

top canister

Emergent beam

Figure 1,

Measured
skyshine

(1 m elevation)

Ix lO"
1.0 2 5 10 20 50

Horizontal distance from canister centre (m)

>IOO

Dose rate in air as a function of distance
from unshielded basket with 10-month-
cooled WR-1 fuel

Reference *
slope = - 2

Figure 2.

Distance from external wall (m)



- 189 -

Representative data are given in Table 2. These data were part
of the quarterly survey of the first operational canister used at WNRE for
the routine storage of WR-1 fuel. The fifty-fold decline in on-contact
dose rate, from 60 Gy/h to 1.1 Gy/h, over a ten-year period for this fuel
is consistent vith observations made with demonstration canisters. A
hundred-fold decrease in the on-contact dose rate was observed over a ten-
year period for nine-month-cooled WR-1 fuel stored in a demonstration
canister.

TABLE 2. TIME-DEPENDENT CHANGE IN RADIATION DOSE RATE FROM A LOADED
CONCRETE CANISTER

1978
1988

WR-1

DATE

October
September

fuel, WNRE

RADIATION DOSE
On Contact

RATE
2.0

60. 13
1.1 0

Canister Storage Area

(uGy/h)
m

'.9

Change in dose rate with distance from a large source such as the
canister is important for design and the planning of maintenance in an
array of canisters. Data obtained during the demonstration canister pro-
gram are shown in Figure 3. These data indicate that the change of dose
rate with distance enters the inverse-square region of variation at a dis-
tance of five metres from the canister surface. At that point the dose
rate is an order of magnitude less than that measured on the canister wall.

The gamma energy spectrum observed from the used fuel
demonstrated the dominance of the 0.66-MeV emission from cesium-137. One
therefore expects that dose rates from the loaded canisters will decline
with the 30-a half-life of cesium-137 in the period after approximately ten
yp .̂  of cooling.

While the radiation protection program has been assisted by these
physical data, the program has been successful because of its operational
considerations. The practical health physics staff who worked with the
operational staff developed detailed procedures for the radiation protec-
tion program. The areas addressed by these procedures are illustrated in
Table 3.

TABLE 3. RADIATION PROTECTION PROCEDURE DEVELOPMENT

1. Mock-up; Practise and Procedure Documentation
2. Fuel Bay Operation
3. Transfer or Basket to Welding Station
4. Drying, Welding of Basket
z). Placement of Basket in Transfer Flask
6. Transport of Transfer Flask
7. Canister Loading
8. Return Transfer Flask to Welding Station
9. Welding Quality Assurance
10. Basket Weld Repairs
11. Abnormal Exposures
12. Contingencies
13. Canister Area Maintenance
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Each step of the operational program involved detailed radiation
and contamination surveys, the recording of data, the use of continuously
monitoring instruments for area radiation and for airborne contaminations.
Hence, the planning and the acquisition of experimental data serve the
operational staff well when they are converted into detailed procedures and
ongoing monitoring performed by the health physics technical staff.

Detailed collective dose data are now available for this storage
program. The data in Table 4 show the progressive reduction from the dem-
onstration phase to the largest operational program yet undertaken.

The experience at the Douglas Point Generating S tation has in-
volved the transfer of more than 22 000 bundles of used CANDU™ fuel. The
collective dose has been less than 12 person-mSv, that is, less than 1.2
person-rem. The fuel has been transferred into a physically contained
storage medium. It will require nominal annual maintenance in an out-of-
doors location and has an engineering design lifetime of 50 years.

TABLE 4. COLLECTIVE DOSE EXPERIENCE

1.

2.

3.

DEMONSTRATION (WNRE)

Fuel Canisters Baskets

WR-1 1
DPGS 1

GENTILLY (G-l)

Canisters

11

DOUGLAS POINT

Canisters

46

6
6

Baskets

88

(DPGS)

Baskets

486

Bundles

138
360

Bundles

3200

Bundles

22,256

Collect.

8.3
5.0

Collect.

7.5

Collect.

11.4*

Dose

Dose

Dose

Includes neutron collective dose of 0.73 person-mSv
Collective Dose in Person-mSv
1 Person-mSv =0.1 Person-rem

SUMMARY

The concrete canister fuel storage program commenced fifteen
years ago. Radiation protection studies investigated the nature of the
radiation field from unshielded and shielded fuel. The efficacy of
canister shielding was tested. Changes in isodose contours from loaded
canisters have been followed for a decade as fission products have decayed.
Concrete canisters offer an attractive alternative to expansion of storage
bays for long-term used fuel storage. Advantageous collective doses have
been achieved as detailed procedures have evolved and operating experience
has been gained.
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ABSTRACT

The primary product of radioactive waste management is radiation safety.
Atomic Energy of Canada Limited (AECL) is developing methods that '..ill
permit its Chalk. River Nuclear Laboratories (CRNL) lov-level radioactive
waste management operations to make the transition from the storage mode to
permanent disposal. The proposed methods include several disposal concepts
designed to be matched to a range of waste categories defined by the
hazardous lifetime of the wastes. However, the acceptance criteria that
are based on hazardous lifetime must take into account the combination of
risks to the operational staff, the nearby residents, both current and
future, and intruders who might inadvertently encounter the waste.
Estimation of these risks requires an assessment of the expected perfor-
mance of the disposal facilities and the probability that radiation.
exposures will occur in a certain manner. Improved procedures are needed
to ensure a practical approach to disposal.

INTRODUCTION

The prime product of radioactive waste management is radiation safety.
Otherwise, it is little different in objectives to any other waste manage-
ment operation. However, radiation protection overshadows all other
considerations, e.g. economics, land use, and regional convenience. There
are, of course, unique aspects in our approach to radioactive waste
management that have set it apart from other waste management operations.

One difference is time scale. Even though there are other wastes which
retain their hazardous properties for very long periods, even permanently,
industrial practice has not often taken the long-term view adopted for
radioactive waste management. Even among low-level radioactive wastes
(LLRW), on which this paper focuses, some are viewed as having potential
radiation impacts for periods of thousands of years. The long time scale
has caused the concerns of waste management to be given special consider-
ation in the overall field of radiation protection. The Organization for
Economic Cooperation & Development (OECD)/Nuclear Energy Agency (NEA)(1)
and the International Commission on Radiological Protection (ICRP)(2) have
published expert studies. Recent activities sponsored by the International
Atomic Energy Agency (IAEA) have examined the question of using a unified
approach to radiation safety (3,4) for current operations and future
situations. As will be mentioned later in this paper, a unified approach
would be very beneficial in waste management considerations.
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The question of time scales has been addressed by the Atomic Energy Control
Board (AECB) in their regulation of waste management(5). Demonstrated
compliance vith the risk, objective of 10"" in a year need not exceed a
period of 10 000 years, except for cases in which the predicted risks do
not peak in that period, and thus require some additional assurance.

Another difference is economics. Because of the relatively small volumes
of waste relative to the value of the activity generating them, the cost of
management does not have the large effect on commercial viability that is
common in some industries. The implication should not be drawn that the
costs of radioactive waste management are of little concern to the waste
generator and the waste manager--they are. However, granting that proper
concerns for efficiency must be practiced, radiation protection, as the
prime product, dominates the decision making.

LLRW STORAGE AND DISPOSAL

All Canadian solid radioactive wastes are managed in facilities licensed as
interim storage only. No facilities recognized as suitable for permanent
disposal have been built. However, the AECB's regulation specifically
states that the preferred approach is disposal. We, at AECL, share that
preference. There are a number of reasons, and one of them is radiation
safety.

A system for LLRW management using storage methods involves a number of
steps that present sources of potential operational exposure. These
include waste collection, processing, emplacement and facility surveil-
lance, all of which are also necessary in a disposal operation as well.
However, the care of stored waste does not end when it is emplaced in its
storage location unless it only contains radionuclides that will decay in a
relatively short period of several decades. Since much of the LLRW does
not qualify as having such a short hazardous lifetime, there is a likeli-
hood that its hazard will outlast our ability to ensure the necessary
continuing care, and that eventually it will need to be retrieved for
transfer to new containment having either storage or disposal qualifica-
tions. This retrieval and transfer offers another source of potential
operational exposure. In addition, if the initial emplacement in storage
was not done with planned retrieval in mind, then insufficiencies in
packaging and characterization may require that these operations be
repeated. There are, of course, cost penalties as well as extra occupa-
tional dose involved in these repeated steps.

Thus, although it has practiced storage for over forty years, AECL is now
well along in a program to make the transition from storage to permanent
disposal of LLRW. The benefits we foresee include, of course, the savings
in dose and costs of avoiding double handling. They also include the
reasons cited by the AECB as supporting their preference for disposal (5).
Important among these to AECL is the growing legacy of responsibility that
is represented by an increasing inventory of stored wastes, both our own
and those produced by other Canadian sources, that will have a call on
future resources.
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A switch to disposal is not without its difficulties. The disposal systems
replacing storage must have a durability of protection that outlasts the
hazard of the waste. A complementary difficulty to the need for durability
is the need to substantiate that the long-term performance will be
achieved. The AECB has stated that a demonstration of long-term compliance
can only be done by predictive mathematical modelling techniques. Thus,
our program must ensure that such tools appropriate to our disposal methods
are available.

RADIATION SAFETY ASPECTS OF LLRW DISPOSAL

The performance of a LLRW disposal system needs to be assessed from the
point of view of three groups of people: the operational staff, the nearby
residents, both current and future, and the potential intruders who might
inadvertently encounter the waste. The radiation protection of each group
requires different features to be considered in the location, design,
construction, operation and closure of a disposal system.

The three groups also present different concerns from the point of view of
risks and their assessment since the probability of doses actually occur-
ring as predicted are greatly different for each. Because of this, the
process of optimizing protection would benefit greatly from a unified
approach to radiation safety.

Protection for the occupational worker can be based on real experience.
The probability of exposure is unity, and the magnitude is immediately
measurable, and subject to adjustment by changes in procedures. Protection
of the current nearby resident involves many of the same factors as for the
worker, e.g. direct radiation and containment of spills. However, the
effectiveness of the protection of the future resident at the site boundary
is dependent on how well the disposal system is designed, operated, and
closed today. If the system specifies that all wastes are to be processed
and packaged in a stable leach-resistant form, then the potential dose two
centuries later to the farm family at the boundary, using water from a well
for all their needs, will be lower--perhaps. If, however, the municipality
has spread up to the site boundary, and the nearby residents all have
access to the municipal water supply and the local supermarket, then much
of the benefit of the improved processing of the waste will not be real-
ized. The extra occupational exposure will, however, have been real.
However, when the performance assessment is made during the development of
the disposal system, the assumption is usually made that the probability is
unity that the predicted dose to the critical group will occur, and the
risks balanced accordingly.

A basis for factoring in the protection of the inadvertent intruder is even
more problematical because of the large uncertainties in both the proba-
bility of intrusion occurring, and in the consequences of the intrusion.
In our assessments, we have more or less followed the modelling precedents
set by the U.S. Nuclear Regulatory Commission (USNRC) in establishing
regulations protecting the inadvertent intruder. Scenarios were developed
describing intrusion for the purposes of drilling, excavation, construc-
tion, and agricultural use of the site. The USNRC applied the results of
the scenario assessments to determine allowable radionuclide concentrations
in three classes of waste (regulations required increasing levels of
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isolation for Class A < Class B < Class C) that would correspond to an
annual dose of 500 mrem per year, the dose limit for members of the public
in unrestricted areas.

We have adopted a disposal strategy that, provided the scale of operation
is large enough, will seek to match categories of LLRU to the isolation
characteristics of several disposal concepts on the basis of the duration
of the hazard from the disposed waste. The proposed concepts and the
hazardous lifetimes (Tg) of the corresponiiing wastes are:

1ST = Improved Sand Trench Tg < 150 a
IRUS = Intrusion-Resistant Underground Structure Tg < 500 a
SRC = Shallow Rock Cavity TH > 500 a

The detailed design of IRUS (see Fig. 2) is underway and a site on the CRNL
property has been approved. The 1ST concept (Fig. 1) is also well
advanced. Little effort has been devoted as yet to the SRC because the
amount of this category of waste is too small to justify it. For the
present, wastes with hazardous lifetimes beyond the qualifications for
disposal in IRUS will continue to be stored.

SAND

FIGURE 1 SECTION THROUGH IMPROVED SAND TRENCH
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The three disposal concepts proposed in our approach have a somewhat
similar correspondence to the U.S. waste classes in their concern for
intruder protection. However, since the Canadian regulations are related
to a risk limit of 10"^ per year, we need to estimate probabilities for
each scenario, and translate the overall results into guidance for the
waste acceptance criteria for each concept. To date we have related the
criteria to the critical group doses. There is still some distance to go
in crystallizing the waste acceptance criteria to a consistent base of
safety for all potential dose receptors.

A somewhat unexpected result from the performance assessments related to
the critical farm family was that the limiting radionuclides were not those
that were expected, such as strontium-90, cesium-137, or americium-241.
Rather, they were the mobile long-lived nuclides iodine-129, technetium-99,
and carbon-14 that are at relatively low concentrations in the wastes.

SOME PROTECTIVE FEATURES OF THE CRNL DISPOSAL SYSTEM

Specific features of the CRNL disposal system contribute to radiation
protection for the three groups at risk: the workers, the future nearby
residents, and the inadvertent intruders.

Much of the occupational dose is associated with the handling of the waste.
For this reason more emphasis will be put on the standardization of
packaging so that mechanized means of handling can be adopted for most
wastes. This is particularly important for the IRUS and SRC concepts,
since the space limitations imposed by the IRUS weather-shield building and
the SRC excavated tunnels do not allow such an effective use of distance
for exposure control as is possible with long-reach cranes operating out-
of-doors.
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Release of radionuclides to the environment from the 1ST and IRUS concepts
is retarded through a combination of site characteristics and engineered
barriers. The sites at CRNL for both facilities are on a sand ridge
roughly parallel to Maskinonge Lake, one of a chain of lakes that acts as
one hydrologic boundary to the CRNL property. The nuclide migration
characteristics of the area are well known because of an adjacent fission-
product contaminated plume that resulted from a processing plant discharge
in 1954 and which has been monitored frequently since that time.

One of the most important barriers in the 1ST concept is its engineered cap
(Fig. 1) which directs infiltrating water away from the wastes by the
combination of a polymeric mombrane with a superimposed drainage layer.
Since biodegradation of some of the waste might tend to cause subsidence,
panels of lean concrete are installed above the waste to support the
membrane and assist in maintaining the drainage characteristics. The cap
will also discourage penetration of the waste by deep-rooted plants. Since
the waste is above the water table and protected from infiltration for as
long as the cap retains its integrity, migration of the nuclides from the
waste to the ground water will result primarily by diffusion.

The engineered barriers in IRUS (Fig. 2) are similar in principle to those
in 1ST, but designed to be far more robust and durable. The cap and walls
are of high-quality concrete designed to last at least 500 years and be
self-supporting for that period. Since at the present level of experience,
leak tightness of the cap cannot be assured for the very long term,
additional measures are included to reduce nuclide release due to water
inleakage should it occur. The floor of the unit is constructed of
granular material such as mixtures of sand with small concentrations of
clay and clinoptilolite. This arrangement is designed to allow ready
escape of water so that its time of contact with the waste will be mini-
mized, yet provide retardation by adsorption of radionuclides transported
by the water. An extensive experimental program is being conducted in
support of the performance predictions to be made in the safety assess-
ments. Included in the program are laboratory and field lysimeter tests to
study the long-term characteristics of the environment inside the IRUS
vault, and durability measurements to substantiate the 500-year minimum
lifetime of the concrete.

The specified hazardous lifetimes of the wastes matched to the concepts
reflect the anticipated intrusion resistance of the disposal systems.
Institutional control, supplemented by land records and surface markers, is
expected to discourage inadvertent intrusion of the 1ST for the target
period of 150 years. The massive one-metre-thick cap of the IRUS vault is
expected to discourage inadvertent intrusion for more than 500 years. In
addition, since the wastes in IRUS that contain the higher concentrations
of radioactivity will be present in a durable form (such as a bitumen
matrix), they will be readily recognizable by the intruder as something
foreign to the natural environment, and thus deserving of a cautious
approach.
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FUTURE PROGRESS

The physical aspects of the CRNL disposal system are largely decided, and
we are proceeding vith the design and subsequent construction. The issues
yet to be decided are primarily related to the waste-acceptance criteria
which will apply to each concept.

Initially, we expect to be quite conservative as ve derive criteria based
on exposure pathways that are assumed to occur with a probability of one.
However, as we obtain information from the development program that permits
a better prediction of performance, and hopefully develop a basis for
consolidating the risks to the exposed groups in a consistent manner, we
will be redefining our criteria. In other words, we are aiming to improve
our methods of assigning a "hazardous lifetime" to a waste package which
more fully takes into account the characteristics of the disposal system
into which it is to be emplaced.

REFERENCES

1. "Long-Term Radiation Protection Objectives for Radioactive Waste
Disposal", OECD/NEA Experts Report, Paris (1984).

2. "Radiation Protection Principles for the Disposal of Solid Radioactive
Waste", ICRP Publication 46, Pergamon Press (1985).

3. "The Application of the Principles of Radiation Protection to Sources
of Potential Exposure: Towards a Unified Approach to Radiation
Safety", IAEA Consultative Document (1988).

4. A.J. Gonzalez, "New Policies for Radiation Safety: Uncertain Exposures
and de Facto Situations", Radiation Protection in Nuclear Energy,
Vol. 1, Conf. Proc. Sydney, 1988 Apr. 18-22, IAEA, Vienna (1988).

5. "Regulatory Objectives, Requirements and Guidelines for the Disposal
of Radioactive Wastes - Long-Term Aspects", Regulatory Document R-104,
Atomic Energy Control Board, Ottawa (1987).



- 201 -

FROM NPD TO BIOMOVS
30 YEARS OF MODELLING BIOSPHERE TRANSPORT OF RADIONUCLIDES

P.J. BARRY
Environmental Research Branch

Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories
CHALK RIVER, Ontario KOJ 1J0

Canada

Over 30 years have elapsed since Canada prepared to license its first nuclear
power generating station - NPD at Rolphton. Concerns then, as now, were two-
fold: (a) how to limit the doses to people from routine releases of
rad'.onuclides , and (b) how to control the doses resulting from accidental
releases of radionuclides. In both cases in Canada, concern was largely
limited to releases to the atmosphere. Accidental releases to water would not
be immediately hazardous and emergency measures would be effective in limiting
the doses. Routine releases to water were diluted in the condenser cooling
water and the final concentration limited to that drinking water concentration
that, for continuous intake (or its equivalent in fish consumption if this was
more restrictive), results in a prescribed dose.

Calculating spreading in the atmosphere was problematic. The Pasquill
equation, still widely used today, was not introduced until 1961. Before that
Sutton's equation was widely used. This required values for 3 dispersion
parameters depending on the weather conditions. The 3 parameters could not
however be readily evaluated and there were no long-term continuous
measurements so it was not possible to estimate a long-term mean or an
occurrence frequency of parameter values corresponding to various dispersion
conditions.

The general philosophy to accident analysis for licensing purposes was the
"Maximum Credible Accident" (MCA) in which maximum credible releases of
radionuclides from the reactor combined with minimum credible dispersion in
the atmosphere to produce the maximum credible outcome.

Success with this approach hinged upon the word "credible" which, at best, at
that time was entirely subjectively defined. There were no physical
restraints other than conservation laws and these were not always invoked.
The easy way to get the maximum dose from a given quantity of radioactivity is
to confine it within the smallest possible volume and Sutton's equation was
adept at doing this. A sort of auction-fever developed such that each
successive hazard analysis outdid its predecessor in pessimism. What must be
the highest bid crossed my desk at this time; no atmospheric dispersion at
all. The radioactivity from the damaged fuel collected at the base of the
stack with just sufficient strength to rise to the top and ease itself gently
over the edge into a windless atmosphere; any violent movement would cause
turbulence, mixing and dilution. The authors calculated the density of the
radioactive ball and this with Stoke's law gave them the time taken to reach
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the ground on a free fall. I forget now what that was but the authors had
outdone themselves and were forced to conclude no hazard existed because the
time was sufficient to allow the critical group (people standing at the base
of the stack) to run away before the ball fell amongst them. Even more
extraordinary the authors felt no compulsion to inquire what might be the
further fate of the ball after it landed on the ground.

Looking back, it is difficult to see how operations which, judged by their
maximum credible accident analysis appeared to be so dangerous, could possibly
have been licenced. The MCA reports produced in these years may not have
i',iven birth to the anti-nuclear movement but they certainly provided it with
ammunition later and WASH-740 was to give the industry some problems.

The Canadian approach differed from this from the beginning. George Lawrence,
then President of AECB, pioneered a probabilistic approach. He defined a
sequence of accidental releases of increasing magnitude each having a limiting
probability of occurrence. The worst accident comparable with the MCA when
everything failed had a limiting probability of 10"' a~ . Lawrence also
worked out a methodology for estimating the probabilities based on experience.
At the same time, Gordon Butler as Director, Biology & Health Physics
Division, started an experimental program of continuously measuring short-term
;.i tmospheric dispersivity. From this it was possible to assign probabilities
of occurrence of dispersivities below stated levels. Combining the two
approaches, enabled reactor licensing to be put on a basis of risk which could
!>o estimated with reasonable reliability.

Controlling low-level routine releases of radionuclides from the reactor
required more elaborate calculations. These took into account the transfer of
radionuclides through terrestrial and aquatic food chains which ended with the
ingestion of radionuclides by humans and subsequent doses from internal
sources. Several steps might be involved as for example the chain:

Air —• Pasture —• Cow —• Milk —» Thyroid.

Transfer equations were needed to describe each step and parameters had to be
evaluated. Biosphere transfer models of this type could be used to relate a
given release to a dose and hence, given a limiting dose, the release
corresponding to it - i.e. a derived release limit or derived emission
standard.

In practice, maximizing assumptions were usually introduced so that where an
uncertainty existed, any error introduced to the calculations would give
Increased rather than decreased safety. So long as the actual annual average
releases do not exceed the derived limits then it is extremely unlikely that
anybody in the general population will receive doses in excess of prescribed
limits. Actual releases from power reactors were generally at or less than,
1% of the DRL.

Another type of biosphere transport model was developed by UNSCEAR in the late
50's and early 60's to assess the consequences of the testing of atomic
weapons in the atmosphere. For this purpose, Bo Lindell of Sweden introduced
the dose commitment concept. The dose commitment is the integral over
infinite time of the mean dose rate to the exposed population. The latter may
contain individuals who were still unborn at the time of the practice causing
;1IP exposure. The dose commitment is a measure of the detriment presented by



the practice. In applying the concept over long periods of time and over
broad spatial dimensions, the committee was able to avoid sources of
uncertainty caused by temporal and spatial variability of transfer parameters.
Nonetheless * many sources of error remained and maximizing assumptions we'e
introduced where these appeai'ed appropriate.

Since its first introduction into the UNSCEAR reports, the dose commitment
concept has been applied to other practices involving radiation sources in the
environment including the nuclear fuel cycle. For this latter application the
dose commitment was calculated for the generation of an amount of electricity
expressed in convenient units.

Yet another application of biosphere transport models has been to the dumping
of radioactive waste at sea. Dumping of radioactive waste at sea is
controlled by the London Dumping Convention. Under the convention the dumping
of high-level radioactive waste is banned. It fell to the International
Atomic Energy Agency to define what levels of radioactive waste were
unsuitable for dumping and A.M. Marko and I.L. Ophel were actively involved
during the early JCages. The definition does not imply what levels would be
suitable? for dumping; that would be determined in accordance with other
procedures laid down in the convention. Nc- ver t:hel ess , t ho IAEA definition was
calculated using methods very similar to those used to calculate derived
release limits. That is, models of biosphere exposure pathways were first
formulated, parameters evaluated and the rates of release o! radionuclides
(equated for the purpose to the rates of dumping) corresponding to prescribed
dose limits to critical groups calculated. In passing it is useful to note
that the qualifications attaching to the IAEA definitions of what is
unsuitable for dumping and often belaboured in discussions about sea dumping
are just as applicable to all operations involving exposure of people to
radiation. This stems from the basic standard - the ICRP dose limits define
doses unsuitable for human exposure. The doses suitable for human exposure
are only obtained on a case by case basis after considering other factors,
some recommended by ICRP, others prescribed by local statutes. Modelling for
the latest revisions to the IAEA definition was carried out by a working Group
of Experts on the Scientific Aspects of Marine Pollution (GESAMP) under the
chairmanship of George Needier, then of the Bedford Institute of Oceanography.

It is to be noted that biosphere transport and dose models require careful
definition of the conditions under which a release of radioactivity will
occur. For considering dumping of radioactive waste, the IAEA definition
included a detailed description of the conditions of dumping that were
assumed. Another potentially important application of biosphere transport
models has been slow to become realized simply because the exact conditions of
disposal cannot be stated. This is the case of "de Minimus" levels or levels
of radioactivity below regulatory concern. Since the owner would be free to
dispose of and otherwise do as he pleases with such materials the condition
for modelling the source form cannot easily be specified in advance.

Modelling of biosphere transport processes in the beginning relied on
maximizing assumptions to overcome uncertainties caused by ignorance of the
details of transport processes or of the reliability of parameter values used
in the mathematical equations. When the dose limit applied to critical groups
in the general population was 0.5 rem.a' , derived release limits were,
despite their innate conservatism, typically 2, or sometimes, even 3 orders of
magnitude l.u'ger than the actual releases from nuclear power generating



station.';. There was, there fore, little incentive1 either to t:pst the models or

to improve them. It was sufficient to be able to sav th<\t the doses would be

less than a prescribed limit and by how much lower was of little concern.

Times have changed. Prescribed annual doses have come down reducing the

margin of saletv in model predictions. The actual dose:; to which people will

be exposed as a result of a nuclear practice arc being demanded. This is

perhaps a disrurbinr, trend especiallv when attached to a risk estimate. An

independent expert, committee appointed hv the London Dumping Convention to

assess the impact ot continued dump ing oi radioactive waste at sea estimated

that one plausible scenario of dumping o w r the next 50 years would result

world-wide in !!0()0 excess cancers over the next 10 000 years. The issue

before the convention was whether a voluntary moratorium on dumping should

continue. !t is not difficult to visualize what the newspaper headlines would

have been next morning after a vote on the issue nor the way the politicians

would vote rathei" than face those headlines. All the facts and qualifications

cannot be titted easily into : short, snappy headline.

Whatever we may think ot the merits of this type oi calculation and assessment

it has become very much a fact of life that we are being asked to produce more

.Hid more realistic i-.'dict ions of doses following releases of radionuclides to

the environment. wiitionally, we are. asked to do this for a wider range of

r< lease condition., : h m we were earlier. Thus, disposals to unconsolidated

geologic materials despite their widespread occurrence were traditionally not

r.i:.iilv subject. ; n derived release limit calculations. Now they are and to

! he list of new receiving media must be added disposal into consolidated

.-.ologic ni.it ,-v'..:'. s. Another important change in the demands made upon

biosphere trai:>:f.'i" models has been the inclusion of long-lived radionuclides

• it only from tii. handling of high- and intermediate - level wastes arising form

irradiated fuel i.-ut also for Radium, Thorium and Uranium from mine wastes.

• •Id tricks of the trade are no longer acceptable. There are, for example, no

obvious sinks for long-lived radionuclides. What was once a pathway to

h.iTiuiess decay in a safe sink has now become an alternate exposure pathway.

Tne range of pathways considered has had to be extended for transport into

'•i-rtaiu compartments and can now no longer be ignored on the basis of their

slowness relative? to radioactive decay.

Iiiu:,, at the. present time and undoubtedly well into the foreseeable future,

environmental transport modelling is being required to consider a much wider

range of environmental pathways and reservoirs than ever before, and it is

being asked to produce more realistic predictions than ever before.

Two developments have been introduced to try to deal with the problems these

changes are posing. A realistic prediction of dose, like a measurement of

dose, must contain a statement of probable error. Techniques have been and

are sci 1 1 being evolved to assess the uncertainty attaching to model

prediction:.. These in themselves alone are unlikely to be effective without a

concurrent development of methods for building such estimates into the

decision-making processes. Statements about uncertainty attaching to numbers

are second nature to scientists but are apt to be regarded as signs of

incompetence by the general public and politicians.

Ultimately, the reliability of model predictions must be established by a

comparison with experimental observations. This is the second recent

development. In October 1985, the Swedish National Institute of Radiation
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Protection initiated an international cooperative effort to test models used
for calculating environmental transfer and bio-accumulation of radionuclides.
This went by the acronym BIOMOVS or Bj_osphere Model Validation gtudy. Models
of the dispersion of contaminants in the atmosphere, surface and groundwaters
have been tested in a number of fora but BIOMOVS is the first attempt to test
models of biosphere transport processes. Although it was realized that
testing model predictions against independent data sets was the only way to
validate models (approach A ) , it was also obvious that very few data sets for
that purpose existed. Accordingly, the BIOM.OVS study also includes an
opportunity (the B approach) to compare model predictions for certain well
defined release scenarios.

The Chernobyl accident came soon after BIOMOVS got started and has provided
the bulk of the material used for the A type approach. BIOMOVS is currently
using data on agricultural produce obtained from 12 countries across the
northern hemisphere and predictions are available from 23 models. The
comparisons involve over 25 000 data points and predictions. This involves a
large effort and the BIOMOVS study, initially set to end in 1989, has been
extended to 1990 to complete it. The penultimate workshop is to held in
Ottawa in November 1989 under the joint sponsorship of AECL and AECB.
Canadian participation in the study has also been jointly supported by the two
organizat ions.

The Chernobyl accident has spawned other validation studios besides BIOMOVS.
The IAEA, for example, has launched a 5-year Coordinated Research Program to
test models in the terrestrial, aquatic and urban environments.

Even with substantial data sets as provided by the Chernobyl accident there
are some fundamental problems in validating environmental transport models.
The variability of natural processes arises from the individually small
contributions to the outcome made by numerous physical, chemical and
biological processes. Our models are of necessity much simpler and we now try
to simulate the variability by what has been referred to earlier as
uncertainty analysis. However, the Chernobyl accident is a single experiment.
We do not know where on the distribution curve of possible realizations of the
same experiment it would fit so we cannot directly compare the quantities we
predict with those we observe.

It is rather like having a model that predicts the heights of humans but it
can be tested only by a measurement of the height of a single human being. If
that measurement falls outside, say, the 95% interval of heights that our
model predicts, we may be safe in concluding our model is deficient, but even
if the observations fit within the 95% confidence interval established for one
model prediction, there is little joy to that, it may be pure luck.

What about the future? I am sure the demand for more accurate models will
persist in the foreseeable future. We will see less dependence in the future
on a single generalized dose limit for controlling radiation exposures, if for
no better reason than that all practices leading to exposure have different
benefits to confer and even the same practices in different circumstances will
have different perceived benefits. A1ARA too demands more reliable estimates
of dose so that differences in dose due to exercising alternative options may
be identified. This means we shall have to further refine our techniques for
reliably assessing the uncertainties or variability of the outcomes of



repeated realizations of the same release scenario. We shall also have to
sharpen up on the ways we have to validate the models.

In this respect, BIOMOVS is but a beginning to a process of model validation
that must inevitably take many more years to develop. International
cooperation is essential not only for achieving economy and efficiency of
effort, but also because rhe global ikisc implication.'; demand an international
consensus on the methodologies adopted for controlling releases to the
environment.

How these objectives will be accomplished is far from clear. The nuclear
generating industry is too clean and of course no high-level waste will be
disposed of until our models show that it will be sale to do so.

Tn the absence of exper i mr-r,t n 1 observations with which to validate models,
more confidence in mode! predictions might be gained subjecting them to peer
review. This would be similar to BIOMOVS approach B but broader. Model
components should be reviewed by specialists in the appropriate disciplines.
However, this is nof; without its problems. Several years ago I was
calculating the do1-' commitments following releases of Cs into the Great
Lakes. Wanting :o do n good job oi the fish p.ithvav I consulted fisheries
biologists to find out about the feeding and migrat ir.g habits of fish. I had
no luck and failed to tie (hem down to a definite statement that I could use,
so T developed the model mvself and as a courtesy sent copies of the paper I
wrote to the fisheries biologists I had seen. I received back some offensive
comments and one person .said the paper must not be published for if it were it
would set back fisheries biology 20 years. This is apt to be the reaction of
.scientists even of tlio.se engaged in an applied science like fisheries biology
or agriculture, they are not used to looking at their science in the way we
do. To get useful and meaningful criticisms and reviews from such people is
going to be difficult, requiring much patience, tact and persistence but it is
essonti al .

Another possibility is perhaps to apply our modelling, talents to non-
radioactive pollutants. Control of environmental non-radioactive pollution
lacks the sound scientific basis which has been applied to radioactive waste
releases. Modelling is virtually absent. Last spring the Swedish Minister of
I'nergy and Environment convened a meeting of international experts to examine
just this approach. The meeting, consisting of representatives from the
nuclear and non-nuclear pollution control fields, was unanimous in supporting
such an idea. I understand this recommendation is soon to be followed up with
a full scale symposium to get the program underway. Perhaps we could help get
our opposite numbers in the non-nuclear area started. They have a lot more
pollution to work with than we have so that we can learn about biosphere
modelling and model validation in a variety of environments and circumstances.

The future for biosphere modelling and model validation is certainly full of
challenge and exciting possibilities.
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ABSTRACT

The IAEA established a program on "Fallout Radioactivity Monitoring in
Environment and Food" (MEF) as part of the Supplementary Nuclear Safety
Program which was approved after the Chernobyl reactor accident. The:
consultants to the MEF program recognized that there were problems with the
existing rapid methods of radioanalysis and they recommended that IIIOLV

research should be done. Consequently, the IAEA is establishing, a ncv:
Coordinated Research Program (CRP) on rapid methods. A Consultants'
Meeting was held in 1988 September at the IAEA headquarters in Vienna it;
order to establish the framework for the new CRP. This meeting and the-
recommendations which resulted from it are presented in this report.

The CRP was announced in 1988 October and the first coordination meeting
will be held in 1989 August or September.

1.0 INTRODUCTION

After the Chernobyl reactor accident the International Atomic Energy Ag^ncv
(IAEA) received numerous requests for assistance from Member St:iU:s
concerning the measurement of radioactivity in food and environmental
materials. These included requests for analysis of samples and requests
for assistance in establishing analytical facilities. Since the existing
guidance on analysis of food and environmental samples was inadequate, the
IAEA established a new program called "Fallout Radioactivity Monitoring in
Environment and Food" (MEF). At earlier Consultants' Meetings under the
MEF program it was recognized that the existing rapid methods oL~
radioanalysis have limitations and that more research is needed.



It was envisioned that rapid methods would be required in the early,
intermediate and late post-accident periods. It was recognised that in the
early post-accident phase, sampling and analysis would be required to
provide rapidly needed information for evacuation and sheltering decisions.
It was considered that this phase of the accident was adequately addressed
by other groups within the Agency II]. In the intermediate and Inter
periods, rapid methods would be particularly useful for .screening large-
numbers of food and environmental samples so that the analytical facilities
do not become overloaded. In the intermediate period, besides being
employed for screening purposes, rapid methods would also be used to
provide timely information for making major decisions related to food
control. In addition to so-called rapid methods, which require less human
and instrument time, there is also a need for methods which produce results
quickly because many foodstuffs are perishable. It is also apparent that
in the case of an accident with far-reaching effects, such as the Chernobyl
reactor accident, rapid :;;. t luids would be required to handle the high levels
close to the source .is well as lower levels farther from it, since the
intervention levels would be different.

In order to nddtvss these1 needs the IAEA Is establishing a Coordinated
Research Program (CRP) to carry out research on rapid methods. This CAW
'..'ill involve 10 to 12 institutions and it will extend over a period of four
vears. About haif of the participating institutions will be from
developing Member States while the rest will be from developed Member
States. The former will receive some financial assistance through research
contracts while the latter will be awarded non-funded research agreements.
The IAEA wilL sponsor and fund periodic research coordination meetings
'.•.here results and progress will be discussed.

?.n CONSULTANTS' MEETING, VIENNA, 1988 SEPTEMBER

In order to establish a framework for the new CRP on Rapid Methods, the
Agency held a Consultants' Meeting on "Rapid Instrumental and Separation
Methods for Monitoring Radionuclides in Food and Environmental Samples" on
1988 September 3 to 9 in Vienna.

Ihis meeting was attended by 9 external consultants as well as 17 IAEA
staff members. The participants considered: instrumental methods,
separation methods, the radionuclides of concern, the matrices to be
analyzed, the types of accidents to be covered, and the techniques which
might be incorporated into rapid methods. The consultants were asked to
identify areas where research is required and to define; the quality
assurance requirements for the CRP.

During the first day of the meeting the participants gave presentations on
recent work related to the topic of the CRP. A total of 14 presentations
were made. Subsequently, the participants were divided into two subgroups
to discuss instrumental and separation methods separately. Each subgroup
prepared a report which was discussed, revised and amalgamated into a final
report of tr.e meeting.
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3.0 RECOMMENDATIONS OF THE CONSULTANTS

The final report of the meeting detailed the recommendations made by the
consultants for work under the CRP. These are summarized in the following
sections.

3.1 Accident Scenarios

It was recognized that different types of accidents would yield different
mixtures of radionuclides and would present different analytical problems.
However, in order to avoid diluting the effort of the CRP, the types of
accidents to be considered were limited to the following:

- Reactor Meltdown
- Nuclear Fuel Reprocessing
- Plutonium Fabrication
- Satellite Nuclear Power Source
- Ship Reactor
- Tritium Production Facility
- Fusion Reactor
- Industrial Radioisotope Sources
- Medical Radioisotopes
- Nuclear Materials Transport

3.2 Matrices of Interest

After a serious accident many different types of materials would have to be
sampled in order to assess the doses and make decisions. The types of
samples to be analyzed would depend very much on the type of accident, thus
it was felt that priority should not be assigned a priori. The types of
samples can be divided into two broad categories. Environmental samples
include: air, water, soil, grass and sediment. Some of the samples would
be used to estimate direct doses to man (eg. through inhalation of airborne
radioactivity) while others would allow the estimation of future doses
through ingestion (eg. grass). Relevant food types include: fresh
vegetables and fruits, milk, cereals (including rice), roots and tubers,
fish (including edible marine and fresh water organisms), meat, drinking
water and beverages. This list includes all the food items considered by
the IAEA [2,3] and WHO [4] in deriving intervention levels for food.

3.3 Analytical Quality Assurance

The consultants recognized that analytical quality assurance should be nn
integral part of the CRP. It was felt that it must be demonstrated that
the rapid methods which are selected meet the specifications by analysis of
"unknowns" provided by the Analytical Quality Control Services Laboratory
of the IAEA. They must also be tested by other laboratories to ensure that
the method descriptions are adequate and that the procedures meet the
specifications.
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Specifications for Rapid Methods

For convenience, the methods were divided into screening methods, very
rapid methods and rapid methods. In the case of rapid instrumental methods
the specifications, in terms of accuracy and time, are:

Approximate
Accuracy

Screening Methods
Very Rapid Methods
Rapid Methods

within a factor of 10
within a factor of 2-3
+ 50 %

Approximate
Elapsed Time

5-15 (min)
1-6 (hours)
6-24 (hours).

The corresponding specifications for separation methods are:

Approximate
Accuracy

Screening Methods
Very Rapid Methods
Rapid Methods

within a factor of 10
within a factor of 2-3
+ 50 %

Approximate
Man Hours

0.5
2
4

Approximate
Elapsed

Time (hours)

1
6

24.

ft is intended that the methods will permit the rapid determination of
radionuclides at concentrations which are at least one order of magnitude
below the Derived Intervention Levels (DIL's) for foods as recommended by
WHO[4] and the IAEA[2].

The lowest levels at which it is desirable to be able to measure the
radionuclide content are:

3.5

1 Bq per kg for the alpha decay radionuclides
10 Bq per kg for the strontium radionuclides

100 Bq per kg for the gamma-emitting radionuclides
1000 Bq per kg (or litre) for tritium.

Radionuclides of Interest

The types of radionuclides of interest could include activation products,
fission products and actinides, depending on the source of the radionuclide
release. The mixture of the radionuclides will also depend on the type of
aceident.

In the case of a reactor accident, for example, the important radionuclides
during the first week are: 89>90Sr, 95Zr-Nb, l 3 1 I , 14°Ba-La, 134-137Cs and
Actinides. The radionuclides with long-term importance in the

134,137CSi 238,239,24&pu>
importance in
^ 242,244Cm

same
3H.accident are: J i

comprehensive list of radionuclides of importance based on different
accident scenarios is presented in a report which will be published in the
near future [5 ] .

In general, instrumental methods would be most useful for measuring gamma
emitters, while the separation methods would be used to measure alpha and
beta emitters in situations where instrumental methods cannot be applied.



- 211 -

Other non-gamma decay radionuclides which may be of concern under special
accident conditions, but are not of primary concern, include C, l̂ "i and
1 Pra. These are, therefore > not included in the group for which rapid
methods of analysis are desired.

3.6 Recommendations for Research on Rapid Instrumental Methods

The consultants recommended that research on improvements in gamma
spectrometry is required in the following areas:

- Optimization of detector size with respect to
minimizing counting time and background, and maximizing
the accuracy and precision.

- Possible use of X-ray and low energy gamma-ray
measurements.

- Applications of new detector types.
- Development of gamma-ray spectral analysis taking into
account different types of accident scenarios.

- Methods for correcting for the effect of density on
counting efficiency.

They also recommended that the possibility of using correlations between
radionuclides to estimate "^Sr and 23y,z40pu from results obtained by gnmi'M
spectrometry should be explored. It was felt that there was a need to
evaluate the currently available equipment for monitoring food and
recommend improvements where needed, as well as to develop new equipment to
screen and measure large samples.

3.7 Recommendations for Research on Rapid Separation Methods

The consultants made the following suggestions for research on rapid
separation methods:

- For proposed screening methods, it may be sufficient to
homogenize the sample, press it to a specific density
and volume, and make a direct alpha or beta count.

- Improved methods for dissolution of large food or
environmental samples are needed (eg. utilization of
microwave accelerated digestors).

- For the rapid and very rapid methods, streamlining of
conventional separation techniques, which will reduce
the time required, would be helpful (eg. use of
precipitation, ion exchange, or solvent extraction).

- Specialized techniques such as sorption, the use of
selective separation agents, electrophoresis, and
membrane partitioning may have specific applications.

- Novel techniques which have the potential of reducing
the total dissolution and/or separation time should be
considered.

- Consideration of the application of automation or
robotics to the methods so that large numbers of
samples can be handled in a limited time could be
beneficial.
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- The overall objectives of developing rapid methods
should be achieved with the minimum sacrifice in
reliability, practicality and economy.

4.0 INITIATION OF THE CRP ON RAPID METHODS

The CRP was announced in the fall of 1988 and a letter of invitation was
circulated to selected institutions in 1988 October. Copies of the report
of the Consultants' Meeting were circulated with the letter to assist the
Institutions in preparing proposals for research. So far the IAEA has
received responses from institutions in seven Member States. The first
coordination meeting will be held in 1989 August or September in Warsaw.
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ABSTRACT

We evaluate the radioactivity that may be present in meat before and after
irradiation processing with either c°Co, 137Cs, bremsstrahlung X-rays of 5 MeV
end point or electrons of 10 MeV end point. In processing of a 2.5 cm thick
meat sample ô 10 kGy dose the radioactivity that could be produced by the
known proce s is less than 0.1 Bq/kg just after the irradiation. This is
only 0.1 percent of that already present before irradiation and is
insignificant compared to the fluctuations in the radioactivity from natural
sources found in the meat.

INTRODUCTION

The technology of food irradiation provides a non-chemical, non-toxic method
for processing and preserving food. Interest in this technology is developing
because of the mounting concerns over food-borne diseases; persistently high
food losses from infestation, contamination, and spoilage, and growing
international trade that must meet stiff import standards of quality,
quarantine, and toxicity. In all of these ai.eas, the irradiation of food has
demonstrated positive benefits and health and safety authorities in 35
countries have collectively approved irradiation of more than 30 different
foods, ranging from spices to grains to fruits and vegetables.i These
approvals have come after years of scientific research and testing7.3,4,5 of the
wholesomeness to guarantee toxicological, nutritional and microbiological
safety and freedom from measurable induced radioactivity in the processed
foods.

Considerations of the significance of radioactivity induced in a food as a
consequence of irradiation involves investigation of probable nuclear reactions
and the occurrence in food of elements which may lead to radioactive by-
products. The maximum permissible concentration of radionuclides in a food is
related to several factors, including, half-lives that determine the specific



activity, nature and energy of the de-excitation radiation that govern the
radiological hazard and the biological half-life of the radionuclide within the
consumer's body. In order to ensure wholesomeness of irradiated foods, the
Codex Alimentarius Commission recommends^ an international code of practice for
the operation of food irradiation facilities, permissible doses to the food and
radiation sources for processing of food.

The energy of the incident radiation is a principal factor in determining if a
reaction with a nucleus can occur. A comprehensive reviev of the
literature7-8^-10'11 shows that treatment of food, such as meat, with doses as
high as 60 kGy from electrons of energy up to 10 MeV produces exceedingly small
induced radioac ivity with half life longer than one hour. Extrapolated values
give an uppc ^imit just after irradiation of 0.1% of that already present in
the food due to natural sources prior to irradiation. Similar conclusions are
reached from review of data for irradiation with s°Co, i^Cs and X-rays of 5 MeV
end point energy. Based on these considerations the Codex Alimentarius
Commission recommends safe irradiation limits of 10 MeV electrons and 5 MeV X-
tays in addition to 60Co and i^Cs 7-rays.

In this paper we present summary results from a detailed theoretical analysis
oi nuclear processes that are likely to produce radioactivity with half lives
longer than one hour from irradiation of meat with any of the recommended
sources. Details of the study and literature bibliography will be published
elsewhere.

RADIOACTIVITY IN MEAT FROM NATURAL SOURCES

For a meaningful assessment of wholesomeness of the processed meat we have to
consider the radioactivity that may already be present before radiation
processing as well as that may be produced by the process itself, The food
chains pick up several radionuclides present in the earth's environment. The
important radionuclides found in meat are given in Table 1. This provides a
reference value for relative assessment of the contribution from the radiation
processing. The dominant natural background is from 4<>K and 14C with a total
average activity of 100 Bq per kg of meat. This excludes background from
nuclear blasts.

INDUCED RADIOACTIVITY

During radiation processing of meat, radionuclides can be produced by three
types of nuclear processes listed in Table 2. The amount of the radioactivity
induced depends on the quantity in food of elements which may lead to
radioactive byproducts as a consequence of the nuclear reactions.
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Table 1
Natural Sources of Radioactivity in Meat

Nuclide

K-40+
f

C-14+

i

| H-3++

Cs-137*

Sr-90*

Tl/2

(y)

1.3

5.73

12.3

30

29

109

103

Activity
(Bq/kg)

61

29

0.7

0.08

0.04

7 ( 1

7(0.

Radiation
(Emax MeV)

• 4 6 ) ;

7

J

661) ;

y

£ - ( 1 . 3 1 )

8-(0.156)

£-(0.018)

£-(0.546)

Detection
Limit*

(Bq/kg)

1.5

0 .4

0.2
i

(0.04)

0.02 ]

+Ref 11.; ++ combined free water plus organically bound; * Ref. 12 (1977)

Isomeric Excitations

An isomeric state is an excited nuclear state that has a measurable long life-
time often due to large spin differences between it and the lower states- This
hinders the decay of the isomeric state. The direct excitation of this state is
also hindered for the same reason. Thus, isomers are populated indirectly via
multi-cascade decay of the higher excited states. This makes exact calculation
of the isomeric excitations quite difficult. An upper limit on the population
probability can be established from total photoabsorption cross section and we
are investigating this. Experimentally no isomeric transitions have thus far
been detected in irradiated meats implying an induced activity much lower than
the natural background.7,i°

Photonuclear Induced Activity

The X-rays produced in the meat due to the radiative energy loss of the 10 MeV
electrons can cause photonuclear reactions in some of the food constituent
nuclides. These reactions change the isotopic character of the target and can
in some cases produce a long-lived radionuclide. The dominant processes in this
category are the photoneutron reactions in heavy nuclei with thresholds below 10
MeV. Table 3 gives upper limits of 'the most probable radionuclides that may be
produced in radiation processing of meat with a nominal dose level of 25 kGy.
The X-rays in the meat were calculated with the Monte Carlo electron transport
code SANDYL13 and photoneutron cross sections were taken from the recent
compilation^. The residual induced activity of 28 /J. Bq/kg.kGy at a time one
day after irradiation is primarily due to the presence of trace amounts of heavy
elements in meat.
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Table 2
Processes that may induce radioactivity with the radiation sources approved for

food processing

Process

Isomeric
excitations

Photo-
nuclear
reactions

Neutron
capture

Radiation source
and reactions

- 6°Co,137(
(7,7')

;s

- 5 MeV X-rays
(7,7r)

- 10 MeV -
(e,e');

- 10 MeV -
(?,"); <

- 5 MeV X-
D(7,n)H;
13C(7,n)

- 10 MeV -
D(7,n)H;

- electrons

(7,7')

- electrons
e.e'n)

rays
A(n,7)
12C

electrons
A(n,T)

Meat constituents
activated

Medium/heavy elements

Concentration < 1 ppm

Heavy elements
Concentration < 1 ppm

A - (D, N, Na, Cl
Ca, P, S)

Trace Elements

Probability

Very low

Low

Low

Table 3
Activity Induced by Photoneutron Reactions From Radiation Processing

of Meat with 10 MeV Electrons at a Nominal Dose Level of 25 kGy

i

Target-
;nuclide

200Hg

1

;20,Pb

19«H*

1271

ALL

Concen-
tration

(jig/kg*)

11.6

248.0

14.8

5.

30.

>1

(7,n)
Threshold
(MeV)

8.0

9.2

8.2

8.6

9.1

< 10

Rad.

(MeV)

7(0

£-(0

7,e(0

7(0.

7,e(2.

4)

9)

7)

4)

1)

Tl/2

43 m

56 m

2.2d

1 d

13 d

-

T=o

5

3

5

3.

3.

2

6

3

7

0

100

E-2

E-2

E-4

E-4

E-5

E-3

Activi
T=l

7.0

4.7

3.8

1.9

2.8

7.0

tv (Bq/ks)
day

E-12

E-10

E-4

E-4

E-5

E-4

T=10

2.2

3.7

1.8

5.0

days

-

-

E-5

E-7

E-5

E-5

* R-f. 7
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Neutron Production

Irradiation of meat by 5 MeV X-rays can produce neutrons from photonuclear
reactions in deuterium that is present with a concentration of about 14 ppm by
weight. The only other nuclide that can produce neutrons is 9Be but its
concentration is usually insignificant. Irradiation with 10 MeV electrons
generates X-rays in the meat itself with an endpoint energy of 10 MeV. These X-
rays produce neutrons from a few other elements as shown in Table 4. We find
that for irradiation at the same dose levels the 10 MeV electrons generates
about 20 times less neutrons than the 5 MeV X-rays.

Table 4
Photoneutron production from a 2.5 cm Thick Meat Slab

Isotope

(T,n)
Threshold
MeV

Isotopic
Concentration*
(g/kg in Meat)

Neutron Production

5 MeV X-rays
Neu t rons/(kg.kGy)

(107)

10 MeV Electrons
+ Neutrons/(kg.kGy)++

(107)

2H

13C

170

9Be

Trace

2.

4.

4.

1.

2

9

1

7

0.014

2.0

0.27

< 0.0001

5.7

< 0.02

[Elements >5.0 < 0.001

0.13

0.08

0.01

0.0002

0.00001

Front surface; ++ Back surface. * Refs 7 & 11

Neutron Capture Induced Activity

The neutrons produced in the meat will either escape or be moderated and
captured in the sample. The capture fraction will depend on the sample size and
irradiation configuration governing the scattered neutron flux at the sample
position. Table 5 gives the probability of neutron capture vs. slab thickness
for typical food samples1!.
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Table 5
Probability of Neutron Capture Vs. Sample Thickness11

jThickness (cm) Wet Food Dry Food

2 0.08 ~ 0.04 i
i

8 0.56 0.26 |
1

16 0.77 0.56 j

24 0.84 0.70 i

The neutrons would be captured in various constituents of meat depending on
their abundance and cross sections. Some of these may form radioactive by-
products. Table b lists the capture probability in the element as well as the
fraction that leads to radioactivity. About 92% of the neutrons are captured in
hydrogen producing stable deuterium. The highest activity of 3.9 m Bq/kg.kGy
just after irradiation would be from 24Na.

Table 6
Elemental Contributions to Neutron Capture in Meat

Target

Element

• H

C

N

0

Na 7.

Cl 5.

Hg 5.

Wt %

9

18

2

70

5 E-2

6 E-4

E-6

Radioactivity in Irradiated

Fractional
Capture

in
Element

9

1

5

2

5

2

3

.2

.64

.9

.4

4

0

4

E-l

E-3

E-2

E-4

E-5

E-2

E-6

Final
Radionuclide

3H(12.3y)

»C(5730y)

nC(5730y)

-

2iNa(15.2h)

36Cl(3E5y)

i99Hg(42.6m)

Capture
leading to

Radionuclide

2.4 E-7

5.2 E-6

6.0 E-2

5.4 E-5

2.0 E-2

1.7 E-ll

Meat

5 MeV+
X-rays
Bq per
(kg.kGy)

2.5

1.1

1.3

3.9

8.3

2.4

E-9

E-10

E-6

E-3

E-9

E-9

at T=0

10 MeV+
Electrons
Bq per
(kg.kGy)

1.1 E-10

4.6 E-12

i

5.5 E-8

1.7 E-4

3.5 E-10

1.0 E-10

••Assumes 90% neutron leakage; for no leakage multiply by 10.
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CONCLUSION

We conclude that the radioactivity that could be produced by known processes
from irradiation of meat is less than 10 m Bq/kg.kGy just after irradiation.
The level of activity induced in meat irradiated with a dose of 25 kGy to
achieve sterilization is thus less than 0.25 percent of that already present
before irradiation. This amount is insignificant and undetectable in the
presence of the activity from natural sources unless there is a deliberate and
excessive dopping of the meat with elements like Na and Hg. This method can be
used for validation of the theoretical calculations. Our conclusions are
consistent with the recent experimental studies reported in Ref. 15.
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REMINISCENCES: SOME HITS AND SOME MISSES

A.M. Marko
Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories
CHALK RIVER, Ontario KOJ LJO

Good Evening, Ladies and Gentlemen:

In the past year I was toying around with the idea of retirement but I soon
realized I had to come up with a firm decision when I overheard staff in
Health Sciences planning a workshop to mark my retirement. About the same
time my photograph was displayed in our conference room. Photos of previous
directors have been put up only after they have left. Finally I received a
copy of a cartoon which plainly stated it was time to go.

SLIDK 1 (Threatened species)
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About a year ago on my way to my office I was planning my schedule for the
day. I decided that I would have to do performance appraisals on senior
staff in Health Sciences. It is a pretty dull job but I had to get it done
and finished. However, when I picked up the file in my in basket, I noticed
the file stated "Upward Feedback Survey - A.M. Marko". Inside the file were
confidential remarks about my performance by the Branch and Acting Branch
Managers in Health Sciences.

SLIDE 2 (Upward Feedback Survey - A.M. Marko)
Me? Moi? Merie?

Osborne - Then? is no problem however complicated
that he csnnot make more complicated.

Champ - He has great respect for authority,
especially his own.

Myers - He is seldom right, but he's never
uncertain.

Gentner - He seems to be at his best before and
after meetings.

Johnson - He has all the secondary characteristics
of a genius.

McElroy - I admire the way in which he continually
strives for ambiguity.

(Plagiarized from Dr. H. Duckworth's farewell talk to the
members of the AECB Advisory Committee on Nuclear Safety)

Now I would like to talk about a few people, mostly from AECL, who have had
a profound impact on my life. In order not to make a catalogue of such an
endeavour, I am going to be fairly selective. I hope that those persons who
ire not mentioned do not feel slighted because this is not my intent.



- 223 -

The first person I want to mention is Gordon Butler. I have known Gord
Butler longer than any other person I will mention this evening. T have
known him for about 40 years, that is, since 1948. I feel that I owe him a
great deal for the good things that have happened in my life. He has been a
great teacher, a good friend and a wise counsellor. In retrospect the best
years I have enjoyed in my life have been my three years as a graduate
student in Toronto with Butler and my two years as a postdoctorate in
London.

When Butler offered me the job of Assistant Director in Biology and Health
Physics, I could not refrain from pointing out that I knew very little about
radiation. I had worked with C-14 glycine as a tracer for a year as a
postdoctorate in London, England. He replied "Don't worry, with me here to
hold your hand, you will learn quickly". Unfortunately for me Butler moved
to Ottawa before 1 felt comfortable to be on my own - but I guess I
survived.

SLIDE 3 (Photo of G.C. Butler and A.M. Marko)
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I should like to digress for a moment from radiation protection to radiation
biology. Gordon Kaplin once criticized Canadian biochemistry as never
having contributed crucial work on DNA. I am sorry that I have never
formally responded to Gord Kaplin because certainly when I was Butler's
graduate student in Toronto from 1949 to 1952, I felt we were at the
forefront of the race. We had developed a good method to prepare undegraded
DNA and also an enzymatic method was developed to digest DNA into
nucleotides which were analyzed quantitatively.

SLIDE 4 (Composition of DNA)

A = T; G = C

(Adenine = Thymine); (Guanine = Cytosine)

Hydroxymethyl cytosine

Other purine and pyrimidine derivatives

1953 - Nature - Watson and Crick

Double Helix: (A = T; G = C)

In studying the composition of DNA we noted that the content of adenine
iHjuals thymine while that of guanine equals cytosine. However, Hurst,
another graduate student, had isolated hydroxymethyl cytosine, a derivative
of cytosine from mammalian DNA. Wyatt, in Kingston, working on insect DNA's
identified a number of purine and pyrimidine derivatives. As a result of
these observations we thought the endless complexity of DNA was due to
substitution of purine or pyrimidine derivatives thus yielding almost an
endless number of different DNA molecules. However, Watson and Crick
ignored these complexities, and as a result of simplification proposed a
double helical structure where adenine was always paired to thymine and
guanine to cytosine; this of course resulted in a Nobel Prize for them.



I have always maintained my interest in DNA and when I was a junior
professor in Saskatchewan in the fifties working on in-born-errors of
metabolism, I wondered why there were no genetic diseases involving DNA. I
even carried out a comprehensive survey of the literature. I had to wait
another 15 years to learn about Ataxia Telangiectasia and Xeroderma
Pigmentosum and DNA involvement. The knowledge of the structure and
function of DNA was very important for understanding the research undertaken
in Radiation Biology Branch.

The next person who has influenced me greatly over all these years at CRNL,
but especially in the early days, is Peter Barry. From Peter I learned such
things as maximum permissible releases, reactor siting, Pasquil F weather
conditions, atmospheric dispersion, exclusion areas and so on. He really
was a tough teacher. Many a time when 1 thought I had grasped and
understood a concept or process completely, I would discuss it with Peter
and very often his response was "No, no that's not right" or "You've got it
wrong". Naturally I was dismayed at such a response and I would wonder how
I could get it so wrong and be so stupid. However, after a while I found
out in discussions with Peter you had to be 100% right - 90 or 95% was not
good enough and therefore you were flunked. In the long run this rigorous
criticism was beneficial and I appreciated Peter's patience in teaching me
basic radiation protection principles. I note with amusement that Doug
Champ seems to be undergoing similar training and I imagine that Richard
Osborne must have been exposed to the same experience. I think all three of
us should demand that he give us a diploma from the Barry School of Health
Physics.

i: 5 (Some Highlights)

Maximum permissible releases

. Barry and Butler - NPD, WR-1

. Barry and Marko - Douglas Point, Pickering

CRNL-462 - Guidelines for Releases at CRNL

Administrative levels

Ocean-dumping

Levels of radioactivity not suitable for dumping
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To mention a few highlights, Barry and Butler calculated maximum permissible
releases for NPD and WR-1 reactors in 1960. Barry and 1 also calculated
release limits for the Douglas Point and Pickering sites. By this time the
designers copied our approach to these calculations and proceeded to do them
on their own; the nominal radius for an exclusion area around a reactor
site became frozen at 1 km.

In addition to maximum permissible limits we also introduced the idea of
administrative levels in document CRNL-462 (printed 1970, revised 1973). If
the administrative levels were exceeded, these were reported to the
Environmental Authority to indicate something was wrong with normal
operations. These were levels of releases resulting from normal operations
on site. This concept of administrative levels was developed about a decade
before ICRP-26 expounded the virtues of ALARA - "as low as reasonably
achievable". The administrative levels for some radionuclides could be
several orders of magnitude below the regulatory release limits. CRNL-462
was ultimately replaced when Jake Palmer produced his AECL report on derived
release limits.

With Peter's help we formulated and arrived at levels of radioactivity which
were not suitable for dumping in the ocean. The oceanographic models were
pretty sketchy in the early seventies and you might guess our conclusions
were often quite tentative. We slowly built up our knowledge and confidence
in the models over 15 years and we considered our recommendations to be
fairly conservative. However, all the years of scientific input were thrown
Mit by the politicians in External Affairs who in fact explicitly forced the
Canadian scientists to reverse their recommendations. So much for politics
on an international scale!

Although Peter Barry is the most original thinker I have worked with, he had
this other capacity to get his director into trouble because of his
t-nthusiasm for research in the environment. I would like to mention one
i no;dent.

One morning Peter bounded into my office telling me we could get a 60-meter
meteorological tower from the Petawawa Forestry for $1.00. A giant
helicopter from Camp Petawawa would come into the forestry site, hook the
tower, yank it upwards and fly to Perch Lake and install the tower there.
The forestry people, however, were insistent that not even one tree could be
damaged around their site during the removal of the tower. Anyway the
helicopter pilot on further reflection, lost his nerve and refused to do
this job. He was afraid at the critical moment of hooking up the tower the
helicopter could stall and crash. It was then decided to dismantle the
tower in sections and reassemble the tower at Perch Lake. The driver of the
transport who was delivering the tower to Perch Lake was fined for carrying
too wide a load on the highway. One of the sections of the tower was
improperly lifted by a crane and was bent, and the total bill had now
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increased to about $15 000. Since it was late in the fiscal year, I had no
money in my budget for this; I telephoned Tom Church who controlled the
purse strings on the site and explained my troubles to him and he burst out
laughing. In desperation I replied "Tom, I didn't phone you so that you
could laugh at me, I phoned you because I need help". Tom Church did find
the money to cover this cost but I was a little more careful whenever Peter
presented me with a project promising me that it would not be a costly
undertaking.

There is a road along side of Perch Lake. Peter got me to build that road.
He wanted a dyke to channel all the run-off of water into Perch Lake main
inlet. A back-hoe would place a wooden platform on the original black muck
and remove two to three feet of muck above the sandy layer. Trucks brought
sand from other places in the Outer Area and dumped it to fill in the road.
The back-hoe would swing the platforms on new black muck and the process was
rspeated over and over again. This stretch of road must have cost hundreds
of thousands of dollars but in those days in the past the work was carried
out when workers and machinery were available and thus the costs were
"hidden". We did not have "user-pay accounting" in those days.

When I joined AECL, one of the first jobs I was assigned by Butler was to
study the uptake, metabolism and excretion of tritiated water in human
volunteers. My collaborator was Jack White of the Radiation and Industrial
Safety Branch and we had an exposure chamber in Building 430. This project
initially was quite a struggle for me because I was trying to learn
on-the-job, assist in the administration of the Division and organize the
tritium research project. Jack White was a fine radiation protection
officer but I soon found out he had little appreciation for the niceties of
research. Just about this time we hired a young fellow, Richard Osborne who
had obtained his Ph.D. in Professor Mayneord's laboratory in the United
Kingdom. Working with Richard it did not take me long to realize that this
guy was very competent and he knew how to organize the tritium project. So
I cheerfully turned over control of the whole project to him. Since that
time I have always followed research on tritium in Health Sciences with
great interest.

Richard found the rate of uptake of tritiated water by lungs was equal to
uptake by skin. The effective half-life of HTO was 10 days, not 12 days,
and it could be reduced by a factor of three or so by drinking copoius
quantities of water. He also developed instruments to monitor tritium
specifically in a gamma background and even developed an automated tritium
urine analyzer. He further pioneered the development of monitors to
discriminate between tritiated water and tritiated hydrogen.

A few years ago when 1 was considering candidates to head up the
Knvironine/ital Research Branch, I decided that Richard had the right
qualities for this job. I am gratified that my assessment was correct



because he turned oat to be a first-rate Branch Head. I was also very
pleased that Stan Hatcher, President of AtlCL Research Company, recognized
his potential and hired him as his Executive Assistant.

1 promised that I would not make a catalogue of names but I would like to
mention four people who have impressed me greatly at CRNL, Howard Newcombe,
Ivan Ophel, Dave Myers and John Johnson. During our lunch breaks I used to
walk around Perch Lake with Howard Newcombe and I remember vividly having
discussions on linearity, collective dose and the ethics of exposing
populations to radiations, especially populations living at remote distances
or living in the future. I am also pleased to note that Howard pioneered
the use of computers for medical record linkage and his techniques are used
by many government departments in Canada today.

Ivan Ophel was a true naturalist - the only one that I have ever known.
He had encyclopedic knowledge about plants, trees, insects, birds, fish
and animals. Hi- vmH.> tremendous contributions to the determination of
concentration fri .,s and bioaccumulation of radionuclides in aquatic
organ i sms.

Dave Myers is oar internationally recognized expert on risk coefficients of
ionizing radi--t;:i >ns in humans. Dave knows the massive UNSCEAR reports
backwards and forwards. Recently we were discussing the dose reduction
factors of 2-LO in estimating risk of low doses and low dose rates which had
bc.cn derived from risks at high doses and high dose rates in the 1988
UNSCEAR report. I wondered if UNSCEAR had discussed this previously because
I was a bit v.ipie about the subject. Dave pulled out the 1977 UNSCEAR
report, turned to page 4L4 and pointed to paragraph 318, saying "There it
is". I kid you not - he did it just about as fast as I have told you. He
was always pulling off stunts like these on me!

John Johnson was formally trained as a nuclear physicist but when he joined
AKCL he became involved in internal dosimetry. I was greatly impressed with
his tenacity in coping with bioraedical terminology and concepts. He forged
true links between the physics and biology of internal dosimetry. I was
sorry that we lost our internationally recognized expert to the United
States.

Another person I have known for a long time is Gord Stewart. Both of us
were graduate students in the Department of Biochemistry at the University
of Toronto. When I joined AECL in 1961 Gord Stewart was Director of the
Medical Division. Since both of us were medical graduates from the
University of Toronto we spent many happy occasions exchanging views of our
former clinical teachers. I was pleased to know Gord at this time because
he was member and later Chairman of the International Commission on
Radiological Protection.
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As a result of a tripartite agreement between the United States, the United
Kingdom and Canada, I was routinely invited to the Biomedicai Program
Directors' meetings which were held at different laboratories of the Atomic
Energy Commission (later Energy Research and Development Agency and finally
Department of Energy). Because of the programs I was exposed to in their
laboratories, and also the research described in the literature, 1 decided
we should have a major program in Radiation Biology on the repair of DNA
damaged by radiation. Although it was a pretty logical direction for our
research to go, it meant I was literally putting all my eggs in one basket.
In view of some of the criticisms I received it took some courage to stick
to this objective. I also decided I would only hire biochemists, molecular
biologists and geneticists to embark on this program. Over the years 1
recruited the following researchers.

SLIDE 6 (DNA Damage and Repair Group)

H.C. Birnboim
J. Childs
N.E. Gentner
R.E.J. Mitchel -
D.P. Morrison -
M.C. Paterson -
A . Na s i m
P. Unrau

biochemist
genetic is t
biochemi st
biochemis t
genet icist
molecular biologist
genet i c i s t
geneticist

Mac Paterson introduced to Radiation Biology Branch the technique of tissue
culture of fibroblasts obtained from radiosensitive patients suffering from
Ataxia Telangiectasia (AT). He demonstrated that in some complement groups
of AT patients there was a deficiency in the repair of DNA damaged by
radiation. This observation led to the idea that sensitivity of cells to
radiation and chemicals was due to the cell's inability to repair the damage
caised by these agents in the DNA. Subsequent work by Norm Gentner and
Don Morrison revealed an unexpectedly large fraction of ostensibly normal
people (for example, workers at CRNL) who appear to be radiosensitive. Also
it was observed that an appreciable proportion of cancer patients are also
radtosensitive. The screening assay developed by Gentner and Morrison will
be used to see if radiosensitive people are prone to cancer development and
also the test could be used to improve the radiation therapy protocol in
cancer patients.



Paul Unrau introduced the concept of rocomhinational repair, which
influenced the research work of the rest of the group in a very beneficial
way, and I am proud to note that Chalrn Birnboim was the first person to
demonstrate that tumour promoters caused strand breakage in DMA.

Another person who can not escape be in;: mentioned by me is Mary Werner. 1
noted over the years the excellent help --.!:•.•• gave to Allan Ja.Ties and Norm
Centner. I was greatly impressed by the meticulous way she undertook the
AECL follow-up studies. Mary cam.: frum Prince Edward Island (P.E.I.) and
during coffee breaks we held Marv responsible for all problems concerning
the Maritimes especially those of P.F.I. Mary took a great deal of ribbing
when our graphics department prepared a map of Canada but inadvertently left
P.K.I, off the map.

Unfortunately, Chaim RirnO'iim, John Chi Id';, Mac Paterson and Anwar Niasiro
have left to work :n other renters in Canada and resources have not always
been made available to replace all of these senior people by young
scientists.

I could hardiv •• . •«,-• thirf t-ilic without telling you s.5:'ii'i.ii ing about Dr. W.B.
Lewis. For thos>- vh > do not know Or. Lewis, he is considered to be the
"father of the !'.\\;:JIJ reactor". I reported directly to Dr. Lewis for about a
decade. This ;n i >-' come as a surprise to ;io;rie people, but I think it was
! airly ear.1.' t.> V'Mk for Or. Lewis. He never t o! d me in detail what my job
entailed ;ui 1 ••. i ._>; L̂; as operations ran smooth! v on the bite and there were
no radial io'i •••.ifety incidents he left me largely alone. Because of this I
had more freedom to undertake initiatives relating to scientific and
radiation projection matters. I found that Dr. Lewis strongly supported the
program:-, in th;- Division of Biology and Health Physics and encouraged a
I) Lend of fundamental research, mission-oriented research and service work in
the Division. lie especially believed that operational health physics, that
is, the. Radiation and Industrial Safety work was an integral part of the
Division. Nevertheless, he had concluded that we were the right size for
Chalk River and although T tried on numerous occasions to increase the size
and budget of the Division by a big step-function, he never budged.

I also like to boast about the fact that Dr. Lewis and I have a joint
publication in the Bulletin of Atomic Scientists. It was our attempt to
defuse the anti-nuclear propaganda. 1 was not going to say anything more
about this paper hut when I was cleaning out my office I found some
correspondence between Hannes Alven and W.B. Lewis about our paper. Alven
accused us about being fearful of malnutrition and starvation among nuclear
people. Lewis retorted that he hoped that Alven's remark was an unintended
cruel joke because the malnutrition and starvation we were concerned about
existed in highly populated but poor regions in southern Asia.
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SLIDE 7 (Photo of Dr. W.B. Lewis)

Because of one incident, I discovered that Lewis had an obsession concerning
hot particles. Vern Watson was Head of the Radiation and Industrial Safety
Branch at this time. Anybody who worked with Vern soon found out that he
spent A.ECL money as if it was his own. He decided that we were using up the
trenches too rapidly in Waste Management Area "C". We buried low radio-
active waste in these trenches and covered them over with sand. Since the
material was largely combustible, Vern decided to burn this material in the
open trenches. It seemed like a good idea to me too. Now Dr. Lewis used to
read everything and he found out about our recent innovative procedure by
reading the Operations Progress Report. Watson and I were called to Lewis'
office to explain what we were doing. Dr. Lewis could not accept the
burning and his main concern was that during burning, particles of
radioactivity, such as, cesium, strontium and even plutonium could become
airborne and inhaled by local workers by the trenches or even by personnel
on the CRNL site. We tried to argue that the probability of such ocurrence
was too small to be taken seriously. He dismissed our arguments and ordered
us to stop burning this garbage. We complied and to date there has been no
deliberate burning of garbage contaminated with low levels of radioactivity
at CRNL.
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1 got a fair amount of amusement when Dr. Lewis persuaded Dave Myers to cook
eggs by radiation. I believe Lewis was interested in food preservation and
wanted to study the effect of radiation on the coagulation of egg white and
egg yolks by heat. I can assure you the eggs did not look esthetically
palatable. The egg white was a solid gel but water-clear after receiving
about a megarad of radiation. To achieve these high doses Dave used the old
2 MeV machine that had served as a neutron source for the physicists in the
Montreal Laboratories.

Lewis conducted the salary review of all professionals with the division
heads at CRNL. We would make verbal presentations on the merits of each
staff member and Lewis would agree or disagree with the proposed merit or
promotion. I had just made a case for somebody in Biology Branch and I told
Lewis all the wonderful things about this person and that he had published
four papers the last year. Lewis snorted and replied that it was easy to
publish biological articles. About 10 minutes later I was making a case for
a staff7 member in the Health Physics Branch; my final comment was that he
had also published four papers the last year but in physics journals and
everybody laughed. It was one of the few times I got the best of Lewis in a
verbal exchange.

I worked for Geoff Hanna from 1971 to 1985. Thus, he was my boss for a
longer period than anyone else at Chalk River. He used to pretend that he
i«s over the hill but I think he had one of the sharpest minds on the
Project. I remember long discussions in his office where he quizzed me on a
whob? range of topics: regulations, safety, biomedical research and so on.
At times I felt as if I had undergone an oral examination. However, I
really enjoyed these discussions because I felt that Geoff was genuinely
interested in my work. At his retirement function I poked fun at him for
claiming that, unlike physics, biology was a messy affair so I will not
belabour this point again. All in all I am glad that we are good friends
and now when I retire we might be able to see each other more frequently.

Finally, I must say something about Doug Milton. Because of the restruc-
turing of the Company he brought in a new style of management that was open
ind collegial. For over 20 years I wondered what the budget of the Physics
Division was and finally my curiosity was satisfied. I would have to agree
with Geoff Hanna that Physics has a tradition of big money for research
which life sciences does not, but in this day of diminishing resources I did
not find it such a big deal after all. I also shared the traumatic
experience of phasing out the Medical Biophysics Branch at WNRE. I did not
find it a happy event and I am sure that Doug felt the same.

Anyone who heard Bill Cross's lecture will recall he used H' (0.07) and H1

(0.10). Well Bill Cross reported these concepts in our last progress report
and Doug Milton returned these sections asking what these abbreviations
meant. I replied to Doug that it would take more than two pages to explain
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these terms and furthermore we would not have these problems if physicists
did not have this passion for reducing persons and organs into spheres and
cylinders. Doug Milton had a chuckle over this response!

One person I must mention is Bob Wilson who formerly worked for Ontario
Hydro. I got to know Bob quite well because we used to meet frequently
during visits to Chalk River, NPD, Douglas Point, Pickering and even Ontario
Hydro's Head Office in Toronto. We shared our experiences concerning many
practical radiation protection problems. One thing I must give credit to
Bob Wilson is that he persuaded us to undertake some mission-oriented
experiments on tritium. Because of his lobbying, we carried out an
experiment to study the relative biological effectiveness (RBE) of tritiated
water in the acceleration of mammary tumors in rats. The latter study has
led to the current experiment where we are studying the RBE of tritiated
water for the induction of myeloid leukemia in mice. Dr. D.K. Myers carried
out those experiments. These two experiments are notable achievements that
AECL, AECB, Ontario Hydro, Hydro-Quebec and New Brunswick Power Electric
Commission can be proud of.

Now 1 would like to tell you about a few problems that I encountered in the
past. With the passage of time some of them appear now to bo funny, others
absurd, and others could have been potentially serious.

SLIDE 8 (Three Problems)

. Douglas Point - pre-operational survey i

. Radiation and cancer

. Panel on DNA damage and repair

The first episode concerns the time in the 1960's I was making arrangements
to go to Toronto to negotiate a contract with the Great Lakes Institute to
do a pre-operational environmental survey at Douglas Point. I was explain-
ing this exercise to a senior official at CRNL who tried to convince me that
I was wasting AECL money on such an effort. I countered that we needed this
kind of information before Douglas Point went critical. I told him that '.;



already had been informed by biologists that as a result of thermal shocks
in Lake Huron fish would die and you would find as a result thousands of
dead "alewives" on the beaches of Lake Huron. If we did not have this
well-documented, the critics would blame the Douglas Point reactor and
radioactive releases for causing this phenomenon. The senior official
replied if that happened he would make a press release concerning the
problem on the day it happened and forget about it. Needless to say I
ignored this poor advice and arranged for a pre-operational survey of
Douglas Point. I should remind you that in the sixties the future of atomic
energy was rosy, the anti-nuclear movement had hardly started and atomic
energy was going to solve all the energy problems, especially those of the
developing nations. I am glad to say that our President, Stan Hatcher would
not endorse the attitude of the above official today as can be seen from an
excerpt of a report he forwarded to us for reading.

SLIDE 9 (Crisis management)

Remarks to The Conference Board of Canada,
Council of Public Affairs Executives,

Toronto, October 27, 1988.

MANAGEMENT'S FAILURE TO PREPARE FOR CORPORATE CRISES

— AND WHAT EXECUTIVES CAN DO ABOUT IT

by

John J. Barr
Vice-President

Burson-Marsteller, Toronto

"If you have a good environmental protection program, a
minorities hiring program, an industrial hygiene and safety
program, a quality control program — tell your world about
it now. Don't wait until you're under fire before you start
building public support."

i
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I should also point out that we found that the engineers had installed the
inlet for the cooling water downstream to the outlet, which being heated,
reduced the efficiency of the reactor. The designer had misinterpreted the
direction of currents in Lake Huron.

The second incident concerns a request from Head Office in Ottawa for a
contribution to the Annual Reports I don't remember the exact details but
the submission we made originated from research in the Radiation Biology
Branch and dealt with some aspects of the causation of cancer by radiation.
I received a phone call from a public relation official who complained that
we can't tell the public that radiation causes cancer. Can you imagine a PR
guy trying to keep such an effect secret? I am afraid I was rather blunt
with this person because I retorted "What the hell do you think we have been
doing here for the past 20 years?" and slammed the phone down.

The last episode I want to mention deals with the preparation of posters and
panels for display at our Public Information Centre. Frank Finley had
written up recorainendations stating the public wished to know more about the
effects of radiation on living organisms in preference to visiting reactors
and accelerators. The people in our Division responded and we met with
various members from the three Branches in the Division during the winter to
undertake this task. After much discussion and planning we produced
suggestions for a number of panels including wonderful things about DNA
damage by radiation and chemicals and its subsequent repair. All this work
went down the drain when a tired old engineer in charge of public affairs
vetoed the display panels because he claimed the public would not understand
the complexity of DNA. I was furious because I knew that even Grade IX
students who visited the Public Information Centre knew more about DNA than
this engineer did. Even today I find such a decision unbelievable!

This now leads me to tell you about a number of questions that I have had to
answer ad nauseum over the years.

SLIDE 10 (Questions)

Why don't you get the universities to do the
radiobiological and cancer research?

Why don't you get MRC or the NCIC to fund your
research?

Wouldn't it be better if NRC or Health & Welfare
did this research?

Why don't you transfer service work, such as
environmental monitoring and personal monitoring,
to site support services?



I view these questions with some annoyance because 1 consider the life
science programs in AECL as a legitimate and integral part of AECL's nuclear
power program and 1 believe that AECL has an obligation to support them. I
do not regard this view as being a negotiating statement but a declaration
of a true fact.

The university people are not interested in undertaking research in problems
concerning the nuclear Industry. They know that radiation can cause genetic
and somatic effects such as cancers and leukemia and they are not especially
interested in designing experiments to elucidate the effects of low doses
and low dose rates of radiation. The academic people are content to let us
assess the risks of exposing humans to radiation. Cancer clinics in Canada
are more interested in high doses of radiation to improve therapeutic
protocols.

Actually in 1968 J.L. Gray instigated a review of the programs in the
Division of Biology and Health Physics by the Science Secretariat, the
forerunner of t}\-.- \ience Council of Canada. The Health and Safety programs
at WNRE and Che .r^rams of the Division of Radiation Biology at NRC in
Ottawa were also reviewed. It is ray understanding that the Radiation
Biology Task Force reprimanded senior management of AECL for not supporting
.is more fully. Doug Milton commented to me recently that it appears not to
have done much good. However, I think we gave a spirited defence of our
programs. Otherwise I believe we would have lost the biology part of our
program at CRN'L. T am sure Newcombe's medical record linkage program would
have suffered!, the program on DNA damage and repair would never have been
initiated and Centner's screening assay would not have been developed.

MRC and NRC do not want to support financially other federal departments and
!.ho National. Cancer Institute is afraid that if they supported our cancer
research programs the federal government would give us even less money for
f.liis purpose.

it: seems that when people leave the AECL research and development
environment they soon lost3 interest in research on radiation and become
involved in other exciting areas of biological research. Jim Whitfield, Ray
Rixon, Allen James and Anwar Nasim soon stopped research on radiation when
they transferred to the National Research Council in Ottawa.

Over the years I have found out that if you want service work, such as
personal and environmental monitoring, to be carried out efficiently,
expertly and be at the forefront of these technologies, you should assign
the job to a person who also does research in these related areas. In my
experience! when service work becomes full-time and routine it tends to
become mediocre and second-rate very quickly.
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Because of my repeated attempts to reply to the above questions I have
formulated Marko's Law - The more removed in a trained discipline, but
superior in rank to the Director of Health Sciences, the more likely the
above questions will be asked.

I now come to my final slide.

SLIDE 11 (Quotation)

M. George Pompidou said "There are three ways
to ruin yourself, gambling, women and technology.
Gambling is the fastest. Women is the most
pleasurable. Technology is the most certain".

I find that we have not been doing much science these days and so I decided
it was time to call it quits.

I should like to thank Dave Myers and Donna TerMarsch for their heroic
efforts in organizing this Workshop on my behalf. I should also like to
express my gratitude to the participants - some who have travelled a great
distance to attend this workshop, I honestly think that this workshop in my
honour is one of the nicest things that has happened to me at CRNL.

Thank you.



ADDENDUM

Since this portion of Len Hamilton's talk is unlikely to be reproduced in
his paper I decided to incorporate it .is an addendum because of the amusing
personal appeal to me.

SLLDK 12 (Pedigree)

J.S. Mitchell

C, .C. (1943) Len HaniI ton (1946)

A.M. Marko (1961)

;/"i claimed that since .J.S. Mitchell hired both Gord Butler and Len Hamilton
roughly about the same time and that Gord Butler hired A.M. Marko in 1961,
In: believed that he was "scientific uncle" to Art Marko and had come to CRNL
' > commemorate the retirement of his "scientific nephew".
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RADON IN THE URANIUM MINE ENVIRONMENT;
EXPOSURE ESTIMATION AND

RISK PREDICTION

Douglas B. Chambers
Principal
Leo M. Lowe

Senior Environmental Physicist
SENES Consultants Limited

52 West Beaver Creek
Unit #4

Richmond Hill, Ontario
L4B 1L9

ABSTRACT

Epidemiological studies of underground miners who have been exposed to
elevated levels of radon daughters form the principal basis for assessing the
risk of radon daughter exposure. The reliabili ty of exposure estimates for
these miners is of prime importance as actual measurements of radon daughter
concentrations are infrequent or indeed missing totally during early years of
mining.

This paper reviews various sources of uncertainty in exposure estimation which
include temporal and spatial variability of radon sources, changing mining
methods and ventilation conditions, and uncertainties concerning the miners'
work history.

This paper also briefly describes two statistical approaches based on Bayesian
methods, which allow the examination of the effect of uncertainty on the risk
estimation process. These methods are i l lustrated by application to data
taken from the literature.

Based on these analyses, we conclude the most likely ranges for absolute and
relative risk coefficients are from <5 to about 15 cases per 10 person year
WLM*and from <0.5 to about 1.5% per WLM, respectively.

1. INTRODUCTION

The mining of r ad ioac t i ve ores began in Central Europe as ea r ly
as 15th c e n t u r y . By 1556, Agr ico la had d e s c r i b e d an unusual
f a t a l chest disease which had occurred in miners of t h i s region.
However, i t was not u n t i l the 1930s t h a t r a d i o a c t i v i t y in mines
was suggested as the likely causative agent responsible for
increased lung cancer risk.
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During the 1930s and 1940s radioactive ores were mined in several
countries including Canada as a source of radium for medical
purposes and luminescent dials. Various other radioactive ores
were mined for sources of non-radioactive materials such as
vanadium. From the 1950s onward, uranium mining was carried out
on a large scale in various countries, including Canada, the U.S.
and Czechoslovakia. Subsequently, several detailed
epidemiological studies were initiated and carried out on the
various groups of miners in these countries. Studies were also
carried out on several groups of non-uranium miners who were
exposed to elevated levels of r?.don daughters, most noteably
Newfoundland fluorspar and Swedish iron miners.

While the studies all exhibit an increasing risk with increasing
exposure, the increased risk per unit exposure derived from these
studies differ substantially. There are several possible reasons
for these differences, including simple statistical variability
where there are small numbers of cases, the effects of
co-variables such as smoking or exposure to other potential
cancer causing agents, and various characteristics of the
exposure variable itself.

In this paper, we first consider various sources of uncertainty
in exposure estimation and subsequently we examine the effect of
uncertainty in exposure estimation on the risk coefficient.

2. UNCERTAINTIES IN WLM ESTIMATION

In general terms, the key factors which affect exposure
estimation include the miners' work history and an estimation of
the radon daughter (WL) value which best characterizes each
workplace. The miners employment history is an identification of
all the mines in which the miner worked and just when and for how
long he worked. It is necessary to establish just precisely what
the miner did during his employment at any particular mine and to
estimate the time spent in each work place within the mine. In
examining these aspects, we sometimes rely on the records of
government agencies, the companies and of employee interviews.
Company records and indeed government records can be lost through
carelessness, misplacement, fire, flood and other such
circumstances. As will be seen later, it is sometimes difficult
to ensure that a miner's work history is complete.

In addition, for each workplace (in each mine) identified,it is
necessary to establish exposure conditions which likely existed
at the time the miner worked. This is sometimes difficult
because it is very often necessary to make such estimations in
the absence of any measurements of either radon or radon
daughters. In such cases, estimations are based on an
understanding of the mining method, the geology, the ventilation
conditions, and other such data as may be available (e.g. records
of dust levels). Even where there are some data for radon and
radon daughter levels, such data are unlikely to exist for all
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workplaces in the mines or even all mines in a particular region
and therefore some interpretation or extrapolation is required.
Further uncertainties can be introduced in this fashion.

The description of just where the miner worked must be as precise
as possible since this can influence the exposure reconstruction
process. For example, in the early days of mining, a miner who
operated compressed air equipment and was in the envelope of the
compressed air was likely to receive a much lower exposure than a
miner working nearby but outside this envelope of fresh air.

In addition to government records such as those collected by mine
inspectors, company records, and miner interviews, there have
also been public inquiries, commissions and investigations which
pull together considerable information concerning the various
studies. The reports of such commissions abound with useful
information (e.g. 1, 2, 3).

Attempts have been made (either consciously or inadvertently) to
reconstruct past working conditions in modern day mines.
Examples include the mine ventilation failures in Czechoslovakian
mines in 1968 and 1973 which were used to assist in the
estimation of past radon daughter exposures in Czech uranium
mines and the intentional reconstruction of past workplace
conditions carried out in Elliot Lake mines in 1985 (4).

Additional insight into possible radiation exposure conditions in
the workplace can be obtained via computer simulations based on
estimates of mine volumes, ventilation air flows and radon
sources. These procedures have indeed been used in many studies,
as for example, in the exposure reconstruction efforts carried
out by Dory and Corkill (5) for the fluorspar miner study.
However, this is not always the case. In the situation of the
Swedish mines, the Swedish investigators assumed that the
ventilation conditions in 1968-72 when the first radon/radon
daughter measurements were carried out in Swedish iron mines were
not greatly different from those in the past (6). In this study,
past exposures extend to about 1930, and therefore, the Swedish
assumption of constant exposure conditions seems unlikely in view
of changes from natural draft to mechanical ventilation, and
changes in mining methods which affect not only the radon level
but also, through the changing age of air in the mine, the radon
daughter concentrations.

Even where radon and radon daughter data are available different
investigators may treat the data differently. For example,
consider the Beaverlodge study (7) in which a radiation survey of
radon/radon daughter levels was carried out in 1954. This survey
and a subsequent survey in 1956 eventually lead to a routine
program of radon/radon daughter measurement. Howe et aJL. (7)
used a median mine wide WL value to describe workplace exposures.
For 1954 the highest median WL value used by Howe et aJL. was 6.15
WL (8) . Figure 1 shows some statistical characteristics of the
actual 1954 data excludina measurements
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Figure 1. 1954 Beaverlodge Data (Excluding Idle Areas)

For 1954, there were a total of 76 radon measurements, of which
51 were made in workplaces and 25 were made in travelways. In
terms of paired radon and WLM measurements, there were 24
samples. Using linear regression on these data, we calculated a
radon daughter equilibrium factor of approximately 0.84.
Applying this equilibrium factor to the mean radon value, shown
in Figure 1, we calculated a mean radon daughter concentration of
approximately 32.3 WL. This is somewhat lower than the mean
value calculated using WL data from the paired radon samples
(43.6 WL). In any event, this value is much larger than the
median value used by Howe ejb al. (7) in their analyses. A mine
average WL value was also calculated assuming that 20% of the
time was spent in the travelway, and 80% of the time was spent in
the workplace. Probability distributions were assigned to radon
levels in the travelway and workplace as suggested by Figure 1
and probability distr ibutions were also assigned to both the
equilibrium factor and the time spent in the travelway. Monte
Carlo methods were used with the following relation

WL eq
[Rnt Rn

w
- ft)]/100 (1)

t o e s t i m a t e a mine wide average of 4 1 . 5 WL. The corresponding
geometric mean is approximately 15 WL. Either of these numbers
are larger by a factor of 2 or more than the values reported by
Howe. This suggests the exposures used by Howe e_t al.., for the
early years of mining, ( i . e . prior to 1960 or so) are likely to
be underestimated by perhaps a factor of 2 or more.
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The importance of miner wov-k histories has already been noted.
Even where there are good records of work histories, it is not
always clear that proper consideration has been given to either
overtime or time off, the former leading to underestimation of
exposure and the latter leading to overestimation of exposure.
In the absence of a conscious systematic bias, this factor is
perhaps not too important for the overall exposure of the group
but could be very important in the case of an individual miner.

3. EFFECT OF UNCERTAINTY ON RISK ESTIMATION

In a recent study for the Atomic Energy Control Board (10), we
develop two statistical approaches both based on Dayesian
methods, which permit us to examine the effect of uncertainty in
exposure (WLM) on the risk coefficient.

The first method, which we refer to as the cumulative WLM
approach, requires only an estimate of the cumulative WLM
exposure of a group of miners, an estimate of the number of
excess lung cancers and a specification of the uncertainty about
the cumulative exposure.

This method provides an estimate of the posterior probability
density function of the risk coefficient (with units of cases per
WLM) . This method assumes a linear relation between increasing
WLM exposure and risk. Figure 2 shows results of applying this
method to the U.S. miner cohort with followup through to 31
December 1982.
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The left hand side of Figure 2 shows the effect of applying this
technique to the 20 never smoking miners. The right hand side
shows the effect of applying this technique to the overall group
of U.S. miners which includes smokers, former smokers and never
smokers. In both cases, a uniform uncertainty about the
cumulative WLM exposure was assumed. According to this method,
we calculate the average risk in nonsmoking miners to be
approximately 37 per million cumulative WLM. For the group as a
whole, we estimate the risk to be approximately 81 per million
WLM. Roughly speaking, the total group of U.S. miners, which
includes smokers and nonsmokers, is subject to twice the risk per
WLM as are the group of never-smokers.

The second technique is based on a linear regression model which
incorporates errors (uncertainty) in the independent variable
(WLM) and allows the dependent variable (cases) to be Poisson
distributed. This method permits the calculation of marginal
posterior probability distributions for either slope (i.e. the
risk coefficient) or the intercept. The regression model has
been applied to several data sets including the U.S. Colorado
miners, the Ontario miners (with and without gold mining
experience), Chechoslovakian miners, two groups of Eldorado
miners (Beaver lodge and Port Radium), Newfoundland fluorspar
miners, and
risk models.

Swedish iron miners, for both absolute and relative

Results are illustrated in Figure 3 for Ontario uranium miners
with no gold mining experience and using a relative risk model.

"Uuro 3. INCIDENCE OF LUN3 CANCER FOR ONTARIO URANIUM MINERS
WITH NO SOLD MINING EXPERIENCE

RELATIVE RISK MODEL
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Here a relative risk coefficient of approximately 1.3% per WLM is
calculated. Figure 4 shows a marginal probability distribution
for the slope for the same group of miners.

3.5 -,

FIGURE 4

MARGINAL PROBABILITY DISTRIBUTION FOR SLOPE ( /?)
ONTARIO URANIUM MINERS WITH NO GOLD MINING EXPERIENCE

RELATIVE RISK MODEL
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A 95% probability interval is also indicated on Figure 4.
ranges from 0.56% per WLM to approximately 2.1% per WLM.

This

Figure 5 shows the marginal probability distribution for the
difference between the intercepts for the Ontario miner cohort
with gold mining experience and without gold mining experience.

It is clear that the difference is significant at probability
levels up to and including the 1% level. Figure 5 emphasizes
the importance of the miners' work history and controlling for
previous mining experience.
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FIGURE 5

MARGINAL PROBABILITY DISTRIBUTION FOR DIFFERENCE BETWEEN INTERCEPTS (& )
ONTARIO URANIUM MINERS (WITH/NO) GOLD MINING EXPERIENCE

RELATIVE RISK MODEL
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4 . DISCUSSION

Uncertainty in WLM estimation is an important factor.
Uncertainty can be either random, leading to results which are
neither consistently high or low, or systematic in which
exposures are systematically ei ther underestimated or
overestimated.

The uncertainties associated with the WL estimation are large for
all of the miner studies. However, i t is intuitive that the
uncertainties must be greatest for the studies in which there is
no actual radon or radon daughter data at all for the period of
interest. This observation applies to the Newfoundland fluorspar
miners and the Swedish iron miners.

The other studies have varying degrees of data reliability, but
generally, with the exception of Port Radium, there are
substantial quantities of radon or radon daughter data for the
period of interest. Notwithstanding arguments about the quality
of the data, our examination of the various studies leads us to
conclude that exposure estimation for the U.S. miners, the
Ontario miners, and the Czechoslovakian miners is of the highest
quality.
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Exposure estimation for the Beaverlodge miners is potentially of
the same quality. However, for various reasons described in
Reference (I1 we believe that exposures to the Beaverlodge miners
are likely to be underestimated by a factor of between 2 and 3
in the present epidemiologic analyses (10).

The Newfoundland fluorspar miner study has had considerable
effort put into exposure reconstruction and we believe is of the
highest quality possible considering the retrospective nature of
the exposure development.

The Port Radium miner study contains large exposure uncertainties
and the exposures are also potent ia l ly underestimated and
therefore is of lower quality.

The Swedish miner study is perhaps subject to the largest
uncertainties in risk estimation, as the Swedish investigators
have not, to the present time at least, applied the same scrutiny
to their data as have the Newfoundland fluorspar investigators.
The assumption that the workplace conditions measured in 1963-
1972 applied for nearly fourty years, backwards to 1930, is in
our view flawed and likely to result in an underestimation of
exposure to the Swedish iron miners of perhaps a factor of 2 to
3.

None of the analyses performed on the data sets is inconsistent
with the linear exposure effect relation. Based on analyses of
the miner groups, the most likely ranges for the absolute and

relative risk coefficients are from <5 to about 15 cases per 106

person years per WLM, and from <.5 to about 1.5% per WLM,
respectively.
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REVIEW OF THE RADIATION EXPOSURES OF THE BEAVERLODGE MINERS

S.E. Frost
Corporate Health Physicist

Cameco, A Canadian Mining & Energy Corporation
122 3rd Avenue North

SASKATOON, Saskatchewan S7K 2H6
Canada

INTRODUCTION

Eldorado Nuclear Limited and its predecessor companies mined radioactive ores a:
Port Radium, Northwest Territories, from 1930 to 1960 and in the: Beaverlodge nrea
of Northern Saskatchewan from 1949 to 1982. A refinery at Port Hope, Ontario,
started up in 1932, initially extracting radium, switching to uranium in the 1940a
and phasing out radium work in 1954. The Eldorado Epidemiology Project was
intended to follow up the health of all Eldorado workers to 1980. A series of
papers tracing the progress of the project has been published by Eldorado (1). One
of the objectives was to further dose-response knowledge, in particular for radon
daughter exposure of uranium miners. Eldorado produced a nominal roll of
employees, which was matched to the National Mortality Data Base of Statistics
Canada. The study design and Canada's strict confidentiality laws precluded any
mortality data being given to Eldorado. The matched data, together with radiation
exposure estimates, were given to the National Cancer Institute of Canada
Epidemiology Unit for analysis. The resulting excess relative risk estimate of
0.026/WLM for workers at Eldorado's Beaverlodge Operation (2) is substantially
higher than those arising from other uranium miner studies: Ontario 0.014,
Malmberget 0.014, Colorado 0.006 (3). Factors which could have contributed to the
higher risk include: underestimation of radon daughter exposure at Beaverlodge,
improper assignment of workers to a particular site, unrecorded radon exposure at
other uranium mines, other work experience which increased the lung cancer risk,
nnd non-occupational radiation exposure.

BEAVERLODGE EXPOSURE ESTIMATES

Original Estimates

The Beaverlodge Operation began recording personal radon daughter exposure data in
1967. These records, as in most uranium mines, were based upon measurements of
radon daughter concentrations in the mine air at specific locations and the time
spent in each location by each individual miner. Initially records were only kept
for current full-shift underground workers, but over the next 10 years the system
was expanded to include all workers and past exposures were added. Back to
November 1, 1966, exposures were calculated by the conventional method, using
measurements collected for ventilation control. Because there were fewer radon
daughter measurements available for the earlier years, it was decided to calculate
exposures based on some sort of annual mine average value. The distribution of
sample results was highly skewed with many lower results and a few very high ones.
It was reasoned that the very high results represented infrequent conditions in
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only a few workplaces and, so as not to give undue weight to the very high results,
the annual median was used in the calculations. All calculations prior to 1964
were based on a single value established after an examination of the available
measurements.

During the epidemiology project, all available data were reviewed. The first
measurements were made in 1954, but the majority of these were radon gas
measurements. Over the following vears, the numbers of measurements increased and
the fraction of radon daughter samples increased. In order to expand the data-
base from which to calculate the exposures, paired radon-radon daughter results
were used to calculate equilibrium factors for each year of operation and these
factors were applied to the radon results to calculate radon daughter
concentrations. Because of the very large number of individuals (approximately
11 000 males and 1 000 females), and lack of knowledge of specific workplaces, the
exposures were calculated from an annual mine-wide number and, as before, the
annual median (for both equijibrium factor and radon concentration) was used.

Review or Calculations

Table 1 illustrates the highly skewed nature of the data, all of which is best
described by lognor:,;al statistics. However, if the linear non-threshold

Table 1: Examples of Annual Measurements

ear

956
959

Median

849
392
262

Radon
Geom .

Mean Mef

1113
418
273

(pCi/L)
Arith .
m

3317
814
422

Maximum

38
9
6

700
780
800

Radon Daughters (WL)

Median

12
1
0

75
03
80

Geoin .

Mean

9.43
0.96
0.83

Arith.
Mean

27.20
2.34
1.47

Maximun;

117
15
20 ,

hypothesis holds, then those few very high results cannot be ignored, even though
they may apply to only a few individuals in a few workplaces. They are valid
contributions to the collective dose, which is the basis of the risk estimate.
There is ample argument in the literature for the use of the arithmetic mean rather
than the geometric mean or median for calculation of personal exposure (4,5).

Several years' data have been carefully re-examined, omitting samples from
unoccupied idle locations, and separating data into workplace and travelway sets.
'I he arithmetic mean equilibrium factors and radon concentrations were used to
calculate the annual arithmetic mean radon daughter concentrations. The mine-wide
annual mean was time-weighted on the basis that 80% of a miner's time was spent in
workplaces and 20% was spent in travelways. An additional bias was noted and
corrected during this exercise. The 1954 radon daughter measurements were done by
the Tsivoglou method, which does not report the Working Level. The equilibrium
factor had to be calculated from an empirical relationship developed by Domanski
(6). The original calculation had set equal to 1 all factors calculated to be
greater than 1, because they were considered a physical impossibility. These high
factors are probably the result of measurement error. Since underestimates are as
likely as overestimates but cannot be identified, rejecting the factors greater
than 1 is biasing the final result downwards. In the re-calculation all
equilibrium results were included.
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In Table 2 the resultant radon daughter concentrations are compared with the
original values used in the epidemiology. To test the effect of this

recalculation of annual averages, the
cumulative exposures of a sample of
miners were calculated and compared
with the exposures used in the
original study. During the first
back-calculation, the personnel
records and time cards had been used
to develop annual exposure hours for
all employees prior to the initiation
of the modern exposure records.
Consecutive names were pulled from
this alphabetical file?, starting with
Me and accepting only people who were

Year

1954
1955
1956
1957
1958
1959
1960
1961

Epidemiology

6.15
2.06
1.06
1.31
0.69
0.81
0.84
0.83

Review

26.05
3.82
2.81
2.59
1.10
1.30
1.75
1.30

listed as
exposure. A

ful 1 - t i;:ie underground
total of 78 names were

selected and their exposures calculated using the new Working Level values froir.
Table 2. As in the original study, pre-1954 exposure was assumed to be at the same-
rate as in 1954. Of the 78 miners, 28 had no change in exposure because they were
employed after 1961. The arithmetic mean exposure for the group of 78 increased
from 26.26 WLM to 61.21 WLM, representing an increase in collective exposure from
2 048 WLM to 4 775 WLM, with the maximum exposure increasing from 317.5 WLM to
1 04 8.5 WLM.

OTHER URANIUM MINING EXPOSURE

The Howe study (2) attempted to control for other uranium mining exposure bv
matching the Eldorado nominal roll to the Ontario miners' nominal roll (7). Howe
notes that some workers appeared on both lists and that elimination of these
individuals from the study did not affect the conclusions. However, this ignores
a potentially much larger source of non-Eldorado exposure. Some 26 other mines
were developed in the Beaverlodge area between 1953 and 1965 (8) and nine of these
were actually in production (9). Most were small operations which lasted only a
few years, but the largest one operated for nine years. Because Eldorado was the
biggest operation and remained open after all the others closed, miners tended to
gravitate toward Eldorado. As a result of collecting information for workers'
compensation claims, it has been determined that some Eldorado employees had
exposure in these other mines, which has not been recorded on the epidemiology
file. The larger mines likely had mechanical ventilation, buf the smaller ones
probably depended upon natural ventilation, with the potential for extremely high
Working Levels. An attempt has been made to get information about these other
mines through the Saskatchewan mines i pectors, but, unfortunately, most of their
early records were lost in a flood. The possibility remains of getting some-
qualitative information by tracing management personnel from these other
operations. There is some work-history information in personnel files, which was
not considered in the epidemiology, but only a serious attempt to extract this
would indicate whether or not there is enough to be useful.

OTHER MINING EXPERIENCE

No attempt was made in the Howe study to control for other hardrock mining
experience, because little relevant information was available on the epidemiology
file. In reviewing workers' compensation claims, at least one Western non-uranium



mine has appeared on work histories, which has recently been discovered to have
high radon daughter concentrations. This represent.1; an example of non-uranium
mining radiation exposure, which, by omission, would have elovated the apparent
risk factor.

Another factor which has not been considered is gold mining, which has been
demonstrated in the Ontario study to contribute to lung cancer risk, without
necessarily contributing to radiation exposure (10). To assess the potential for
confounding by this factor, a search for work-history data was conducted. A sample
of 100 names was selected from the Eldorado nominal roll, in alphabetical order,
starting at M, taking only those who were listed as employed full-time underground
at Port Radium after 31 December, 1949. Port Radium was used because the files
were readily available for examination.

Table 3: Other Mining Experience

Number of names selected 100
Number of files found 37
Other recorded mining experience 24
Gold 17
Asbestos 2
Other Eldorado ur.mium 5
.'.'on-Eldorado uranium 7
Non-Eldorado non-Ontario uranium 4
Oiher ore 11
No prior mining experience 9 ;
Nuclear research employment 1 i
No work history 3

Table 3 shows the results of this work
history search. Only one of the five
men with other Eldorado uranium mining
was recorded as such on the nominal
roll. Two of the nine men with no prior
mining experience were not underground
miners and had been incorrectly
classified on the nominal roll. In
summary, of 35 actual miners for whom
records were found, 24 (69%) had prior
mining experience, 17 (49%) had prior
gold mining experience, and 10 (29%) had
unrecorded other uranium mining
experience.

ASSIGNMENT TO OPERATING SITES

Over the past few years, workers' compensation has been claimed by a number of past
employees from both Port Radium and Beaverlodge. To supply the necessary
Information to the workers' compensation boards requires a careful examination of
.ill available records. The closure and decommissioning of the Beaverlodge
operation between 1982 and 1985 brought to light additional records which had
apparently not been reviewed during the epidemiology. Clearly some of the
employees were incorrectly assigned to an operating site by the epidemiology study.
For example, a miner who had never worked at Port Radium was assigned to both Port
Radium and Beaverlodge, resulting in his exclusion from the Howo study (2). Since
the man is still alive, he should have appeared in the denominator for the
calculation of the mortality rate, thus reducing the Beaverlodge risk estimate.
One of the bases for assignment to sites was the type of personnel record card
employed, on the assumption that Beaverlodge and Port Radium had different styles
of card. The compensation follow-ups have shown this assumption to be incorrect.
It is not possible to quantitatively state the effect on the study outcome, but
clearly this could have had an influence and that influence could have been in the
direction of overestimating the risk.

NON-OCCUPATIONAL EXPOSURE

In 1975-76 when radon in houses became an important issue, surveys were conducted
in all Canadian uranium mining communities. At both Uranium City and Eldorado, the
two communities where Beaverlodge employees lived, many houses were identified with
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radon daughter concentrations requiring remedial action and a few had very high
levels, the maximum being 0.8 WL. Although on average this exposure would have
been lower than occupational exposure, the contribution to the relatively low
exposures used by Howe et al (2) would not have been insignificant.

DISCUSSION

It is quite apparent that the measure of central tendency used to calculate the
miners' exposures has a major impact on the outcome of the Beaverlodge study. The
ratio of the mean exposures of the 78 miners calculated by the two methods is 2.63.
This suggests that a risk factor for this group of miners calculated from the
arithmetic mean exposure would be only be 38% of that factor calculated from the
median. Obviously the increased exposures would only apply to the earlier miners,
but since a random sample of miners was selected here, there is no reason to
believe that the result would be greatly different if a larger sample were
examined.

Other mining exposure, both uranium and non-uranium, is likely to be of great
significance. In one typical case reviewed recently, a miner had twice as many
years of non-Eldorado uranium mining in the Beaverlodge area as he had at Eldorado.
His likely exposure was at least three times his recorded exposure at Eldorado.
If only 25% of the miners had such exposure, it would increase the collective
exposure for the entire cohort by 50%, thereby reducing the risk factor by 33%.

Similarly, the Ontario gold miner study shows a Standardized Mortality Ratio for
lung cancer of 1.40 (10). Clearly this would affect the risk factor for those men
(apparently a substantial fraction of the miners) with gold mining experience.

Incorrect assignment of work sites would result in incorrect exposure estimates,
but would also assign a miner to the wrong cohort. It is not obvious how this
double error would affect the outcome of the study.

Non-occupational exposure is likely to be of lesser significance than the other
factors except for the few miners who may have lived in the high radon houses.
However, ignoring this exposure will result in an overestimate of the risk factor.

The overall Eldorado study assembled over 25 000 records, representing about 21 000
people. The task of extracting this number of detailed wcrk histories was clearly
beyond the resources available to the study. This is a major difference between
the Beaverlodge study and other miners' studies. Both the Colorado and Ontario
studies looked at entire work histories, while the Czechoslovakia:! and Swedish
studies were dealing with populations who were largely limited to the one type of
mining experience under study.

Other data exist, which were not employed in the Beaverlodge study and which may
help shed some light on the problem. To assemble complete work histori.es for all
members of even the Beaverlodge cohort is not feasible, because it would require
tracing and interviewing most of the cohort. A number of recommendations are
offered for work which is feasible and which should further the knowledge of this
study group.

RECOMMENDATIONS

(1) A complete review of all annual Working Level numbers used for exposure
calculation should be done, following the method described here.
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(2) Bonus contract records exist for many of the Beaverlodge miners for the late
1950s and early 1960s. These record the time spent in specific workplaces on a
monthly basis and could be related to radon daughter measurements to calculate
individual exposures.

(3) A sample of the cohort could be selected and complete work histories traced.
However, this would be a major undertaking for even a portion of the cohort.

(4) Efforts should be made to get some indication of the radon daughter
concentrations in the other Beaverlodge area mines. This information would also
be useful for the Ontario study, which had to exclude 1 430 former Eldorado
employees from some analysis because of lack of exposure data (7).

(5) The basis for separating the entire Eldorado population into cohorts by work
site should be re-examined.

(6) An examination of the records for the remedial work on Beaverlodge area houses
would indicate whether or not this was a serious source of bias.
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PROBLEMS IN ESTIMATING THE RISK OF LOW DOSE ENVIRONMENTAL RADIATION

L. I). Hamilton
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ABSTRACT

Throe aspects of the problem of estimating health effects due to .small

inc lvmonts in radiation dose are discussed: statistical power, control

populations, and low-dose extrapolation. It is still impossible! to verify

I Le existence or absence of additional risk of the order of. one. p a n per

IP i 1 1 ion per person-year or less from excess exposure of 1 rein or less. In

high dose, studies, substantial errors of one or more; orders of magni t ude can

be made if the control populai ion is skewed or if an incorrect' form of the

dose - response function is used.

INTRODUCTION

Radiation can cause cancer in human beings. Studies of A-bomb .survivors,

uranium miners, radium dial painters and others are. unequivocal. It is the

ideal of many governments to protect individuals from the actions of society

a.'; a whole. Where so, a rational government should regulate people's

involuntary and occupational exposure to radiation.

At first glance, the; obvious solution to the. problem is to ban radial ion.

This is impossible: radiation is a natural, inescapable part of the

ei'.v i roniiiciit" ;ind always has been. Nat viral background eiicctive dose

equivalent is of the order of ''AH) mrem per vear, two-thirds of which is due.

;o radon-2'/)'2 daughter exposure in houses. Banning radiation is also

i eunom i cri 1. 1 y unattractive because of the benefits derived from direct use1 of

radiation or from processes that produce, radiation as a by-product. Thus the

plowing soil enhances radon emission. Philosophically this is not a trivial

i :-:ai;>p I e . Tradi t iona Lly, increased risk to the population or even to

identifiable, subgroups is tolerated if outweighed by the benefits accrued to

society as a whole or to the- individuals involved. Society would ban

au; owob i les were this not true.

government therefore faces a dilemma. Given a certain background of

radiation exposure, what add:: ional radiation exposure, should be allowed

considering the benefits derived? Benefits are usually easilv idont ified: a

salarv, a kilowatt-hour o( electricity, a hairline fracture located, etc-.

P.'it the attendant risks are less easily calculated -- indeed harder than ipanv

bureaucrats, advocates, and other special interests would load one to

be 1 i eve.

,':inv problems are involved in gauging directly or indirectly the increments

in health damage due to a .small increase in radiation. There is no
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consistent theory at this time; any estimation must depend on empirical

evidence. Any procedure will confront one or more of these problems: (!)

staristical power; (2) control populations; (3) low-dose extrapolation; (4)

aninial/plant/cell --> human extrapolation; (5) quality factor, that is the

: vpe of radiation; (6) internal versus external exposure; (7) dose rate

< ri.-cts; and (8) possible synergism with other cancer causing factors.

The- first three problems will here be discussed in more detail. Statistics

ic lls us that using epideiniolog Leal evidence it is impossible to exclude with

certainty some effect at low doses. But, sloppy analysis without due-

cons i clera t ion of control populations and uncertainties of low-dose-

>•:•:: r.ipolations shape has led in the past to over-high estimates of risk.

STATISTICS

birect calculation of excess health effects at low doses -- as noted -- is

difficult if not impossible- because the probability of an adverse health

effect is very low. The existence of identical health effects not due to the

rail i at: ion exposure- e-xacerba t e-s the- problem.

'.:,.SI.:IIK- i lint r is the base' rate ol an effect (cases per person-vear of

u!i;;( rvntion) and r p is the excess rate to be measured. Let n be the person-

.•i .:!:•; e)f observation in the expensed population and inn be tin- person-years of

• >:•:•,. rvation in the control population.

'! : n' i! x = (r i r. )n_ is the number of: cases expected in the exposed populat ion

ii-d v -• i'omn is the number in the control population. The expected excess

i n ;ii:i)i' r i s

;-. - x-y/m

.!,-- numbers actual Ly observed in the exposed and control populations are

.;i;l)jeet to statistical error. Assuming these errors are independent and

r.iii'hi lie in quadrature, the error in the observed excess is given bv

!,y. -- V(/.;.;)2 t (Ay)2/in2 .

Ir ii! .•?> 1 , s t a t i s t i c a l e r r o r i n ;: i s m i n i m i z e d b y r e m o v i n g u n c e r t a i n t y d u e t o

•.• (':;' >"> m ) . T h e n . Az " A x . H o w e v e r , s y s t e m a t i c u n c e r t a i n t y i s i n c r e a s e d b v

•-.w u i iknov ;n a m o u n t . As t h e c o n ; r o l p o p u l a t i o n i n c r e a r u ' . s i t b e c o m e s lc ' . ss

r i-pi 'c s e n t a t i . v e o f t h e t e s t peipu 1 a : i on .

.\t t h e o t h e r e x t r e m e i s a o n e - t o - o n e c a s e c o n t r o l s t u e l v i'ov w h i c h m --• ] .

TLe 'n , i f :•: ~ y , t.v. ~ " \ / 2 A x . T h i s i s a ''iO% l o s s o f s t a t i s t i c a l c e r t a i n t y b u t

:\ '.-: i t'.ii i f: ' i c a n t g a i n i n s y s t e m a t i c c e r t a i n t y . One ce iu le i i m a g i n e c a s e c o n t r o l

. ' . t ' .u l ie-s i n w h i c h t w o eu" m o r e c o n t r o l s a r e m a t c h e d t o t e s t s u b j e c t s . T h e n , i f

x :- y / in , A:: -• Ax V l + I / in 2 .

in the- remainder of this section, it is assumed that the; control population

is much larger than the: exposed population. The popu 1 a t: ion - s i ze: requirements

derived must be considered mini mums and any results subject to possible-

significant systematic error.
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It :•: is sufficiently large, the error in x is described by a normal
d i .s tributi on and the 95% confidence interval is given by >: - 2 -\/x~ to :•: t
•'•»/v To observe a tv;o-s tandnrd deviation e f f e c t :

r..n > 2 V(ro t- rf,)n

Tbo I-! PA vises a linear, no- thre.shol d effective; lifetime cancel' mortality risk
.'.'•;; i ilia tor of 200 per million ]>< rson-rem, or about U 1 0 " ' per pe r s o n - y e a r pi-r
iv:r:. The b a c k g r o u n d rate is the order of 0.2 per li f e t i m e , or 0. OO-'t jur
p<. r.son- y e a r . To confirm tlie I'.I'A risk c o e f f i c i e n t with 9 7 . Si confidence at a
dose level of 1 re:n would require a test of over one b i l l i o n person-Vi-ars i-'i
:•; ().0()/(/(/i 1 0 " 6 ) 2 ) . To confirm it at a dose level of 1 mi l l i r e m would
r-. quire one qiuulri L1 ion p e r s o n - y e a r s .

Tin .situation is loss dauntin;', if tlu- background rate is much lower than th.-
I'Xci-ss rate. Thc-n n > **/i (i'() « r , ) . S t i l l , to confirm an effect rate oi
! ]!)"' per per s o n - y e a r per rein requires U million person- vea rs of obsrrva; i o::
lor a dose of 1 rein, or >'t billion person-years for a dose oi 1 milliri.ii!.
H o w e v e r , if r_, (and thus :•:") is also s m a l l , the as s u m p t i o n of a normal
d i s t r i b u t i o n doesn't apply.

Accord I rig to Poisson s t a t i s t i c s , if one is desi g n i n g an exp e r i m e n t with 9 ) •
confidence that one or more events wi.ll be observed, A •-- nr _ must be equal to
or greater than 3. Th e n , n > -'/r . A g a i n , millions of person-yea rs of
obs e r v a t i o n are required to establish a risk of 1 per million rem for ] re:::
ex p o s u r e s , or b i l l i o n s for 1 iiiillnvn! exposures .

Scientists want to determine what something, is with 9b•« or better c o n f i d e n c e .
P.!. s'.ul a t ors on the other hand want to know what risks cannot he excluded with
sone large c e r t a i n t y . For example, if no excess health effects were observed
in a study, h o w many could there have been and still have observed none with
:, probability of 5%?

Li the b a c k g r o u n d rate is aoro, this situation is described by Poisson
.statistics, as above. The probability of observing no cases is 5S ii A 3.
Sipee A = in: t and r « 1, it becomes impossible to exelude non-zero values
of r which might he considered significant if multipl i e d bv million.'; oi"
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billions of people for hundreds or thousands of years (say, excess mortality

of 10 per century).

V.'lun the background health effects rate is significant, a tiny but non-zero
tv:;-t'ss effects rate at low dose becomes even harder to exclude.

<;W;:TROL POPULATION

Dose - re-spouse relationships ;irs often presented as relative risk versus
exposure;. The relative risk is computed as the observed number of health end
points divided by the number expected, generally taken from a comparison
population. For example, Colorado Plateau uranium mine1!" lung cancer rates
might be compared to rates in the U.S. male population. Implicit in this
approach is the assumption thai: exposed and control populations are identical
in all respects relevant to the health points of interest except exposure
level.

A simple test of the validity of the assumption is available if there is a
subgroup of the exposed population with small excess exposure. The relative
risk of tills subgroup should be close to unity.

!.i:;!.ed below (Table 1) are the data from Eldorado company miners as published

:.;.• the BEIR-IV Committee [NAS 1987, p. 1.06].

rage expos

1

66
l.'O

:\°,u

Table

u r e: —
Ob

1.

serv

33
9
8
5

10

El. dor;

Case

ed

ulo Company

s

Expect eel

21 .36
3.31
2.27
0.85
0.95

Miners (BEIR IV).

Relative
risk

1 . 34
2.72
3.53
5.87

10.69

Excess relative
risk per l-:i_M

54 . 0
5 . 4
3.8
4.1
4.7

:•'<:;. t i stically speaking,
':'.•;., it shows an excess
population is far from
.s:imation .

the first exposure group
relative: risk of 54% per
t v p i c a 1 or there are

is the best determined.
WLM. Either the exposed

serious problems with dose

If there is a subgroup of the exposed population with low exposure, there
i • x i s t. s a built-in control population of sorts. There is no need to use: an
arbitrary external population. If available:, this approach is preferred but
it too poses problems. First, the subgroups of the: exposed population may
iiot be identical, except for exposure. For example, the lowest dose group
IK.-.Y have a disproportionate share of young, non-smokers. Second, there may
IK other factors which are. correlated with exposure. An example would be
total exposure to dust and cumulative radon daughter exposure.
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Returning to the Eldorado example, one could use the lowest exposed subgroup
for normalization (Table 2).

Table 2. Eldorado Company Miners (normalized).

Average exposure
j (WLM)

1
32
66

120
280

Relative risk

Raw Adjusted

Excess r e l a t i v e
r i s k per WLM

1 . 34
2.72
1. 5 3
5.87

10.60

1.77
2.29
3.81
6.94

2 .4
2 . 0
2 . 3
2 . 9

These values are closer to, but; still higher than those for Ontario and
Colorado Plateau miners (Table 3). This crude correction does not take into
account dose assignment error and subgroup differences.

Table 3.

Average exposure

(WLM)

5
35
71
123
174
250

8
34
75
123
171
217

OtllfM-

Rc

Raw

1 .03
1.67
1 .82
2.03
3.60
5.32

0.00
4 . 22
2.76

2 . 80
5.10
4 . 5 7

Miner Data (normalized).

lative risk

Adjusted

ONTARIO

1.55
1.69
1.88
3.33
4.93

MALMERGET

0.65
0.68
1.21
1.08

COLORADO

Excess; relative
risk per WLM

(%)

1.6
1.0
0.7
1.3
1.6

-0.5
-0.3
0.1
0.0

14
86
254

1.00
1 .03
2 . 24

0.0
0.0
0.5

Source: NAS 1987, pp. 106f.

Graphically, the problem is presented in Figure 1. The x's denote two data
points. If one fits a straight line to these data constrain! IIR the curve to
pass through unity at zero dose, the result is the dotted line. In fact, an
unconstrained fit shows that the relative risk at zero dose is 2 (solid
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Figure 1. Constrained versus
unconstrained linear fits.

CO

O.

UJ

UJ

cr

unconstrained

t
constrained

DOSE

lino). The slope of the dotted line is twice as large as it should be, an
error removed by normalization.

Someone; not aware of the pitfalls of blind data fitting, might be tempted to
uso a supralinear fit to these data as illustrated in Figure 2. In this case
the slope near zero dose may be overestimated by an order of magnitude or
more (e.g., the 54% per WLM derived from Eldorado data).

Cir.ure 2.
linear fit.

Constrained supra-
g
UJ

2

UJ
ff

DOSE

Differences between test and control populations are routinely ignored or not
given due respect in some important studies with large political, regulatory
ami public relations impact. In their report to the AECB, Thomas and McNeill
made linear fits to data for miners exposed to radon gas [Thomas and McNeill
}')?,2, p. 57]. They base their conclusions on fits that are constrained to
unity relative risk at zero exposure. Other fits presented in the report
don't support this constraint (Table 4).



Table 4.

Study

Colorado
Czechoslo^
\'ewf oundlt
Sv;eden
Ontario

Linaai

rakia
uid

- Fit.s
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to Miner Data (Thomas &

Constrained

Slope

0 . •'

1.'
2 . /

••'.. 1

(%/WLM)

2

••>

McNeill 1982)

Not constrained

Intercept

1.96
2.07

(not given)
1.60
0.8^7

Slope

0
0

(not
1

(%/WLM)

18
78
given)
66
9 7

The- intercepts -- relative: risk at: zero excess dose -- are about 2 for the
studies with results except Ontario. The reason for the exception is that,
the Ontario data is quadratic in form (Figure 3) -- a shape thai v:il]
underestimate the intercept if a linear fit is attempted. Dose - response
shape and low dose extrapolation are discussed in the next section.

Figure 3. Excess relative risk
and 67% limits by exposure
category as observed in the
uranium miners in Ontario,
Canada. The comparison is to
external population rates.

a.
co

UJ

a

8.0

6.0

4.0

2.0

0.0

-1.0

*

Ontario

O 20 50 100 1 5 0 2 0 0 2 5 0

EXPOSURE (WLM)

Anot lie i" important example
of the BEIR IV report.

is the radon-222 daughter exposure effects sect ion

['KIR IV did two types of analysis of four cohorts of miners, "external" and
"internal." In external analysis, the numbers of observed rancors in the
miners were compared with ihe numbers in an external population without
, vi'fs;; radon daughter exposure. In the internal analysis, one- looked for
rh.uu'.os in the numbers of observed cancers with changes in radon daughter
exposure. In the context of a relative risk model wherein the response is
linear in cumulative dose, the external analysis immediately runs into
problems because the raw data do not indicate zero excess response in the
absence; of excess exposure. This fact was attributed to differences other
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than radon exposure in the miner cohorts and comparison populations. The
BKJR IV committee, therefore, normalized the data using the results of a
linc-.-ir fit, except for the Swedis.li data for which an arbitrary factor was
used. (The a priori assumption of linear dose-response is, in general,
incorrect.) BEIR IV also did an analysis (called internal) in which a
control population is not used but dose-response is calculated as changes in
effects vs. changes in exposure wholly within the test population. Despite
BEIR IV's observation [KAS 1987, p. 86] that "[rjeliance on internal
compar isons has the advantage of avoiding potential biases due to
differences, other than the exposure of interest, between the cohort and the
comparison population," BEIR IV chose to adopt an average or compromise of
:lio parameters obtained from the internal and normalized analyses in
conr; cruet ing its TSE (Time. Since Exposure) model. There is no scientific or
in.'i t heinatical justification for doing this, namely the combination of results
of one data analysis with those of another, admittedly inferior, analysis on
the same data. The committee attempted to justify the combination bv savim;
that "[t]he difference between these [parameters] is small relative to the
precision of estimation" [KAS 1987, p. 121]. The internal parameters (base
coefficient, age dependence of coefficient, and lag function) are
svs.t ematically lower than the external parameters so that, in the aggregate,
a significant difference may be expected (Table 5). The use of external
p.-i r.imeters or compromise parameters has a large effect on model projections
•.•nmpnred with the use of the internal parameters alone. An implementation of
the TSE model using 1980 life-tables, background lung rates, and continuous
lifetime excess exposure indicates 45% more predicted excess cancers if the
external parameters are used instead of the compromise parameters.

t is 33r. less if the internal analysis parameters are used.
The

Thus ,
projections using the external or internal parameters differ by over a factor

£2_L I v.'o -- quite significant!

f
i
I _ ... .-

Table 5. Comparison of BEIR IV Projections.

ll'araine terfj

I nt.ernal
\l',K1R IV TSE
External

1nternal
BEIR IV TSE
Kxterbak

Lifetime lung cmcer mortality

@ 0.1 V.'I-M/y @ no excess Net
Compared to
BEIR IV TSE

0.0698'3
0.0/100
0.07264

0.02618
0.02665
0.02727

MALE

0.06746 0.00237
0.00354
0.00518

67%

146%

FEMALE

0.02522
!1

II

0.00096
0.00143
0.00205

67%

143%

i'rom the practical point of view, the external analysis is of doubtful value
since: the miner cohorts do not represent a cross-section of the male
population in all respects except for radon exposure. For these reasons one
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.should reject the external and compromise analyses. The internal analysis is

not much better since it blames all of the effect on radon and ignores

confounding variables which may be; correlated to radon exposure. Smoking is

possibly one such variable.

KPA has recently claimed that its models for excess lung cancer are confirmed

Iiv the- BEIR IV, based on the similarity of the base value of the relative

risk coefficient. (Both mode If; assume relative risk.) But risk is sensitive

to other model parameters, e.g., age dependence of risk, the lag function,

and base rates of lung cancer. The BEIR IV internal projections are in fact

a factor of four lower than those of EPA's model (Table 6 ) .

Table 6. Lifetime Average Lung Cancer Excess Risk.

Model

JEPA 3%
I 10-year
I 1 atency

Excess

Demograph ic exposure

tables (ULM/y)

jBEIR IV

iCompromise BEIR IV

I
i BEIR IV
iInternal

BEIR IV

BEIR IV

0.1

O.I

0.1

Excess lung cancers ;

( %/WLM) (pe r ini 11 i on V.'LM ) '•

0.73

0 . h '<

2.31

J • i ':>

1090

:BEIR LV

|Oomprom i se
I

;BEIR IV
' Interna1

EPA 11
10-year
1atency

CAIRO

CAIRO

CAIRO

0.27

o.:>7

0.27

0.80

693

l.ir.C DOSE EKTRAPOLMIONS

There is as yet. no theory oi health effect induction at low i ncivment .,!

ilnst.';. Theory here mean;; a set of rules, e.g. , Maxwell's equation:-; for

electricity and magnetism or Einstein's theories of relativity, that explain

known phenomenon, testable and having predictive value. Even if a tlu-orv

existed for some health cndpoints, including type of radiation and living

svstem, it may not be applicable to others.

Lacking a respectable theory and facing the impossibility of measuring, end

t i'ftcts at low doses, one; perforce extrapolates effects seen at high dose down

;•> lower doses. The: distance- of the extrapolation is large: many decades.
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!>:>s< to A-bomb survivors is measured in hundreds of rein. Yet reguia cors use-
results to predict the effect of adding one millirem per year to a background
of 1.00 inillirein. This is a factor of 1 000 or 100 000.

"1 t. hnately, extrapolation must provide the slope of dose-response at an
individual's background exposure level. Only then can the incremental risk
associated with a small incremental increase in risk be calculable. Tlu
;,rni!;:fciit is often made that if OIK; assumes that any of the backpround health
el feets are due to background radiation, then a threshold -- if OIK- exists --
must be below this point and, further assuming monotonic dose - response , there-
is i-. positive, linear coefficient, at this point. However, it does not.
r i I'.'.U'OUS ly follow that the slope, at background is the same- as at higher doses
'.if t.Iio same as a straight 1 i r.e drawn through the origin and the high dose

The BEIR III report [NAS 19.S0, p. 145! provided dose - response models for
single exposures to external low-LET radiation. The models are based
primarily on polynomial fits to A-bomb survivor data. A linear function, a
[Hire quadratic function, and a mixed linear-quadratic function -- all give
.•qually acceptable fits. The committee then estimated exce.s.s mortality in a
population of average age ami sex of one; million people exposed to 10 rads of
radi ition (Table 7).

Table 7. L'xcess
per 1.0

Dose-response
model

Quadrat ic
L i n e a r - q u a el r a t i i:
Linear

prediction for the: liiuar mode-

Mortality per
rad.

Proj ection

Absolute

95
766
1671

1 is 18 times

Mi 11 ion

mo el el

Relative

276
22 55
5014

1 a r go r tT!j. prediction for the liiuar mode] is 18 times larger than the quadratic
;ofiel and 1.7. times larger than the linear-quadratic model. The difference
'•e; •;er-n the quadratic and linear models depends on dose level. On the other
': i: 11 u I. the ratio of linear to linear-quadratic predictions is constant at l
•loses since the quadratic term in the latter has no effect.

ow

Tlu phenomenological fitting of the data need not have: been limited to these
three forms. Many other functions have been used, especially in animal
studios of chemical carcinogens, including multi-stage, logistic, and Weibull
:o'lrls. Using these would provide: a.i even wider range of low-dose
i w d i c I i cn.s . In general they would provide results closer to pure quadratic
; i ; s ; han the' others .

!n a recent report by MUSH [Horming and Meinhardt, 1986], various
phc nomenologica 1 fits were made to lung cancer relative risk data from U.S.
uranium miners. These data, from the BlilR IV report [KAS 1<J87, p. 105] are
shown in Figure 4. It is instructive to note that a radon concentration of
i pCM/1, the level of concern to EPA, corresponds to a lifetime cumulative
ixposurc of about 50 WLM.
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l''i j',u]'(: l\. Excess relative: ri.sk

.-and 67% confidence limits by

exposure category as observed in

the uranium miners on the

Colorado Plateau. The coiitpari-

son is to external population

ra[es .
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'['lie.se data appear to be neither linear or quadratic in .shape: . The S-ihape

(ami liar in toxicology best describes it, or a linear-quadratic function v.iih

a cell-killing factor. The- functional shape preferred by Iloriiung and

Meinhardt was a powt:r curve with an exponent less than one. specifically,

cumulative exposure raised to the 0.66 power. The general shape of .such a

curve: is .shown in Figure 5 in comparison with two eel 1 -ki 1 1 i np, models. Note

I he large difference in slope at low exposure:.

l-'ijMire b. Kxainplcs of dose-

re.spon.se functions: (A) liner,

\;iih cell-killing (solid) and

'..•i:lioul (dotted); (B) linear-

'|uadra t i c , , with cell-killing

('.solid) and without (dotted);

and ((') j)ower function with

exponent 1 ess than 1 .

BEIR 3 Cell Killing (low - LET)

linear- quadratic: Cao+ «,0+a,D* )e

( 3 )

Hornung & Meinhardt

- If interpreted as cell killing, effect
commences immediately and greatest
effect at lowest doae

D Excess
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llornung and Meinhardt claim that their risk model is applicable; in tin: range-

of d() to 6000 cumulative Will. Tho lower end is near that c.i 1 cu 1 a t. c -d for

lifetime exposure to an indoor rndon-222 concentration of A pCi/1. One can

be- daring and further extrapolate this model to typical background exposure:

r.itfs of about 0.2 WLM/y. At tin's level the llornung and Meinhardt model

predicts that the number of lung cancers is ten times higher than it would be

in tho. absence of radon exposure, namely those due to smoking, and ctlur

causes. In other words, if background radon could be shut off, lung cancer

rates would drop to 10% of current; levels. Of those remaining, 80-90.- would

bi- still at tributable to smoking. This astounding prediction is due to the-

I'M 1 f • 11> 1 lea t i vo nature of relative- risk in the Hornung anel Moinhardt moele-l and

eve i'-steepening slope at lower exposures.

OTHI-.R EXTRAPOLATI^N VARIABLES

V.'hi-n predicting effects under a certain set of conditions from available-

elata, extrapolation over variables other than dose must often be- made-. These-

include- age, sex, race, na t i.ona L i ty, dose rate (acute- versus chronic c,v

I i\-ic; i ona ted) , internal versus external irradiation, reality factor (type-) of

i".id i at ion, anei others. In ge-neral., there* are many assumptions made- in 'iioelels

..liie-h do the extrapolation.

popular general, me thodologv for calculating adverse health risk from

internal de-position of radionuc 1 i de-s is due to the- 1CRP ( 10RP l'.)/7 and 1CRP

}''/'•). The metric of risk is ei f ec I ive.- elose- e:e|u i va Lemt . "EfiecLive" in this

.iin! •.:: t means that indivielual organ elose-s have1 been weighte-d and summed to

•:.!it.iin a Kin^it- elose figure. The weight is me-aiit to reflect the relative

i". -id i osens i. t. iv i tv of each organ. Dose et|ulvalent for each org,an is calculateul

'i.'.ini1, metabolic: models assuming a quality factor of 20 for alpha radiation.

Actual risk is then meant to he strictly proportional to effective? dose-

• (uivalent regardless of organ irradiated and type: of radiation. This is

liiu.ir, no-threshold by implication. Both the weighting factors anel the risk

ITII •( f i c i er.ts are- based predominantly on studios of A-bomb survivors.

In at least one instance, the methodology can be tested, namely the

<-:-:p<-r i enco of dial painters who ingested radium-226 anel raelium-228 [Rowland

i t al . 1978] . Irradiation was protracte:d and due to an internal , bone-

r.i i -I: i lie, alpha e-mitter as opposed td the acute, low-LKT, whole body exposures

due- t (i the A-bombs. The modified IC'RP methodology used by the KI'A in its

proposed drinking-water standards [EPA 1986, pp. Vt839fj would predict a

<.: i :-,n i ( i cant numbc:!" of leukemias and soft-tissue cancers (Table 8) which are

lid! observed in the d ial-pa inter populrtion. On the other hand, it fails t e)

pi! diet correctly the magnitude and shape: with dose- of bone sarcoma and

pa r.-iii.'isa 1 and mastoid ail" ce-11 carcinoma responses.
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Table 8. C-incer Mortality Death Predicted in Radium Dial Population by KPA
Compared to Health Effects Observed.

Sv.si i-in i e Ra-226 intake Observed
Person-yr

Range Average at rL.sk Head Bone — — .._...
(u(.'i) (uCL) (10 y lag) carcinomas sarcomas Leukemia Bone Other

EPA predi ct i on

2500 3602 23')
1O00-2A99

:>OO-999
25O-A99

1 un - / / i 9
::,()-<) 9
2 '; - h 9
I O - 2 A . 9

. ) - « ) . 9

2 . 3 - •') . 9
1 . 0 - 2 . / i 9

O . ) - ( ) . 9 9

1675
5 8 h
366
176

6 8 . 3
3 5 . 5
] 5 . 9

6 .99
3 .52
1 .55
0 . 7 1

309
2 7 5
812
9 A 5"
893

1326
2/4 3 J

170/.
28 58
608't
306 9

3
2
5
5
1
1
0

0
0
0
0

/(

15
8
9
9

0
0
0
0
0
0
0

10.5
6.3
2 . 0
3.6
2 . 0
0 . 7
0 . 6

0. -j

0 . 1
0. 1
0. 1

0

2 . 5
1 .5
0 . 5
0 . 9

0 . 5
0 . 2
0. \
0 . 1

.0

. 0

. 0
1)

1 1 .
7.
2.
U .
->

0 .
0 .
0 .

0 .

0 .
0 .

/

]

1
• J

i)

i,
r)

;>

1
1
I

i )

I To! al 17 11 30
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DISCUSSION OF BEIR IV RADON RISK ANALYSIS

L. D. Hamilton
Biomedical and Environmental Assessment Division

Brookhaven National Laboratory
Upton, New York 11973

U. S. A.

INTRODUCTION

January 1988, the Committee- on Biological Effects of Ionizing Radiations,
National Research Council of the National Academy of Sciences (NAS), released
its report Health Risks of Radon and Other Internally Deposited Alpha-
emi tt-ers [NAS 1988] -- often referred to as the BEIR IV report, it being
fourth in a series by this; committee. The sponsorship was by the U.S.
l-'.nvi ronmental Protection Agency (EPA) and the U.S. Nuclear Regulator)'
Commission (NRC). The project aimed at appraising the state of knowledge on
c-f facts of internally deposited alpha-emitting radionuclides, thercv.-i ; h
aiding decisions on community and workplace health hazards [NAS 1988, p. v \
The committee was charged with suggesting methods for estimating risks and
related uncertainties, i.e. provide a risk model [NAS 1988, p. vi].

Most of the BEIR IV Report deals with effects of inhalation of radon-222' s
short-lived decay products (daughters) --a topic currently of keen political
concern because many private dwellings have radon-222 levels much higher than
EPA current guidelines and because abandoned, unreclaimed uranium mining and
milling wastes, emit more radon-222 gas than do average soils. This article
addresses only those sections of the BEIR IV Report dealing with radon-222
and its daughters.

The BEIR IV Committee, in analyzing the available data and developing Its
prediction model, make decisions which appear questionable based solely on
information in the report itself, specifically: the original cohort data
I'.r.cd by the BEIR IV Committee; the two types of analyses done by BEIR IV,
"external" and "internal"; predictions of the Time-Since-Exposure (TSE) Model
trom relative and absolute viewpoints; and assumption of linear,
multiplicative risks.

MINER COHORT DATA

Table 1 views raw data from the four miner cohorts used by the BEIR IV
Commit too [NAS 1988. ; 106-107]. Shown is risk of miner lung-cancer
mortality relative tc "• v j-cincer mortality in the general male populations
versus cumulative expo .re in units of WLM. Other independent variables,
known and available- to the committee, were distributions of exposure by a£,<.-.
age attained, etc. , but .smoking histories of the men were not known
accurately, in general. From previous studies of mining cohorts and the
general population cumulative WLM exposure and smoking are expected to )><.-
dominant variables.
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(cumulative exposure

Average
exposure

- 270 -

Cohorts
in range 0-

Cases

[WLM] Observed

I'M dorado 1

32
66
120
208

Ontario 5

35
71
123
174
250

M.il mborge t 8

3 A
75
123
171
217

Co 1orado 14
86
254

33
9
8
5

10

34

21
13
5
6
8

0
11
U
8
1^
6

9
5
32

250 WLM)

Expected

21.36
3.31
2.27
0.85
0.94

31.49
12.59
7.14
2.47
1.67
1.50

1.26
2.61
3.98
2.77
2 . 94
1.31

9.00
4.85
14.31

Excess

Relative
risk

1.34
2.72
3.53
5.87
10.69

1.08
1.67
1.82
2.03
3.60
5.32

0.00
4.22
2.76
2.89
5.10
4.57

1.00
1.03
2.24

relative
risk

per WLM
[%]

54.0

5.4
3.8
4.1
4.7

1.6
1.9
1.2
0.8
1.5
1.7

_

9.5
2.3
1.5
2. A

1.6

0.0
0.0
0.5

This simple analysis poses problems; first the raw data -- as organized and
pi'i'soritod -- must be corrected. Two items are noteworthy: (1) excess risk
.it y.ovo excess exposure (called the intercept); and (2) shape of the dose--
ri-.spon.se function. (The most important consideration -- differences in
.sinoking habit between the cohorts and comparison populations -- is discussed
later.) To study these points, one can refer to the graphs of excess
relative risk vs. cumulative exposure published by BEIR IV for each miner
cohort.

H.sults of an analysis done on the Eldorado mine in Canada [NAS 1988, p. 102]
r, re reasonably linear. However, rather well hidden by BEIR IV s graph is the
Vi'r excess risk at zero exposure! As also known, dose assignments for this
cohort are much lower than actually the case. This error increases the slope
•:>i the dose-response and thus the measured effects per assigned WLM.

T!io Malmberget data from Sweden [NAS 1988, p. 104] again show a large excess
risk at the intercept. Taken at face value, there is no statistically
significant variation of response with dose over the. full range of exposure.
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I'oss i ble reasons for the; obvious errors are the wo 1.1 known significant
unde ros r.iinates of exposure to radon daughters in the: Kldorado and Ma 1 inbt; r^i • i
data. What is extr a o r d i n a r y about" t;lie BEIR IV coimiii t tee' s analy s i s is their
uncritical acceptance of 1J10.se data despite the fact that many of t he-
problems with the data arc- immediately obvious on cursory e x a m i n a t i o n . The
mean e x p o s u r e of 1 WI1-1 in the Kldorado data gave rise- to a relative risk o|
1 . :5'i , and of 34 WLM in the Eldorado data a i-olative risk of U .'?.'?_

The O n t a r i o data [NAS 198 8 , p. 103] lias roughly a zero intercept -- as should
bo. The data as a whole look linear-quadratic or q u a d r a t i c .

The U .S. data from the Colo r a d o Plateau region [NAS 198 8 , p. 105] also have a
;:(-ro intercept. In the low-dost.- region they are also linear-quadra t i c or
q u a d r a t i c . They flatten in the high dose- range, which the; other three
cohorts do not reach. O v e r a l l , the data are S-shaped -- a form familial" from
studies of other c a r c i n o g e n s .

One- c o n c l u d e s that two of the data sets must be- adjusted to satisiy the
necessary c o n d i t i o n of zero intc-rcc.-pt. at: zero excess dose -- a not whol 1 y
sa t i s f a c t o r y s o l u t i o n . But if one is unable to correct for dosi-
mi sass i gnme'tit and different smoking h a b i t s , that is all that can he- done'.

BKIR IV diel not use un a d j u s t e d data. O n e of its two an a l y s e s -- the
"ex t e r n a l " -- used a linear fit to obtain "background" standard m o r t a l i t y
ratios ( S M R ) . A p r i o r i a s s u m p t i o n of linearity is u n w a r r a n t e d because
neither data set that already satisfies the; cond i t i o n of zero Intercept a;
.".ei'o e x c e s s dose: looks linear. Possibly relevant is that the best studied
and reliable cases of cancel" resulting from internal deposit ion of an alpha-
< mil tor -- bone- cancer from r.ui i um-Z/'G ingestiein -- is strongly non-linear
j;:AS 1 9 8 8 , p. 194 f f ] . Even using a linear fit, BKIR IV did not like- the
answer obtained for the Halmbe:rget data. As pointed out a b o v e , the data are
essen t i a l l y flat. W e r e one: to remove the; data point at. 34 WIJ1, there would
bo an insignificant upward trend. BEIR IV chose to ignore this data point
for ronormnl ization p u r p o s e s , arbitrarily fixing, the: intercept for these' data
[NAS 1988, p. 1 1 3 ] . Why? Such elata points are be l o v e d by those: w ho d a in-
e x t r a o r d i n a r y e f f e c t s of low-dose radiation.

A f inal o b s e r v a t i o n : any correction scheme b e c o m e s m o r e u n r e l i a b l e as
mag n i t u d e of co r r e c t i o n increases -- especially true when the u n d e r l y i n g
causes of err o r are;: unknown and the c o r r e c t i o n is abstract 1 v
phenomenol ogica 1. And so, the: correction for Eldorado be: ing so largi ,
use-fulness of these data for any sort of analysis remains d u b i o u s .

RELATIVE AND ABSOLUTE PERSPECTIVES

The- BKIR IV Committee analysis and assessment models are: formally expressed

as relative: risk. Because: the relative risk coefficient, varies with age

attained and the lag function, which incorporates the influence e>f time: since

exposure, decreases sharply, the model is better described as modified

relative: risk. It is edifying to look at the predictions of the: BEIR IV

model using parameters from the internal analysis expressed as percent c»f

baseline rate per Wli-1 (relative risk) and excess mortality per year per

million WIJ'I (absolute risk). Using the same TSK Model implementation as
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before, relative and absolute risk can be studied as a function of age
attained, for single exposures at one age.

An exposure at age 20 is typical (Fig. 1). Relative risk drops sharply as a
function of age attained. Absolute risk commences at age 40 as expected,
rises rapidly, and peaks sharply at age 60 before dropping to half that value
for the remainder of life. Life-table analyses for exposures at ages 30, 40,
50, and 60 are similar except that the relative risk curve marches
progressively to the right. The exception is an exposure at age 50. In that
case baseline risk, the risk coefficient, and the lag function conspire to
give a large absolute risk at age 60. In conclusion, results using the BEIR
IV internal analysis, in conjunction with 1980 demographic data, point
towards either grossly modified relative risk or moderately modified absolute
risk.

I BEIR IV INTERNAL MODEL RISK
Males ~

2.6*

2.0%

7.5*

1.0%

0.5*

(

single exposure at age 20

5er WLM per year per 1E«6 WLM

-

-

-

: •

• - .

—K -' ~
....

\

25.0

20.0

15.0

10.0

6.0

1 J _ , , • 1—i i o o

3 20 40 60 80 100 12O
AGE ATTAINED

Relative Risk Absolute Risk

Comparison of BEIR
relative risk (left)

IV internal model predictions
and absolute risk (right).

viewed as

Tho raw miner cohort data can also be looked at from either relative or
absolute perspectives. Of course, these summary data represent averages over
a;•,(.• ,ir exposure and years since exposure, so they do not enlighten us about
r,y,v ;md lag dependencies. Table 3 shows excess cancer mortality per million
••.'I.M per year (absolute risk) , again based on the raw, uncorrected data except
that the same background SMR's used by BEIR IV were applied [NAS 1988, p.
11():. There is no tendency towards larger effect per WLM at lower doses even
though uncorreoted. The Ontario and Colorado Plateau data are well within
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the 10 cases per million WLM per year at risk adopted in NCRP Publication No.

/S ^ 'I i s regarding decrease with time since exposure)-

CONCLUSIONS

(!) Two of the data sets clearly show severe internal problems as signaled
by incorrect intercepts. Incorrect dose assignment has been postulated
as one possible cause. These? data sets should not be used until those
problems are? understood and corrected.

(2) The two data sets with reasonable intercepts do not show linear do.se-
response. A priori assumption of linearity in data analysis and
assessments should not be made at this time.

('}) The data have not been corrected for smoking differences between the
cohorts and control populations (in the case of external analysis) nor
has smoking been included as an indepe?ndent variable (in the case of
internal analysis). Since.' smoking has a very large effect even for the
average smoker (factor of VI), and smoking was certainly more prevalent
and heavy among the miners, validity of the; measurement of the much
weaker radon close - response signal in the 0-300 WL'-l range is shaky.

(••'i) The model recommended by 1'HIR IV is a relative-risk model, but one y,u
warped as better described as an absolute1, model. This poss i !> i 1 i ; •.•
should be investigated a f for the roles of dose misassignment and smoking
in this study are understood..

(b) Even though it includes the faults listed above, the BEIR IV models make
predictions well below thio.se the U.S. EPA has made in the past. Tin';;
has significant implications as regards the magnitude of indoor radon
and uranium mill-tailings problems as perceived by policy makers and the
public. The BETR IV model itself should be considered a conservative
upper bound because the two bad data sets contribute to a large result
and because the assumption of linear, multiplicative risk is maximizing
with respect to the set of reasonable biologically based models.
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ABSTRACT

An introduction to the objectives, nature and direction of the
mission-oriented, contracted-out Regulatory Research and Support Program (RSP)
of the Atomic Energy Control Board of Canada (AECB) is presented. Although a
mission-oriented program has existed within the AECB in some form since 1972,
emphasis is given here to that fraction of the RSP concerned with radiation
protection-related research and to its significant growth, from the fiscal
year 1983/84 to the present. An example of how the AECB is meeting one of its
long-term objectives in radiation protection (namely, evaluating the risk of
lung cancer from inhaled radioactive sources) is given. The strong link
between Atomic Energy of Canada Ltd. (AECL) and the AECB, on radiation
protection-related research, for which Dr. A.M. Marko, of AECL, was in large
measure responsible, is highlighted.

INTRODUCTION

Objectives of the Regulatory Research and Support Program

The Atomic Energy Control Act of 1946 gave the Minister, responsible for the
Atomic Energy Control Board (AECB), powers to "undertake or cause to be
undertaken researches and investigations with respect to atomic energy". [1]
In the years following the formation of the AECB, the method of support for
research was in the form of "grants in aid of research", mainly in the area of
nuclear physics, an activity which ceased in 1976.[2] Commencing in 1972, the
changing role of the AECB, particularly its increasing involvement in the
regulation of the entire nuclear industry, in Canada, directed its research
resources increasingly towards contracted-out research, in support of its
regulatory activities.

This research activity is now embodied in the Regulatory Research and Support
Program (RSP)[3], which is mission-oriented and which is the intended to
contribute to achieving AECB objectives, directly or indirectly. The overall,
general objective of the RSP is to produce pertinent and independent
information that will assist the Board and its staff in making correct,
timely, and credible decisions on regulating atomic energy use in Canada.
Each project within the RSP is linked with other AECB activities and their
objectives, although projects may produce results which are of use to others
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outside of the AECB. Projects, whether of a "support" nature (usually
short-term, related to a single, identifiable problem) or of a "research"
nature (usually longer-term, related to a more general problem or objective)
must relate to:

(i) setting AECB regulatory requirements, standards and guidelines;

(ii) licensing, inspection or enforcement activities;

(iii) assessment of information, particularly information submitted to the
AECB in connection with licensing, inspection or enforcement; and

(iv) regulatory process development, including certain administrative
activities to improve the efficiency and effectiveness of AECB regulation.

The thrust of the AECB's mission-oriented research program is to ensure that
the AECB does receive the independent advice and supporting information that
it needs to carry out its regulatory functions with a minimum reliance on the
nuclear facilities being licensed or, more generally, on information prepared
by those being regulated. Although AECB staff have strong technical and
scientific backgrounds, the AECB carries out very little in-house "research".
Much of this in-house activity is for narrow, operational purposes. Reports
prepared by AECB staff are often in the form of regulatory guides for its
licensees.

Within the framework of the general objective, the principal objectives are:

(i) to verify information, claims or analyses from licensees in support of
licensing actions;

(ii) to fill gaps in knowledge to enable the Board to contribute to the
establishment of health and safety requirements or guidelines or to aid in
arriving at licensing decisions;

(iii) to stimulate licensees to do more work on specific topics relating to
health, safety or protection of the environment;

(iv) to develop information on the regulatory process and the evaluation of
the regulatory process;

(v) to develop equipment or procedures to enhance health, safety or protection
of the environment in those cases where the industry is not competent or
inclined to do so; and

(vi) to enhance the competence of the Board and its credibility in the eyes of
licensees and the public.

Nature of the RSP

At present, the AECB conducts mission-oriented research in 8 areas (called
"Mission Objects") comprising
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(2) nuclear reactors
(3) other fuel cycle facilities (general)
(4) uranium mines and mills
(5) waste management
(6) non-fuel cycle applications
(7) health physics
(8) transportation
(9) regulations and regulatory process development.

(Mission Object (1) is used for another AECB "program".)

Mission Objects (3), (4), (5), (6) and (7) contain the majority of projects
having a "radiation protection" component.

The notion of "Mission Objects" was introduced in 1982, to bring the
mission-oriented nature of the AECB research and development program more into
harmony with the nuclear facilities being licensed, and with other activities
being regulated. At that time (1982), the AECB's research and development
budget was about $900K of which about $300K was spent on "health-related"
projects. \ proposal to increase the person-year and fiscal resources led
(following Treasury Board approval) to an increased budget of about $3.A M by
FY 1985/86. By that year, almost one-half (about $1.5 M) of the research and
support budget was being devoted to projects on "health and environmental
effects", the majority of the balance being devoted to "nuclear reactor
safety" projects. The expenditure in these research areas has remained
constant, more or less, for the last several fiscal years.

Scientific Direction of the RSP

In the mid-to-late 1970's the lack of an adequately large budget for radiation
protection-related projects and the staff to manage them, together with a lack
of long-range planning of specific objectives, combined to limit the "program"
of health and environmentally-related projects to those that were designed to
answer specific, critical issues of the day. These projects were therefore
sporadic, often unrelated to one another and reactive in nature, and it was
difficult to place them in the framework of specific long-range radiation
protection objectives.

With the addition of the human and fiscal resources, (beginning in FY 1983/84
and continuing in the following two fiscal years), there arose within the AECB
the ability to fund several multi-year and complex projects in radiobiology,
epidemiology and lung dosimetry, which also placed demands on the need for
more rigorous planning and objective setting. The availability of funds also
encouraged closer collaboration in long-range planning at the AECB between the
.section dealing with health effects research, on the one hand, and the
licensing and specialist divisions (especially the Radiation Protection
Division) on the other.

Although the radiation protection-related research budget is still modest
(about $1.5 M annually), recent years have seen much more internal review and
questioning: of the relationship of one project to another by senior
management of the AECB and by the five-member Board; of the actual use of
results by client divisions; and of the RSP generally by the Joint
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Subcommittee on Regulatory Research (of the AECB's Advisory Committee on
Radiological Protection and the Advisory Committee on Nuclear Safety). The
above factors have tended to hone our priority-setting mechanism in each
program year, not onLy for the RSP as a whole, but for the individual projects
and their inter-relationships within the Mission Objects.

Harko, in his 1980 compilation of research in Canada on the biological effects
of ionizing radiation, [A ] noted that the AECB was, at that time, supporting
six (in-house plus contracted-out) projects in the br&ad area of radiobiology,
which represented about 6.3% of the number of such research projects in
Canada. Marko categorized these six AECB projects as having "long-term
effects of interest to the nuclear industry". (This "number" fraction did not
necessarily represent the "cost" fraction of this research.) While no such
present-day comparison of research in the radiobiological sphere exists among
institutions supporting research, it is worth noting that in FY 1988/89[5],
1 he AECB supported 27 contracted-out projects (having a total cost of $1,200 K
in FY 1988/89) which would fit the notion of "radiobiological" research given
by Marko. (A number of these projects are long term in nature.) Although the
analogous present-day figures have not been gathered for other institutions in
Canada, both the large budgetary increases and the correspondingly increased
attention to radiobiological research by the AECB would suggest that the AECB
is now probably supporting a much larger fraction of such work in Canada,
compared to its efforts in 1980.

Marko!4], in bemoaning the fact that efforts to promote and foster research in
!he biological effncts of radiation in academic and government institutions in
Canada had been unsuccessful, and that AECL had to continue to bear the burden
i such research, made the following statement: "It is possible that the AECB

would decide they had responsibility to improve the reliability of the
scientific basis for their regulations and therefore could provide more
funding." The statement has proven to be prophetic.

MKKTTNG A LONG-TERM REGULATORY RESEARCH OBJECTIVE

I1'i Hiiro 1 illustrates one simplified example (a "sub-program") of how a
particular AECB regulatory object 'e (namely, the estimation of the risk of
lung cancer from inhaled radionuclides) is being met by research projects
bring contracted out by the AECB. Obviously, thes i projects form only a part
of the international scientific effort to arrive at these more accurate risk
estimates. This figure is intended to show the logic of the AECB's
"sub-program" to arrive at the desired objective, for its own regulatory
purposes. The ".-^ub-activities" are shown as lung morphology, measurements of
solubility of inhaled aerosols in simulated lung fluid, epidemiology of lung
cancer, and so on.

The projects currently underway (indicated by project numbers of the form
x.xxx.x) or completed reports which exist in the AECB's publication list
(indicated by INFO-xxxx) are shown for each "sub-activity". Not included in
Figure 1 are completed reports published by other authorities. The best
example is the series of three reports published by the Ontario Ministry of
Labour on the Ontario Miners Mortality Study. These studies were cost-shared,
oi.ially, by the Ontario Ministry of Labour, the Workers' Compensation Board of
Ontario and the AECB.
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of Lun<j; Cancer from InhaK-d
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The AECB has used, and will continue to use, the results of these research
projects together with other information provided by international bodies
(JCRP, UNSCEAK, etc.) to formulate (or refine) exposure and dose limits for
inhaled radionuclides and for other radiation protection purposes.

OTHER LONG-TERM REGULATORY RESEARCH OBJECTIVES

Other long-term "sub-programs" are also being developed in close collaboration
with (.he AECB's Radiation Protection Division. These include:

(i) mechanism(s) of radiation-induced central nervous system defects in animal
foetuses and embryos, including the contributions to dose from internal
emitters;

(ii) solubility, chemical toxicity and carcinogenicity, in laboratory animals,
of inhaled uranium and uranium compounds and their decay products (including
Lho efficacy of macrophages in lung clearance) in an effort to determine an
Annual Limit on Intake ( A M ) for each uranium compound;

(iii) finalized development, modification and testing of integrating personal
i <idon daughter dosimeters for use by underground miners and comparison of
I hose radon daughter exposures with those obtained from area measurements of
radon daughter concentrations and time weighting. (This "sub-program" has
iron developed in close collaboration with the CEA, in France);

( iv) evaluation of the environmental model predictions of the migration of
radionuclides (originating from licensed nuclear facilities) in the soil,
at or, air and through various food-chain pathways in order to calculate
radiation doses to humans and to set an adequate level of protection for other
• rgani.sms in t ho ecosystem.

Clearly, all of the above are to be used with epidemiological, dosimetric and
•ther data obtained from Canadian and international sources for eventual
application to Atomic Radiation Workers and to members of the public in
Canada.

CANADIAN RADIONUCLIDES

Thf AECB's Re.gulatory Research and Support Program has tended to move, to a
.significant degree, in the realm of radiation protection, to the investigation
of "Canadian radionuclides" (in some measure, as a result of the urging by
A.M. Marko). "Canadian radionuclides" are those associated with the CANDU
iue1 cycle in .anada (uranium, tritium and carbon-14). By far the largest
o.ffort has gone into projects designed to assess the physical, chemical,
biological and epidemiological nature and effect of inhaled uranium compounds
and their decay products, in animals and in humans. Through these efforts and
(hrough those of AECL and others, Canada has become a major international
contributor of data on uranium and uranium compounds, in the areas of
solubility, physical and biological dosimetry, as well as in epidemiology.

INTERNATIONAL LIAISON

Over t ho past several years, increased liaison has evolved with a number of
agencies in t lie U.S., U.K., France and the Commission of the European
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Communit ies (CEC) in the form of: (1) bilateral visits; (2) more frequent
informat. ion exchanges of program documents and annual reports; (3) direct
contracting (or indirect sub-contracting) with agencies abroad (such as the
CKA, ORNL, BatteLle); (•'+) the use of international experts on our review
panels, and so on. This increased international contact has and will continue
to give benefit to the AECB in terms of greater scrutiny ot our research
projects by other agericins and individuals, further refinement of the
objectives of spec: i lie AECli projects or sub-programs, with the reduced
likelihood oi unnecessarily duplicated el tort. It will also likely increase
the direct, use, by the AECB, of information produced bv other research
inst i tut ions.

AECL COLLABORATION WITH AECb - A TRIBUTE TO A.M. MARKO

To maximize the return for each research doiLar spent and to beneli! from
expertise residing within other government departments or agencies in Canada,
extensive efforts have been and continue to be made to seek cost-sharing
partners, where projects are expensive or where the interests of several
federal departments or agencies may be served. This also applies occasionally
to federaI-provincial joint funding. Such collaborations or co-operat ive
research undertakings are sometimes extended to AECB licensees, such .is AECi ,
in radiation-protection (non-Iicence-related) areas. In such collaburat ions,
AECI, is treated by the AECB as the national nuclear laborat r under contract
to the AKCB. Such research projects are either entirely iii:: i-.ui by the AECB
or, more often, jointly funded by AECL and t lie AECB.

The number of" active projects which were carried out under contract by AECI.
for, or jointly wit.h, the AECB, during the fiscal years 1983/84 to 1988/89 is
given in Table 1, together with the expenditures for those projects in the
same fiscal years. (The existence of multi-year projects means that a given
project may be "active.-" in more than one fiscal year.) The proposed number of
projects and their estimated costs are given for FY 1989/90 as well. This
estimate for 1989/90 does not include the funds (-$100 K) for a current
project in which AECI. is the major sub-contractor (Study of the Health Effects
of Inhaled Uranium Ore Dust). In addition, AECL and AECB are jointly host ing,
in Ottawa, a meet ing of the B1OMOVS working group (BIQspheric MOdel Validation
Study), comprised oi an international team of experts on environmental
modelling. Given the present; annual budget (~$1.5 M) for contracted projects
on radiat ion protect ion (health and environmental effects), it is clear that
the trend is to a relatively large proportion of AECB projects (with a
commensurate amount of program expenditure) being carried out by AECL.

This trend has been accelerated in at least two ways by Dr. Marko: (i) in the
encouragement he has given to the annual (since 1985) bilateral visits between
AKCL and AKCB, at which progress on the respective research projects and
programs are presented and where ideas for new research projects are proposed
and discussed; and (ii) in his membership on the advisory Joint Subcommittee
on Regulatory Research (since its inception in 1985), a position which has
given him a unique window on the priorities assigned to the projects within
the. US!'. ihis trend also reflects not: only an overt recognition of AECL as a
Highly competent research institution, but one which is willing to do work on
mission-oriented projects (lor the AECB and others). For clients, such as the
AKCB, this occurs at a lime when an increasing proportion of AECL funds must
i ome back to them through the contract ing-out of their expertise and services.
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Co- incidently, this has occurred at a t. Lme when the number of private sector
companies (which government departments and agencies must first, approach for
contracted research) has dwindled drastically. Universities, non-profit
institutions, and government laboratories often do not have the project
management skills, scientific knowledge, human resource continuity or physical
facilities to carry out the large and complex projects which the AECI3 wishes
to have done. For t.he AECB, AECL has re-emerged as one of the principal
centres of expertise in Canada where research in the fields of radiobiology,
dosjmetry, environmental modelling, etc., can be carried out.

Table 1

"Active" Projects Carried out by AECL and Corresponding
Expenditures by the AKCB, by Fiscal Year

!• isca 1

Year

1983/84

W8/./H5

I'.HS/Sfi

1-.8O/X7

:oy7/88

i ='88/89

'Jo')/90

TOTALS

Number oi Active
Pro jects

3

6

7

9

10

_7

42

9

(estimated)[6]

Expendi
by the

76

86

146

315

325

369

tures
AECB ($K)

(estimated)

1 317

484
(est imated)[6]

'!)](• Appendix gives a list, of major projects recently completed by AECL (or in
progress) and their significance (or expected significance, if still in
;>r;\erc:ss). This is not a complete list of all projects undertaker by AECL, on
behalf of AECB, under the Regulatory Research and Support Program.

Since about 1984, t.he AECB has set up external Review Panels (involving
individual contracts with panelists) for projects of large dollar value, of
great complexity and in subject areas where there is insufficient scientific
expertise among AECB staff to assess effectively the technical rigour of the
work to be done. At the request of the AECB, AECL scientific staff have
agreed to contribute their expertise, to several of these panels, thereby
enhancing t ho (effectiveness of them.

CONCLUSION

The preceding sections have described, in some detail, the objectives, nature
and direct ion of the AECB's mission-oriented Regulatory Research and Support
Program within t.he overall regulatory program of the AKCB. The emphasis has
been on the integrated, mission-oriented nature of the RSP as a contributor to
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a number of the activities which the AECB regulates. The increased support,
by the AKCB, for radiation protection-related research during this decade has
been illustrated by two examples: (1) in the long-range planning and specific
objective setting which has evolved as a result of much closer collaboration
between the Health and Environmental Effects Section and the Radiation
Protection Division; and (2) in the greater emphasis on jointly-funded
iksssdixii projects with AKCL. During trie 1980's the RSP has evolved in the
direction of "sub-programs" or research objectives, which reflect a more
focused and more planned approach to radiation protection research. With the
prospect of a lairly stable budget for the RSP, this trend LS likely to
continue into the future.
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Appendix

Some of the significant projects which have been completed recently, or are
being carried out presently, by AECL for the AECB, are the following:

Project, or INFO Number
and Title

1. 86.6.1 - To Develop a
New Personal Neutron
Dos imeter

2. INFO-0186 - Neutron
Quality Factor

'.]. INFO-0184 - Assessment
of the Performance of
Personal Radon
Daughter Dosimeters

7.099.1 - Literature
Review of Studies on
Uptake, Retention and
Distribution of
Radionuclides by the
Foetus

INFO-0279 - Review of
I.he Dosimetry for the
Japanese Bomb
Survivors

significance

This project led to the development by AECL, of
the "bubble technology dosimeter" for personal
and area neutron dosimetry.

This review of pertinent information by AECL
revealed that the basis for the ICRP-proposed
doubling of the Quality Factor for neutrons was
scientifically weak.

This work led to the conclusion that the
development of a reliable, fully passive radon
daughter dosimeter is unlikely, but reliable
semi-passive and active dosimeters show promise
for use in harsh environments.

This review, conducted by AECL, concluded that
very little information was available in the open
literature concerning the uptake, retention and
distribution of radionuclides by the foetus. The
review recommended more experimental work in
animals to enable the dose to the foetus to be
calculated.

A review by AECL of the radiological significance
of the revised dose estimates for the Japanese
bomb survivors concluded that the revised dose
estimates would not have an appreciable affect on
the quantitative risk estimates for cancer and
genetic effects. The impact of this revision on
the risk estimates for severe mental retardation
(in foetuses) following in utero exposure is
still uncertain.

INFO-0230 - Effect of
Soil on Radionuclides
in Plants: Literature
Survev

An extensive review of the literature on the
transfer of radionuclides from soil to plants
demonstrated the paucity of data relevant to
edible plants grown in a range of soil types
found near Canadian nuclear facilities.



Project

7. INFO-0290 - Effect of
Soil on Radionuclides
in Plants: Field Study

8. INFO-0283 - Assessment
of the Significance of
Organ ically-Bound
Tritium

- 285

icanc.e

These field experiments provided reliable data
for the transfer of U, Th and Pb from four
representative Canadian soils to seven typos of
edible plants.

A critical evaluation of the available literature
strongly suggested that organically-bound tritium
(OBT) in diet items contributes to dose and that
there is a lack of data on OBT in Canadian food
items.

9. 3.121.1 - BIOMOVS -
Intercomparison of
Environmental
Assessment.

The anticipated outcome of these .studies is: a
testing of the accuracy of predict ions of
environmental assessment models, used by various
countries of the world, for selected
radionuclides and exposure scenarios; a better
understanding of the reasons for differences in
model predictions; and recommendations for future
research.

10. 2.154.2 - Measurement
of the RBE of Tritium
for Induction of
Myeloid Leukemia

11. 7.110.1 - Screening
of Human Populations
for Abnormal
Radi osens it ivi ty

7.!30.1 - I on izing
Radiation in Tumour
Promotion or
Progress ion

This work is expected to lead u> ,i more
scientifically defensible est inut c- of the quality
factor (QF) for tritium beta ravs.

This research is expected to lead to a technique
for routine screening for inherited
characteristics in the radiosensitivity of
subpopulations of Atomic Radiat ion Workers and
others. information obtained from routine
screening may result in re-evaluation of the
distributions of risk derived from
epidemiological studies (which form the basis for
the current occupational exposure limits).

This work is expected to impact on risk estimates
for carcinogenesis for Atomic Radiation Workers
and other workers who are chronically exposed to
industrial or medical processes where radiation
sources are used.

!i. 7. 107. 1 - A
Feasibility Study on
the Identification
and Determination of
Exposure LeveLs of
Non-Radiological
Care inoge-n ic
Substances at
Canadian Nuclear
Faci1i t ius

This study is expected i.o demonstrate the
feasibility of identifying and determining the
concentrations of non-radiological carcinogenic
substances at. Canadian nuclear facilities.
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ASSESSING THE DISTRIBUTION OF RADIORESPONSE IN
HUMAN POPULATIONS: INDIVIDUAL VARIATION IN RADIOSENSITIVITY

AND POSSIBLE RELATIONS TO RADIOGENIC CANCER RISK

D.P. Morrison, N.E. Gentner and M.M. Werner
Radiation Biology Branch

Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0

Abstract

Using a novel assay to assess the radiosensitivity of lymphoblastoid cell
lines developed from individual donors, we have shown that the radioresponses
of lymphoblastoid cell lines derived from ostensibly normal persons may cover
a wide range. By comparison to lines of known radiosensitivity, a significant
proportion of these normal lines may exhibit extreme hypersensitivity. Abnormal
radiosensitivity in the in vitro assay appears attributable to deficient ability
to accomplish effective DNA repair of ionizing radiation-induced DNA damage, and
may serve to identify a subset of the population with greater-than-expected
susceptibility to "spontaneous", and possibly radiogenic, cancer. Identification
of susceptible subpopulations may affect radiation protection practices in the
future.

Introduction

All living organisms seem to be protected from the potentially
carcinogenic, mutagenic and cytotoxic consequences of ionizing radiation exposure
by enzymatic DNA repair processes that restore the normal functional integrity
of damaged DNA. As a result, it is not the initial amount of damage formation
that gives rise to the so-called 'late biological effects' of ionizing radiation
exposure. Rather, it is the residuum of unrepaired or misrepaired damage. To
the extent that individual variations in repair capability exist, the use of
ionizing radiation exposure as a measure of risk may misrepresent the de facto
radiation protection situation with respect to susceptible individuals.

The difficulty lies in our genes. There are several hundred monogenic
traits associated with increased cancer proneness (1). The ideas that DNA repair
processes protect us to a very considerable degree against the untoward effects
of carcinogen exposure (2) and that persons with DNA repair deficits are more
susceptible to carcinogens and exhibit a greater-than-normal propensity to
develop neoplasia (3) are generally accepted.

If such a susceptible subpopulation exists, radiation protection based on
a system of dose limitation may be inadequate (4). Considerable variation in
radiosensitivity has been noted in various studies (5,6) of 'normal' human
diploid strains and the normal population clearly contains individual', whose
cells in vitro exhibit abnormal sensitivity to ionizing radiation (4,7). A
picture of a heterogeneous rather than a homogeneous response is emerging.

Similar conclusions are being reached in studies of cancer patients. Their
population radioresponse distribution seems heterogeneous, and patients who
exhibit treatment-related complications probably constitute a radiation-
hypersensitive subpopulation (8). Of some 2000 cancer probands about 6%
exhibited features that indicated their cancers were compatible with identifiable
hereditary disorders and an additional 18% were 'likely hereditary' (3).
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Hereditary susceptibility factors may play a role in cancer causation comparable
to that of environmental factors.

The apparent existence of such susceptible persons, if facile and
reproducible methods for their identification become available, may affect
radiation protection practices in future. This has been recognized in both the
BEIR (1980) and UNSCEAR (1988) reports (9,10).

The "Grow-back Assay"

It is not clear just how large a proportion of the population may be
abnormally radiosensitive. There is a remarkable dearth of information on what
constitutes a 'normal' radioresponse (7). In order to examine the range and
extent of variation in radioresponse of a large population of ostensibly normal
persons, we developed an in vitro assay employing cultured lymphoblastoid cell
lines (LCLs). These are derived from blood samples from individual donors (4).
In brief, our radioresponse estimator, the 'grow-back ratio" (GBR), is the ratio
of the slopes of the exponential portions of the re-growth curves for
unirradiated (control) and irradiated cells (4). This corrects for intrinsic
differences in LCL growth rate between different strains, and is comparable in
approach to the 'viability ratio' of Tarone et al (11). A low GBR indicates
radiosensitivity. In screening we employ a chronic 7-exposure regime (0.003
Gymin"1 dose-rate; 4 Gy total dose). This seems to be the most appropriate
system for detection of moderately radiosensitive responses (12,13).

Analyses for specific strains are generally highly reproducible. Low GBRs
are obtained for strains from donors with disorders held to be associated with
abnormal radiosensitivity. These conditions include ataxia-telangiectasia (AT),
Fanconi anemia, Bloom syndrome, and systemic lupus erythematosis (14, and
unpublished results). Higher GBRs are seen for strains from donors with genetic
syndromes associated with hypersensitivity to carcinogenic agents other than
ionizing radiation, namely the ultraviolet light-related conditions, xeroderma
pigmentosum and Tay syndrome (14).

Screening a Population of Ostensibly Normal Persons

The following results support the conclusion that a higher GBR in the in
vitro assay does indeed reflect the ability of irradiated cells to accomplish
effective DNA repair:
(a) A protection factor of some 2-fold is seen on chronic compared to acute

delivery of the same dose (4); that is, if the irradiated cells have the
opportunity to repair a portion of the damage as it is being delivered,
a larger total dose is required to achieve a given level of cell killing.

(b) A clear specificity with respect to carcinogenic agent sensitivity suggests
there is DNA repair process specificity (14).

(c) For all 3 lines derived from cancer patients who, in the course of
conventional radiotherapy, exhibited treatment-related complications so
severe that treatment had to be interrupted or prematurely terminated low
GBRs were obtained, suggesting a close correlation between in vitro
assessment and in vivo radioresponse.

The frequency distribution of GBR for 261 "normal lines" is shown in the
upper panel of Fig.l. The range of variation represented by these strains
appears to cover the equivalent of about a 5-fold range of dose (14). A
preliminary indication of what might be considered to represent abnormal
radiosensitivity can be obtained by comparing the radioresponse distribution for
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these 261 'ostensibly normal' strains to that obtained for nine strains, assayed
blind along with them, from patients with the model radiosensitive, cancer-prone
disorder AT (Fig.l, lower panel). This comparison would suggest that some 8-9%
of lines from the ostensibly normal donors might be regarded as exhibiting highly
radiosensitive responses.

Fig.l. Distribution of grow-back
ratios obtained in the chronic 7-
exposure screening assay for 261
lymphoblastoid cell lines from
various individual, ostensibly normal
donors (upper panel) and for 9 AT
homozygous donors (lower panel), all
of which were assayed 'blind'. The
bars represent the percentage of the
total number of strains versus GBR
grouped in successive increments of
0.04. All GBR's <0 are included in
the lowest bar value. In the upper
panel, the downward-pointing arrow
indicates the radioresponse value for
the most radiosensitive AT hetero-
zygous (carrier) line tested to date
(7 total).
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This finding of an apparent high proportion of highly hypersensitive
responses was unexpected. AT is a severely debilitating disorder which generally
results in death by age 20. Patients exhibit characteristic, recognizable
clinical features and cannot be considered 'normal'. AT has an incidence of only
3-11 per 106 live-births (15) and cannot account for the number of lines we see
here with apparently equivalent response.

Lesser degrees of hypersensitivity may also be significant. The major ill-
health effect related to the presence in the human population of the AT allele
resides in its cancer-predisposing effect in asymptomatic, clinically normal,
carriers, whose likely incidence in the normal population is _3% (15) and whose
relative risk of cancer (16) is 2.3 (males) to 3.1 (females). Some AT carrier
cell lines have been reported to exhibit a small degree of increased
radiosensitivity when compared to a "normal" composite value (12). The downward-
pointing arrow in the upper panel of Fig.l represents the lowest radioresponse
value we have obtained from an AT heterozygous LCL. If its radioresponse is
indicative of moderately radiosensitive and cancer-prone genotypes, it may not
be unreasonable to suggest that one-quarter of this population could conceivably
be regarded as potentially at risk.

The 261 'normal strains' in Fig.l include the following: 197 "CR" strains
developed at Chalk River from volunteer, anonymous atomic radiation worker
donors; 23 "GM" LCL strains purchased from the Human Genetic Mutant Cell
Repository (Institute for Medical Research, Camden, NJ); and 41 "SA" strains,
developed for us in Saudi Arabia at the King Faisal Specialist Hospital and
Research Centre, Riyadh. The distributions for these three groups are compiled
in the upper, middle and lower panels, respectively, of Fig.2. The GM- and SA-
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distributions differ substantially from the CR- distribution, and seem to exhibit
a notably higher apparent proportion of hypersensitive responses.

For the GM-population, it may be that these "apparently normal" donors
represent largely a hospital patient population. Many disorders associated with
cancer proneness and abnormal carcinogen sensitivity exhibit pleiotropic effects
that might be expected to increase the likelihood of such donors seeking medical
attention. Enrichment for more radiosensitive responses might reasonably be
expected in a hospital patient donor population.

We do not know why strains from the Saudi Arabian normal population
(randomly presented driver's licence applicants) also show a notably higher
proportion of abnormal radioresponses compared to the CR-group (Fig.2). One
tentative suggestion is that, given the wide variation in different populations
with respect to various heritable disorders, this could reflect, in part at
least, ethnic variation; we are told that the Saudi Arabian population, for
example, exhibits a high incidence of AT and/or an AT-like disorder (M.A. Hannan
and B.P. Smith, personal communication). Should evidence accumulate in future
that the frequency of apparent abnormal radioresponse differs among sampled
populations, this may become a factor to consider in evaluating the risk of
exposing a particular population to occupationally-enhanced increments of
ionizing radiation.

Fig.2. Distribution of radioresponse
(% of total number of strains versus
GBR in 0.04 increments) by our in
vitro assay for 197 CR strains (upper
panel), 23 GH strains (middle panel)
and 41 SA strains (lower panel). The
text may be consulted for details;
together these three groups comprise
the 261 "ostensibly normal" LCL
strains for which the upper panel of
Fig.l represents the composite
response.

Screening a Population of Cancer
Patients

It may be possible in future to
demonstrate prospectively that donors
identified as being abnormally
radiosensitive by an in vitro assay
such as ours have a greater-than-
expected likelihood of developing
cancer, even in the absence of overt
ionizing radiation exposures. For
radiation protection purposes, of

course, one would ideally want to examine exposed groups to see if persons
tentatively identified as being abnormally radiosensitive showed a risk of
radiogenic cancer that was greater, per unit increment of ionizing radiation

0.8 1.0
GROWBACK RATIO RANGE
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exposure, than presently estimated from consideration of exposed populations as
a whole. These latter investigations would seem to be for the future.

A retrospective study is, however, possible now to see if abnormal
radioresponse is correlated with excess risk of cancer. We are presently
examining the range of radioresponse in LCLs derived from a population of cancer
patient donors. Some two hundred patient lines have been developed or are under
establishment. For fifty-five of these, the grow-back assays have been run and
data analysis is complete; the results are depicted in Fig.3. The distribution
of radiosensitivities in this group, at least in comparison with the CR-
yopulation (Fig.2, upper panel) or with our overall "normal population" (Fig.l,
upper panel) suggests that an increased proportion of the cancer patient lines
fall at the extremes of our normal donor distribution. (One caveat should be
noted, however: there are indications that donors exhibiting untoward responses
in vivo may be over-represented in the samples supplied in the early part of
this work by collaborating oncologists).

Fig.3. Distribution of radioresponse
for 55 cancer patient-derived LCL
strains assayed to date.
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0.2 0.4 0.6 0.8 1.0

GROWBACK RATIO RANGE

Possible Approach to Improved Radiotherapeutic Management of Cancer

Our initial goal in these studies was to identify a possible subset of the
human population that might be considered to exhibit abnormal radiosensitivity,
and therefore possibly increased risk compared to the population as a whole.
With this knowledge and an assay such as ours, novel improved strategies for
achieving improved radiation protection or for lowering overall risk become a
possibility (17).

This line of research may have societal benefit not just in improved
prevention of cancer but in improved cancer treatment as well. From a
consideration of the essentially five-fold dose-response range (14) represented
in the cancer patient radioresponse distribution in Fig.3, it seems apparent to
us as radiobiologists that no one level of radiotherapy could possibly be
appropriate for treatment of all patients with a given tumor type. Local control
of any malignant neoplasm can be achieved if a sufficiently high radiation dose
is used: it is injury to surrounding normal tissues that essentially sets the
limit on radiotherapy dose, and hence on the efficacy of local control. In
practical terms, the first 5% or so of patients who exhibit treatment-related
complications, and who are generally considered at present by oncologists to
represent a random sample of the treated population, limit the dose that all
patients receive (8). We suggest that our radioresponse parameter is an
intrinsic measurement that reflects the relative radiosensitivity, in a
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particular patient, of both normal tissue and of tumor cells. Our hypothesis
is that hypersensitive patients are a subclass more likely to present treatment
complications and could be treated using a lower total dose with equ?l efficacy
and lessened complications, that moderately radiosensitive responders probably
are treated at present with greatest effectiveness, and that tumors in apparent
radionormal persons presently may well be treated suboptimally: it may be that
this last group could tolerate a more aggressive and therefore more effectual
treatment without an increase in complication rate if their separate identity
were established. There exists evidence for head and neck cancers, for example,
that 'radiation resistance' and repair proficiency in their tumor cells is
associated with unsuccessful radiotherapy outcomes (18); we suggest that these
differences may reflect in large part different intrinsic radiosensitivities of
the patients. In collaboration with several cancer clinics, we are examining
this hypothesis.
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GENETICS AND IONIZING RADIATION RISKS

P. Unrau and D.P. Morrison
Radiation Biology Branch

Chalk River Nuclear Laboratories
Chalk River, Or.tario, Canada

INTRODUCTION
The ionizing radiation risks discussed in UNSCEAR, 1986 (1) can be broken

down broadly into two groups: risks to the soma (hence somatic), such as
teratogenesis, cytogenetic alterations and carcinogenesis, and risks to the germ-
line (hence genetic), such as the induction of mutations which are passed on to
offspring. In both cases these risk factors reflect the action of DNA metabolic-
systems in the processing of DNA lesions, leading to alterations in the structure
and/or function of the genetic material. Both the consequences of perturbations
of the DNA metabolic systems and the nature of the interactions of altered
pi'oteins involved in such systems have been examined most extensively in lower
organisms such as yeast (2,3).

The purpose of this paper is to consider the likely consequences of the
equivalent situations in humans and to discuss the possible origin and potential
effects of population variability in DNA repair capacity (as indicated by
genotoxin sensitivity of lymphoblastoid cell lines (LCLs) derived from "normal"
members of the population) on the risks of somatic and genetic harm caused by
ionizing radiation.

A CONTEXT FOR RADIATION RISKS
Most of the genetic and somatic end-points that are generally considered

in discussions of ionizing radiation risks (congenital anomalies, cancer
induction, mutation, and so on) occur in people in the absence of overt radiation
exposures (4,5). Nor is the generation of these end-points related exclusively
to ionizing radiation or to the action of environmental genotoxins. In some
cases these risk parameters are associated with heritable conditions of well-
defined etiology. The recessive Mendelian disease syndromes xeroderma
pigmentosum (XP), ataxia-telangiectasia (AT), Fanconi anemia (FA), Bloom syndrome
(BS) and Roberts syndrome (RS) are associated to a greater or lesser extent with
some or all of the following: developmental abnormalities, chromosomal
instabilities, immunological deficiencies, intellectual impairment, and cancer
proneness (6).

While each of these syndromes has specific features that are diagnostic
for it (i.e. seen in all the affected cohort), other features are not. The
result is a range of clinical manifestations of each of the various syndromes.
Apparently there are other differences between people who have such syndromes
in common. This secondary variation may be a manifestation of polymorphisms in
other unidentified genes.

The spontaneous frequencies of heritable conditions described as
multifactorial disorders may be as high as 60% (see [1] for brief review). While
there is no direct link made between these conditions and DNA metabolism, their
existence indicates that there is a large pool of undefined genetic variation
in the population that may modify relatively well-defined Mendelian conditions.
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The studies of Gentner et al (7,8) on the range and extent of sensitivity
to genotoxins of cell lines derived from normal, healthy individuals suggests
that such sensitivities (a characteristic of all of the above mentioned genetic
diseases associated with risk parameters) are likely to be present in a large
proportion of the population. Because the sensitive cell lines detected by
Gentner et al axe not directly correlatable to overt "DNA repair" syndromes, many
genes and DNA metabolic systems may be involved.

Experience from lower organisms suggests that as many as 100 genes may be
involved in DNA-related metabolic processes (2) . Changes in these genes give
rise to spontaneous and induced end-points of types that have been specifically
implicated in the development of certain cancers (9). Molecular/genetic concepts
derived from studies on lower organisms may point the way to a better
understanding of the biochemical basis of individual human risk.

EFFECTS OF VARIOUS GENIC CONDITIONS
We assume that genetic variation in sensitivity to genotoxic agents

reflects pre-existing mutations in genes encoding proteins involved in DNA
metabolism systems. While most mutations are deleterious, the extent of the
effect of any given mutation has to be considered in the context of the cell and
organism as a whole. In diploid organisms the existence of two copies of each
jyne complicates such considerations.

Simple recessives: In most cases mutations of single genes in diploids
are defined as recessive. That is, when only one of the two gene copies is
mutant, the other being "normal", the features of the condition are not readily
apparent. Only when both copies are mutant (when the diploid is homozygous for
the mutant allele) does the full-blown condition manifest itself. In many cases
it is possible to detect the effects of heterozygosity of DNA metabolism genes
on repair-related parameters in lower organisms (3,10). In these situations
the same basic features seen in the homozygous mutant are usually observed, but
at a much reduced level.

Intragenic interactions: Homozygosity for various DNA metabolic gene
mutations such as AT leads to syndromes characterized by genotoxin sensitivity,
abnormal development, and enhanced spontaneous cancer risk (11). Some
heterozygous carriers of such DNA metabolism genes can be detected directly using
.survival assays of fibroblast cell lines derived from obligate heterozygotes
(12). An example of heterozygous effects shown in a study of yeast RAD3 mutant
alleles was reported by Waters and Parry (3). They showed that the UV-
sensitivity of heterozygous diploids containing one mutant and one normal allele
was inversely related to the sensitivity of the haploid parental strains. The
more sensitive the haploid mutant parent, the less sensitive the resulting
heterozygous diploid. Their explanation was that a partially active protein
complexed with a normal protein might lead to a much less efficient repair
complex than if only active protein were present. The least inactivated gene
products from mutant human DNA metabolism genes might be the most likely to have
major effects in heterozygous diploids. Recessive gene products may interact
to lead to variable amounts of inactivation, lack of normal DNA metabolism, and
generation of end-points associated with risk.

Intergenic interactions: When two or more genes contribute proteins to
the same complex, the possible molecular interactions become more intricate.
Because of intergenic complementation, and the possibility that the same gene
product may act in more than one DNA repair complex, it is possible that the same
mutant protein may inactivate one complex but not the other. For example a
ligase has been detected in the Z-DNA binding complex isolated by Moore et al
(13) and implicated in recombination; this ligase could also be a component of



- 297 -

another complex involved in excision repair. Mutation of the ligase gene may
result in positive complementation in one system while in the other it might
complement negatively and inactivate the complex. This might be considered a
case of dominance in the case of the inactivated protein complex.

If two or more independent heterozygous genes (neither by itself having
major consequences) occur in the same organism, and contribute structural
proteins to the same raultiprotein complex they may interact to severely affect
DNA metabolic systems (Fig.i). Again such interactions might be considered to
reflect the action of "dominant" genes. Note however that in subsequent
generations if the mutations segregate independently, dominance may not be seen.
Such genetic/molecular interactions may underlie the complexity associated with
multifactorial diseases.

A/a B/B A/A B/b

25%

A/A B/B

Normal

Apparently normal
carrier of "a"

25%
A/a B/B

Carrier of "a"

Apparently normal
carrier of "b"

25%
A/A B/b

Carrier of " b "

25%

A/a B/b

With NO interaction-
carrier of "a" end "b"

With INTERACTION —
"NEW" dominant with
respect to "a" or "b"

Fig.l The genotypes, and possible phenotypes, expected in the offspring of
parents heterozygous for different genes whose encoded proteins interact.

FLOW OF DNA DAMAGE AND REPAIR CONSEQUENCES
When a DNA metabolic complex is inactivated partially or wholly, endogenous

and exogenous damage may be imperfectly or incompletely repaired. Survival
curves show the effect of the last unrepaired lethal lesion. When a cell line
shows genotoxin sensitivity the implication is that repair of some type of lesion
is ultimately saturated. In normal yeast it has been argued that more than one
type of repair system exists, and that damage may be repaired in more than one
way. A dynamic flow of damage is expected, in which the same type of lesions
may be removed by more than one repair process. Ionizing radiation induced DNA
lesions resolved via "error-prone repair" in wild type yeast, leading to some
induced mutations, is removed by recombinational repair in rad6-l mutant diploid
strains leading to more recombinants per rad but no mutants (14). A similar
situation in humans might result in a higher rate of recombination. Bloom
syndrome is implicated in higher than normal in vivo recombination, sensitivity
to interstrand crosslinking agents, cancer proneness, and other hallmarks of
inability to deal with interstrand crosslinks except by recombinational means.
Bloom syndrome heterozygotes generate 3-fold higher micronuclei/rad than normal
controls, while homozygotes generate 25-fold higher rates (15). The effects of
DNA metabolism heterozygosities can in fact be detected directly in humans.

Similarly the recombination rate per dimer in rad3-l mutant diploids is
much higher than in wild type yeast (16), evidence that lesions previously
substrates for excision repair may be channelled into a recombinational repair
mode. Like observations may be made in humans, but end-points may be delayed
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in expression and scored with difficulty. Figure 2 shows how in yeast
alterations in repair proficiency may lead to altered yields of end-points, the
likely consequences of similar interactions in humans and the human syndromes
that come closest to fitting the yeast predictions.

ERROR-FREE
INTRA-STRAND REPAIR

(e.g. UV DIMER EXCISION)

~t---XERODERMA PIGMENTOSUM

BLOOM SYNDROME—^ DAMAGE f ATAXIA TELANGIECTASIA

ERROR-PRONE REPAIR DOUBLE STRAND BREAK or
(INTER-STRAND CROSSLINKS) COINCIDENT LESION REPAIR

MUTATION RECOMBINATION
CANCER INDUCTION CANCER INDUCTION

Fig.2 A representation of 3 repair systems in yeast, the genetic parameters
associated with them, the likely consequences in humans of deficiencies
in like systems and the syndromes that most closely fit the yeast model.

MUTATION RATES, GENE NUMBERS AND LEVELS OF HETEROZYGOSITY IN POPULATIONS
The estimated number of genes involved in DNA metabolism in eukaryotes is

100 or more (2) . The majority of LCLs derived from members of a "normal"
population may express genotoxin sensitivity to ionizing radiation, UV, or
interstrand cross-linking agents (7,8 and W.C. Simon, unpubl. results). With
many independent DNA metabolic genes the probability that two recessive alleles
of the same gene will segregate together to cause a "DNA repair" syndrome is
expected to be rare. The infrequent occurrence of such syndromes in populations,
and elevated frequencies in partially inbred populations where mutant allele
frequencies may be higher fits a model of many independent genes mutant at very
low frequencies.

The severe anomalies associated with many of the examples of "DNA repair"
homozygotes may limit reproductive fitness (6). If homozygotes do not leave
offspring, new mutations must occur to maintain mutant allele frequencies in the
population. It is known that many zygotes abort before the end of the first
trimester; spontaneous abortion rates of 15-35% are considered within the normal
range in UNSCEAR, 1982 (17). If homozygous mutant, or multiply heterozygous,
zygotes had higher spontaneous abortion rates than homozygous normal zygotes,
spontaneous abortion would selectively remove recessive alleles from the gene
pool. Maintenance of genie equilibrium requires de novo mutations of these
genes. Because of selective processes the rate of double heterozygotes in the
population might be lower than expected from the rates of single heterozygotes.
This may be determined by analysis of multiple, differentially-sensitive cell
lines from the population of "normal" LCL donors. The data of Gentner et al
suggests that many members of the population may be heterozygous for one or more
DNA metabolic genes.
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A SOMATIC TEST SYSTEM IN HUMANS
The influence of "recessive" DNA metabolism mutations may be detected and

measured directly in humans. Retinoblastomas (Rb) result from either the
recombinational homozygosis of previously recessive mutations of the h .7R gene
of chromosome 13 (Dunn et al [18]; Cavenee et al [9]) in "hereditary" cases, or
the de novo mutation and subsequent homozygosis of that locus in sporadic cases,
which comprise 90% of all cases. Penetrance, where a prior Rb mutation is made
homozygous and expressed, is estimated at greater than 95% in hereditary cases.
At the molecular level all hereditary cases analysed have been shown to result
from recombinational homozygosis of the sort associated with iritotic crossing-
over. Our hypothesis is that the mutation rate of 4.7R in sporadic cases must
reflect the repair competence of the individual in which the mutation and
recombination events occur. Examination by "grow-back" ratio of the genotoxin
sensitivity of LCLs derived from hereditary and sporadic Rb patients will provide
a test of this and other hypotheses. All genotoxin sensitive cell lines may
have a higher probability of mutation, homozygosis and expression of mutations
in the 4.7R locus. As not all Rb fibroblasts are ionizing radiation sensitive
(19) it may be that all genotoxin sensitive carriers are at equal risk.
Alternatively, if some DNA metabolism mutants were higher in recombination or
mutation than others, then a correlation between particular genotoxin
sensitivities and occurence of Rb may exist.

SUMMARY
We argue that up to 100 genes may be involved in DNA motjnolism in humans.

Homozygosity for recessive mutations in any of a large number • >;. such genes may
be correlated with DNA repair deficiency, cancer proneness, developmental
defects, and associated well-characterized syndromes. Heterozygosity for
mutations in one (or more) of such gc-nes may be very common in "normal"
populations. Such heterozygous mutations may have directly detectable
deleterious effects in carriers, possibly depending on the cosegregation of other
genes also affecting DNA metabolism. These effects may reflect molecular
interactions within homopolymer enzyme complexes, between heteropolymer enzyme
complexes, or at the level of spontaneous or induced DNA damage distribution
through repair systems with different somatic and genetic outcomes. Th^se
molecular/genetic interactions between and within the gene products may account
for the bulk of spontaneous and induced cancers, genetic mutations and
developmental defects of multifactorial etiology. From the evidence summarized
in Gentner et al (this proceedings), it is postulated that the fraction of the
population sensitive to genotoxins of various types is sufficiently large to
account for the entire group identified in UNSCEAR, 1986 as of genetic etiology.
We suggest that the heterogenous population may in fact represent largely
heterozygous carriers of one or more "recessive" DNA metabolism genes. The
future estimation of radiation risks to individuals and populations may
ultimately depend on understanding the molecular/genetic mechanisms of DNA
metabolic processes and determining the risks associated with exposures to
genotoxins including ionizing radiation.
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PANEL DISCUSSION
(edited version)

Chairman: J.R. Johnson
Manager, Health Physics Department

Battelle Pacific Northwest Laboratories
RICHLAND, WA 99352, U.S.A.

J.R. JOHNSON: I would like to introduce George Gerber from the CEC, Charles
Meinhold from Brookhaven, Roger Clarke from the NRPB and Gordon Butler from
Vancouver. One of the written questions that we got concerns age-related
dose limits. Lifetime dose limit is not necessarily a good thing because if
you have to remove a person from employment due to a lifetime dose limit, it
does not do that person much good. I do not personally think that a
lifetime dose limit is a useful tool in radiation protection as compared
with the ALARA principle.

The neutron quality factor was the topic of another question. Most
of OUL biological results with neutrons are for mice or eel is in test tubes.
The quality factor for fission spectrum neutrons decreases as they go
through hydrogenous material such as tissue, so the quality factor at the
surface of the human body might not be the appropriate one for deeply seated
t.issues.

There was a question about radon in homes. During my presentation I
mentioned a house in Spokane with approximately 1 WL. If you assume 80%
occupancy time, that gives about 40 WLM per year, which is about 10 times
the occupational limit- How much money should society spend to locate these
houses and get them cleaned up?

Applying radiation protection expertise to non-radiation problems is
one of Gordon Butler's particular interests.

Another question relates to a literature report on chromosomal
aberrations in people who work with chemotherapeutic agents. What about
chromosomal changes in radiation workers; how do they compare? What about
biochemical Markers for genotoxic agents in general? With improved
techniques, are there now potentially better methods for measuring damage to
DNA?

One important topic relates to the phrase "below regulatory concern".
Can we ever declare a dose below regulatory concern or can we only declare a
practice below regulatory concern? From a talk given at Richland a couple
of weeks ago, it seems that the IAEA is heading in the direction of
recommending practices rather than doses to be below regulatory concern.
With that brief introduction, I would ask the panellists to respond.
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G.B. GKRBER: Chromosomal changes are known to exist alter exposure to high
radiation doses. There have been a number of: studies looking for
chromosomal aberrations at low doses, comparing workers in nuclear industry
with those in conventional power industry. These data were not particularly
revealing. In fact, some of these studies have shown more chromosomal
changes for workers in coal plants than for those in nurlear plants. This
is not very surprising. At these low radiation doses, you need quite a
large number of counts of chromosomes in order to get reasonable data. In
the European Community a comparison of low dose effects was performed by six
laboratories cooperating and examining chromosomes in about 5000 cells to
obtain data for doses of 50 mSv or less. Even then, the data were not
always reproducible. My personal opinion is that chromosomal aberration is
probably not the best method for the assessment: of the genetic damage in a
population. We have to look for new methods, perhaps micronuclei or
mutations affecting erythrocytes, which would be simple to execute, more
rapid and provide more accurate information.

It is not only radiation which can produce these effects. There are
many environmental factors responsible and very many people for other
reasons have such damage. These data can only give a very general answer as
to risk from genotoxic agents but not specifically to low dose radiation.

C'.B. MEINHOU): The question of quality factor has caused a lot of concern.
We don't have any human data relevant to the quality factor for neutrons,
although we may have some data for other radiations from internal emitters.
Although the quality factor is derived from studios on RBE (relative
biological effectiveness), it is not RBE. This is one of the difficult
issues. People believe they can take a series of RBE data and plot quality
factors; it doesn't work.

As you are aware, there is a revision of ICRP Publication 26 underway
and part of the hallmark of that revision is to try to simplify things to
the degree that we can. We are trying to simplify not only the words but
also the concept of effective dose equivalent in terms of the approach to
the question of quality factor. Perhaps we can apply this modifying factor
to the field rather than to a point in tissue. At the present time we
permit the calculation of dose equivalent using point volumes in tissue and
LET distributions for that volume. Would it be simpler to take much of that
definition out of the system and apply a single quality to the external
field? There is concern that we have so much definition and precision in
our calculations that we have gone far beyond our knowledge in radiobiology.

If we don't have any human data, people may complain that they don't
see any reason to change the present quality factor. But there is little
basis for the present quality factor for neutrons. If we had considered
this more carefully for ICRP Publication 26, we might have increased it by a
factor of three. The biological data presented in ICRU-40 are basically
non-human data, data from simple cell systems and mice plus a few other
experiments; the recommended quality factor has a very biophysical basis.
This is all we have.
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R.H. CLARKE: The question of age-related dose limits is very interesting.
The NRPB introduced the interim statement of an average limit of 15 mSv per
year for occupational exposure, but we carefully did not say over what time
period we wanted to average because we did not want to pre-empt forthcoming
recommendations from the ICRP. Colleagues in the Federal Republic of
Germany have added to their legislation a lifetime dose limit of 400 mSv and
Sweden is just putting into legislation an age-related formula of 15 (N
18) mSv, i.e., 15 times the usual number of years as a radiation worker. At
the beginning of this recent activity, the NCRP recommended 10 mSv times age
in years. The idea of a long-term average appears to provide some
flexibility; getting a higher dose in one specific year is not terribly
detrimental. But there are a number of problems. What do you do with
someone who is already over the lifetime limit? It is not his fault; he
was being exposed at what was considered to be a reasonable rate and
everybody told him that he was sufficiently protected. Now all of a sudden
someone comes along and says...sorry but we put this lifetime limit mi and
you are out of a job.

There is also a problem with the NCRP formula of 10 mSv times age in
years. At an annual limit of 50 mSv, a young worker could legally receive
50 mSv per year for three or four years before he approaches his ceiling of
200 mSv by age 20 or 300 mSv by age 30. You are letting him accumulate dose
at an age when he is going to live the longest time to exp'-ss the risk and
possibly his lifetime risk per unit dose may be greater than for a person
who is older. I am interpreting the question in terms r( control of dose
with different ages rather than in terms of sensitivity as a function of
age.

One of the other problems with a lifetime dose limit is dealing with
a person who hss worked in a chemical or petrochemical industry and been
exposed to some other genotoxic hazard from say age 20 to age 40. This
person is carrying forward a commitment of risk from his previous occupation
and it is not fair to suddenly use this past time to let the worker
accumulate more radiation exposure because he has no occupational exposure
to radiation during the first 40 years. There are various reasons like this
which make it difficult to work with lifetime dose limits. We wait with
bated breath to see how ICRP solves these problems for us.

(i.C. BUTLER: To answer some of the points made by Roger Clarke, the ICRP
could adopt the concept of a lifetime dose limit if they simply add "social
and economic factors taken into account". John Johnson said he did not
think it was a very good idea; that's true for protecting the individual
but one might ^ake a different view for protection of the whole population.

C.B. IV1EJNHOLI): There are a number of different issues on the question of
age-related 1. units. Dan Beninson's basic philosophy, which I think is
correct, is that we alL have the wrong approach to dose limits.
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The dose limit should not be based on the individual only but also on design
needs. We should be able to control the risk to the individual by
restriction on the design of a facility. In these terms, this age business
is a bit silly because we want to design the facility so that anyone can
work there for any time.

However, as you move forward in the evolution of a radiation
protection program with this objective, you may find yourself in a position
where you cannot operate your older facilities. Thus, you may need some of
the techniques indicated by Roger Clarke to get over the hump. The NCRP
formula of 50 mSv maximum per year plus a lifetime limit of 10 mSv times age
in years is only an interim process as we get our facilities in better
shape.

If we interpret the original question to mean should we have
different limits as a function of age because of different sensitivities at
various ages, then we are in a great deal of difficulty. We may be able to
do something in terms of the whole population, giving a different risk
coefficient for the whole population than for the worker population. But if
we start to look at differences in terms of age, sex, ethnic differences and
variations in inherent sensitivity of individuals, we are going to get
ourselves into a major problem in the operational sense.

•).R. JOHNSON: T couldn't agree with that more. George, do you want to add
more on this ?ge related

C.It. BERBER: No.

J.R. JOHNSON: (amid audience laughter). That's a fairly definite
s tatemen t!

R.H. CLARKE: Could I comment on neutron quality factor? We saw from the
slides presented yesterday by Bill Cross that there is an element of
conservatism built into the present interpretation of dose equivalents
received from neutron fluences. Even if you try to define new and higher
quality factors, it may be that, in terms of effective dose equivalent, the
maximum permissible neutron fluences may not be different. At the present
time, when you measure in the field, the current interpretation is
overestimating effective dose equivalent by around a factor of two,
depending on the neutron energy. Things may not be as bad as some think.

J.R. JOHNSON: I would agree with that. Dave Myers and I did a review for
AF.CB and we basically came to that conclusion. The DOE committee that
reviewed this question came to a similar conclusion.
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C.B. MEINHOLD: The conclusion implies that we haven't been doing this
calculation well up to the present time even though the techniques were
available to do it right.

G.B. GERBER: A short comment on quality factor. Apparently most of what we
need to know will depend on research on animals or on cellular models.
Perhaps the major problem here is not the effects of neutrons but of low-LET
radiation. It concerns the shape of the dose-effect curve and the dose
reduction factor at low dose and low dose rates. If we want to understand
the relative effects of high-LET radiations such as neutrons, we have to
improve our understanding of low-LET radiation. We also have to define
whether we take X-rays or gamma-rays as the point of reference.

J.R. JOHNSON: Would anyone like to comment on what the ICRP might be
considering?

C'.B. MEINHOLD: I don't want to read some place that I know what the ICRP
is thinking. But the question of X-ray and gamma-ray differences is very
interesting. As a matter of fact, Harold Rossi, Vic Bone! and I wrote a
paper on these differences, primarily to point out that people doing
experiments ought to be careful about specifying the test radiation for
comparison with neutrons, not realizing that this would lead to suggestions
that we should have different quality factors for X-rays and for gamma-rays.
I would hope that the final report would suggest that we could use some RBE
value which represents an average for these two low-LET radiations for
estimating relative effects of other radiations, and thus be able to retain
a quality factor of unity for both X- and gamma-radiations. The practical
implication of a difference (between X- and gamma-rays) probably does not
outweigh the advantages of being precise to within say 50% one way or the
other from some median value for the quality factor. I would hope that we
do not have to change the quality factor for X- and gamma-rays as we move
forward.

J.R. JOHNSON; Those of you who belong to the Health Physics Society will be
aware of the U.S. discussion and the articles in the Health Physics
newsletter concerning the question of "below regulatory concern". There has
also recently been NRC consideration of the subject.

C.B. MEINHOIJ): There are a number of issues here. The NCRP, in Report 91,
took a step in that direction with the definition of a negligible risk level
which is equivalent to one millirem per year. In that document, the NCRP
said that the risk at 1 mrem per year should not be of concern to anybody;
that dose is far enough below the dose limit for members of the public and
is far enough below the dose limit for members of the public and is far
enough below the consequences of any normal choices in



life as to be dismissable. That was a major step for the NCRP but the NCRP
went a step further. It also said that at 1 mrem per year the sum of these
increments are also negligible, that is to say, you should not add the
increments when the individual doses are in that range or lower. If we look
at a risk of 10~7 per year and we say that is absolutely trivial for me,
then I submit that it is also trivial if all of us on the panel receive that
exposure; if all of us in this room and all of the people at Chalk River
and all the people in Pembroke receive that exposure, the risk is still so
trivial that we have no concern about it. Now as Len Hamilton noted, there
are people who will multiply that exposure by the number of people exposed;
I take us to New York City so that we have 10 million people exposed which
gives us one case of cancer at 1 mrem per year. This has now switched from
an individual problem to a societal problem; what is the impact of one
cancer death among those 10 million people? It does not increase the number
of physicians needed nor the number of ambulances needed nor the number of
health care facilities, and could therefore be regarded as negligible. ICRP
has not taken that position, let me make that quite clear; ICRP is looking
at the question of a de minimis number but I doubt that ICRP would ever
dismiss the collective dose as de minimis. In the NRC hearings, there was a
long discussion on this topic.

There is a question about "below regulatory concern" and about
exemption, which are two different concepts. IAEA is trying to come to
grips with "below regulatory concern"; if you have a certain individual
dose (1 mrem per year) and a certain collective dose (1 person-Sv per year),
they would allow this to be below regulatory concern.

My concern is when the Nuclear Regulatory Commission suggests a
number which is 10 times higher; I believe the NRC can properly review an
application that will regult in doses of 10 mrem per year, have the licensee
do the optimization exercise, look at the justification, and make a decision
to exempt it. I think that is entirely appropriate at those dose levels but
I don't think it is appropriate to dismiss the first two steps in the system
of radiation protection when they get up to a dose which is not truly
negligible but is some fraction of the dose limit. I believe that
exemptions are possible at any time as long as this system is used to look
at the justification and optimization. "Below regulatory concern" has to be
tower than 10 mrem per year and probably a factor of 10 lower before one
does not have concerns about the justification and optimization.

(i.B. GERBER; Charles Meinhold has explained the problem well. I can only
add that we had also discussed this topic in the regulatory group of the
European Commission. We finally decided not to do very much at this time
and wait for others to act first. The difficulties of course are enormous
as you pointed out. First, we are considering collective dose as a whole
and then in a way we ignore collective dose; this may be justifiable. I
understand that the German radiation protection committee made a statement
like this; the collective dose should not be considered below a certain
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level. This is the same thing as an exemption level. However, an exemption
limit may give a wrong impression to the population. If the exemption level
is 10 mrem, for example, automatically people will believe that anything
above this might be dangerous; thus, it may be counterproductive in some
way to set such levels.

G.C. BUTLER; I used to belong to the Advisory Committee to the Atomic
Energy Control Board; we were doing a paper on the de minimis levels. Our
experience is that it is quite straightforward for individuals but not so
straightforward for collective population dose. At the time I left this
committee, we thought the value of 1 person-Sv adopted by the NRPB was as
good as any, and the 1 mrem per year adopted by the U.S. authorities was as
good as any.

R.H. CLARKE: I must say something about collective dose and why you don't
necessarily want to put in a dose cut-off as has been advocated. There are
obviously two schools. One says if it is trivial for the individual, then
it is trivial for no matter how many individuals. The other says if you
irradiate a thousand million people with a very low dose, it matters. This
is obviously a very difficult question. One great advantage in North
America is that it has a continent to itself. In Europe, it is very
difficult to put in any dose cutoff for a collective dose calculation
because it implies that you are polluting your neighbours and you don't care
about them. If you had an individual dose cutoff, you wouldn't worry about
the Sellafield discharges because the collective dose would be below
regulatory concern. Obviously you can't do that. The problem is much more
acute among the small countries of Europe where the collective dose is
basically accumulated by your neighbour countries. You have to have some
way of showing that you have done what is reasonable to reduce any
discharges and that you are not throwing everything out of a tall stack to
land in Spain or Belgium or somewhere.

Philosophically the argument about 10 million people in New York and
the trivial risk to all of them is correct. But if we all took that
attitude, whether in the U.K. or France or the U.S.A. and whether from a
nuclear plant or a hopsital or some commercial activity, if we all decided
that all of this was trivial and did nothing about it, things would start to
build up. One might argue that it takes time before this becomes a serious
problem, but philosophically the ICRP attitude is correct. Tilings like acid
rain or the greenhouse effects are examples of where each individual source
of the pollutant can be justified because it has no effect on the
individuals around. But once it starts adding up for all of the individual
sources, you get an effect. That is what the collective dose concept and
the restrictions are meant to achieve.

That said, let me be a bit more positive about "below regulatory
concern". Where doses from a single source were trivial and not really of
regulatory concern, we still had this collective dose. I've just explained



why we had to calculate a collective dose. The trick we thought of was in
the optimization process. If you are going to decide what more you can do
to reduce the collective dose, you have to put in resources and spend money,
regulators' time. You can balance the cost of regulating against the cost
of the collective dose. If the discharge was going to give anything more
than the odd person-Sv or so, that would represent a few thousand dollars in
harm. You can't do much in regulatoiy assessment and control for ten
thousand dollars. We fell upon this idea, which seems to have been accepted
by the purists in ICRP, of trading off the cost of the regulators' time and
effort against the cost of the collective dose. In that way, we can have a
cutoff in both individual and collective dose, which I think './as a good step
forward.

J.R. JOHNSON: Those of you who know Bernard Cohen probably know that one of
his proposals, only half jokingly, is to get rid of high level waste by
taking it into the upper stratosphere and spreading it around, because the
individual dose would then be very low and below regulatory concern. I
don't think anyone would accept this as a reasonable practice.

L.I). HAMILTON: Could I interject a question? We have a large background
of radiation from natural sources and also a large variation in this
background. The NRC recommendation was I am sure based on this variation;
within five miles of any site, natural background can vaiy by 25 mrem per
year. Ths contributions that additions of 1 mrem per year n.ake to natural
background is trivial. It is not a situation comparable to that of acid
rain or global climate.

<i.C. BUTLER: It was easy for us to decide what "below regulatory concern"
is and you just told us the reasons. If the natural variation is 25
miilirem per year, then one millirem per year is of no concern.

C'.B. MEINHOLD; I agree. Part of the way you arrive at one millirem per
year is to look at the question of natural background and its variation, but
there are other issues. We are talking about a controllable source, and
there is an incremental risk for an increment in dose from this source. I
also want to correct the suggestion that the NRC was looking at natural
variations in background radiation; the NRC approach was to say they cannot
licence anything which through a series of actions would lead individual
members of the public to exceed the dose limits. They said they did not
believe that individual members of the public would be exposed to radiation
from ten such exempted sources, each contributing up to 10 mrem per year.
Their basis was an apportionment of the 100 mrem dose limit for members of
the general public.



J.R. JOHNSON: I would like to comment on one of the things that Roger
Clarke brought up, namely, contamination across borders. Some years ago I
did some work on the Great Lakes water quality program. Does anyone know
what has happened since that time with the Great Lakes water quality dose
limits? It has been 10 years since I last heard about this.

G.C. BUTLER; The limit is 1 mrem per year in the center of the lake where
the water is completely mixed but near a local source it is higher than
that.

J.R. JOHNSON: Do any of the panel members wish to comment on the societal
cost of locating and cleaning up houses with high radon levels?

R.H. CLARKE: We are quite interested in radon in the U.K. We have been
doing a national survey. Our highest house found so far is giving an
effective dose equivalent of 500 mSv, that is half a sievert, per year from
radon. The lung dose would be about eight times that; we are assuming an
effective dose equilvalent of roughly 10 mSv per WLM (working level month).
That house we're fixing. The average dose from radon in the U.K. is just
over 1 mSv per year but the average in southwest England, in Devon and
Cornwall is three times the national average. We set an action level at
about 20 mSv per year and we think there are maybe 20 to 30 thousand houses
above that action level. We are trying to identify them and get something
done to fix them.

If we look at this in terms of risks, I am quite encouraged by some
of the risk figures. Taking BEIR-IV, for example, the radon risk is not out
of line with the risk figures for lung cancers for the Hiroshima-Nagasaki
survivors. If you put in an allowance for a dose-rate effectiveness factor
of about three for the Japanese data, you get the same sort of risk factor
that we find in BEIR-IV. I am very encouraged that data from two very
different sources are so close. If this is right, then we have about 2500
lung cancers per year in the U.K. which might be attributed to exposure to
radon, out of a total of about 41 000 lung cancers per year.

We are looking mainly in southwest England to try to identify houses
with high radon. As you know, radon levels are dependent on the design of
the house, its particular structure and the particulars of the underlying
ground. We are finding that you have to do this on a house-hy-house basis.
Nevertheless we have started, and we also have an ongoing epidemiological
survey. This is a case control study because of this house-to-house
variability in radon level. We are interviewing all newly diagnosed lung
cancer patients in Cornwall; over a three-year period, we hope to identify
about 2000 patients. The idea is to get better data by talking to them
while they are still alive. Our experience when we were doing our U.K.
atomic test veterans was that going to relatives of a deceased person proved
remarkably unreliable; he was always a major-general, always been in the
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front line and always had the maximum exposures when you talk to the
relatives. So we are trying to talk to people while they are still alive to
find out where they lived, what their occupation was, how much they smoked,
etc. And we are making measurements in the houses where these people lived.
We hope in perhaps three years time to get some real data on risks of radon
in homes.

J.R. JOHNSON: Just a comment on moni-.oring. I believe you are using the
CR39 damage track method. There was a recent paper in Nature by Samuelson
where he was looking at polonium-210 and lead-210 that has been embedded in
glass. He feels he can estimate accumulated radon daughter exposure much
better because the method looks back in time. We are trying to establish
this program in the U.S. in collaboration with the National Cancer Institute
to look at lung cancer deaths in non-smoking, "non-working" females.

C.B. MEINHOLD; I would like to mention another topic which is radon
exposure while at work. The ILO has raised this question for the ICRP.
Their criteria is that you should describe persons who are not radiation
workers but do receive radiation while at work, and that you should be
controlling and monitoring this exposure. This raises a difficult question.
How do you establish a program in which you include natural sources in the
occupational sense? The Commission is looking very carefully at that
question and is concerned about the implications. We do not want to suggest
that every aprrtment building and every gas station and every subway has to
be monitored and the workers handled as radiation workers. These are
difficult problems but the Commission is looking at the concept of radiation
exposures from natural sources while at work, as well as the usual concept
of radiation workers.

K.H. CLARKE: We think there are more people getting over 15 mSv per year at
work who are not radiation workers than there are getting more than 15 mSv
per year as radiation workers. These are people in Devon and Cornwall in
shops, offices, factories and schools. There are more people in this area
getting over 15 mSv at work than there are at Sellafield, etc. That gives
you an idea of the magnitude of the problem.

J.R. JOHNSON: Would you classify all this as technologically-enhanced? or
is that term still viable?

R.II. CLARKE: If you are working inside buildings, yes I suppose it is
technological enhancement. It has far-reaching implications for factories.
Some persons may close down their factory and go to another part of the
country rather than spend large amounts of money on reducing radon levels.
What is the detriment to the local population then? It is a very vexed
issue.
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G.B. GERBER: I would like to comment on two aspects: research and
regulations which are now in preparation within the European Community. The
research department has for several years encouraged member states to make
measurements of radon concentrations in houses and has collected this
information. It has also done a number of intercomparison studiDs on radon
measurements. It has defined passive and active dosimetry and has compared
different methods of measurement and it has also now backed up the formal
effort of OECD on radon interconiparison and intercalibration program.
Secondly, we have encouraged more and more research defining the factors
which determine radon exposures in houses: measurements of attached
fractions, dependence on time of year and ventilation and a variety of other
factors. Also we are very interested in epidemiological studies; we hope
that in a year or two some of the ongoing studies including the one in Great
Britain can be combined in a way such that the data can be evaluated
together. If we have comparable data, the power of these studies can be
increased markedly.

The problem in Europe is perhaps not quite as sprious as in the
United States, because more people live in multi-storey houses in Europe and
fewer people may be exposed to high radon levels such as are found in some
of the houses in the U.S. Nevertheless, there is a problem in certain areas
in Europe; for this reason, the Commission has proposed remulations. It
has first written a paper to define the problem and then it has discussed at
several occasions what should be done. No definite conclusions have been
prepared yet because it turned out to be difficult to find agreement. In
Europe buildings are of course very different and diverse. For this reason
it is very difficult to define ahead of time whether or not you would exceed
a certain level in an area. The next step must be to define the areas and
the characteristics which make it likely that there would be high levels of
radon in houses which are going to be built. That has to be done in each
country, and building codes have to be established which i.educe potential
radon ingress to levels below those which will be recommended. This is
where we are now and I expect that within a year or two these
recommendations will come into force.

J.R. JOHNSON: I think we have reached the end of our time for free
discussion; Gordon Butler was going to give us his insights into applying
radiation protection expertise to non-radiation problems.

G.C. BUTLER: I volunteered to do this because I have some experience with
it. It could be Art Marko's topic "Some Hits and Misses": I will tell you
mostly about the misses. In 1970, five of us on (JNSCEAR got this bright
idea that we knew all about pollutants and we could tell the world how to
handle them. The committee said, yes - go ahead and write a paper. The co-
authors include Bo Lindell because one of the main topics was dose
commitment and harm commitment. We spent a lot of time writing this paper
and a lot of trans-Atlantic travel in the process. Finally, we submitted
the manuscript to a journal that we thought was appropriate and it
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was rejected on the advice of the referee, who obviously did not understand
what we were talking about (laughter). We were desperate to get it
published and there was a managing editor of another journal who thought he
owed me a favour and so we got it published quickly without any comments by
referees. It sat there for years and years. I did meet one man who said
this is a very good piece of thinking, it has been an inspiration to me.
But otherwise it was completely ignored. Peter Barry and I wrote another
paper on the same subject and published it in a more appropriate journal;
it was also ignored. In the recent issue of the newsletter of Health
Physics, there was an article by Bob Alexander on the same subject saying
what a good idea this was; he did not mention either of these papers. I
think it is a good idea still, but be prepared for some disappointments.

I have been concerned with the environment quite a bit, especially
since I edited a book for SCOPE (Scientific Committee on Problems of the
Environment) ,ailed Ecotoxicology. In thinking about how to assess the
welfare of the environment, I got the idea from Wolfgang Jacobi of adding
the risk to all the parts to get the risk to the whole, which is what ICRP
uses for calculating effective dose equivalent. I thought this might work
for the environment and gave a paper on this topic at a meeting which was
published ir. an obscure book, and never heard another word about that. The
only person / know who ever had any success in applying radiation protection
expertise to other problems was Len Hamilton; I suspect it is because he
worked harder at it and did something about it, which we never did.

The reaction I always get is you radiation people think you know
everything, aiyway radiation is so much easier and simpler to deal with,
it's not nearly as complicated as chemicals.

J.R. JOHNSON: As I warned you, I was going to ask for closing statements.
We have to wrap up this panel discussion soon.

R.ll. CLARKE: It has been very interesting to be here the last two and a
half days. I am very grateful for the invitation to come and it was very
nice to see so many friends on their home ground. Many important topics
have come up this week. The question of the risk from exposure to ionizing
radiation is one of the key issues which we have to resolve in the near
future. ICRP will be giving us its learned advice but we need that
information not just for workers but for members of the public, particularly
children. That leads me to the childhood leukemias which continue to be a
major problem; we have questions still to solve about irradiation of the
fetus and where the sensitive cells are in the body and where the
radionuclides go to. I am getting increasingly interested in some of the
natural radionuclides like polonium-210 in this context; in Europe at
least, there has not been as much research on these radionuclides as there
has been on others like plutonium. Of the natural radionuclides, radon is
of course a priority area. Awareness of the public is important; not
education of the public exactly, somehow we've got to make them more
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familiar with radiation and less worried. I agree with Len Hamilton's
remarks; we want to get the message across that radiation exposures vary
quite naturally around the country. We published something ourselves
recently to try to make the public more aware of these variations and thus
less worried about small additions from artificial radionuclides. My way
forward in this general area is not to say there is zero risk but to put it
in perspective with the variation in natural background and to try to apply
the same philosophy to other environmental pollutants; radiation looks so
much better than many of the other things around. From my perspective, the
issue that is going to become increasingly important in the next few years
is non-ionizing radiation.

J.R. JOHNSON: I would agree entirely.

C.B. MEINHOLD: I would like to sort of support what Roger Clarke said. As
we look at the revision of ICRP Publication 26, I am reminded that in 1975 a
young health physicist came to me to say he wished he had gotten into the
field sooner because all of the problems were solved. I don't think we have
ever had more problems to solve than now. Before ICRP-26, we just said to
the best of our knowledge age minus 18 times 5 rem is going to protect you
for as long as you live and that took care of it. Now we say there are
risks and we have to understand the risks and we are not really certain what
the risks are with the precision we would like. We have many issues, the
quality factor for neutrons for example. We were sure we had the answer 10
years ago when we started to sort out the neutron exposures at Hiroshima-
Nagasaki; of course the dosimetry has been redefined since that time and we
don't have any neutron exposures at Hiroshima-Nagasaki any more, so we've
lost this source of information. The correlations for internal emitters are
a continued source of interest to us. John Johnson and the ICRP task group
are working on the lung model, but we do not have sufficient information for
many radionuclides to enable us to move forward aggressively. I was
intrigued by many of the issues that came up during this symposium; there
are no magic answers to these questions, just thoughtful examinations of
where we are.

The question of risk coefficients that ICRP will use has come up many
times; I can only tell you that ICRP has a task group of its Committee-I
which is looking at the UNSCEAR data. Of course the BEIR committee has
taken the position that they are going to start fresh with the basic data
from Japan and re-do the risk estimates; their report is expected over the
next several months. It is the basis of these two reports which ICRP
Committee-I will use to come up with its best estimate of risk. To some
degree, the absence of this risk estimate is holding us up right now. There
are many areas that have to be examined. I agree with Leonard Hamilton that
linearity causes problems but I don't think we have anything better yet.
Somehow or other, animal research and basic biophysics got a bad name in the
BEIR-III report, where they decided they would use only human data. That is
a terrible mistake; if you are trying to come up with radiation protection
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concepts, you have to use the data on animals and simple cell systems which
are a lot stronger for low dose and dose-rate than anything we will ever get
from the study of human populations. We have got to vigorously overcome
this concept that we can only use human data. That is one of the activities
of NCRP's Committee-I, to try to raise awareness of the value of animal
data.

This is a fascinating field; it has been a great two or three days,
I've enjoyed it very much and I'll take back some of the impressions I got
here to help with the revision of ICRP-26.

G.B. GERBER: We have recognized during this discussion that we need more
information based on research. Both Charles Meinhold and Roger Clarke have
pointed out some of the important areas; there is little to add to their
statements in these areas. One question has been neglected somewhat, that
is the topic of medical exposure. Radon exposure is certainly the most
important one and should receive our main attention. But it should be
followed closely by medical exposures, because here there has been an
insufficient effort in the past. We can reduce medical doses substantially
without losing the benefit of medical diagnostics. We also have been
talking abou1" accidents; I think it is understood we have to develop better
and more coherent systems to deal with such questions. We have to develop
these systems in cooperation among Canada, the United States and Europe.

Finally, we have to address one central question of radiation
research, the effects of low dose and low dose-rate. I agree fully here
that we cannot rest our conclusions on one single approach or one single
theory. We have to start out with knowledge gained from microdosimetry and
knowledge gained from the study of molecular alterations. The next question
is: how is cancer induced? Are the initial stage of cancer induction most
important or is it the promotion events? We have to look at our animal data
first before we start new research. We have many data available and we
should examine them using new models and new techniques of analysis. And
finally we have to look at the epidemiological data carefully to avoid as
far as possible some of the misinterpretations which have been done in the
past. All of this work can only be done if we work together and interpret
it together.

This meeting has been a very helpful step. I have been happy to be
here and to participate.

J.R. JOHNSON: Thank you. I am sure we could continue these discussions all
day; unfortunately, there are planes to catch and what-not. I would like
to thank the distinguished panellists we have here today and I am sure
you'll join me in doing that.
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G.C. BUTLER: As one of the oldest people here today, with the possible
exception of Len Hamilton and Howard Newcombe, I would like to thank all the
people who put this show on, particularly Dave Myers for inviting me and
Donna TerMarsch and her helpers for making things so comfortable throughout
the meeting. I accepted the invitation out of a sense of duty (laughter)
and long affection for Art Marko, never expecting to enjoy this meeting half
as much as I did during these three days.
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Radiation Protection Workshop

Summary Remarks

R.V. Osborne

INTRODUCTION

The symposium has had the title "Radiation Protection: Past and Future",
but it undoubtedly will be referred to as the "Marko Workshop". The goal
has been to identify the changing needs in radiation protection and to
identify the needs for future research. In this summary I am not going to
attempt to discuss what we have heard about the past. Where we are
now is in itself a summary of our past; what I am going to review is
where we, the workshop participants, believe we should go.

In radiation protection we are in much better shape than can be said for
protection against many toxic agents. We may not have the answers to all
the questions - but we know enough to be be able to put reasonable limits
on our uncertainties. That we have come so far, and in particular, that
we have achieved so much at Chalk River in the last 28 years, is a tribute
to Art Marko's leadership as the comments of the last three days have
shown.

What then, of the future?

I think that it is useful to consider what we have heard in the context of
overall aims in protection, namely to:

define safety ambitions and standards that we want to meet,

determine the nature and magnitude of the hazard,

make available the tools to control the hazard to accepted standards,
and

obtain the assurance that the standards can bt or are being met.
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Accordingly, we have discussed the standards that we are likely to be
trying to attain, the research that is needed to improve our understanding
and our predictive capabilities, the tools that need to be improved for
optimizing protection and for assessing risks, and where improvements are
needed in monitoring.

There have been important general points made that I will note first.
We are a couniry with few resources in this area. It seems essential that
we continue to expand our collaborations with our colleagues in other
countries, both bilaterally and through agreements such as we have with
the CEC.

We are going fo need experts in the sciences that are the bases for all
that we do - in radiation physics, in radiation chemistry, and in radiation
biology. We know that we are not currently producing sufficient people in
these areas to fill the gaps that are being left with increasing frequency
these days as a whole generation of scientists who came into the field in
the 50's are retiring. Attention therefore must be given to graduate
programs in our universities.

SAFETY AMBITIONS AND REGULATION

Society is becoming more risk conscious which would be helpful if, as a
result, risks were to be ranked in reasonable perspective. This does not
seem to happen and we have great difficulty in maintaining a coherence in
the way that risks from different toxic agents are perceived. Public
opinion drives for better standards of protection. While reflecting this
ambition, we have to try to keep a balance and to correct the
misapprehensions that lead to what might be termed radiophobia.
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It has been argued that unacceptable and not unacceptable annual risks for
serious health effects are, for workers, about 10"2 and 10*3 respectively, and
for members of the ijeneral public, 10'4 and 10'^ respectively. We have
new estimates for the risk coefficients. The problem to be wrestled with
now is how to relate these ideas to appropriate dose (or risk) limits. Such
limits should perhaps reflect an agreed weighting for years of life lost, for
fatal and non-fatal cancers etc. but it is not evident how this should be
done. There are indications, however, that lower dose limits may be
recommended, most likely in a way that emphasizes limiting doses
accumulated in several years (rather than one) or even over a lifetime.
The relation of radiation hazards to other hazards cannot be ignored. A
particularly important example is that in uranium mining where, although
workers generally have the highest radiation risks amongst radiation workers
in Canada, their risks from radiation are less than their risks from
accidents.

We shall probably be seeing some changes in the weighting factors that we
use in dosimetry. The value for the quality factor for neutrons will have
to be based on microdosimetry and the results of animal experiments
because of the revisions to the atomic bomb dosimetry. The weighting
factors for effective dose reflect in only an approximate way the
complicated relationships between risks and site of irradiation. Whether a
more complex set of factors is justified for protection purposes is still
being debated.

The emphasis in protection has been to safeguard human health, it being
argued that such protection also protects populations of other species. We
are likely to see more explicit reference to protecting the environment in
regulations.

Similarly, ALARA, an essential and well-established part of protection, is
likely to be mentioned explicitly in regulations. The formal application of
ALARA is not trivial even for well-characterized operational activities and
work is clearly going to be needed in developing techniques for radiation
safety and protection.
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A challenge that our improving understanding of radiation risks may bring
to regulation is that of accounting for individual variations in sensitivity to
radiation in an equitable way when such sensitivities can be measured.

Protection against non-ionizing radiation may be an increasing concern in
the future and the experience we have had with ionizing radiation can be
valuable. The International Radiation Protection Association has provided
a lead here in creating an international non-ionizing radiation protection
body whose guidelines are just about to be published. The workshop was
warned that the slightest hints of conflict of interest must be avoided in
investigating effects from non-ionizing radiation for the results to have
credibility.

A strong plea was made for the formation of a National Advisory Council
on Radiation. Such a body could have a major role in Canada, just as
the NCRP and NRPB have in their respective countries.

RESEARCH

Research programs are undertaken to improve our understanding of the
physical, chemical, and biological processes that affect the relationships
between a source of radiation or radioactivity, and the ultimate biological
effect. We express that understanding by way of models and aim to have
a predictive accuracy when we use the models that is sufficient for a given
application. An application may be the calculation of a committed dose
from an intake, of the risk from an airborne release of a radioactive gas,
or of the collective dose from a waste disposal site for example.

The workshop brought out that, although once it was sufficient to estimate
upper limits to doses for comparison with dose limits, much more detailed
estimates are now needed as we apply ALARA. As we progress in
improving our understanding to meet this requirement, we need to balance
our efforts. We need to keep in mind how accurate our estimates really
are and really need to be. The recent experiences with checking the
predictions of models against the observed Chernobyl fallout is being an
invaluable exercise. Some pathways, for example, urban pathways, have
not been studied sufficiently.



A continuing quest is that of establishing the degree of validity of a model
in a particular application. Here is an area where international
collaboration can be very important and such projects as the BIOMOVS
program need to be encouraged. It was noted that studies of the
behaviour of non-radioactive pollutants could help the development and
validation of the models that we use.

Biokinetic models that we use in internal dosimetry have already become
very complex but may still have large uncertainties associated with them
when applied to any individual. Refinement of the models will certainly
continue - for example in developing age-specific models - but the
cautionary note to keep a balance in our refinement applies to these
endeavors as elsewhere. The dosimetry of radio-pharmaceuticals remains
difficult and needs attention; reducing patient doses hinges on a better
understanding of the pharmaco-kinetics.

The determination of low dose effects could be considered an impossibility
by definition since low doses might be said to be those for which effects
are not observed. It seems clear that epidemiology will not give us
quantitative answers on low dose effects (other than upper limits) and the
microdosimetry and animal experiments need to be continued to advance
our understanding at these low levels. Epidemiology is still needed but it
may be more fruitful to carry out case control studies on given radiogenic
diseases such as leukaemia.

Particular biological areas where research is needed are the effects of
radiation on skin and on developing tissues.

MONITORING

Two specific problems that must continue to be addressed were mentioned.
These were better sensitivity for plutonium detection and improved methods
for personal air monitoring for alphas in uranium mines. It was noted
that it was incumbent on Canadian scientists to keep on top of all aspects,
including monitoring, of the "Canadian radionuclides", uranium, tritium, and
carbon-14.
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The new dosimetric quantities are not gaining favour very quickly but it
was pointed out that switching to them can be fairly painless even with
current equipment.

OPERATIONAL PROTECTION

The emphasis will continue to be to implement ALARA. Within the
nuclear utilities significant advances have already been made through peer
evaluations and by independent assessments. Appreciable reductions in
radiation doses have been made. The approach that is being used is a
good example of the practical implementation of ALARA from which
others may learn. A caution that should be expressed is that this industry
push for excellence brings into the ALARA process many non-radiological
factors so that the results obtained are necessarily going to be ALARA in
other circumstances.

PROTECTION FOLLOWING ACCIDENTS

There are likely to be continuing discussions on the appropriate
intervention levels for actions after accidents have occurred although the
principles for intervention - not well thought out at the time of Chernobyl
- are now much better established.

Education is needed on preventive medication; a particular problem is the
overeager use of iodine that results in more ill effects from the iodine
than could possibly be avoided from radiation by its use.

The treatment of exposed people needs to be refined, particularly in the
dose range below almost certain lethality where appropriate treatment can
most likely be effective. Expert systems could have a role here.

Noted was the availability of a Stats-Can data collection package that
prompted the collection of the information that would be needed in any
retrospective study of the consequences of an accident.
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PROTECTION IN MEDICINE

The desirability of reducing the doses to patients from the medical
diagnostic radiation was emphasized. A factor of two was thought to be
possible, by reducing the number of exposures and the doses per exposure,
without any loss in medically-relevant information. Procedures involving
radiation are now much more widely carried out by other than radiologists
and the emphasis has to be on training these people. Instrumentation is
not the problem and technicians are well trained.

CONCLUSIONS

One speaker noted that the title of the workshop - past and future -
implied that the present was in limbo. The workshop has demonstrated
that this is not so. It is, however, a convenient time to plot our strategy
for the future and to identify the issues that we have to address. As
another speaker noted, it is a time to see what we need to do to promote
confidence, ensure compatibility, and strike a balance in what we do. And
the workshop has shown that there is much still to do in the "post-Marko"
era.

Dr. David Myers and his associates are to be congratulated for organizing
an effective meeting that has managed to touch on so many of the
outstanding issues facing radiation protection.
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