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Editorial

Every silver lining has a cloud .. .or?

It is relatively rare for the Annals of the ICRP to combine more than one report
into a single journal issue. Now that the Commission has decided to do so again
for the first time since 2001a,b (in Supporting Guidance 2), the most obvious reason
is also the least important one, namely the number of pages per issue.

In the present issue, we have two reports, each one of them important, concise —
and since each of them is too short to form an issue of the Annals, the obvious solu-
tion was to print them within the same set of covers. However, the Commission
would have merged these reports into a single issue in any case, for very good
reasons.

In the first place, they cover related topics that are likely to appeal to the same
readership. The first part of the present issue is the report on assessing doses to rep-
resentative persons. It concerns a classical problem: to ensure that members of the
public are adequately protected and licensees are able to demonstrate that they
are in compliance with regulations, in spite of the fact that individual members of
the public can not and should not be monitored. As first explored and explained
in the venerable Publication 7 (1966), this requires modelling of pathways for the
transport of radionuclides in the environment and of habits of people who could
be exposed through these pathways, and the present report provides the most up-
to-date advice and terminology in this respect.

The report on broadening the process of optimisation that forms the second part
of this issue represents a different cut, in that it focuses on a specific step in the pro-
cess rather than a specific type of exposed person. It discusses the most crucial part
of that process, because optimisation is at the very heart of successful radiological
protection, and ways of making the process more inclusive and achieve and foster
a sense of participation and joint responsibility.

Both of the reports deal with the application of the Commission’s Recommenda-
tions, thus providing more detailed guidance on how to implement the Commission’s
System of Radiological Protection in practice, and anybody concerned with the prac-
tical aspects of radiological protection of the public will need to be familiar with both
reports. They were both conceived in ICRP Committee 4 on the Application of
ICRP Recommendations, and they were both produced by Task Groups of that
Committee.

Furthermore, the Commission’s current review, revision, and re-statement of its
fundamental Recommendations is now nearing completion, and together, the present
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two reports form an important building block underpinning those Recom-
mendations.

Still, there will of course be the odd reader who is specifically interested in one of
the reports only and who would have preferred to have them printed separately. As
most readers will be well aware, the reports in the Annals of the ICRP are all also
available as downloadable PDF files at www.sciencedirect.com — and there, the pres-
ent two reports are posted as separate files, so that users may choose to download
one, the other, or both of the reports.

This is not the only advantage of publishing reports on the Internet. In the first
place, files are searchable, references are linked when possible directly to the original
paper cited, distribution is instantaneous and available around the clock and around
the world. . . and thanks to the far-sighted attitude of our publishers, Elsevier, the set
of files will soon include all ICRP reports from day 1 (i.e., from 1928), thus including
those earliest reports that were not printed in a publication series of our own but as
proffered papers in open scientific journals.

Through Internet publishing, we are also able to reach a much bigger audience
than we could ever have hoped for when conventional printing was our only option.
Moreover, the Commission and Elsevier proudly participate in the HINARI pro-
gramme, so that our reports are available totally cost-free in 69 developing countries
and at a minimal token cost only in some 30 more countries. Real printed books and
journals are still easier to read than electronic copies, and will never go out of fashion
as such, but Internet publishing certainly does provide added value.

And this brings us back to the present publication which is thus available as a sin-
gle printed issue of the Annals of the ICRP and as PDF files representing each of the
two reports comprising the publication. You actually can both have your cake and
eat it!

JACK VALENTIN
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Assessing dose of the representative person for
the purpose of radiation protection of the public

ICRP Publication 101

Approved by the Commission in September 2005

Abstract-The Commission intended that its revised recommendations should be based on a
simple, but widely applicable, system of protection that would clarify its objectives and pro-
vide a basis for the more formal systems needed by operating managers and regulators. The
recommendations would establish quantified constraints, or limits, on individual dose from
specified sources. These dose constraints apply to actual or representative people who
encounter occupational, medical, and public exposures. This report updates the previous
guidance for estimating dose to the public. Dose to the public cannot be measured directly
and, in some cases, it cannot be measured at all. Therefore, for the purpose of protection of the
public, it is necessary to characterise an individual, either hypothetical or specific, whose dose
can be used for determining compliance with the relevant dose constraint. This individual is
defined as the ‘representative person’. The Commission’s goal of protection of the public is
achieved if the relevant dose constraint for this individual for a single source is met and
radiological protection is optimised.

This report explains the process of estimating annual dose and recognises that a number of
different methods are available for this purpose. These methods range from deterministic
calculations to more complex probabilistic techniques. In addition, a mixture of these tech-
niques may be applied. In selecting characteristics of the representative person, three impor-
tant concepts should be borne in mind: reasonableness, sustainability, and homogeneity. Each
concept is explained and examples are provided to illustrate their roles. Doses to the public are
prospective (may occur in the future) or retrospective (occurred in the past). Prospective doses
are for hypothetical individuals who may or may not exist in the future, while retrospective
doses are generally calculated for specific individuals.

The Commission recognises that the level of detail afforded by its provision of dose coef-
ficients for six age categories is not necessary in making prospective assessments of dose, given
the inherent uncertainties usually associated with estimating dose to the public and with
identification of the representative person. It now recommends the use of three age categories
for estimating annual dose to the representative person for prospective assessments. These
categories are 0-5 years (infant), 6-15 years (child), and 16-70 years (adult). For practical
implementation of this recommendation, dose coefficients and habit data for a 1-year-old
infant, a 10-year-old child, and an adult should be used to represent the three age categories.
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In a probabilistic assessment of dose, whether from a planned facility or an existing situ-
ation, the Commission recommends that the representative person should be defined such that
the probability is less than about 5% that a person drawn at random from the population will
receive a greater dose. If such an assessment indicates that a few tens of people or more could
receive doses above the relevant constraint, the characteristics of these people need to be
explored. If, following further analysis, it is shown that doses to a few tens of people are indeed
likely to exceed the relevant dose constraint, actions to modify the exposure should be con-
sidered.

The Commission recognises the role that stakeholders can play in identifying characteristics
of the representative person. Involvement of stakeholders can significantly improve the
quality, understanding, and acceptability of the characteristics of the representative person
and the resulting estimated dose.
© 2006 ICRP. Published by Elsevier Ltd.

Keywords: Public exposures; Representative person; Critical group; Dose assessment; Uncertainty
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PREFACE

On 20 October 2001, the Main Commission of the International Commission on
Radiological Protection (ICRP) approved the formation of a new Task Group,
reporting to Committee 4, on the definition of the individual. As stated in the terms
of reference, the objective of the Task Group was to develop principles that would
assist in defining the individual to be used for estimating dose and determining com-
pliance in the Commission’s system of protection. These principles were expected to
be important as the Commission’s recommendations continued to evolve, in part be-
cause those recommendations were expected to give more emphasis to the individual
rather than to society as a whole. Demonstration of compliance was also to be ad-
dressed. Issues related to the critical group and concepts of uncertainty as related to
the individual were to be considered.

This report is the outcome of the Task Group’s efforts. It forms one of the sup-
porting documents for the Commission’s revised recommendations. The report ad-
dresses the areas mentioned above and also several other issues that became
evident during the course of the Task Group’s work. The guidance in this report
builds upon and replaces the concept of the critical group implemented previously
by ICRP. It also defines the representative person to be used for determining com-
pliance with dose constraints and limits.

The membership of the Task Group was as follows:

J.E. Till (Chairman) J.R. Cooper A.C. McEwan
D. Cancio T. Kosako C. Zuur

The corresponding members were:
M.E. Clark D.A. Cool K. Ulbak

The Task Group wishes to acknowledge the technical assistance of Dr. Wayne
Oatway at the National Radiological Protection Board in the UK for support in
making calculations related to age-specific dose. The Task Group also acknowledges
Ms. Shawn Mohler for her support in developing the graphics in the report, Mr.
George Killough for his support with the statistical issues presented in Annex B,
and Ms. Cindy Galvin for her support with the editing of the report.

The Task Group would like to thank those organisations and staff that made facil-
ities and support available for its meetings. These include the National Institute of
Radiation Hygiene in Denmark; the Ministry of Housing, Spatial Planning, and
Environment in The Netherlands; the National Radiological Protection Board
(now the Radiation Protection Division of the Health Protection Agency) in the
UK; the Research Centre for Engineering, Environment, and Technology in Spain;
the Nuclear Energy Agency in France; and the Department of Energy, the Nuclear
Regulatory Commission, and the Centers for Disease Control and Prevention in the
USA.

The report was approved by the Commission at its meeting in Geneva in Septem-
ber 2005.






EXECUTIVE SUMMARY

(a) On 20 October 2001, the Main Commission of the International Commission
on Radiological Protection (ICRP) approved the formation of a new Task Group on
the definition of the individual. The objective of the Task Group was to develop
principles that assist in defining the individual whose dose is to be used as the basis
for determining compliance with relevant dose constraints for the public. Occupa-
tional and medical exposures are not considered in this report.

(b) In normal and existing situations, the dose constraint for the public is specified
as an annual dose for regulatory and administrative purposes. The Commission rec-
ognises uncertainties in dose assessment to the public and the transient nature of
many extreme exposure situations. As a result of this inherent uncertainty, the Com-
mission recognises that in establishing compliance for normal situations, there is a
possibility that the dose to some individuals may exceed the dose constraint. Pro-
vided that the Commission’s recommendations have been met, the probability of
the dose to any individual exceeding the relevant constraint will be small.

(c) The Commission recognises three types of exposure situations: normal, exist-
ing, and emergency. Furthermore, dose assessments may be prospective or retrospec-
tive. Prospective doses are for individuals who may receive the dose in the future,
and retrospective doses are doses that have occurred in the past.

(d) Dose assessment can be thought of as a multistage process. The first stage is to
obtain information about the source, including data on the types and quantities of
radionuclides and radiations emitted. The second stage is to obtain information
about the environment, specifically the concentrations of radionuclides in environ-
mental media arising from the source in question. The third stage of the process is
to combine concentrations with habit data that are defined by an exposure scenario.
The fourth stage is to use coefficients that either relate concentrations in air or soil to
external dose rates (external doses), or that convert a unit of intake into dose (inter-
nal doses). Dose coefficients are estimated using models of radionuclide behaviour
and radiation absorption in the body, and have been derived and published by
ICRP. The final stage is to sum the contributions from external and internal dose
as appropriate. It is important to recognise that dose assessment is an iterative pro-
cess. As an aid to clarification, and for intakes of radionuclides in particular, it is use-
ful to consider the stages separately.

(e) It 1s recognised that variability and uncertainty are inherent in any process of
defining individual characteristics and in estimating doses. Variability refers to real
and identifiable heterogeneity or diversity in nature. Uncertainty arises from
unavoidable limitations in the assessment. Whether doses are estimated by using
measurement data, by applying models, or through a combination of measurements
and calculations, the variability and uncertainty contribute to a distribution of pos-
sible values. The degree of variability and uncertainty is represented by the shape and
extent of that distribution. The Commission believes that it is up to the regulatory
authority to make the final decision on how to include uncertainties in the estimation
of dose for compliance purposes.
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(f) The Commission draws a distinction between quantities having values that are
measured or estimated and quantities that have values that are selected, either by the
Commission or by other organisations. For example, dose constraints, weighting
factors, and dose coefficients, when used in the process of assessing compliance
and in decision making, are selected as fixed point values and are assumed not to
be uncertain. The Commission, however, recognises that there are uncertainties in
the models linking detriment to dose. These uncertainties are considered in establish-
ing selected values of quantities, such as limits and constraints.

(g) The Commission recognises that for prospective assessment of dose to the pub-
lic, the level of detail afforded by its recommendations of dose coefficients for six age
categories is not necessary given the uncertainties usually associated with these esti-
mates. Therefore, for the purpose of prospective assessments of continuing exposure,
the Commission now recommends that three age categories are sufficient for estimat-
ing annual dose to the representative person. These categories are 0—5 years (infant),
6-15 years (child), and 16-70 years (adult). The shorter time period is selected for the
0-5-year age category, when dosimetric characteristics are changing most rapidly, to
avoid any unwarranted reduction in the importance attached to doses to younger age
groups. Use of these three age categories is judged to be sufficient to characterise the
radiological impact of a source and to ensure consideration of younger, more sensi-
tive populations. For practical implementation of this recommendation, dose coeffi-
cients and corresponding habit data for a 1-year-old infant, a 10-year-old child, and
an adult should be used to represent the three age ranges.

(h) If assessed doses to these age groups include significant contributions from
radionuclides known to cause relatively high doses to the fetus or breast-fed infant,
and they are approaching the value of the relevant dose constraint, the dose to the
fetus or breast-fed infant should be assessed separately to ensure that the quantita-
tive recommendations are respected. In light of the fact that this intake will only be
received over a very limited proportion of the individual’s lifetime, the Commission
considers that an appropriate level of protection can be achieved by comparing the
assessed dose to the fetus or breast-fed infant with the dose constraint for members
of the public.

(1) Dose to the public cannot be measured directly without considerable difficulty.
In most cases, it cannot be measured at all. Therefore, for the purpose of protection
of the public, it is necessary to characterise an individual receiving a dose that is rep-
resentative of the more highly exposed individuals in the population. This individual
is defined as the ‘representative person’. This term is the equivalent of, and
replaces, ‘average member of the critical group’ described in previous ICRP
recommendations.

(j) The Commission’s goal is achieved when the value of dose to the representative
person is less than the dose constraint, and radiological protection has been
optimised.

(k) In considering dose to the representative person, a number of factors should be
taken into account: (1) the dose assessment must account for all relevant pathways of
exposure; (2) the dose assessment must consider spatial distribution of radionuclides
to ensure that the group receiving the highest dose is included in the assessment; (3)
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habit data should be based on the group or population exposed and must be reason-
able, sustainable, and homogeneous; and (4) dose coefficients have to be applied
according to specific age categories. Once these factors are taken into account and
depending on the assessment approach employed (deterministic, probabilistic, or a
mixture), the representative person can be identified and used to determine
compliance.

(I) Dose to the representative person may be calculated using several different ap-
proaches that range from simple deterministic to probabilistic methods.

(m) In both cases, appropriate habit data are required. If specific habit data for the
exposed population are not available, values may be derived from appropriate na-
tional or regional population data. A distribution of these data may be used in prob-
abilistic assessments, or a value on the distribution may be selected for deterministic
calculations. Established databases suggest that the 95™ percentile of consumption
rates for many staple foods tend to exceed the mean values by approximately a factor
of 3. The Commission considers that using the 95" percentile of behaviour in deter-
ministic calculations is a cautious assumption for defining an intake rate.

(n) Care should be exercised to avoid selecting extreme percentile values for every
variable to prevent excessive conservatism in the assessment. Such a result could lead
to a significant and unrealistic overestimation of the dose to the representative per-
son, and may unduly burden the design of medical or other facilities. Taken together,
the selection of parameter values must represent a reasonable and sustainable expo-
sure scenario.

(0) Deterministic methods involve the direct multiplication of selected point values
of parameters and environmental concentrations. The simplest form of deterministic
method is screening, where very conservative assumptions are made to estimate dose
using concentrations of radionuclides at the point of discharge to the environment.
In some situations, people receiving the higher doses are easily identified because
site-specific exposure data are readily available and habit information is known.
In other situations, identifying these individuals is an iterative process that considers
key pathways of exposure and populations receiving doses from the source. Ulti-
mately, a group is identified that is expected to receive the higher doses. The average
characteristics of this group are used to estimate dose to the representative person.

(p) It 1s also possible to use probabilistic methods to estimate dose. Probabilistic
methods combine distributions of parameters into a composite distribution that pre-
sents a range of possible doses based on their probability of occurrence. The distri-
bution of dose incorporates: (1) the uncertainty and natural variability in the
estimated environmental media concentration (i.e. radionuclide concentration in
air, water, soil, and food); and (2) uncertainty in the habit data (i.e. breathing rate,
food and water ingestion rates, time spent at various activities).

(q) In a prospective probabilistic assessment of dose to individuals, whether from a
planned facility or an existing situation, the Commission recommends that the rep-
resentative person should be defined such that the probability is less than about 5%
that a person drawn at random from the population will receive a greater dose. If
such an assessment indicates that a few tens of people or more could receive doses
above the relevant constraint, the characteristics of these people need to be explored.
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If, following further analysis, it is shown that doses to a few tens of people are indeed
likely to exceed the relevant dose constraint, actions to modify the exposure should
be considered.

(r) In probabilistic assessments, particular attention should be given to the region
and accompanying population where the assessment is being conducted to define the
representative person. Care should be used to include all individuals whose dose
could possibly be representative of people receiving the higher doses.

(s) For retrospective assessments of dose to specific individuals, either for the pur-
pose of determining compliance for a past period of operation of a facility or an
existing situation, the Commission recognises that estimated doses above the dose
constraint should be evaluated on a case-by-case basis. In some cases, it may be ex-
pected that these doses will only continue for a short time or may never be realised.
However, if doses to specific individuals exceed the dose constraint and are expected
to continue for a protracted period of time, a decision should be made by the oper-
ator and the regulator about whether a reduction in the source is required. Such a
situation may warrant additional monitoring to reduce uncertainty in the dose esti-
mate or to verify the magnitude of dose. The above considerations should be sepa-
rate from any decision regarding whether the previous design or operations were in
compliance with their basis of authorisation.

(t) The Commission recognises the role that the public can play in helping to iden-
tify and characterise the representative person for radiological protection purposes.
The extent of stakeholder involvement will vary between countries and situations.
Stakeholders can provide input regarding habit data that are specific to their
location. In particular, stakeholders can be helpful in determining reasonableness,
sustainability, and homogeneity of data. Collaboration with stakeholders can signif-
icantly improve the quality, defensibility, and acceptability of characteristics of the
representative person, and also strengthen support from stakeholders in the compli-
ance and decision-making process.

(u) Regardless of the approach taken to determine compliance, the Commission
stresses that application of the total system of protection, utilising both compliance
with quantitative constraints and optimisation of protection, is necessary for radio-
logical protection.



1. INTRODUCTION

(1) The Commission’s system of protection is based upon the principles of quan-
titative standards of protection, complemented by the requirement to optimise the
level of protection achieved. The system is intended to provide an appropriate degree
of protection for individuals from the risks associated with exposure to ionising
radiation.

(2) The Commission concluded that its revised recommendations (ICRP, 2007)
should be based on a simple, but widely applicable, general system of protection that
would clarify its objectives and provide a basis for the more formal systems needed
by operating managers and regulators. The recommendations establish quantified
limits and constraints on an individual’s annual dose from specified sources. These
restrictions are applied to the exposure of actual or hypothetical individuals. Within
this scope, the Commission includes numerical restrictions on the exposure of mem-
bers of the public.

(3) The Commission has previously used the concept of the critical group for
defining those people who receive the highest exposures from a particular source
or set of sources of radiation for the purposes of applying its recommendations.
The recommendations in this report update the previous guidance for estimating an-
nual dose to the public. Although emphasis in this report is on the prospective expo-
sure situation (i.e. dose to the public in the future), some guidance is also provided
on retrospective dose (i.e. dose that has already been received).

(4) The dose! from a source received by any particular individual depends upon a
number of factors, such as time, location, transport of radionuclides through the
environment, and the characteristics of the individual. These characteristics include
physiological parameters (e.g. breathing rate), dietary information (e.g. consumption
rate of various foods), residence data (e.g. type of dwelling), use of local resources
(e.g. agricultural resources), recreational activities (e.g. swimming), and any other
individual-specific information that is necessary to estimate annual dose. In the
assessment of doses, a specific set of these characteristics is referred to as an ‘expo-
sure scenario’. In general, the Commission refers to diet, residence, and other infor-
mation needed to estimate exposure as ‘habit data’.

(5) Section 1 of this report addresses the report’s objective, provides background
information, and describes fundamental principles and concepts. Section 2 reviews
the process for estimating dose to members of the public arising from sources. Sec-
tion 3 discusses the selection of characteristics for the representative person. Section
4 presents other considerations relevant to the representative person. Annex A pro-
vides technical information on the analysis of age categories, and Annex B provides
information on the assessment of compliance using probabilistic methods.

! Unless otherwise stated in this report, ‘dose’ is taken to mean ‘effective dose’, including, as
appropriate, the committed dose up to 70 years of age from intakes of radionuclides and the contribution
from external irradiation.
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1.1. Objective

(6) The objective of this report is to provide guidance on how to assess dose to the
individual for the purposes of establishing compliance with the Commission’s recom-
mendations for the protection of the public.

(7) This updated guidance is necessary as the Commission’s system of protection
has continued to evolve and the recommendations of the Commission have become a
basic element of regulations in many countries. In addition to this evolution within
ICRP, the ability to carry out assessments using more sophisticated computer and
software tools has improved significantly over the past two decades. Doses can
now more readily be estimated probabilistically, so that a distribution of doses
can be developed that includes uncertainties rather than a single point estimate of
dose. This report also updates principles necessary to implement the system of pro-
tection of ICRP so that it is consistent with methods that are being used to estimate
doses to individuals. The report clarifies and elaborates on methods for estimating
dose to the public in order to compare estimated doses with dose constraints, opti-
mise protection, and aid in the planning and decision making for emergency
situations.

(8) The source and the exposed individual are fundamental elements in each cat-
egory of exposure, whether occupational, medical, or public. There must be a clear
understanding and characterisation of the individual for whom the dose is being as-
sessed. For occupational exposure, which is exposure incurred at work and princi-
pally as a result of work, characterisation of the exposed individuals and the
sources is generally straightforward. Records exist for these individuals, and their
exposures are monitored or assessed individually. Likewise, in medical exposure,
which is principally the intentional exposure of people as a part of their own medical
diagnosis or treatment, the source and the exposures are usually obvious. Occupa-
tional and medical exposures, therefore, are not considered further in this report.

(9) Guidance for the protection of future individuals in the case of disposal of long-
lived radioactive waste is provided in Publication 81 (ICRP, 2000a) and remains valid.

(10) Exposure situations are classified in the revised recommendations (ICRP,
2007) into three broad groups: normal situations, existing situations, and emergency
situations. The Commission uses normal situations to address those parts of its scope
corresponding to any deliberately introduced or maintained human activity that
causes, or potentially causes, radiation exposures. Existing situations are those in
which sources already exist; they may have been introduced unintentionally, inap-
propriately, or as a result of past human activities that have since been abandoned.
In many circumstances, existing situations can only be controlled by action to mod-
ify exposure pathways. Emergency situations relate to unintended or unexpected
events that could result in exposures sufficient to warrant consideration of the intro-
duction of countermeasures. Guidance is provided in Section 2 of this report for each
of these three groups.

(11) When protection of the public in different exposure situations is being as-
sessed, doses may be estimated either deterministically or probabilistically. In either
case, parameter values involved are uncertain and these uncertainties must be
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addressed. In the deterministic approach, a single point estimate of dose is generated.
Uncertainties are accounted for by selecting parameter values that will reasonably
ensure that the dose is not underestimated. In the probabilistic approach, uncertain-
ties are taken into account by including the range of possible parameter values and
developing a distribution of doses.

(12) For determining exposures in an existing situation, it may be possible to use
measurement data and other habit data that are specific to the location. These site-
specific data may reduce the uncertainties in estimated doses significantly. However,
it is also likely that in the case of retrospective dose assessment for public exposure, a
distribution of possible doses will result.

1.2. Background

(13) The concept of critical group was first introduced in Publication 7 (ICRP,
1965) to provide a means for evaluating compliance with the Commission’s recom-
mendations. Paragraph 15 of that publication states:

“The presence of a critical nuclide in some critical pathways will not cause the same
exposure of each member of the population outside an installation, and preopera-
tional investigations [...] will usually establish the existence of one or two groups
of people whose characteristics, e.g. habits, location, or age, cause them to receive
doses higher than those received by the rest of the population outside the installation
and this requires them to be considered separately, i.e. to be designated as critical.
Great judgment is necessary in defining such a group in practice and the following
aspects will have to be considered. Some of these are the same as the factors influ-
encing the design of routine surveys and only those concerned with the critical group
itself are listed below:

— The location and age distribution of the potentially exposed group

— Dietary habits (e.g. special foodstuffs and amounts consumed)

— Special occupational habits (e.g. the handling of fishing gear)

— The type of dwelling (e.g. shielding characteristics)

— Domestic habits (e.g. time spent indoors, frequency of personal washing, and
laundering of clothes)

— Hobbies (e.g. sport fishing or sunbathing)

Such groups in the population may be in the vicinity of the installation or at some
distant location; they may include adult males, adult females, pregnant women, and
children; they may be individuals who eat foodstuffs prepared in a special way or
produced in a particular location; or they may be people in a particular indus-
try...The concept of critical group provides a sound and practical way of complying
with the Commission’s recommendations concerning members of the public. ...’

(14) Paragraph 16 of Publication 7 (ICRP, 1965) continues:

‘The critical group should be identified in such a way that it is representative of the
more highly exposed individuals in the population and is as homogeneous as
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practicable with respect to radiation dose, that is, with respect to those factors in
Paragraph 15 which affect the dose in the specific case considered.’

(15) Paragraph 17 of Publication 7 (ICRP, 1965) states:

‘Once the critical group has been identified in this way, a suitably representative
sample of the group should be selected and studied so as to assess their [sic] actual
or potential exposure. The average exposure of such a sample should then be re-
garded as typical of that of the highly exposed individuals and the Commission’s rec-
ommendations for the maximum permissible doses for individual members of the
public applied to the average. The spread of values in the sample will give some mea-
sure of its homogeneity with respect to the characteristics of the individual (such as
metabolic rates) which may influence the dose received and which are not measured.
These individual differences may tend to increase the spread of the individual doses
received within the critical group. It must also be recognised that, outside the critical
group, there may be a few individuals whose habits and characteristics are dramat-
ically unconventional. Such peculiarities may sometimes mean that these individuals
receive doses somewhat higher than those in the critical group.’

(16) The concept of critical group has continued to be used in ICRP publications
and has been widely applied in radiological protection. In Paragraph 67 of Publica-
tion 43 (ICRP, 1985), it is noted:

‘In an extreme case it may be convenient to define the critical group in terms of a
single hypothetical individual, for example when dealing with conditions well in the
future which cannot be characterised in detail. Usually, however, the critical group
would not consist of one individual nor would it be very large for then homogeneity
would be lost. The size of a critical group will usually be up to a few tens of people.
In a few cases, where large populations are uniformly exposed, the critical group may
be much larger. This guidance on size has certain implications; for example, in habit
surveys it is not necessary to search for the most exposed individual within a critical
group in order to base controls on that one person. The results of a habit survey at a
particular point in time should be regarded as an indicator of an underlying distri-
bution and the value adopted for the mean should not be unduly influenced by
the discovery of one or two individuals with extreme habits.’

(17) The 1990 recommendations in Publication 60 (ICRP, 1991) state:

‘These groups are chosen to be representative of the individuals most highly ex-
posed as a result of the source under review. They are required to be reasonably
homogeneous with respect to the characteristics that influence their doses from that
source. When this is achieved any individual constraints should be applied to the
mean values for the critical group. It is implicit that some members of the critical
group will receive doses both above and below the group average.’

(18) The Commission continues to endorse the principles developed in Publica-
tions 7, 43, and 60 (ICRP, 1965, 1985, 1991) relating to the selection of individuals
for the purpose of assessing compliance with the dose constraint. The purpose of this
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report is to clarify and elaborate on the application of these principles by taking
into account recent experience and advances in assessing dose to members of the
public.

1.3. Fundamental principles and concepts

(19) In normal and existing situations, dose constraints for the public are specified
in the form of an annual effective dose for regulatory and administrative purposes.
The Commission recognises uncertainties in dose assessment to the public and the
transient nature of many extreme exposure situations. As a result of this inherent
uncertainty, the Commission recognises that in establishing compliance for normal
situations, there is a possibility that the dose to some individuals may exceed the dose
constraint. Provided that the Commission’s recommendations have been met, the
probability of the dose to any individual exceeding the relevant constraint will be
small.

(20) The Commission’s constraint for the public for normal situations is set, in
part, on the basis of exposure situations for individuals that are assumed to continue
to occur for a number of years into the future (ICRP, 2007). The population being
exposed at any given time is made up of a spectrum of individuals composed of a
range of ages, and individuals within the population should be afforded protection
as they progress in age over the time that exposures are expected to occur.

(21) In most cases, it is not possible to monitor dose directly to members of the
public; rather, monitoring should be focused on concentrations of radionuclides in
the environment that may lead to exposure of individuals. Since dose to the public
is not being measured directly, it must be estimated using environmental concentra-
tions, appropriate habit data, and applying appropriate dose coefficients in the case
of intakes of radionuclides. Methods used to calculate dose range from point value
estimates (deterministic) to a distribution of doses (probabilistic). In either case or
with the application of a mixture of these methods, decision makers need guidance
on how to determine when compliance exists.

(22) Starting in the mid 1980s, ICRP began developing age-dependent dose coef-
ficients for members of the public. A series of publications were issued giving dose
coefficients for six age groups, based on reference biokinetic and dosimetric models
(ICRP, 1989, 1993, 1995, 1996a,b) These dose coefficients, combined with appropri-
ate habit data, can be used for assessing dose from environmental discharges.

(23) In some situations, such as those existing from an accident or earlier practice,
dose to the public can be inferred using environmental concentrations and specific
habit data. An example of this is reconstructed doses from the Chernobyl accident
(IAEA, 1991). In this case, a distribution of doses was developed that could be re-
lated to individuals in the population. Generally, these distributions include a num-
ber of doses that lie well beyond those received by most of the population and arise
from some extreme values in habit data.

(24) In other situations where proposed releases to the environment are under con-
sideration, assumptions may have to be made about the habits of the exposed
individuals.
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(25) Therefore, for the purpose of protection of the public, it is necessary to
characterise an individual receiving a dose that is representative of the more highly
exposed individuals in the population. This individual is defined as the ‘representa-
tive person’. The dose to this individual is the equivalent of, and replaces, the mean
dose in the ‘critical group’ described in previous ICRP recommendations.

(26) The sections that follow describe fundamental elements of the process of dose
assessment. They also explain how the representative person is characterised and
identified for making decisions about compliance for normal situations, in planning
for emergencies, and for determining other aspects of radiological protection for
members of the public.
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2. ASSESSMENT OF DOSE
2.1. Purpose of dose assessment

(27) Assessment of dose to the public can be made to determine compliance with
the relevant dose constraint, to guide decisions on the level of control of exposure,
and to help identify actions to be taken to reduce exposure. For example, in the case
of controlled discharges to the environment, the results of the comparison with the
dose constraint may determine whether additional effluent control is required. Doses
over different periods of time are also estimated to allow for planning in accident sit-
uations and to determine the conditions under which countermeasures may be taken
in the event of an accident. In addition, doses are estimated in the process of opti-
misation, where it is not merely sufficient to meet the dose constraint, but also nec-
essary to show that radiological protection has been optimised, taking social and
economic factors into account (ICRP, 2007).

(28) The type of assessment conducted, and the degree to which specific informa-
tion is incorporated, will depend on the purpose. In many circumstances, planning,
optimisation, and compliance will require different types of assessment. Planning and
optimisation, for example, should consider a variety of exposure circumstances and
evaluate where there are opportunities for further protective measures. Compliance
assessments, in contrast, are usually designed to demonstrate specifically that prede-
termined conditions either are, or are not, being met. The remainder of this report
focuses on how to demonstrate compliance with the relevant dose constraint as rec-
ommended by the Commission.

2.2. Types of dose assessment

(29) The Commission recognises three types of exposure situations: normal situa-
tions, existing situations, and emergency situations. Dose assessments may be pro-
spective or retrospective (see Table 2.1). Assessments of annual dose may be
categorised as either of these two types, depending on whether the dose is estimated
for future years (prospective) or past years (retrospective).

(30) Prospective doses are estimated for individuals whose exposure has not yet
occurred, while retrospective doses are generally estimated for groups of individu-
als that are known to have received exposures. In assessing prospective exposures,

Table 2.1. Examples of dose assessment in different exposure situations

Situation Type of assessment
Prospective Retrospective

Normal Determining compliance with the Estimating dose to the public
relevant dose constraint from past operations

Existing Future prolonged exposures Past exposures (e.g. occupancy of
(e.g. after remediation) contaminated lands)

Emergency Emergency planning Actual impacts after emergency
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individuals are assumed to exist who possess certain habit characteristics, whether or
not those characteristics can be related to specific people.

(31) Prospective assessments are undertaken to estimate future exposures and to
show whether a proposed course of action (e.g. the introduction of a new source
or the continuation of an existing source) is acceptable and optimised. These assess-
ments have to make assumptions about future conditions. The results of such pro-
spective assessments provide the basis for determining compliance once the source
has been introduced.

(32) Prospective assessments are also undertaken to indicate whether a continuing
situation will comply with the relevant dose constraint for future years. They may
incorporate more detailed information about present site-specific conditions, which
may lead to less uncertainty because conditions may be better known than a prospec-
tive assessment for the more distant future. When a prospective assessment is to be
used specifically for developing authorisation for sources and for demonstrating
compliance, the form and scope of the assessment should be specified to correspond
with the basis for the requirement.

(33) Prospective assessments are conducted in emergency situations where radio-
active materials are released to the environment and the public may be exposed.
The assessment uses available field data and measurements, and translates them into
estimates of dose for decision makers who provide recommendations for short-term
protective actions.

(34) Prospective assessments are also used in the late phase of an emergency re-
sponse, after the event has been controlled and early protective actions have been
implemented. The situation posed by any remaining residual radioactivity is essen-
tially one of continuing exposure and is conceptually the same as an existing
exposure.

(35) Finally, prospective assessments may be undertaken to assess an existing sit-
uation that was previously unrecognised. They may also be part of the information
used to determine whether protective actions should be introduced to reduce
exposures.

(36) Existing situations may require either prospective or retrospective assessments
to determine the implications of proposed actions. When such cases have been iden-
tified, the assessment provides the basis for understanding future consequences if no
actions are taken and for estimating the dose averted if certain actions are imple-
mented. They also provide information that can be communicated to those exposed
and the options that may be available.

(37) Retrospective assessments may be undertaken to demonstrate compliance
with the relevant dose constraint or could be used as the basis of epidemiological
studies (e.g. as in historical dose reconstruction). They generally incorporate more
information in calculations than prospective analyses. Additionally, retrospective
assessments may be done after the initial phases of an emergency situation to accu-
rately characterise and report the actual impacts and effects of protective actions that
may have been undertaken, to provide information to individuals, and to determine
if further countermeasures are appropriate.
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(38) In emergency situations, there is the potential for relatively high doses to be
delivered over relatively short periods of time. In planning for emergencies, prospec-
tive assessments may be made by modelling potential source terms and the popula-
tions around a particular source, so that preplanned protective measures can be
established. These assessments are used to identify individuals and groups that
would be subject to dose constraints for actions if the emergency scenario were to
occur. Emergency countermeasures are intended to restrict or control the dose to
individuals in these short time periods.

(39) Protective actions for acute exposures in emergency situations are often based
on protecting specific groups, such as children. In these situations, age-specific habits
and age-specific dose coefficients are used to assess the relevant doses and to make
decisions on countermeasures. In emergency responses, therefore, information on
age groups or populations that were exposed should be included explicitly in the
assessment.

2.3. Overview of the dose-assessment process

(40) Dose assessment can be thought of as a multistage process, as demonstrated
in Fig. 2.1. The first stage is to obtain information about the source, including data
on the types and quantities of radionuclides and radiations emitted. The second stage
is to obtain information about the environment, specifically the concentrations of
radionuclides in environmental media arising from the source in question. For doses
due to external exposures, either the concentrations in air, soil, or water, or the exter-
nal dose rates are needed. For doses due to internal exposures, it is necessary to
know concentrations in food, water, or air that may be taken into the body. The
third stage of the process is to combine concentrations with habit data that are se-
lected based on exposure scenarios of the relevant person or group. For external
exposures, the amount of time spent in different radiation fields is needed, while
for internal exposures, information on the amount of food and water consumed
or air breathed is required to estimate activity intakes. The next stage is to use dose
coefficients that either relate concentrations in air or soil to external exposure rates,
or that convert a unit of intake into dose. The final stage is to sum the contributions
from external and internal exposure as appropriate. It is useful to consider the stages
separately.

(41) In the first stage, the source of the exposure should be characterised. In the case
of discharges to the environment, this characterisation should include discharges for
radionuclides of interest, stack heights, proximities of relevant neighbouring build-
ings, physical and chemical forms of the material, and meteorological conditions. Di-
rect external exposure from sources through shielding, or via scattering or refraction
by material in the atmosphere, should also be examined.

(42) In the second stage, environmental concentrations at various locations are ob-
tained by measurements, by modelling the dispersion, deposition, and transport of
radionuclides through environmental media, or by a combination of both. Both
measurements and modelling will have associated uncertainties. The result for each
location is a distribution of concentrations of activity for each radionuclide and
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Fig. 2.1. Dose-assessment process.

environmental pathway, as a result of the source. In this stage, the development of
the distribution should be independent of the presence or absence of individuals, and
it should be based on whether there is a potential pathway of exposure.

(43) The third stage of the process is the combination of concentrations of radio-
nuclides in environmental media with habit data and other information defined by
exposure scenarios. Information to be considered includes location, diet, lifestyle
activities leading to radiation exposure, and age-dependent physiological factors
such as age and breathing rates. The selection of this information is discussed in de-
tail in Section 3. In many cases, these data can be obtained from available informa-
tion about local populations. However, some situations may require appropriate
national or regional information to be used either in the absence of site-specific data,
or to supplement or validate such data.

(44) The fourth stage of the dose-assessment process is the application of dose
coefficients and related quantities. For intakes of radionuclides, these dose coeffi-
cients are expressed in terms of committed effective dose or equivalent dose to an
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organ. Summation of the contributions from internal and external exposure results
in a total annual dose.

(45) It is important to recognise that dose assessment may be an iterative process.
The assessment generally begins with more conservative assumptions for sources,
parameter values, habit data, and population size. The results from each iteration
are used to determine if more site-specific and realistic information is needed. The
use of detailed information is particularly important when the magnitude of the
doses calculated approaches the relevant constraint.

(46) This report provides guidance primarily on the third and fourth stages of the
process.

2.4. Treatment of uncertainties in dose assessment

(47) It is recognised that variability and uncertainty are inherent in any process
of defining individual characteristics and in estimating doses. Variability refers to
real and identifiable heterogeneity or diversity in nature. For example, variability
may refer to differences in root uptake factors with changing soil types. Sources of
variability can be classified into three categories: spatial variability, temporal var-
iability, and interindividual variability (Tschurlovits, 2004). Uncertainty arises
from unavoidable limitations in the assessment. For example, measurements of
concentrations have inherent limitations in precision. Whether doses are estimated
by using measurement data, by applying models, or through a combination of
measurements and calculations, the variability and uncertainty contribute to a dis-
tribution of possible values. The degree of variability and uncertainty is repre-
sented by the shape and extent of that distribution. In this context, sensitivity
analysis can be useful for identifying important parameters. This report uses
the word ‘uncertainty’ to refer to the contributions of both variability and uncer-
tainty as described above.

(48) The Commission draws a distinction between quantities having values that
are measured or estimated as part of the assessment, and quantities that have val-
ues that are selected, either by the Commission or by other organisations. For
example, dose constraints, weighting factors, and dose coefficients, when used in
the process of assessing compliance and in decision making, are selected as fixed
point values and are assumed not to be uncertain. The Commission recognises
uncertainties in the models linking detriment to dose. These uncertainties have
been taken into account in establishing selected values of quantities such as limits
and constraints.

(49) Uncertainties associated with estimation of dose may be taken into account
either deterministically by selecting appropriate single values for parameters, or
probabilistically by incorporating distributions for parameter values. With either
methodology, the goal should be to perform a sufficiently robust evaluation of dose
to support the judgments and decisions to be made on radiological protection.

(50) The Commission believes that the final decision on how to include uncertain-
ties in the estimation of dose for compliance purposes should be made by the
regulatory authority.
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2.5. Deterministic and probabilistic methods for dose assessment

(51) As stated above, dose to the representative person may be calculated either
deterministically or probabilistically, or a mixture of these methods may be applied.
The method used will depend on the particular situation and the capabilities and
data available. Understanding the differences between these methods is important
in applying guidance on how compliance with the Commission’s recommendations
is determined. Therefore, a brief description of these methods follows.

(52) It should be recognised that deterministic and probabilistic methods may not
necessarily yield mathematically equivalent results. However, the results of both
methods can be used to achieve the Commission’s goal of providing a basis for deter-
mining the required protection for members of the public. It is important, in both
cases, that the assessment process is transparent, assumptions are clearly under-
stood, and the guidance on selection of habits is taken into account. Peer review
of the assessment and the involvement of stakeholders are important to the success
of the process.

(53) The simplest deterministic method for the assessment of compliance is a
screening evaluation. This method typically makes use of simplifying assumptions
that lead to a very conservative estimate of dose based on, for example, concentra-
tions of radionuclides at the point of discharge from the source. Another simplifying
assumption is to consider a single age group (e.g. adult) in estimating dose to the
public to compare with the dose constraints (ICRP, 2000). If the results of relatively
conservative screening assessments demonstrate that doses are well below the rele-
vant dose constraint, there may be no need for further detailed assessment of dose.
A number of screening methods have been developed and are available for applica-
tion (IAEA, 2001; NCRP, 1996).

(54) In another form of the deterministic method, a general assessment of the in-
volved populations, pathways, and radionuclides is made with the goal of identifying
the group or groups receiving higher doses using expert opinion, measurement data,
or simple calculations. In some situations, people receiving the higher doses are
easily identified because site-specific exposure data are readily available and habit
information is known. In other situations, identifying these individuals is an iterative
process that considers key pathways of exposure and populations receiving doses
from the source. The iterative process will usually indicate the areas that are likely
to receive the greatest exposure from each pathway. These areas should be investi-
gated in more detail. Ultimately, a group is identified that is expected to receive
the highest exposure taking all pathways into account. The mean dose to this group
is compared with the dose constraint to determine compliance. This method is the
same as the critical group approach recommended previously by the Commission.

(55) The propagation of uncertainties through the dose-assessment process is more
readily accomplished today than in the past because of advances in computer tech-
nology. The probabilistic method combines the distribution of values for parameters
into a composite distribution that presents a range of possible doses based on their
probability of occurrence. The distribution of calculated dose incorporates: (1) the
uncertainty and variability in the estimated environmental media concentration
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(i.e. radionuclide concentration in air, water, soil, and food); and (2) uncertainty and
variability in the habit data (i.e. breathing rate, food and water ingestion rates, time
spent at various activities). As with the deterministic methods, identification of the
exposed population and the exposure scenarios of concern are likely to be an iterative
process. However, decision makers need guidance on how to determine compliance
with the Commission’s recommendations when probabilistic methods are used.

(56) A mixture of the deterministic and probabilistic methods is often used. One
example of this is the use of measurement data in an existing exposure situation to
determine dose to individuals (IAEA, 1991). In this case, a distribution of doses is
produced because of the uncertainty and variability of habit and measurement data,
and it is this distribution that becomes the basis for determining compliance.
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3. THE REPRESENTATIVE PERSON
3.1. Definition of the representative person

(57) Dose to the public must be estimated using environmental concentrations or
exposure rates and appropriate habit data. Therefore, for the purpose of protection
of the public, it is necessary to define a person to be used for determining compliance
with the dose constraint. This is the representative person. This individual, who will
almost always be a hypothetical construct, receives a dose that is representative of
the more highly exposed individuals in the population. The representative person
is equivalent to, and replaces, the average member of the critical group recom-
mended previously by the Commission (ICRP, 1985).

(58) In considering dose to the representative person, a number of factors should
be taken into account: (1) the dose assessment must address all relevant pathways of
exposure; (2) the dose assessment must consider spatial distribution of radionuclides
to ensure that the individuals receiving the higher exposures are included in the
assessment; (3) habit data should be based on the population exposed and must
be reasonable, sustainable, and homogeneous; and (4) appropriate dose coefficients
have to be applied to specific age categories. Once these factors are taken into ac-
count, and depending on the assessment approach employed (deterministic, proba-
bilistic, or a mixture of these), the representative person is identified and used to
determine compliance. Additional elaboration follows on each of these factors.

3.2. Pathways of exposure, time frames, and spatial distribution of radionuclides

(59) It 1s important that the dose to the representative person includes appropriate
contributions from all modes of exposure (e.g. atmospheric discharges, liquid dis-
charges, and direct external exposure). It is possible that in some assessments, one
pathway or a few pathways dominate the exposure. Assumptions can be made so that
only the pathways that contribute significantly to the exposure are taken into account.
The key to which pathways should be included depends on the type of assessment, but
the overall goal should be to ensure that no important pathway has been omitted.

(60) For a time period of about 50 years into the future, it is reasonable to assume
that characteristics of individuals can be based on current habit data. The prospec-
tive assessment of annual individual dose can therefore be considered valid for a per-
iod of this order.

(61) In assessing dose in prospective situations, it may be appropriate to recognise
that institutional controls on land use (e.g. designation as a national park or wilder-
ness area) could be in effect. These may preclude types of activity (e.g. residential use
or arable cropping) in the designated area so that obtaining staple food supplies
from the area would not be possible. Climatic conditions may also preclude or dic-
tate potential for future habitation and locally produced foodstuffs (e.g. in an arid
zone, availability of water may preclude both extended residence and sustainable
food production). Therefore, the selection of appropriate characteristics should take
these conditions into account.
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(62) The spatial and temporal distributions of radionuclides discharged and the
build-up of long-lived radionuclides over the lifetime of a facility should be
taken into account. One example of this build-up is the accumulation in river or lake
sediments of radionuclides from liquid releases. Such build-up could result in the
most exposed individuals being distant from the facility or being exposed later in
time.

(63) The possibility of future changes in land use may need to be considered in a
prospective assessment. For example, currently, there may be no agricultural pro-
duction in the vicinity of a proposed facility, but such production could start during
the facility’s proposed lifetime. The regulatory authority should determine if this
agricultural production is to be assumed in a prospective assessment. Nevertheless,
it is important to occasionally re-evaluate the selected characteristics during the life-
time of a facility to account for significant changes that may occur in demographic
data and lifestyles.

3.3. Characteristics of the representative person

(64) As indicated in Paragraph 4, characteristics of an individual are described by
age-dependent physiological parameters and habit data that include dietary informa-
tion, residence data, use of local resources, and any other information that is neces-
sary to estimate dose.

(65) It is important that individual habits (e.g. consumption of foodstuffs, breath-
ing rate, location, use of local resources) used in the deterministic approach are aver-
age habits of a small number of individuals who are representative of those more
highly exposed, and not the extreme habits of a single member of the population.
Consideration may be given to some extreme or unusual habits, but they should
not necessarily dictate the characteristics of the individuals considered. An exception
may be the habits of a single individual that may reasonably be expected to continue
for an extended period of time by that individual or others.

(66) When distributions of habit data are employed in a probabilistic ap-
proach, the habit data considered should include the range of all possible values
found within the relevant population. The distributions of habits should be
appropriate for the location or situation under consideration. For example, if
discharges to a coastal environment are the subject of an assessment, the distri-
butions of habits should at least reflect the behaviours of residents of coastal
communities.

(67) If specific habit data for a local population are not available (e.g. fish con-
sumption from a coastal area with a local discharge of radionuclides into the marine
environment), values may be derived from appropriate national or regional popula-
tion data. A distribution of these data may be used in probabilistic assessments, or a
value for habit data on the distribution may be selected for deterministic calcula-
tions. Established national databases suggest that the 95 percentile of consumption
rates for many staple foods tend to exceed the mean value of the distribution by
approximately a factor of 3 (Byrom et al., 1995). The Commission considers that
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using the 95" percentile of behaviour in deterministic calculations is a cautious
assumption for defining an intake rate in the absence of site-specific data.

(68) Generally, one exposure pathway for a particular source will dominate the
dose to the representative person from that source. If more than one intake route
for radionuclides provides a significant contribution to dose, it may not be reason-
able to assume that the 95™ percentile habit data are applicable to all routes; the
more dominant route should be assigned a 95 percentile intake, and a lower value
should be assigned to other pathways, consistent with the requirement that assess-
ments represent a set of habits that are reasonable and sustainable. Even if more
than one exposure pathway makes a significant contribution to the summed effective
dose, the individuals receiving the highest exposures tend to be fairly homogeneous
with regard to habits (Hunt et al., 1982; Hunt, 2004).

(69) In selecting habit data for the representative person, reasonableness, sustain-
ability, and homogeneity must be considered.

(70) Reasonableness implies that the habit data apply realistically to an individual
and are not outside the range of what people encounter in day-to-day life. Reason-
ableness of habit data must be considered regardless of whether probabilistic or
deterministic methods are employed.

(71) Sustainability and homogeneity are aspects of reasonableness. In the deter-
ministic approach, the question of reasonableness in the selection of habit data is re-
lated to that of homogeneity because the dose constraint is intended to apply to
doses derived from the mean habit data in a reasonably homogeneous group. Homo-
geneity addresses the degree to which extremes in particular habit data are, or are
not, included in the assessment.

(72) For deterministic assessments, the Commission has stated previously (ICRP,
1985) that the necessary degree of homogeneity in habit data in the highest exposed
group depends on the magnitude of the mean dose in the group as a fraction of the
relevant dose limit or constraint. If that fraction is less than about one-tenth, the
group should be regarded as homogenous if the distribution of individual doses lies
substantially within a total range of a factor of 10 (i.e. a factor of about 3 on either
side of the mean). At fractions above one-tenth, the total range should be less; pref-
erably no more than a factor of 3.

(73) Sustainability addresses the degree to which the selected habits can be con-
tinued over the time frame of the assessment. Habit data need to be sustainable.
For example, the total dietary intake should be consistent with credible calorific
requirements. Habits should correspond to an individual’s personal requirements.
It is inappropriate to assume, for example, that the same individual receives daily
nutrient requirements independently from each of several different pathways (e.g.
agriculture and fishing). Also, it is inappropriate to assume that all foods consumed
in an area are grown within that area if it is apparent that the location and land
area available could not support the assumed dietary intake. Similarly, the intakes
of wild game from an area should not exceed feasible game-capture rates. In the
case of significant contributions to the dose from external exposure, reasonable
estimates of time spent in areas of elevated exposure rates are required. In general,
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maintenance of exposure situations for a period of at least 5 years would be con-
sidered sustainable.

(74) Care should be exercised to avoid selecting extreme percentile values for every
variable to prevent excessive conservatism in the assessment. Such a result could lead
to a significant and unrealistic overestimation of the dose to the representative per-
son, and may unduly burden the design of medical or other facilities. Taken together,
the selection of parameter values must represent a reasonable and sustainable expo-
sure scenario.

3.4. Age-specific dose coefficients

(75) It is generally recognised that for external exposure in the environment, there
is little variability in dose per unit of exposure with age (Golikov et al., 1999, 2000).
For intakes of radionuclides, however, the Commission has issued age-specific dose
coeflicients (dose per unit intake, Sv/Bq) for members of the public in six age ranges
covering the time period from infancy to 70 years of age (ICRP, 1996a,b). It has also
issued dose coefficients for the embryo/fetus for radionuclide intake by the mother
(ICRP, 2001a,b), and dose coefficients for the newborn child for radionuclides in
the mother’s milk (ICRP, 2005). These coefficients allow the calculation of dose
for specific groups in the population. This section provides further guidance on
the incorporation of age-specific dose coefficients for internal exposure for the rep-
resentative person, and distinguishes between their use in different situations. As a
basis for understanding the use of age-specific dose coefficients in determining com-
pliance, several goals and fundamental concepts underlying the Commission’s rec-
ommendations need to be discussed.

(76) The application of dose coefficients for the six age groups should be weighed
in relation to the ability to predict concentrations in the environment from a source
and the ability to account for uncertainties in habit data for individuals exposed.
Uncertainties in estimates of dose, particularly for prospective calculations, are
generally not reduced significantly by increasing the number of age categories for
which dose coefficients have been provided. The Commission continues to believe
that the precision implied by using the full set of dose coeflicients is not warranted
in the estimation of prospective dose to the public because of the uncertainties
involved.

(77) Paragraph 20 points out that the dose constraint is set, at least in part, on the
basis of exposures to individuals that are assumed to continue to occur for a number
of years into the future. Most facilities are expected to operate for a period of at least
50 years. Therefore, it is the same individual being exposed for a number of years for
whom compliance is being determined. This fundamental concept of continuing
exposure to the same individual justifies the use of a limited number of age categories
that cover several years of a person’s life. In the case of disposal of long-lived radio-
active waste, where dose to the public may be incurred in the far future over the en-
tire life of the individual, the Commission has stated that ‘... it is then reasonable to
calculate the annual dose/risk averaged over the lifetime of the individuals, which
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means that it is not necessary to calculate doses to different age groups; this average
can be adequately represented by the annual dose/risk to an adult’ (ICRP, 2000).

(78) The dose coefficients provided by the Commission give the committed dose
from intake in a single year. This conservative accounting of dose ensures that indi-
viduals are protected over a lifetime of exposure, regardless of the number of years
for which they are exposed. For example, in the case of actinides, dose coefficients
take into account the integrated commitment for a lifetime of exposure, which over-
estimates dose to an individual in any given year.

(79) The Commission allows averaging over a 5-year period in the evaluation of
compliance with the dose constraint (ICRP, 1991), and recommends that a similar
approach is appropriate for establishing the number of age groups to be considered
in prospective assessments of continuing exposure. Experience to date indicates that
age categories can be combined without impacting on protection of members of the
public in these situations.

(80) In view of the goals and fundamental concepts underlying the Commission’s
recommendations as discussed above, some consolidation of the age-specific dose
coefficients for internal exposure is warranted. Annex A discusses the implications
of such a consolidation. It is evident from these calculations that, with the exception
of the actinides, the differences among dose to different age groups are generally
small (generally less than a factor of 3) in comparison with uncertainties typically
found in assessment of dose to the public.

(81) Therefore, for the purpose of compliance with the dose constraint for contin-
uing exposure, the Commission recommends that the annual dose for the represen-
tative person should be defined by three age categories. These categories are 0-5
years (infant), 6-15 years (child), and 16-70 years (adult). The shorter time period
is selected for the infant age category, when dosimetric characteristics are changing
most rapidly, to avoid any unwarranted reduction in the importance attached to
doses to younger age groups. Use of these three age categories is sufficient to char-
acterise the radiological impact of a source and to ensure consideration of younger,
more sensitive populations. For practical implementation of this recommendation,
dose coefficients and habit data for a 1-year-old (infant), a 10-year-old (child), and
an adult should be used to represent the three age categories. These recommenda-
tions are summarised in Table 3.1.

(82) The 0-5-year age category does not include the fetus or breast-fed infant. In
most cases, the dose to the fetus or breast-fed infant will not be substantially different
from the assessed dose for the 0—5-year age category (see Annex A). However, some
radionuclides, principally isotopes of phosphorus and the alkaline earths, can deliver
significantly higher doses to the fetus and breast-fed infant than to the mother

Table 3.1. Dose coefficients recommended for determining compliance with the dose constraint

Age category (years) Name of age category Dose coeflicient and habit data to be used
0-5 Infant 1 year old

6-15 Child 10 year old

16-70 Adult Adult
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(ICRP, 2001a,b). Typically, these radionuclides will also deliver relatively higher
doses to the infant, so basing compliance on the doses to this age group, using the
infant dose coefficient, would normally ensure that the dose to the mother and the
fetus is also compliant. Nevertheless, the Commission recognises that the fetus de-
serves a comparable level of protection. Therefore, if assessed doses to the other
age groups include significant contributions from radionuclides known to give rise
to relatively high doses to the fetus, and they are approaching the value of the rele-
vant dose constraint, the dose to the fetus or breast-fed infant should be assessed sep-
arately to ensure that the quantitative recommendations are respected. In light of the
fact that this intake will only be received over a very limited proportion of the indi-
vidual’s lifetime, the Commission considers that an appropriate level of protection
can be achieved by comparing the assessed dose to the fetus or breast-fed infant with
a dose constraint that could have a higher value than that normally applied to mem-
bers of the public. The value of the constraint applied to the fetus or breast-fed infant
should not, however, exceed the dose limit for members of the public.

(83) This consolidation of age-specific dose coeflicients helps provide a system of
protection for the public that is robust and allows the continued development of age-
specific dosimetry information as the science evolves. The Commission also believes
that the use of three age categories is consistent with the derivation of the dose con-
straint of ICR for the public in normal and existing exposure situations, which are
based on continuing exposure of an individual from a source for a number of years.

(84) However, in estimating health effects in retrospective situations, such as dose
reconstruction, all of the Commission’s age-specific biokinetic models and data con-
tinue to be applicable. In these cases, the quality and extent of site-specific data
needed to estimate dose generally determine whether age-specific coefficients pub-
lished by the Commission improve the quality of doses and reduce their uncertainty.

(85) The Commission continues to encourage the use of all available age-specific
dose coefficients in planning for and responding to accidents. However, the consol-
idated age categories proposed by the Commission in this report may be acceptable
in some accident situations, especially when prospective assessments are being made
of future consequences of the accident or in determining remediation alternatives.
This decision should be made by appropriate regulatory authorities.

3.5. Determining compliance

(86) With deterministic methods, the assessment results in a single value of dose
that is compared with the relevant constraint to determine compliance. The Commis-
sion’s goal 1s achieved when the value of dose to the representative person is less than
the dose constraint, and radiological protection has been optimised.

(87) For probabilistic assessments, defining the representative person and deter-
mining compliance from a distribution of doses is usually more complex. Annex B
describes various distributions of dose and how these distributions may be used to
identify the representative person for the purpose of determining compliance. As
noted above, there are many acceptable approaches, and numerous distributions
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of dose may result. Therefore, the Commission does not prescribe the use of a spe-
cific method for probabilistic assessments.

(88) For some probabilistic assessments of dose, it is possible that essentially all
doses on the distribution will be predicted to be less than the relevant dose con-
straint. In this case, compliance is readily demonstrated.

(89) In a prospective probabilistic assessment of dose to individuals, whether from
a planned facility or an existing situation, the Commission recommends that the rep-
resentative person should be defined such that the probability is less than about 5%
that a person drawn at random from the population will receive a greater dose.

(90) If such an assessment indicates that a few tens of people or more could receive
doses above the relevant constraint, the characteristics of these people need to be ex-
plored. A sensitivity analysis of chosen parameter values should be considered to
determine if the most appropriate distributions have been used. Attention should
also be given to suggestions from members of the public of existing or likely exposure
situations that may reflect extremes in the population. Such contributions may not
have been included in the operator’s analysis. Although those contributions most
often correspond to low exposures, experience has shown that they sometimes high-
light potentially significant exposure pathways that have not been addressed and that
warrant further investigation. If, following further analysis, it is shown that doses to
a few tens of people are indeed likely to exceed the relevant dose constraint, actions
to modify the exposure should be considered.

(91) For retrospective assessments of dose to specific individuals, either for the
purpose of determining compliance for a previous period of operation of a facility
or an existing situation, the Commission recognises that estimated doses above the
dose constraint should be evaluated on a case-by-case basis. In some cases, it may
be expected that these doses will only continue for a short time or may never occur.
However, if doses to specific individuals exceed the dose constraint and these doses

Table 3.2. Summary of methods used for determining dose to the representative person

Calculation method

Probabilistic Deterministic
Environmental Distribution of estimated or Single values for
concentration data measured concentration parameters
Habit data Range or fixed values for habit data Average value for

the more highly exposed group or
95t percentile of appropriate
national or regional data

Dose coefficient Fixed value based on age Fixed value based on age
Dose to the Method selected by operator Product of above values
representative person or regulator

Representative person is identified
such that the probability is less
than about 5% that a person drawn
at random from the population
will receive a greater dose
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are expected to continue for a protracted period of time, a decision should be made
by the operator and the regulator regarding whether a reduction in the source is re-
quired. Such a situation may warrant additional monitoring to reduce uncertainty in
the dose estimate or to verify the magnitude of dose. The above considerations
should be separate from any decision regarding whether the previous design or oper-
ations were in compliance with their basis of authorisation.

(92) Regardless of the approach taken to determine compliance, the Commission
stresses that application of the total system of protection, utilising both compliance
with the relevant constraint and optimisation of protection, is necessary for radiolog-
ical protection. Table 3.2 summarises the dose-assessment methods described in this
section.
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4. OTHER CONSIDERATIONS RELEVANT TO THE REPRESENTATIVE
PERSON

4.1. Relationship between environmental monitoring, modelling,
and the representative person

(93) Prospective assessments are usually undertaken to establish the acceptability
of proposed controlled releases to the environment. They almost always involve the
use of models, which usually provide the only means of estimating the concentra-
tions of radionuclides in the environmental materials. The representative person
should be assumed to occupy a location where the estimated environmental concen-
trations lead to the higher doses, subject to the requirements for reasonableness, sus-
tainability, and homogeneity noted earlier. Effectively, this means a location that is,
or could be, occupied. The temporal and spatial scales represented by the models
should also be appropriate for the intended use.

(94) When a source already exists (continuing normal situations, existing situa-
tions, and emergency situations), monitoring radionuclide levels in the environment
will normally be the most robust method for determining environmental concentra-
tions of radionuclides. This was the primary focus of Publication 43 (ICRP, 1985).
Monitoring programmes should be guided by the identification of dominant path-
ways and radionuclides, taking the detection limits and source of radionuclides into
account. Environmental modelling is also an important and complementary compo-
nent of monitoring. Publication 43 (ICRP, 1985) gives guidance on the use and lim-
itations of both monitoring and modelling to estimate doses.

4.2. Situations of potential exposure

(95) In normal exposure situations, annual doses are either being delivered or will
certainly occur in the future. However, there may also be situations in which the
exposure is not certain to occur and the attributed dose may only have a small prob-
ability of occurring. This is termed ‘potential exposure’. Potential exposure can cover
a wide range of circumstances, including human error, equipment failures, and acci-
dents involving radiation sources, as well as highly non-uniform distribution of
radioactive residues.

(96) According to the Commission’s recommendations, a potential exposure
should be evaluated on the basis of the combination of the probabilities that a radi-
ation dose will be incurred and the probability of harm given that the dose has oc-
curred (ICRP, 1993). The product of these probabilities is the unconditional
probability of incurring the health effect. It should be noted, however, that it is more
informative for decision-making purposes to present the probability of incurring a
dose separately from the dose itself (ICRP, 2000a).

(97) The identification of the representative person in potential exposure situations
should take into account the probability of exposure in addition to the other factors
in the assessment. The annual dose that such an individual would incur, should the
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exposure actually take place, is not a sufficient indicator, although the magnitude of
the dose could be important in deciding what risk factor to use. Thus, in addition to
characterising the habits, locations, and environmental concentrations of radionuc-
lides, it is necessary to characterise the probability that the individual is exposed.
This probability may, in fact, be the combination of several probabilities, including
being in the particular location and being engaged in the specific activity that is caus-
ing an exposure to occur. In deterministic assessments, this requires selection of the
value for probability of exposure to be included in the calculations. For probabilistic
assessments, a distribution may be used if such information is available.

(98) An example of an environmental potential exposure is presented by areas con-
taminated with sparsely distributed hot particles, and has been illustrated in the
assessment of the radiological situation created by plutonium hot particles present
on the motus (islets) of Colette, Ariel, and Vesta, in the Atoll of Mururoa, French
Polynesia (IAEA, 1998). In contrast to the usual assumptions of relatively uniform
contamination, there may only be a small probability that the individual would be
exposed to one of the hot particles, and an even lower probability that this material
would result in an internal exposure through ingestion or absorption through a
wound in the body. Even though such a scenario is not likely to occur, should people
be exposed to the contaminated area and a hot particle actually be incorporated
through a wound, the resulting local dose may be large and could even be a cause
of localised deterministic effects such as micronecroses around the incorporated
hot particles. The potential for this exposure would remain for as long as the hot par-
ticles were present in the environment.

(99) The quantitative approaches to potential exposure are also of use in other sit-
uations where exposure may be intermittent or infrequent.

4.3. Value of stakeholder input to characterising the representative person

(100) As noted in Publication 82 (ICRP, 2000b), the role of stakeholders should be
recognised in the wider decision-making process. This role for stakeholders was de-
scribed in Publication 82 in the context of protection of the public in situations of
prolonged exposure. Since Publication 82 was published, the Commission has contin-
ued to consider and support the role of stakeholders in the system of protection of
ICRP. However, the Commission believes that this role needs to be defined, clarified,
and expanded to include other situations. Further information on this subject is pro-
vided in the following report in this issue of the Annals of the ICRP, entitled “The
optimisation of radiological protection: broadening the process’; however, it is
important to provide several key principles related to stakeholder involvement in
the characterisation of the individual being described in this report.

(101) The decision maker and the operator have clearly defined roles and respon-
sibilities in characterising the individual and in determining compliance. Beyond this,
other types of individuals or groups are involoved. They are considered stakeholders,
and include individuals who have a personal, financial, health, or legal interest in
policy or recommendations that directly affect their well-being or that of their
environment. In most cases, the role of stakeholders is to aid and inform the deci-

32



ICRP Publication 101

sion-making process. There may be situations where stakeholders have the authority
and responsibility for making or recommending decisions (such as a nationally ap-
pointed board or committee). Generally, however, the operator and regulator are
the decision makers, and the stakeholders help in the process by providing informa-
tion and guidance related to decisions being made.

(102) In the case of defining characteristics of the representative person, stake-
holder involvement can play an important role. Stakeholders can provide valuable
input regarding habit data that are specific to their location. In particular, stakehold-
ers can be helpful in determining the reasonableness, sustainability, and homogeneity
of habit data. Collaboration with stakeholders can significantly improve the quality,
understanding, and acceptability of characteristics of the representative person, and
also strengthen support for the process and the results.

(103) If stakeholder involvement is used as part of the overall decision-making
process, guidelines should be established to ensure that the process is effective and
meaningful for all parties. Some of these guidelines include, but are not limited to:
(1) clear definition of the role of stakeholders at the beginning of the process; (2)
agreement on a plan for involvement; (3) provision of a mechanism for documenting
and responding to stakeholder involvement; and (4) recognition, by operators and
regulators, that stakeholder involvement can be complex and can require additional
resources to implement.

(104) The Commission understands that the concept of stakeholder involvement
may vary significantly from one country to another for cultural, societal, and polit-
ical reasons. Therefore, the value and extent of stakeholder involvement should be
considered by individual authorities in each country. Nevertheless, the Commission
believes that stakeholder involvement can play an important role in the implementa-
tion, understanding, and acceptance of the system of protection of ICRP.
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ANNEX A: ANALYSIS OF AGE CATEGORIES FOR USE IN ASSESSMENT
OF DOSE TO THE PUBLIC

A.l. Introduction

(A1) The Commission has specified dose coefficients for the embryo/fetus, the
nursing infant, and for six age groups in the population. This annex investigates
whether the number of age groups could be consolidated to three for the purposes
of assessing doses for comparison with the relevant dose constraint, particularly in
prospective assessments (see Section 3.4). These groups are 0-5 years (infant), 6—
15 years (child), and 16-70 years (adult). For practical implementation of this recom-
mendation, dose coefficients and habit data for a 1-year-old infant, a 10-year-old
child, and an adult should be used to represent the three age categories.

A.2. Background

(A2) In the mid 1980s, it became apparent that there was a need for dose coefficients
(doses per unit intake, Sv/Bq) that could be used for assessing doses from intakes of
radionuclides by inhalation and ingestion for all age groups in the population. Task
groups of Committee 2 of ICRP developed age-specific biokinetic models that were
used for calculating dose coefficients for various ages. In a series of publications
(ICRP, 1989, 1993, 1995, 1996a,b), age-specific dose coeflicients were given for selected
radionuclides of 31 elements. To allow for the effect of body mass and for changes in
the biokinetics of radionuclides and dosimetry with increasing age, Committee 2 pro-
vided dose coefficients for six representative age groups: the 3-month-old infant; the 1-,
5-, 10-, and 15-year-old child; and the adult. In circumstances for which dose coeffi-
cients are required for other age groups in the population, it is recommended that
the dose coefficients can be used for the age ranges given below:

3-month-old infant, from 0 to 1 year of age;

I-year-old child, more than 1 year to 2 years of age;
S-year-old child, more than 2 years to 7 years of age;
10-year-old child, more than 7 years to 12 years of age;
15-year-old child, more than 12 years to 17 years of age; and
adult, more than 17 years of age.

(A3) Recently, dose coeflicients for the embryo and fetus were published in Pub-
lication 88 (ICRP, 2001a,b). Dose coefficients for intakes of radionuclides by infants
in their mother’s milk have also been developed (ICRP, 2005).

(A4) The dose coefficients published by ICRP for the six age ranges were adopted
in the European Basic Safety Standards (EU, 1996) and in the International Basic
Safety Standards (IAEA, 1996), as well as being used in many national regulations
and guidance notes.

(AS) It is appropriate to use these dose coefficients in circumstances where compre-
hensive, detailed information is needed on doses to individuals, such as in some
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dose-reconstruction studies and in dose assessments in planning for and responding to
accidents. In many situations, however, this level of detail is not required, and it would
be convenient to use a more limited range of coefficients. In deciding whether such a
limited range of age-specific dose coeflicients is appropriate for use in assessments
of dose, it is important to consider the doses that arise from intakes of radionuclides
by the different age groups in the population. Comparison of dose coefficients alone
is not sufficient. Habit data also have to be taken into account because the radiological
criteria against which the results of the assessment would be compared are specified
primarily in terms of dose. The intakes of radionuclides by different age groups
will not be identical for the same foodstuffs because consumption rates differ among
age groups. Therefore, for consumption of the same foodstuff by different age
groups, the relative doses will depend not only on the values of the age-specific dose
coefficient, but also on the age-specific consumption rates and other biophysical
parameters.

(A6) This annex examines the option of using a limited range of age-specific
dose coefficients by calculating doses to three selected age groups in the
population resulting from ingestion of radionuclides in foods and inhalation
of radionuclides in air wusing representative consumption and breathing
rates. These results are compared with doses obtained using all six dose
coefficients.

A.3. Method

(A7) For ingestion of foodstuffs, the doses to four age groups (1-, 5-, 10-, and 15-
year-old children) were calculated separately using ingestion of unit concentrations
of radionuclides in milk, green vegetables, beef, and inhalation of air. The intake
rates used are shown in Table Al. These illustrative values are taken from Smith
and Jones (2003) and are derived from UK data. Consumption rate data for specific
foodstuffs may vary from country to country, but such data usually follow the same
general trends. For example, milk is consumed at higher rates by the young, and the
rates for solid foods are highest for the adult. Thus, the overall conclusions from this
analysis are expected to be generally applicable. Dose calculations were carried out
for every radionuclide for which the Commission has published dose coefficients. In

Table Al. Illustrative habit data used in calculating the doses

Milk consumption Green vegetable consumption Beef consumption Inhalation
rate (kg/year) rate (kg/year) rate (kg/year) (m’/h)

3 months 350 15 10 0.12

1 year 320 30 20 0.22

5 years 280 325 25 0.37

10 years 240 35 30 0.64

15 years 260 45 35 0.84

Adult 240 80 45 0.92
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addition, the dose to a fetus from the intake of radionuclides by the mother for 9
months, followed by a 3-month period of breastfeeding, was also calculated for those
radionuclides where dose coefficients have been published for female members of the
public, except where indicated otherwise in Tables A2-A4. For comparison of the
inhalation of radionuclides, the dose to a fetus was again calculated for 9 months
of exposure from inhalation of radionuclides by the mother, followed by 3 months
of inhalation by the offspring at a rate corresponding to a 3-month-old infant and
three months of intake by breastfeeding following inhalation by the mother. These
calculations were undertaken for a subset of radionuclides that were considered to
bound the range of possible results (see Table A6).

Table A2. Ratio of doses from the ingestion of milk using illustrative habit data

Radionuclide 1-year-old child: fetus™ and 1-year-old child: 10-year-old child:
3-month-old breast-fed infant S-year-old child 15-year-old child
H-3 2.27 1.77 1.18
H-3 (organically 2.92 1.88 1.25
bound tritium)
C-14 3.21 1.85 1.30
Na-22* 6.61 2.04 1.37
Mg-28* 32.05 2.16 1.54
P-32* 1.32 2.31 1.58
S-35 (organic) 5.71 2.29 1.55
K-42* 22.73 2.29 1.47
Ca-45 0.94 2.15 1.28
Fe-59 17.47 1.98 1.40
Co-60 18.70 1.82 1.29
Ni-63 21.02 2.09 1.44
7Zn-65 6.51 1.89 1.31
Se-75 6.30 1.79 1.79
Sr-90 2.70 1.78 0.69
7r-95 25.44 2.13 1.46
Nb-95 15.37 2.03 1.37
Mo-99 13.43 2.22 1.34
Tc-99m 10.67 2.06 1.42
Ru-106 197.98 2.24 1.61
Ag-110m 11.43 2.05 1.41
Sb-125 22.24 2.05 1.38
Te-127m 22.22 2.17 1.60
I-131 7.74 2.06 1.41
Cs-137 3.25 1.43 0.71
Ba-133 15.90 1.82 0.58
Ce-144 2203.39 2.35 1.56
Po-210 56.55 2.29 1.50
Np-237 102.91 1.71 0.92
Pu-239 78.32 1.45 1.04
Am-241 241.09 1.57 1.02
Cm-242 284.84 2.23 1.48

T Based on the dose coefficient for a female member of the public for a chronic intake (ICRP, 2001a,b).
* For the fetus calculations, the dose coefficients for these radionuclides are for a working mother
(Phipps et al., 2001).
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Table A3. Ratio of doses from the ingestion of green vegetables using illustrative habit data

Radionuclide 1-year-old child: fetus™ and 1-year-old child: 10-year-old child:
3-month-old breast-fed infant 5- year-old child 15-year-old child
H-3 0.64 1.43 0.99
H-3 (organically 0.82 1.52 1.06
bound tritium)
C-14 0.90 1.49 1.09
Na-22* 1.86 1.65 1.16
Mg-28" 9.01 1.75 1.30
P-32~ 0.37 1.87 1.33
S-35 (organic) 1.61 1.85 1.31
K-42~ 6.39 1.85 1.24
Ca-45 0.26 1.74 1.08
Fe-59 491 1.60 1.18
Co-60 5.26 1.47 1.08
Ni-63 591 1.69 1.21
Zn-65 1.83 1.52 1.11
Se-75 1.77 1.45 1.51
Sr-90 0.76 1.43 0.58
Zr-95 7.15 1.72 1.23
Nb-95 4.32 1.64 1.16
Mo-99 3.78 1.79 1.13
Tc-99m 3.00 1.67 1.19
Ru-106 55.68 1.81 1.36
Ag-110m 3.22 1.66 1.19
Sb-125 6.25 1.66 1.17
Te-127m 6.25 1.75 1.35
I-131 2.18 1.66 1.19
Cs-137 0.91 1.15 0.60
Ba-133 4.47 1.47 0.49
Ce-144 619.70 1.89 1.32
Po-210 15.90 1.85 1.26
Np-237 28.94 1.38 0.78
Pu-239 22.03 1.17 0.88
Am-241 67.81 1.26 0.86
Cm-242 80.11 1.80 1.24

T Based on the dose coefficient for a female member of the public for a chronic intake (ICRP, 2001a,b).
* For the fetus calculations, the dose coefficients for these radionuclides are for a working mother
(Phipps et al., 2001).

A.4. Results

(A8) The results for selected radionuclides for each exposure pathway are given in
Tables A2—-A6 as ratios. To establish whether the dose to a 1-year-old child can ade-
quately represent the doses for the range of ages from a fetus to 5 years, the ratio of
the 1-year-old dose to the fetus/3-month-old breast-fed infant dose, and the ratio of
the 1-year-old dose to the 5-year-old dose are provided in the tables. Similarly,
to establish whether the dose to a 10-year-old child can adequately represent
the range from 6 years to 15 years, the ratio of the 10-year-old dose to the
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Table A4. Ratio of doses from the ingestion of beef using illustrative habit data

Radionuclide 1-year-old child: fetus® and 1-year-old child: 10-year-old child:
3-month-old breast-fed infant 5- year-old child 15-year-old child
H-3 0.76 1.24 1.10
H-3 (organically 0.97 1.32 1.16
bound tritium)
C-14 1.07 1.29 1.20
Na-22* 2.20 1.43 1.27
Mg-28" 10.68 1.51 1.43
P-32~ 20.44 1.62 1.47
S-35 (organic) 1.90 1.60 1.44
K-42* 7.58 1.60 1.37
Ca-45 0.31 1.51 1.19
Fe-59 5.82 1.39 1.30
Co-60 6.23 1.27 1.19
Ni-63 7.01 1.46 1.33
Zn-65 2.17 1.32 1.22
Se-75 2.10 1.25 1.66
Sr-90 0.90 1.24 0.64
Zr-95 8.48 1.49 1.36
Nb-95 5.12 1.42 1.27
Mo-99 4.48 1.56 1.24
Tc-99m 3.56 1.44 1.32
Ru-106 65.99 1.57 1.50
Ag-110m 3.81 1.44 1.31
Sb-125 7.41 1.44 1.29
Te-127m 7.41 1.52 1.49
I-131 2.58 1.44 1.31
Cs-137 1.08 1.00 0.66
Ba-133 5.30 1.27 0.54
Ce-144 734.46 1.64 1.45
Po-210 18.85 1.60 1.39
Np-237 34.30 1.20 0.86
Pu-239 26.11 1.02 0.96
Am-241 80.36 1.10 0.94
Cm-242 94.95 1.56 1.37

T Based on the dose coefficient for a female member of the public for a chronic intake (ICRP, 2001a,b).

* For the fetus calculations, the dose coefficients for these radionuclides are for a working mother
(Phipps et al., 2001).

15-year-old dose is also presented. It is evident from these calculations that with the
exception of the actinides, the differences among dose to different age groups are gen-
erally small (generally less than a factor of 3) in comparison with uncertainties typ-
ically found in prospective assessments of dose to the public. For the actinides, dose
coefficients take into account the integrated commitment for a lifetime of exposure,
which tends to overestimate dose to an individual in any given year. The largest
underestimate arising from using the restricted range of age groups was around a
factor of 4 for both the inhalation pathway for the fetus/breast-fed infant and the
pathway for the ingestion of green vegetables for the same age group.
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Table A5. Ratio of doses from inhalation using illustrative habit data

Radionuclide Lung I-year-old child:  1-year-old child:  10-year-old child:
absorption 3-month-old S-year-old child 15-year-old child
rate infant
H-3 (tritium compounds) F 1.41 1.08 1.06
H-3 (tritium compounds) M 1.46 1.15 1.18
H-3 (tritium compounds) S 1.53 0.94 1.03
H-3 (inhalation of 1.83 0.93 1.02
organically bound tritium)
C-14 F 2.01 1.11 1.16
C-14 M 1.46 0.98 0.85
C-14 S 1.64 0.92 0.88
Na-22 F 1.38 1.14 1.22
Mg-28 F 1.63 1.27 1.36
Mg-28 M 1.81 1.22 1.17
P-32 F 1.15 1.39 1.40
P-32 M 1.25 1.11 1.01
S-35 (inhalation of 1.29 1.15 1.23
sulphur dioxide)
S-35 (inhalation of 1.28 1.19 1.24
carbon disulphide)
K-42 F 1.15 1.35 1.32
Ca-45 F 0.96 1.27 1.00
Ca-45 M 1.34 0.99 0.85
Ca-45 S 1.47 0.99 0.84
Fe-59 F 1.13 1.09 1.23
Fe-59 M 1.32 0.98 0.91
Fe-59 S 1.40 0.95 0.87
Co-60 F 1.41 0.98 1.11
Co-60 M 1.48 0.96 0.95
Co-60 S 1.71 0.87 0.90
Ni-63 (inhalation of 1.54 0.99 1.04
nickel carbonyl)
Ni-63 F 1.59 1.08 1.11
Ni-63 M 1.39 1.03 1.01
Ni-63 S 1.64 0.95 1.00
Zn-65 F 1.22 1.04 1.16
Zn-65 M 1.40 1.04 0.96
Zn-65 S 1.62 0.91 0.92
Se-75 F 1.41 1.05 1.59
Se-75 M 1.53 1.07 1.00
Se-75 S 1.54 0.96 0.95
Sr-90 F 0.73 1.00 0.59
Sr-90 M 1.34 1.01 0.78
Sr-90 S 1.75 0.88 0.86
Zr-95 F 1.68 1.02 1.14
Zr-95 M 1.47 0.98 0.88
Zr-95 S 1.45 0.94 0.87
Nb-95 F 1.39 1.15 1.22
Nb-95 M 1.40 1.00 0.88
Nb-95 S 1.40 0.97 0.87
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Radionuclide Lung 1-year-old child: 1-year-old child: 10-year-old child:
absorption 3-month-old S-year-old child 15-year-old child
rate infant
Mo-99 F 1.36 1.31 1.38
Mo-99 M 1.34 1.19 1.04
Mo-99 S 1.28 1.19 1.08
Tc-99m F 1.33 1.26 1.22
Tc-99m M 1.40 1.15 1.08
Tc-99m S 1.41 1.14 1.07
Ru-106 (inhalation of 1.26 1.07 1.28
ruthenium tetroxide)
Ru-106 F 1.38 1.23 1.33
Ru-106 M 1.44 1.02 1.01
Ru-106 S 1.62 0.98 0.98
Ag-110m F 1.47 1.11 1.17
Ag-110m M 1.47 0.98 0.99
Ag-110m S 1.63 0.94 0.91
Sb-125 F 1.43 1.09 1.17
Sb-125 M 1.47 0.95 0.89
Sb-125 S 1.66 0.94 0.87
Te-127m (inhalation of 1.28 1.16 1.25
tellurium vapour)
Te-127m F 1.22 1.28 1.33
Te-127m M 1.36 1.03 0.91
Te-127m S 1.48 0.98 0.89
I-131 (inhalation of 1.83 1.04 1.17
methyl iodide)
I-131 (inhalation of 1.73 1.01 1.18
elemental iodine vapour)
I-131 F 1.83 1.16 1.32
I-131 M 1.25 1.09 1.05
I-131 S 1.29 1.05 0.91
Cs-137 F 1.13 0.89 0.64
Cs-137 M 1.48 0.96 0.90
Cs-137 S 1.67 0.85 0.87
Ba-133 F 0.75 1.03 0.47
Ba-133 M 1.22 0.93 0.71
Ba-133 S 1.66 0.86 0.90
Ce-144 F 1.38 1.15 1.24
Ce-144 M 1.54 1.08 1.02
Ce-144 S 1.57 0.97 0.96
Po-210 F 1.19 1.30 1.29
Po-210 M 1.34 0.98 0.88
Po-210 S 1.43 0.97 0.88
Np-237 F 1.74 0.92 0.81
Np-237 M 1.67 0.85 0.76
Np-237 S 1.59 0.91 0.82
Pu-239 F 1.75 0.79 0.83
Pu-239 M 1.76 0.76 0.78
Pu-239 S 1.66 0.86 0.85
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Table A5 (continued)

Radionuclide Lung 1-year-old child: 1-year-old child: 10-year-old child:
absorption 3-month-old S-year-old child 15-year-old child
rate infant
Am-241 F 1.83 0.89 0.83
Am-241 M 1.73 0.80 0.76
Am-241 S 1.59 0.88 0.85
Cm-242 F 1.43 1.25 1.16
Cm-242 M 1.50 0.97 0.87
Cm-242 S 1.45 0.94 0.86

F, fast. M, moderate. S, slow.

Table A6. Illustrative ratios of doses from inhalation of airborne material during time as a fetus and
during breastfeeding with exposure as a 1-year-old child

Radionuclide Lung absorption 1-year-old child:
class fetus and breastfeeding

and inhalation*

P-32 F (assumed) 0.22

Ca-45 M 1.01

Sr-90 M 1.73

I-131 F 0.78

Cs-137 F 0.53

Pu-239 M 5.25

* Dose to the fetus following nine months of inhalation by the mother added to the dose to the infant
from breastfeeding for 3 months (inhalation by the mother) and 3 months of inhalation by the infant. The
dose to the one year old child assumes 12 months of inhalation by the child. F, fast. M, moderate.

A.5. Conclusions

(A9) The results for all radionuclides for which the Commission has published
dose coefficients are summarised in Table A7. It can be seen that the ratios are within
about a factor of 3-4. Therefore, it can be concluded that, in many situations, the
dose calculated fora I-year-old child can adequately represent doses in the age range
from the fetus to the 5-year-old child. Similarly, the dose to a 10-year-old child can
adequately represent doses in the age range from 6 years to 15 years.

(A10) The use of a limited set of age-specific dose coefficients representing infant
(1-year-old dose coefficient), a child (10-year-old dose coefficient), and an adult is
consistent with the likely availability of data on consumption rates. Specific con-
sumption rate data for the six age groups for which the Commission has specified
dose coeflicients are unlikely to be available in most cases. Data on consumption
rates for the three broad categories (infant, child, and adult) are more likely to
be available at a national level. Doses for the six age groups, however, may be
needed in dose-reconstruction studies and in planning for and responding to
accidents.
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Table A7. Minimum and maximum ratios for the pathways for all radionuclides using illustrative habit
data

Pathway Ratio Minimum ratio Maximum ratio
Ingestion of milk 1-year-old child: fetus and 0.94 312,888
3-month-old breast-fed infant”
1-year-old child: 5-year-old child 1.14 2.51
10-year-old child: 15-year-old child 0.49 3.15
Ingestion of 1-year-old child: fetus and 0.26 88,000
green vegetables 3-month-old breast-fed infant”
1-year-old child: 5-year-old child 0.92 2.03
10-year-old child: 15-year-old child 0.41 2.66
Ingestion of beef 1-year-old child: fetus and 0.31 104,296
3-month-old breast-fed infant"
1-year-old child: 5-year-old child 0.80 1.76
10-year-old child: 15-year-old child 0.46 2.93
Inhalation 1-year-old child: 3- month-old infant 0.55 2.51
1-year-old child: 5-year-old child 0.54 1.65
10-year-old child: 15-year-old child 0.41 2.84

* For those radionuclides where dose coefficients have been published for female members of the public
(ICRP, 2001a,b).
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ANNEX B: DETERMINING COMPLIANCE WHEN DOSE TO THE PUBLIC
IS ESTIMATED PROBABILISTICALLY

B.1. Introduction

(B1) When dose to the public is estimated probabilistically and uncertainties are
taken into account, a distribution of possible doses is the result. It is likely that
the use of probabilistic methods will become more frequent in the future as improve-
ments in technology improve the ability to account for uncertainties inherent in any
estimation of dose. It is also expected that probabilistic methods will become more
widespread as the techniques in their application become more familiar to regulators,
operators, and stakeholders. Therefore, the Commission needs to provide guidance
on the use of a distribution of dose rather than a deterministic (point) estimate of
dose for the purpose of determining compliance. This annex provides a discussion
of distributions of dose resulting from probabilistic assessments.

(B2) It 1s not within the Commission’s scope to prescribe how doses may be esti-
mated probabilistically. Many different methods exist. With some distributions of
dose, it is possible that doses on the extreme high end of the distribution are well be-
low the dose constraint set by the Commission. In this case, it can be readily deter-
mined that compliance exists. However, it is also possible that a probabilistic
assessment results in doses on the high end of the distribution that exceed the dose
constraint set by ICRP. Further guidance is needed to address this situation to en-
sure that members of the public are protected in accordance with the Commission’s
dose constraint.

(B3) In considering probabilistic assessments of dose, it is important to distinguish
whether the distribution of dose is retrospective or prospective, and whether the
doses are from planned or existing situations. Prospective exposures to individuals
may be for planned or existing situations. Retrospective exposures usually apply
to specific individuals for existing (or formerly existing) exposure situations. The
next section addresses these situations.

B.2. Retrospective and prospective dose

(B4) Methods of performing a risk assessment for a radiological source and inter-
pretation of the results vary according to whether the effects were realised in the past
(retrospective assessment) or are contemplated for the future (prospective assess-
ment). A prospective assessment may be applied to a newly designed system, appa-
ratus, or facility, or to future operation of an existing source. Similar mathematical
and probabilistic techniques may be used in either temporal frame, but the questions
that the analyses seek to answer are usually different.

(B5) Retrospective assessments may apply to past acute exposures or to chronic
exposures over an extended period in the past. They may seek to provide dose
and risk estimates to support epidemiological investigations in the exposed popula-
tion. They may also provide information to decision makers concerning remediation
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of contaminated spaces or compensation of individuals with claims of health or
property damage. In such cases, the exposures have already been incurred (and in
some cases may be continuing). In principle, the exposed individuals are identifiable
and their doses may be reconstructed, although possibly from fragmentary and
uncertain information. The exposed individuals are specific individuals, and the
resulting estimates may be provided in the context of probabilistic uncertainty anal-
ysis. Components of such analysis may include uncertainties concerning sources,
transport of effluents through the environment, and concentrations of released radio-
active material over time in the environmental media to which people were exposed.
Other components of uncertainty may relate to data on individual habits that would
affect the estimates (e.g. times spent in contaminated locations, quantities of contam-
inated food that may have been consumed, and ages at the times of particular expo-
sures). Such information may need to be gathered from surveys designed and
analysed by specialists, and uncertainties in the survey results would be based on
their analysis. Uncertainties in the doses and risks would be affected by both of these
components (source/environment and individual habits).

(B6) Distributions of dose to specific individuals in retrospective assessments serve
a number of purposes. Primarily, they are used in epidemiological studies or to in-
form decision makers whether action is warranted to further reduce exposures if
the source continues to exist. Since retrospective doses have already occurred, they
are generally not within the scope of the Commission, although the Commission’s
recommendations may provide a useful guideline for their evaluation.

(B7) Prospective assessments often aim to assist in answering questions related to
siting and design of planned facilities and to compliance with regulations. In such
cases, the exposed population may be unknown, and the analysis must be based
on numerous assumptions. In this connection, the concept of a representative person
can provide guidance in preliminary assessments based on tentative design, location,
and operational assumptions. Such a representative person would be defined by an
exposure scenario based on locations, physical characteristics, and habits that, indi-
vidually, would be reasonably expected possibilities for some individuals in the ex-
posed population. However, the locations, physical characteristics, and habits of
the representative person should not collectively correspond to extreme combina-
tions that are almost certain not to be found in the exposed population. When the
analysis is applied to present and future operation of an existing facility, the present
exposed population should be known, and it should be possible to investigate the
existence of potentially high doses. In this case, too, analysis of the habits of an indi-
vidual can be adapted to provide first-order operational guidance, subject to adjust-
ment if anomalously exposed groups are identified or if conditions exist that may be
expected to produce some doses above the Commission’s dose constraint for the
public.

(B8) Uncertainty analysis of prospective assessments should be distinguished from
its counterpart in retrospective assessments as described in Paragraphs B5 and B6.
The representative person for a prospective assessment is not a real member of the
exposed population and may not resemble any specific individual, but rather is a
mathematical construct for defining a criterion for operational guidance. It is based
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on assumptions that would correspond to a possible dose that is expected to be high
relative to doses estimated for most of the population. It is possible that this calcu-
lated dose is not realised at all in the exposed population. Therefore, it is important
to distinguish uncertainties associated with the source and the environment from
ranges of values assigned by analysts to parameters that define the individual (e.g.
breathing rate, age, dietary habits, and fractions of time spent in specified exposure
situations).

(B9) Ranges of variation in these variables for the individual do not constitute
uncertainty distributions; rather, the variables are parameters to be set by the ana-
lyst. When ranges of these variables are combined probabilistically with uncertainty
distributions that represent releases from the source, and the transport and concen-
trations in environmental media of the released radioactivity, interpretation of the
composite distribution of artificial ranges and real uncertainties is not straightfor-
ward. The individual cannot reasonably be interpreted as a random individual cho-
sen from the affected population. It may seem preferable to specify fixed central or
slightly conservative values for the parameters that define the individual, leaving the
final uncertainty distribution of dose to primarily reflect the real source and environ-
mental uncertainties. If it is necessary to study the sensitivity of potential dose to the
parameters, multiple dose distributions may be generated, with each one correspond-
ing to a parameter point of interest for the individual. Such an exercise may indicate
the behaviour of a high percentile (possibly the 95™) of the potential dose distribu-
tion, and indicate combinations of the individual’s parameters to which the potential
dose shows the greatest sensitivity. This type of approach helps avoid confusion of
the interpretations of sensitivity to parameters and uncertainty associated with real
quantities.

B.3. Distributions related to dose

(B10) In the analysis of dose to individuals and populations, the concept of a dis-
tribution arises in two primary contexts, with extension to a third.

e Type 1. When uncertainty is considered in estimates of dose to individuals that are
derived from model calculations or contamination measurements, the weighting
of a dose distribution is usually interpreted as probability, so that one may make
statements such as “The probability that the annual dose to the specified individ-
ual does not exceed 1 mSv is 0.95 (or 95%)’. Such distributions assign probability
weight to intervals of dose, and the distribution quantifies the analyst’s perception
of the uncertainty that affects the estimate. This type of distribution may be useful
in connection with the individual, as defined in Paragraph B7.

e Type 2. When (deterministic) point estimates of dose are made for all individuals
of an exposed population (or for categories of exposure with numbers of individ-
uals known or estimated for each category), the weighting of each dose interval
may be the fraction of the total exposed population receiving a dose within that
interval. Such a distribution could be used to estimate the fraction of the exposed
population whose annual dose does not exceed some specified level, such as 1
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mSv, or it could be used to estimate the annual dose that is not exceeded 1n 95% of
the population (i.e. the 95 percentile of the distribution). Dose distributions of
this type could be useful in quantifying dose limitation guidance that is to be
applied to the vast majority of the population.

e Type 3. When Types 1 and 2 above are combined, a weighting scheme replaces
the point estimate of dose to each individual in Item 2 with a marginal proba-
bility distribution that expresses the uncertainty of dose to the individual, given
the individual’s exposure conditions. The distribution representing the aggregate
population would need to be interpreted as probability of dose to a randomly
chosen member of the exposed population. The uncertainty distributions associ-
ated with individuals would be marginal relative to a rather complex joint
distribution of exposure and dose, taking into account relevant correlations
for factors such as location and common influence of sources of released
radioactivity.

(B11) Distributions are estimated from theory or data, assumed on the basis of
experience, or assumed generically (i.e. somewhat arbitrarily but of a form consid-
ered to be reasonable). In retrospective studies, where dose has been received by spe-
cific people and some records exist for reconstruction, one would expect to have
available or to develop a database supporting a Type 2 distribution for information
on the population and exposure factors. The difficulty is that information may be
fragmentary and uncertain for exposed individuals, and the environmental processes
that contributed to the exposures must be reconstructed with some combination of
historical data assessment and mathematical modelling. Thus, elements of the Type 3
distribution become important. Where modelling of the source term and environ-
mental transport is used, it may be necessary to introduce uncertainties into the
structure and parameters of the models in order to estimate uncertainty propagation
into exposure and dose. The mechanism for representing the uncertainties in the
source term and environmental transport usually takes the form of probability dis-
tributions that substitute for parameters in the models.

(B12) Proposed distributions may be based on measurements (authentic data are
used when such measurements exist for relevant times, locations, and processes), but
it is often necessary to use surrogate data based on other times or locations. In either
case, one has the choice of using an empirical distribution, based directly on a his-
togram of the data, or a theoretical distribution, which is an idealisation of the his-
togram, probably represented as a continuous curve. The mathematical form of a
theoretical distribution is an assumption based on theory or experience (and usually
convenience), possibly supported by a demonstration of its consistency with the rel-
evant data. If the data are too fragmentary to be suggestive of a theoretical distribu-
tion type, the assumption is generic; common choices for distributions that represent
environmental data are normal and lognormal distributions, but others are possible
and may be practical. Sometimes theory is suggestive of the standard distributions in
a given case, or a trend of the data may indicate a form of theoretical distribution,
even in the absence of a theoretical justification for it, in which case the choice is con-
sidered empirical.
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(B13) In a prospective assessment of dose to members of an exposed population,
the population is usually hypothetical, although it may be based on a real population
that exists at the time of the study (although this population may change in unknown
ways during the future of the exposure). The purpose could be to assess the effect of
the location or design of a proposed power plant or other nuclear facility, or it could
be to study the effects of future management of an existing source (e.g. contaminated
land). In such a prospective study, the uncertainties related to the source term and
environmental transport of released radioactivity (as discussed previously) are appli-
cable, whereas individual detail about members of the population is not available
(except as assumptions or extrapolations based on a population existing at the time
of the study). The purpose is to ensure that the dose constraint is unlikely to be
exceeded.

(B14) To this end, it is important to evaluate and understand exposure scenarios
for individuals that would lead to high doses relative to the majority of the popula-
tion. Limitation of the dose to such a representative person ensures the protection of
most of the population. One could consider a Type 1 probability distribution of an-
nual dose to the individual, given the exposure scenario, with uncertainty compo-
nents due to the source term and environmental transport alone. For example,
one may determine by reference to the distribution that the annual dose to the indi-
vidual would exceed 0.3 mSv with only 2% probability, given the exposure scenario.
If the exposure scenario is accepted as being at the upper margin of normal habits
and characteristics but not extreme, such a conclusion would imply protection of
most of the population. In such an exercise, it would be useful to consider only fixed
exposure scenarios (i.e. any parameters such as breathing rates or frequencies asso-
ciated with habits of the individual should be given fixed but possibly conservative
values); attempts to introduce probability distributions into the exposure scenarios
and to combine them with uncertainty components associated with the source
term and environmental transport may produce results that are more difficult to
interpret and possibly misleading.

(B15) A Type 2 distribution of dose (population weighted) may be derived for the
hypothetical population of a prospective study, but the information in the distribu-
tion is limited by the detail contained in the definition of the population and the
methods of estimating dose to different categories of individuals (i.e. exposure sce-
narios). For example, if one was only considering exposure to airborne radioactivity
from a point source, and the spatial distribution of the population was marked out in
1-km radial increments of 16 wind sectors, with the number of individuals residing in
each 1 km by 22.5-degree subregion beyond 1 km out to 15 km from the source, then
with source-term data (or a model of the release) and an atmospheric transport
model, it 1s possible to estimate a ground-level air concentration of the released
radionuclide in each subregion (assuming, for simplicity, that there is only one radio-
nuclide in the release). In the simplest exposure scenarios, it is assumed that there is a
uniform average breathing rate, that there is no mobility of population among sub-
regions, and that any difference between indoor and outdoor air concentrations is to
be neglected. The subregion point estimates (assumed to be local averages) are the
product of the annual release (Bq), the diffusion factor for the centre of the subregion
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(sometimes called ¥/Q or ‘Chi-over-Q’, s/m>), the breathing rate (m>/s), and the dose
coefficient for inhalation dose (Sv/Bq). It is then possible to construct the popula-
tion-weighted distribution by tabulating the estimated subregion averages of dose
from smallest to largest, along with the population numbers for the respective sub-
regions. For many purposes, it is useful to normalise the distribution by dividing the
tabulated population number for each subregion by the total number of individuals
in the exposed population.

(B16) A similar exercise to that described in Paragraph B15 leads to a Type 3 dis-
tribution when uncertainties for the source term and y/Q are considered. The inter-
pretation of such a Type 3 distribution would involve statements such as ‘The
probability is less than 2% that a person drawn at random from the hypothetical
population will receive an annual dose exceeding 0.3 mSv’.

B.4. Specific forms of dose distributions

(B17) Appropriate assumption of a mathematical form for a distribution arising in
the context of environmental dose assessment depends on the role that the distribu-
tion is intended to play in the analysis. It is emphasised that there is nearly always an
element of the analyst’s experience and judgment that influences the choice; indeed,
the success of the undertaking depends on the availability of experienced and skilled
personnel to plan and carry out the quantitative analysis. The subject is embedded in
decades of statistical and computational theory and practice, of which no summary
can be attempted here.

(B18) At the most specialised level, there are distributions that represent parame-
ters in models of the source term and the environmental transport of the released
radionuclides. The complexity of the models usually dictates Monte Carlo methods
for simulating the propagation of uncertainties into estimates of concentrations in
exposure media (e.g. air, soil, food, water). There can be dozens, if not hundreds,
of such parameters; some of which depend on primary or surrogate data from
source-term-related processes, on estimates of uncertainty in diffusion model predic-
tions of air concentrations of released materials, or on samples from exploratory
wells that monitor groundwater. For some parameters, the literature provides guid-
ance; for others, the analyst should make the case in the context of the study.

(B19) Transport models are often empirically tuned to environmental measure-
ments. In such cases, the parameters may be less literally representative of directly
observed quantities. Instead, distributions of the parameters may be inferred by
regression methods from residuals that are computed as the difference of model pre-
dictions and corresponding measurements of the modelled quantity (e.g. concentra-
tion of a radionuclide in air or soil). In such a setting, the residuals (or some
transformed version of them) are often (but not always) treated as a sample from
a normal distribution with zero mean and variance to be determined by the regres-
sion; this choice is sometimes suggested by the theoretical background of the regres-
sion method. The process is somewhat complex but the results can be quite powerful
and persuasive. The models are often non-linear in the parameters under study, and
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the subject appears in the literature under the name ‘non-linear parameter
estimation’.

(B20) Sets of environmental data are often presented in a discussion of an existing
facility. It is usual to summarise such a data set with reference to a distribution, from
which the data are construed as a random sample, although the actual acquisition pro-
cedure may not be consistent with this characterisation. Perhaps the most common
assumption for legacy data is that of the normal distribution, and the assumption
may be used to present confidence intervals for the mean (which if done by traditional
textbook methods would also involve the ‘Student’ ¢ distribution). The normal distri-
bution necessarily assigns probability symmetrically to semi-infinite negative and posi-
tive intervals, and this property can present awkward problems of physical
interpretation where physically positive quantities are concerned. It is also the case that
histograms of primary data often lack the symmetry that characterises the normal dis-
tribution. One approach attempts to get around these problems by using truncated
forms of the normal distribution (i.e. one or both tails of the distribution are taken
off at specified points). The truncated distribution may give a better fit to the data,
but it unfortunately loses much of the mathematical tractability of the untruncated
distribution.

(B21) A common theoretical paradigm for skewed distributions is the lognormal
distribution. A random variable y is said to be lognormally distributed if its natural
logarithm In y is normally distributed, and the distribution can be thought of as aris-
ing from a transformation of the primary data (all of which must be positive) by tak-
ing the natural logarithm and applying the normal distribution. Many skewed
distributions, however, are not well fitted by the lognormal distribution, and when
the sample size is sufficient, it is sometimes argued that an empirical distribution
based directly on the data is the most satisfactory representation. If a distribution
represented by a smooth frequency curve is required for mathematical or other con-
venience, and if direct application of the standard distributions must be ruled out, it
is usually possible for an experienced practitioner to fit an empirical frequency curve
with the desired properties to the frequency histogram. It is possible that the cumu-
lative representation may be used for fitting.

B.5. Normal distribution and the Central Limit Theorem

(B22) The Central Limit Theorem is usually cited as a principal justification for
the ubiquity of the normal distribution in observational science. In a very rough
form, the Central Limit Theorem states that under appropriate hypotheses, the
sequence of probability distributions of the standardised sums of an infinite
sequence of independent random variables {x;}°, tends to the standard normal
distribution:

" (x— 1
Zz:l (X]; :ul) <y| — / e—l‘z/Zdt as 71 — 00
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where x; has mean u; and standard deviation ¢,. The integral expression after the
arrow represents the cumulative probability distribution function of the standard
normal distribution, evaluated at y. There are numerous references to studies of
hypotheses under which this convergence is shown to be valid. Apart from those
restrictions, the random variables {x;}°, are not required to have any specified form
of distribution, nor must all have the same form (Wilks, 1962).

(B23) The Central Limit Theorem is usually invoked to support the claim that
sums of environmental random variables, even for relatively small », are approxi-
mately normally distributed. However, the approximation may, in some circum-
stances, be poor, even for moderately large n. The application of the Central
Limit Theorem to the lognormal distribution uses the sequence of logarithmically
transformed random variables {Inx;}.°,. Since the lognormal distribution has be-
come commonplace in environmental dose studies, the next section examines some
theoretical support for processes that may lead to it in this and related fields.

B.6. Occurrence of lognormal distribution

(B24) Considerable discussion of the origin and applications of the lognormal dis-
tribution exists in scientific literature. Aitchison and Brown (1969, Chapter 3) give
examples and further references. Egs. (1)—(4) below are similar to their presentation.

(B25) A basic mathematical model that yields a lognormal distribution is a sto-
chastic process satisfying the equation:

Xk—Xk,1:8ka,1, k:1,2, (1)

where the ¢, are mutually independent and also independent of the X preceding
them in the sequence. If the process goes on for n steps, the recursion in Eq. (1)
may be solved to get:

X” = (1 +8n)Xn—1 — (1 +8n)<1 +8n_1)X,,_2 = ...
=(1+e&)1+e.1) - (14+&)Xo 2)

(B26) If the ¢, are sufficiently small in magnitude, the approximation 1 + g = %
in Eq. (2) may be used:

X, = Xoele? e ZXoeXp<ng> (3)
k=1

(B27) Taking logarithms in Eq. (3) gives:
ll'an :lnX0+ZSk (4)
k=1

a sum of independently distributed random variables, which by the Central Limit
Theorem is asymptotically normally distributed (i.e. tends to a normal distribution
as n tends to infinity, as indicated in the previous section), so that the distribution
of X,, approaches lognormality. If the index k& marks a series of time steps, the model

52



ICRP Publication 101

of Eq. (1) could represent a process of growth of an organism resulting from a vari-
ety of independent multiplicative effects represented by the ¢,. In such an interpreta-
tion, X, could represent, for example, the mass, height, or some other physical
property of the organism after n steps in its growth. In the abstract, the time step
is arbitrary; it could represent seconds or years, depending on the context. The model
of Eq. (1) could also represent a sum of money invested at compound interest at a
rate per time step that varies with random changes in the economy (e.g. if the index
k counts years, the ¢, would represent randomly fluctuating annual interest rates).
Forecasts of the value of the investment after, say, n = 30 years, would reasonably
be modelled as being lognormally distributed. In other applications, the index k&
could count effects unrelated to time.

(B28) The lognormal distribution has been found to be useful in the field of aer-
osol physics in applications to particle size. Indeed, in discussions of properties rel-
ative to particle size, the lognormal distribution seems to be the generic assumption.
Aitchison and Brown (1969) presented a breakage model that seems to be relevant to
certain populations of particles. They consider abstract elements (e.g. particles), each
having a positive dimension (e.g. mass or effective diameter). The population is sub-
jected to a series of independent operations having the random breakage of the ele-
ments as their effect.

(B29) A more specific particle model is considered here; a binary process in which
at each breakage stage, each particle is severed into exactly two pieces, one of which
is a ‘small’ part of the original. Assume that the original population of particles is of
homogeneous density and that the quantity of interest is the mass of the particle. The
‘small’ fraction is restricted to no more than a fixed fraction ¢, which is less than 0.5
(in this illustration, ¢ is equal to 0.125). The random value of the small fraction is
selected from a uniform distribution of numbers between 0 and ¢ (excluding zero).
The complementary fraction represents the larger part.

(B30) If a particle is chosen at random from breakage stage n, it has a unique
ancestry of particles leading back to some particle P, in the original population.
Thus, its mass can be derived from that of P, as a sequence of multiplications by
independent random factors:

mass(P,) = mass(Po)n,n, - -1, (5)
where the 7, are identically and independently distributed,

B { ¢ with probability 0.5
T =1 = ¢ with probability 0.5
and the random variable ( is uniformly distributed on the interval [0, 0.125] (zero is
excluded, 0.125 1s not). The probabilities of 0.5 reflect the fact that a particle in stage

k may equally likely be the smaller or the larger part resulting from breakage of the
parent (stage k-1) particle. Thus, from Eq. (5):

In(mass(P,)) = In(mass(Py)) + Inn, +Inn, +--- +Iny, (6)
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(B31) The Central Limit Theorem is used to conclude that the logarithm of the
mass of P, is asymptotically normally distributed, so that the mass of P, is asymp-
totically lognormally distributed. Fig. Bl shows log-probability distributions for the
first five and the tenth stages of breakage, beginning with an initial population of
particles with masses selected at random from the uniform distribution over the
interval (0,1). The near-linear graph for the tenth stage suggests the approach of
the stages of breakage to lognormality. These distributions were obtained by Monte
Carlo simulations with the model just described, using 200 trials for each stage.

(B32) Such a model as that illustrated in Fig. B1 may be applicable to weathering
of some types of soils.

(B33) Another type of particle model is that of a particle population formed by
agglomeration of small particles on to larger condensation nuclei. Such a process
could be interpreted in the light of the model of Eq. (1), provided that the incremen-
tal particles are sufficiently small relative to the acquiring particles. In such cases,
that model would lead to the conclusion of asymptotic lognormality of the popula-
tion after a sufficient number of acquisitions.

(B34) In reality, there are many effects that depart from the simple models sug-
gested here and that thwart convergence to lognormality. It is sometimes found that
a population of particles under investigation is more reasonably viewed as a mixture
of two or more distinct subpopulations, which themselves are approximately lognor-
mally distributed, but such as to render the superpopulation non-lognormal. For
example, windborne particles may at times consist of sand (diameters of 10 to several
hundred micrometres), clay, and silt (diameters of less than one to some tens of
micrometres), and fine particles such as combustion products (diameters of a few
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Fig. Bl. Sequence of asymmetric binary breakages of particles, beginning with a uniformly distributed
population, with mass distribution between 0 and 1. Distributions represent particle masses. The mass of
the smaller member of a severed pair has the uniform distribution (0, 0.125). The tendency towards
linearity at the tenth stage is suggestive of the effect of the Central Limit Theorem.
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hundredths to a few tenths of a micrometre). These distinct subpopulations (which
individually are sometimes reasonably approximated as lognormally distributed)
may not combine into an aggregate with a distribution that resembles a lognormal.
Aerosol scientists often analyse particle size distributions with the lognormal distri-
bution, but there are special cases that are not well fitted by the lognormal distribu-
tion and to which the scientists apply special distributions. Some examples are
certain coarse dusts (e.g. crushed coal), sprays with large ranges of diameters, and
certain powders (Hinds, 1982, Appendix to Chapter 4).

(B35) Other quantities of interest are often sums of more fundamental random
variables, which themselves may or may not appear to be lognormally distributed.
It is sometimes the case that a sum of lognormally distributed random variables
has a distribution that can reasonably be approximated by a lognormal distribution,
even though sums of lognormally distributed random variables are known, in gen-
eral, not to be lognormally distributed. This is a special case of a more general phe-
nomenon, where plotting a dataset of interest suggests that the data resulted from
sampling a lognormal distribution, even though no known theory points to such a
conclusion. Nevertheless, it is common practice to model skewed empirical distribu-
tions generically with the lognormal, even when nothing but experience indicates
such a choice. Measurements of radioactivity in environmental media are often con-
strued as lognormal samples with little, if any, theoretical support offered for such an
assumption.

(B36) Radiation dose or risk to a specific human population may sometimes fit
into the empirically lognormal category just described (e.g. distributions of Type
1, 2, or 3 discussed previously). There are many ways that such a distribution may
be arrived at, but few of them obviously imply lognormality, notwithstanding log-
probability plots suggesting a linear trend. It is fairly easy to construct simple exam-
ples of dose distribution to a population downwind from a release point of airborne
radioactivity that are not lognormally distributed with respect to population count
(see Example 2 in the next section).

B.7. Examples

(B37) This section develops two relatively simple examples of the distribution
types discussed in this annex. Realistic examples would be a great deal more compli-
cated than what 1s presented here, but the added detail may obscure the main points.

B.7.1. Example 1. Type 1 distribution

(B38) A fictitious existing nuclear facility releases radionuclides to the atmosphere.
Studies of data measured at air-monitoring stations and comparisons with release
estimates suggest a distribution for the boundary location where annual average
air concentrations would be near-maximum. There is theory and evidence to indicate
that the concentrations would tend to decrease as the distance from the facility in-
creases. It may be reasonable to position an individual at the maximum boundary
location, assuming that he/she lives near that location, spends most days outdoors,
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and remains near home most of the time. A single released radionuclide is assumed
for simplicity. To estimate the dose from inhalation, one would parameterise an
equation similar to the following:

H inhal — [X / Q] annual Qannual (B out Uout + Bin UinR)Dinhal

where H is the annual dose by inhalation (mSv), [y/Q] s the ground-level concentration
per unit release rate (s/m’), D is the dose coefficient for effective dose by inhalation
(mSv/Bq), B are breathing rates typical of indoors and outdoors, such as exercising
and resting (m*/s), U are fractions of time spent indoors and outdoors, and R is a frac-
tional factor to estimate a reduced radionuclide concentration in indoor air.

(B39) A similar equation would represent external dose from photons emitted by
the airborne radionuclide:

H extern = [/ Q]annuaIQannual(UOUt + UinS)Dextern X 3.156 X 10

where H is the annual external dose from the airborne radionuclide (mSv), [x/0]
is the ground-level concentration per unit release rate (s/m’), D is the dose rate
coefficient for effective dose by external exposure to the radionuclide in air (mSv/s/
Bg/m?), S'is a fractional factor for lower indoor exposure rate due to reduced indoor
concentration and shielding from the outdoor concentration, and 3.156 x 10 is sec-
onds per year.

(B40) It 1s assumed that all food comes from uncontaminated sources, since there
are no known gardens or agricultural operations near the facility.

(B41) Adding the previous equations and re-arranging gives:

Hiotal = Hinhat + H extern = [X/ Q] annua]QannualK

where K is a constant expression that depends on the exposure scenario parameters.
The factors for the release Q and atmospheric diffusion [y/Q] are subject to uncer-
tainty. It is assumed that the atmospheric data suggest a lognormal distribution
and provide an estimate of geometric standard deviation (GSD) of 1.8 for [x/Q],
and the operator analyses variability in past release data to conclude that Q is log-
normally distributed with GSD = 1.3. The product of these independently distrib-
uted random variables is lognormally distributed with:

GSD = exp VIn*1.8 +1n’1.3 = 1.9

(B42) Lognormality implies that the geometric mean (GM) of Hy,; is the product
of the geometric means for [y/Q], O, and the constant K. It is assumed that the data
and parameters are such that this product is GM = 0.4 mSv. Fig. B2 is a cumulative
log-probability plot of this annual dose distribution. It shows the 95 percentile of
the annual dose as 1.15 mSv; thus for this exposure scenario, the probability is 5%
that the annual dose could exceed 1.15 mSv. If investigation indicates that few, if
any, members of the exposed population are likely to experience this degree of expo-
sure (an assumption that guided the definition of the individual), it is unlikely that
members of that population will equal or exceed an annual dose of about 1 mSv
from the facility’s future releases.
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Fig. B2. Type 1 lognormal probability distribution for the individual in Example 1. Given the fixed
parameters that define the individual, this distribution assigns probabilities to intervals of dose, based on
quantified uncertainties in the release of radionuclides to the atmosphere and variability in observed
concentrations at the facility fence near the individual’s location. The atmospheric concentrations at this
location are assumed to exceed any that the vast majority of the exposed population would encounter. The
95" percentile (1.15 mSv) indicates a probability of 5% that the individual would exceed this annual dose.

(B43) Given the temporal nature of the data for the source term and fence-line air
concentrations, it is possible that some would extend the interpretation of the 5%
probability to that of exceeding 1.15 mSv in 1 year out of 20. However, one should
be cautious of such interpretations for data limited to too few years.

B.7.2. Example 2. Type 2 and Type 3 distributions

(B44) A second fictitious nuclear facility releases radionuclides to the atmosphere
(again, for simplicity, one radionuclide is assumed). The exposed population is con-
tained in a single 22.5-degree wind sector from the facility’s release stack, between
radial distances of 1 km and 15 km from the stack. The spatial distribution of the
population is uniform with respect to land area. For the normalised distributions de-
rived here, it is not necessary to know the total number of individuals in the popu-
lation. The wind sector is divided into 15 subregions, each with a radial distance of 1
km, with population in the 14 subregions that begin at 1 km from the source. The air
concentrations of the released radionuclide are estimated with the sector-averaged
Gaussian plume model:
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2
2/0=1/= i

T 2Tno,ur

exp(—h*/(202))

where f is the fraction of time that the population is downwind from the source,
n = 16 is the total number of wind sectors (of which only one is used for the exam-
ple), u is the average wind speed, and r is the radial distance from the source to the
point where [y/Q] is evaluated. The symbol ¢. (m) denotes a vertical dispersion coef-
ficient for rural Class D conditions (taken as average) given by:

- — 0.06r
1+ 0.00157

(Hanna et al., 1982). Uncertainties in the predictions of annual average concentra-
tions by this model for regular terrain and meteorological conditions have been esti-
mated by Miller and Hively (1987), and are reasonably interpreted as lognormally
distributed with GSD = 1.53 for distances within 10 km and GSD = 2.32 for dis-
tances from 10 km to 150 km. Killough and Schmidt (2000) suggested a lognormal
distribution with GSD = 1.53 for the uncertainty introduced by the use of composite
meteorological data for several recent years. These two uncertainty distributions are
used to compute the Type 3 distribution but do not affect the Type 2 distribution.

(B45) For the Type 2 distribution, one computes, deterministically, annual dose as
an average for each 1-km subregion. The distribution is plotted in Fig. B3 with dark

—e— Type (2) distribution
Population weighted

—— Type (3) distribution
Population and uncertainty
weighted

Annual dose (mSv)
©
1

0.01

1 EIS 1|0 2|0 3IO 4|0 5|0 6|0 7|0 8|0 QIO 9|5 99

Cumulative frequency (%)
Fig. B3. Distributions of Type 2 and Type 3 in Example 2. The Type 2 distribution weight intervals of
deterministically estimated annual dose with fractions of the population receiving those annual doses (note
that this distribution lacks the linear trend of lognormality). The Type 3 distribution incorporates
uncertainty in the dose estimates, in addition to population proportions, so that the interpretation for a
dose interval is the probability that an individual chosen at random from the exposed population will have
an annual dose in the interval.

58



ICRP Publication 101

circles connected by line segments. This type of distribution assigns to each annual
dose interval the fraction of the population that receives that annual dose. The
50" percentile is 0.1 mSv, and the 95™ percentile is about 0.5 mSv. Thus, 5% of this
population would receive an annual dose that exceeds 0.5 mSv. There is no implica-
tion of quantified uncertainty here, and the interpretation is not probabilistic.

(B46) Computation of the Type 3 distribution requires the uncertainty distribu-
tions for the plume model and the meteorological data mentioned previously (a dis-
tribution for uncertainty in the annual release would also be required, but that was
omitted from the example). The Type 3 distribution assigns intervals of annual dose
probabilities based on the uncertainty of the dose estimation. The uncertainty may
be associated with the source term and atmospheric transport alone when the pop-
ulation is hypothetical. In retrospective cases, one may also consider uncertainties
associated with the population. Fig. B3 shows the example of a Type 3 distribution
as the rough line (based on 1000 realisations); the approximate linearity derives from
the lognormal distribution that was applied to each individual’s dose uncertainty.

(B47) The 95™ percentile of the Type 3 distribution is 0.72 mSv, indicating an
interpretation that a randomly chosen individual from the exposed population
would have a 5% probability of exceeding this annual dose value. However, from
the graph, one could estimate a 3% probability of the random individual exceeding
an annual dose of 1 mSv. An annual dose in excess of 10 x 1 mSv (i.e. 10 mSv) is off
the graph (well beyond the 99" percentile) and would seem to meet any reasonable
definition of ‘extremely unlikely’. One should also remember, for example, that a
probability of 3% of exceeding 1 mSv given by a Type 3 distribution is not the
equivalent of asserting that only 3% of the population would exceed this annual
dose. From an inspection of the Type 2 curve (and the output file from the calcula-
tions), one can estimate that fewer than 2% of the population would exceed this dose
when it is deterministically estimated. In lower-dose regions, the difference between
the distributions is greater. For example, the 90" percentile of the Type 3 curve (0.5
mSv) is approximately the same as the (interpolated) 95™ percentile of the Type 2
curve.

B.8. Conclusions

(B48) The Commission does not prescribe a specific method to be used for prob-
abilistic assessments. This is because no single mathematical approach or percentage
criterion can be applied to the diversity of distributions that may be encountered in
probabilistic assessments of dose. Nevertheless, some guidance is necessary to aid
operators and regulators in determining when compliance is met when probabilistic
assessments are used.

(B49) For some prospective probabilistic assessments of dose, it is possible that
essentially all doses on the distribution will be predicted to be less than the dose con-
straint set by ICRP (e.g. Example 1). In this case, compliance is readily met.

(B50) In a prospective probabilistic assessment of dose to individuals, whether
from a planned facility or an existing situation, the Commission recommends that
the representative person should be defined such that the probability is less than
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approximately 5% that a person drawn at random from the population will receive a
greater dose. In a large population, many individuals will have doses greater than
that of the representative person because of the nature of distributions in probabilis-
tic assessments. This need not be an issue if the doses are less than the relevant dose
constraint. However, if such an assessment indicates that a few tens of people or
more could receive doses above the relevant constraint, the characteristics of these
people need to be explored. If, following further analysis, it is shown that doses to
a few tens of people are indeed likely to exceed the relevant dose constraint, actions
to modify the exposure should be considered.

(B51) Particular attention should be given to the region and accompanying
population where the assessment is being conducted to define the representative per-
son. Care should be taken to include all individuals whose dose could possibly be
representative of people receiving higher doses, including extremes. However, it is
evident that including too large a region (and population) could dilute the impact
of a small number of higher doses and thereby distort the distribution. Therefore,
an iterative approach using sequentially smaller regions and populations is generally
necessary.
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Abstract—The principle of optimisation of radiation protection is defined by the Commission
as the source-related process to keep the magnitude of individual doses, the number of people
exposed, and the likelihood of potential exposure as low as reasonably achievable below the
appropriate dose constraints, with economic and social factors being taken into account.
According to the revised recommendations of ICRP, this process of optimisation below
constraint should be applied whatever the exposure situation; i.e. planned, emergency, and
existing.

The previous recommendations for the practical implementation of the optimisation process
are still valid. It must be implemented through an ongoing, cyclical process that involves the
evaluation of the exposure situation to identify the need for action, the identification of the
possible protective options to keep the exposure as low as reasonably achievable, the selection
of the best option under the prevailing circumstances, the implementation of the selected option
through an effective optimisation programme, and regular review of the exposure situation to
evaluate if the prevailing circumstances call for the implementation of corrective protective
actions. However, the way in which the optimisation process should be implemented is now
viewed more broadly to reflect the increasing role of individual equity, safety culture, and
stakeholder involvement in our modern societies.

This report is a consolidation and an evolution of the Commission’s recommendations
concerning the optimisation principle. After some background information on the foundation
and evolution of the principle, this report describes the main characteristics of the process,
addresses the issue of exposure distribution in that process, and provides the basic require-
ments for its application in operation and regulation. A description of decision-aiding tech-
niques commonly used for practical implementation of the optimisation process is provided in
Annex A.
© 2006 ICRP. Published by Elsevier Ltd.
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PREFACE

On 20 October 2001, the Main Commission of the International Commission on
Radiological Protection (ICRP) approved the formation of a new Task Group,
reporting to Committee 4, to develop guidance on the principle and application of
the optimisation of radiological protection. As stated in the terms of reference, the
objective of the Task Group was to review the principle of optimisation and the
requirements for its implementation in relation to the Commission’s revised recom-
mendations. In this perspective, particular attention had to be given to the role of
constraints, the distribution of individual exposures, stakeholder involvement, and
application in regulation and operation.

It was anticipated that the document produced as a result of the Task Group’s
work would form one of the foundation documents for the new recommendations.
This report is the outcome of the Task Group’s efforts, and it addresses the areas
mentioned above. The guidance in this report builds upon the concept of optimisa-
tion of protection recommended previously by ICRP.

The membership of the Task Group was as follows:

W. Weiss (Chairman) J.-F. Lecomte Y. Xia
M.E. Clark J. Lochard

The corresponding member of this Task Group was:
T. Lazo

The Task Group would like to thank those organisations and staff that made facil-
ities and support available for its meetings. These include the Federal Office for
Radiation Protection in Germany, the French Institute for Radiation Protection
and Nuclear Safety, and the Nuclear Energy Agency of the Organisation for Eco-
nomic Co-operation and Development.

The report was adopted by the Commission at its meeting in Bern on 17
September 2005.
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EXECUTIVE SUMMARY

(a) The optimisation of protection has been one of the fundamental principles of
the system of radiological protection since the 1970s (ICRP, 1973, 1977). While the
definition of this principle has remained relatively unchanged over time, its applica-
tion has evolved with feedback of its practical implementation. Initially focused on
quantitative techniques, mainly cost—benefit comparisons of protective options, the
optimisation process incorporated progressively operational procedures, good prac-
tices, and qualitative approaches to become a more judgmental decision-making
process.

(b) The principle of optimisation is defined by the Commission as the source-
related process to keep the magnitude of individual doses, the number of people
exposed, and the likelihood of potential exposure as low as reasonably achievable
below the appropriate dose constraints, with economic and social factors being taken
into account. According to the Commission’s revised recommendations, this process
of optimisation below constraint should be applied whatever the exposure situation;
i.e. planned, emergency, or existing.

(c) The Commission’s recommendations specifically related to the optimisation
principle (ICRP, 1983, 1988), as well as the provisions about this principle given
in Publication 60 (ICRP, 1991), remain valid. Optimisation must be implemented
through an ongoing, cyclical process that involves evaluation of the exposure situa-
tion to identify the need for action (the framing of the process), identification of the
possible protective options to keep the exposure as low as reasonably achievable,
selection of the best option under the prevailing circumstances, implementation of
the selected option through an effective optimisation programme, and regular review
of the exposure situation to evaluate if the prevailing circumstances call for the
implementation of corrective protective actions. However, the way it should be
implemented is now viewed more broadly to reflect the increasing role of individual
equity, safety culture, and stakeholder involvement in our modern societies (ICRP,
1998, 1999).

(d) The optimisation principle as presented in this report is a consolidation and an
evolution, but not a fundamental change, of the Commission’s recommendations
concerning this principle. The report addresses all exposure situations where radio-
logical exposures are amenable to control, except patient exposures which are dealt
with separately.

Characteristics of the process

(e) The optimisation of protection is a forward-looking iterative process aimed at
preventing exposures before they occur. It is continuous, taking into account both
technical and socio-economic developments, and requires both qualitative and quan-
titative judgments. The process should be systematic and carefully structured to en-
sure that all relevant aspects are taken into account. Optimisation is a frame of mind,
always questioning whether the best has been done in the prevailing circumstances. It
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also requires commitment at all levels in all concerned organisations, as well as ade-
quate procedures and resources.

(f) The process for assessing protective options, and for judging that no further
dose reduction is reasonable, should involve the comparison of a number of feasible
protective options to reduce the planned or potential doses to individuals and
groups. A graded approach is necessary to take into account both the level of expo-
sure and the complexity involved. Due to its judgmental nature, there is a strong
need for transparency of the optimisation process. This transparency assumes that
all relevant information is provided to the involved parties, and that the traceability
of the decision-making process is properly documented, aiming for an informed
decision.

(g) For the control of radioactive emissions to the environment, the principle of
the best-available technology, not entailing excessive costs (BATNEEC), may be
used. The principles of optimisation and BATNEEC complement each other. With
a view to the consequences to human health, the control of residual exposures will be
driven by the optimisation of estimated radiation doses.

(h) Procedures are necessary to clarify responsibilities for implementation of the
optimisation process. At the operational level, an organisational structure should
be established to organise a dialogue between the professional disciplines involved
in an operation, including co-ordinators, working groups, or committees, regardless
of whether or not the resulting structure is dedicated solely to optimisation.

(1) Commitment from all relevant parties, ranging from authorities to exposed
individuals, to allow for effective implementation of optimisation implies:

— putting optimisation into regulation, willingness to enforce it, and providing
guidelines with proper balance between dialogue and control (authorities);

— defining a radiological policy, setting general goals, developing and adhering to
procedures, delegating responsibilities, allocating means and resources, and main-
taining independence of radiological protection professionals from operation
(operating management); and

— sharing information, maintaining vigilant attitude, training and retraining, and
raising consciousness of radiological protection (individuals).

() The involvement of stakeholders (i.e. parties who have interests in and concern
about a situation) is seen as an important input to the optimisation process. It is a
proven means to achieve incorporation of values into the decision-making process,
improvement of the substantive quality of decisions, resolution of conflicts among
competing interests, building of shared understanding with both workers and the
public, and building of trust in institutions. Furthermore, involving all concerned
parties reinforces the safety culture, and introduces the necessary flexibility in the
management of the radiological risk that is necessary to achieve more effective
and sustainable decisions.

(k) The decision maker (generally the operating management or a competent
authority) has clearly defined roles and responsibilities in the optimisation process.
Other individuals and groups can also be considered as stakeholders. Examples
include institutional and non-institutional technical support to the decision-making
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process (approved dosimetric services, qualified experts, formal technical services,
public expert organisations, private laboratories), exposed individuals (either work-
ers or members of the public) or their representatives (trade unions, local associa-
tions), and representatives of the society, either by an elective process (elected
representatives) or a participative process (environmental associations). The involve-
ment of stakeholders does not imply that the operating management and/or author-
ities relinquish their responsibility to make the final decision, or their accountability
for that decision.

(I) The best option is always specific to the exposure situation and represents the
best level of protection that can be achieved given the circumstances. Therefore, it is
not relevant to determine, a priori, a dose level below which the optimisation process
should stop. Depending on the exposure situation, the best option could be close to
or well below the appropriate constraint. This means that the optimisation process
may result in doses lower than any level that could be proposed as an ‘entry level’
into the system of radiological protection.

(m) It should be stressed that optimisation is not minimisation. It is the result of
an evaluation that carefully balances the detriment from the exposure (economic, hu-
man, social, political, etc.) and the resources available for the protection of individ-
uals. Thus, the best option is not necessarily the one with the lowest dose.

Optimisation and exposure distribution

(n) Comparison of protective options is a key feature of the optimisation process,
which must entail careful consideration of the characteristics of the individual expo-
sure distribution within a group of exposed population. Each group of population
affected by a source can be described by different attributes, such as age, gender,
and habits, as well as by various exposure parameters, such as mean, minimum,
and maximum individual doses, the number of individuals exposed, the collective
dose, and the likelihood of potential exposure. A single exposure parameter, how-
ever, is generally insufficient to fully compare the various protective options.

(o) Additional aspects to be considered in the comparison of protective options are
social values, particularly equity in the distribution of exposure among the con-
cerned group of individuals. For example, different protective options for a group
of workers may be characterised by similar average individual and collective doses
but rather different profiles of the dose distribution. In such a comparison, equity
considerations will, in most cases, lead to discarding the protective options with
the highest individual exposures.

(p) When the exposures occur over large populations, large geographical areas,
and long periods of time, the total collective effective dose (i.e. the summation of
all individual exposures in time and space) is not a useful tool for decision aiding be-
cause it may aggregate information excessively and could be misleading for selecting
protective actions. To overcome the limitations associated with collective dose, each
relevant exposure situation must be analysed carefully to identify the individual
characteristics and exposure parameters that best describe the exposure distribution
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among the concerned population for the particular circumstance. Such an analysis
results in the identification of various population groups with homogeneous charac-
teristics for which collective doses can be calculated within the optimisation process.

(q) For identifying the relevant population groups, the same approach as that used
for framing the optimisation process can be used. This includes asking when, where,
and by whom exposures are received. The result of such questioning may be pre-
sented in a multidimensional collective dose matrix. Once this matrix is established,
the relative importance of each element of the matrix, expressed as collective dose,
can be weighted to reflect the economic and social considerations and values, as well
as the preferences of those involved in the optimisation process.

The application of optimisation in operation
and regulation

(r) Within the system of radiological protection, both the operators and the appro-
priate national authorities have responsibilities for applying the optimisation princi-
ple. Implementation of the process of optimisation of protection is the responsibility
of the operating management, subject to the requirements of the authority. The oper-
ating management makes decisions regarding the design, organisation, and ongoing
implementation of the optimisation process. The authority promotes and may re-
quire optimisation as a way to reach the level at which licence to operate, if any,
can be granted. It may also verify that optimisation of radiological protection is
implemented effectively during operation. The burden of proof of this implementa-
tion rests with the operating management. The decision to authorise an exposure-
causing activity, or the implementation of exposure-reducing measures and their
implied residual doses, rests with the authority. An active safety culture supports
the successful application of optimisation by both the operating management and
the authority.

(s) All aspects of optimisation cannot be codified; optimisation is more an obliga-
tion of means than of results. Except in cases of regulatory violation, it is not the role
of the authority to focus on specific outcomes for a particular situation, but rather
on processes, procedures, and judgments. A strong dialogue must be established be-
tween the authority and the operating management. The regulation should provide
guidelines designed to build such a dialogue. The success of the optimisation process
will depend strongly on the quality of this dialogue.
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1. INTRODUCTION

(1) A basic requirement of the system of radiological protection recommended by
the Commission is to optimise the level of protection achieved below source-related
dose constraints (optimisation below constraint) whatever the exposure situation; i.e.
normal, emergency, or existing.

(2) Historically, the optimisation of protection has been one of the fundamental
principles of the system of radiological protection since the 1970s (ICRP, 1973,
1977). While the definition of this principle has remained relatively unchanged over
time, its application has evolved with feedback of its practical implementation. Hav-
ing started with its focus on quantitative techniques, mainly cost-benefit compari-
sons of protective options, the optimisation process progressively incorporated
operational procedure, good practices, and qualitative approaches to become a more
judgmental decision-making process.

(3) The Commission has published two reports that include recommendations spe-
cifically related to the optimisation principle (ICRP, 1983, 1988). These reports de-
scribe how optimisation is applied in various circumstances for the protection of
workers and the public. In general, information in these reports is still relevant, par-
ticularly as it applies to quantitative methods for performing analyses.

(4) The way in which the optimisation principle is presented in this report is a con-
solidation and an evolution, but not a fundamental change, in the Commission’s rec-
ommendations concerning this principle. The basic definition given in Publication 60
(ICRP, 1991) remains valid, but the way in which it should be implemented is now
viewed as a broader process reflecting the increasing role of individual equity, safety
culture, and stakeholder involvement in our modern societies (ICRP, 1991, 1998,
1999).

(5) This report will address all exposure situations, i.e. normal, emergency, and
existing, where radiological exposures are amenable to control, except for patient
exposures. Particular attention is given to the treatment of individual dose distribu-
tions, to the respective responsibilities of the operating management and competent
authorities, and to opportunities for the involvement of stakeholders in implementa-
tion of the optimisation principle. Furthermore, this report clarifies the respective
roles of decision framing, decision aiding, and decision making in implementation
of the optimisation process.

(6) Section 2 provides background information on the foundation and evolution
of the optimisation principle. The characteristics of the optimisation process are de-
scribed in Section 3. Section 4 addresses the role of exposure distribution in the opti-
misation process. Finally, Section 5 provides information about the application of
optimisation in operation and regulation. The document is complemented with an
annex on decision-aiding techniques for implementation of the optimisation process.
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2. THE HISTORY OF THE OPTIMISATION PRINCIPLE
2.1. Foundation of the principle

(7) Introduction of the concept of optimisation in the recommendations of ICRP
was a direct consequence of the recognition, during the 1940s, of the so-called ‘sto-
chastic effects’, coupled with the impossibility of demonstrating the existence or non-
existence of a threshold for this type of irreversible effects. Indeed, whilst the only
recognised harmful effects of radiation were the deterministic effects, the limitation
of exposure below the known thresholds for the appearance of these effects was con-
sidered to be sufficient to avoid any undesirable consequences of radiation. Due to
the uncertainty of the dose—effect relationship for stochastic effects, the use of a limit
was no longer a guarantee of the absence of risk. This led the Commission to adopt a
prudent attitude and to recommend ‘that every effort be made to reduce exposures to
all types of ionising radiation to the lowest possible level’ (ICRP, 1955, Para. VI).
This position facilitated the Commission’s introduction of the optimisation principle
two decades later.

(8) The adoption of this prudent attitude for the management of stochastic effects
raised the issue of justification of the exposure. In a context of uncertainty, imposing
a risk on a group of individuals is only justified if there is a clear social benefit in
return. Moreover, if an endeavour were to result in such a benefit, a second consid-
eration 1s how far to reduce the risk and at the same time preserve the viability of the
risk-causing activity. These considerations led the Commission to reword its first for-
mulation and to recommend that ‘all doses be kept as low as practicable and that any
unnecessary exposure be avoided’ (ICRP, 1959, Para. 45).

2.2. Evolution of the concept

(9) The next development in the optimisation principle was the elaboration of cri-
teria for determining the level of exposure that can be considered ‘as low as practi-
cable’. Introduced in Publication 9, these were described in a new formulation of the
earlier recommendation: ‘As any exposure may involve some degree of risk, the
Commission recommends that any unnecessary exposure be avoided, and that all
doses be kept as low as is readily achievable, economic and social considerations
being taken into account’ (ICRP, 1966b, Para. 52). It was also stated in Publication
9 that risk has two dimensions, individual and societal, and must be balanced with
the benefits of the proposed activities. Furthermore, the objective of keeping expo-
sure ‘as low as readily achievable’ must be balanced with the effort required to
achieve this objective.

(10) Another key step in the principle’s evolution was Publication 22 (ICRP, 1973),
which was devoted entirely to clarification of the statement above from Publication 9.
In particular, the Commission introduced a cost-benefit model to help implement
the principle in practice. The key point in Publication 22 was the statement that ‘It
is possible to define the point at which it can be said that a dose is as low as is readily
achievable, economic and social considerations taken into account, by choosing the
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dose at which the economic and social gains of further reducing the dose are equal to
the economic and social costs of achieving that reduction” (ICRP, 1973, Para. 11).

(11) Furthermore, the adverb ‘readily’ was replaced by ‘reasonably’ (ICRP, 1973,
Para. 20) to describe more accurately the Commission’s intent concerning the effort
to be devoted towards risk reduction. Such an approach was made possible due to
the availability of the first estimates of the magnitude of somatic and genetic risks
associated with exposure to low doses and low dose rates published by the Commis-
sion in 1964 (ICRP, 1966a). The derived risk values per unit of exposure allowed the
development of the concept of detriment, defined as the mathematical expression of
‘the expectation of the harm incurred from a radiation dose’ (ICRP, 1973, Para. 21).
This concept constitutes one of the basic elements of the cost—benefit model for
deciding whether or not a reduction in dose is reasonable.

(12) A minor change in the formulation was introduced in Publication 26 (ICRP,
1977), where the term ‘considerations’ was replaced by ‘factors’. Table 2.1 summa-
rises the evolution of the wording for ‘As Low As Reasonably Achievable —
ALARA’ over the past decades.

(13) For more than a decade, the cost-benefit model presented in Publication 22
was the underlying concept of all methodological and practical developments for
incorporating optimisation into the management of public and occupational expo-
sures. The next significant step was Publication 37 (ICRP, 1983), which was devoted
to a mathematical presentation of the cost—-benefit model as well as its practical use
in the design and operation of installations.

(14) It soon became evident to those involved in the practical implementation of
optimisation that decision making was driven by more parameters than those
embodied in the strict cost-benefit approach. A first attempt to incorporate addi-
tional factors was the exploration of less rigid decision-aiding techniques, particu-
larly those based on the scoring and ranking of multiple factors. A second
approach was the development of procedures to assist operators with committing
to ALARA.

(15) Both of these efforts were reflected in Publication 55, adopted by the Commis-
sion in 1988. Although this publication continued to apply theoretical developments

Table 2.1. Evolution of the optimisation principle

To reduce to the lowest possible level (ICRP, 1955)
exposures
To keep as low as practicable (Publication 1; ICRP, 1959)
exposures
To keep as low as readily achievable, economic and (Publication 9; ICRP, 1966b)
exposures social considerations
being taken into account
To keep as low as reasonably economic and (Publication 22; ICRP, 1973)
exposures achievable, social considerations
being taken into account
To keep as low as reasonably economic and (Publication 26, ICRP, 1977)
exposures achievable, social factors

being taken into account
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and mathematical formulations, it also began the evolution towards a broader per-
spective for the decision-making process related to radiological protection and a
more practical approach. For example, it stated that “The concept of optimisation
of protection is practical in nature. Optimisation provides a basic framework of
thinking that is proper to carry out some kind of balancing of the resources put into
protection, and the level of protection obtained, against a background of other fac-
tors and constraints, so as to obtain the best that can be achieved in the circum-
stances’ (ICRP, 1988, Para. §8).

(16) Further evolution of the concept is present in the 1990 Recommendations
adopted only 2 years later. In this publication, the Commission highlighted the need
to consider ‘the magnitude of individual doses, the number of people exposed and
the likelihood of incurring exposures where these are not certain to be received’” when
implementing the optimisation process. Moreover, the emphasis was placed on the
equity issue raised by the uneven distribution of benefits and detriments through
society. In this perspective, it is recognised that the ‘optimisation of protection
may thus introduce a substantial inequity between one individual and another’
(ICRP, 1991, Para. 121). The Commission addressed these considerations by intro-
ducing the concept of dose constraint as ‘the source-related values of individual dose
used to limit the range of options considered in the procedure of optimisation’, but
recommended its use to practices only and not to intervention (ICRP, 1991, Para.
144). It is also noticeable in this publication that, beyond the strict cost-benefit
model, the Commission insisted on the importance of informal processes and prac-
tical procedures to keep exposure as low as reasonably achievable.

2.3. Recent developments

(17) Several publications since Publication 60 have introduced new elements con-
cerning optimisation in relation to its application in various contexts. For example,
Publication 63, on the principles for intervention for protection of the public in a
radiological emergency (ICRP, 1993), emphasised the key role of optimisation in
the design of protective actions for mitigating the consequences of accidents. The
optimisation principle is also the major focus of Publication 75, devoted to the pro-
tection of workers (ICRP, 1998). The developments in this publication stress the
importance of managerial arrangements in the practical implementation of optimi-
sation for protection at work and, particularly, an explicit commitment to a safety-
based attitude. In Publication 77 (ICRP, 1997), which addresses the radiological
protection policy for the disposal of radioactive waste, the Commission reiterates
the judgmental nature of the optimisation principle and emphasises the possible
misuses of the collective dose concept for the purpose of comparing protective op-
tions dealing with small individual doses spread over a very long time. In Publica-
tion 81 (ICRP, 1998), dealing with the disposal of long-lived solid radioactive
waste, the Commission recommends going beyond the quantitative approaches
developed during the 1970s and 1980s, and advocates adopting a broader
perspective.
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(18) Another important move in this direction is taken by the Commission in Pub-
lication 82 (ICRP, 1999), on the protection of the public in situations of prolonged
radiation exposure. In this publication, the Commission reiterates that it provides
recommendations on radiological protection on the basis of objective assessments
of the health risks associated with exposure levels and relevant attributes of various
exposure situations. It also recognises, however, the reality of sociopolitical and cul-
tural considerations that usually influence the final decision on the level of protec-
tion. As a consequence, the Commission anticipates that the decision-making
process ‘may take into account attributes other than those directly related to radio-
logical protection’ and ‘will include the participation of relevant stakeholders rather
than radiological protection specialists only’ (ICRP, 1999, Para. 4).

(19) Following these recommendations, analyses of practical experiences at
national and international level have allowed a better understanding of the chal-
lenges, implications, and benefits associated with greater stakeholder involvement
in radiation protection decision-making processes (NEA, 1998, 2001, 2004). As a re-
sult, the Commission now considers that the involvement of stakeholders is an
important input of the optimisation process, because it introduces the necessary flex-
ibility in the management of the radiological risk that is necessary to achieve more
effective and sustainable decisions.
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3. THE OPTIMISATION PROCESS

(20) The principle of optimisation of radiological protection is defined by the
Commission as the source-related process to keep the magnitude of individual doses,
the number of people exposed, and the likelihood of potential exposure as low as rea-
sonably achievable below the appropriate dose constraints, with economic and social
factors being taken into account.

(21) It 1s not possible to give a simple formal definition of a single source or of the
total group of relevant sources. In the application of optimisation below constraint,
the term ‘single source’ should be used in a broad sense, such as the x-ray equipment
in a hospital, or the release of radioactive materials from an installation. Most situ-
ations will give rise to a predominant source of exposure for any single individual, or
representative person, making it possible to treat sources separately when consider-
ing actions. Provided that the operating management and the regulators both apply
the Commission’s broad policies, the definition of a single source is straightforward.
Difficulties will arise if the policy is distorted, e.g. by artificially subdividing a source
in order to avoid the need for protective action, or by excessively aggregating sources
to exaggerate the need for action.

(22) To provide the best protection under the prevailing circumstances (in normal,
emergency or existing controllable situations), this process of optimisation below
constraint must be implemented through an ongoing, cyclical process (called the
optimisation process) that involves evaluation of the exposure situation to identify
the need for action (framing of the process); identification of the possible protective
options to keep the exposure as low as reasonably achievable; selection of the best
option under the prevailing circumstances; implementation of the selected option
through an effective optimisation programme; and regular review of the exposure sit-
uation to evaluate if the prevailing circumstances call for the implementation of cor-
rective protective actions.

(23) Implementation of the optimisation principle of protection is a process that is
at the heart of a successful radiological protection programme. It must be framed
carefully to take into account the relevant attributes of the exposure situation. Fur-
thermore, it should include, as appropriate to the exposure situation, the involve-
ment of the relevant stakeholders. These two features, which were introduced in
Publication 82 (ICRP, 1999), are considered by the Commission as important com-
ponents of the optimisation process.

3.1. Framing the process

(24) The objective is to identify clearly and systematically the relevant attributes
necessary to select the best protective options under the circumstances. In this re-
spect, the characteristics of the exposure distribution (i.e. individual doses, mean
dose, number of people exposed) are only one part of the attributes to be considered.

(25) To identify the relevant attributes, the most straightforward approach is to
ask ‘when, where, how, and by whom are exposures received’. Responding to these
questions will result in a set of attributes expressing the characteristics of exposed
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populations and their exposures, as well as technical, economic, social, environmen-
tal, and ethical considerations relevant to the situation. The Commission recom-
mends that attention should be given to the avoidance of accidents or any
potential exposure, transfer of exposure between groups, and the distribution of
exposures over long time periods and distant populations. For many situations,
the participation of stakeholders in the framing process is an aid to help identify rel-
evant attributes.

(26) A representative list of useful attributes to consider in selection of the best
protective option is presented in Table 3.1. This list is not exhaustive and other as-
pects may need to be included depending upon the specific context of the exposure
situation. On the other hand, although the list is not exhaustive, it may include too
many attributes relevant to a given situation. In many situations, a limited number
of attributes will be sufficient. Therefore, case-specific selection of relevant attributes
is required for each situation to address the key options properly. Consideration of a
wider spectrum of attributes related to the exposure situation is important for com-
prehensive evaluation of the situation.

3.2. Characteristics of the process

(27) The optimisation of protection is a forward-looking iterative process aimed at
preventing exposures before they occur. It is continuous, taking into account both
technical and socio-economic developments, and requires both qualitative and quan-
titative judgments. The process should be systematic and carefully structured to en-
sure that all relevant aspects are taken into account. Optimisation is a frame of mind,
always questioning whether the best has been done in the prevailing circumstances. It
also requires commitment at all levels in all concerned organisations as well as ade-
quate procedures and resources.

(28) The process for assessing protective options, and for judging that no further
dose reduction is reasonable, should involve the comparison of a number of feasible
protective options to reduce the planned or potential doses to individuals and groups.
Measures taken to protect individuals or groups from a source of radiation can be
applied at the source, in the environment between the source and the individual, or
to the individual. Where feasible, controls applied at the source are preferable. Such
measures are less disruptive and they apply to all pathways for all individuals for any
source. In contrast, controls applied to the environment or to individuals may not be
all inclusive. Furthermore, at least regarding public exposure, there is less likelihood
of unexpected socio-economic implications to measures that are source related.

(29) The optimisation of protection is a systematic process that needs to take a
long-term view with regard to ‘cradle to grave considerations’, e.g. optimisation dur-
ing the design phase of an installation must also consider all the following phases of
operation of the facility, including decommissioning. For normal and existing situa-
tions, much of the protection is built-in during the design phase of a project for con-
trollable sources, when options are evaluated, often for the selection of engineered
controls. The process of optimisation of protection must continue during the oper-
ational and termination phases. In emergency situations, optimisation should be
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Table 3.1. Representative attributes to select the best protective option (non-exhaustive list)

e Characteristics of the exposed population
Gender
Age
Health status
Sensitive groups (e.g. pregnant women)
Habits

e Characteristics of the exposure
Distribution of exposures in time and space
Number of individuals
Minimum individual dose
Maximum individual dose
Mean individual dose
Statistical deviations
Collective dose associated with ranges of individual doses
Likelihood of potential exposure
Pre-existing radiological conditions (e.g. high natural background, enhanced level of exposure due to
past activities or accidents)

e Social considerations and values
Equity
Ability to control (measurements, health surveillance, etc.)
Sustainability
Intergenerational consideration
Individual benefit
Social benefit
Level of information/knowledge held by those exposed
Social trust

e Environmental considerations
Impact on fauna and flora
Impacts on climate

e Non-radiation hazards

e Technical and economic considerations for protective options
Feasibility
Costs
Uncertainties

e Political aspects

Regulatory constraints

used at the planning phase to identify protective options and to select appropriate
levels of constraints. During an emergency, the process of optimisation should be ap-
plied in a flexible manner to take the actual circumstances into account. In existing
controllable situations, optimisation is generally implemented through a step-by-step
approach that can last over long periods of time (e.g. post-accident situation, radon
reduction programmes). The optimisation process incorporates a wide range of
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qualitative and quantitative methods and tools. Several of them, such as measure-
ments, models, checklists, real-time software, on-the-job analyses, operational
dosimetry systems, radiological performance targets, documentation, databases,
decision-aiding tools, and the reference monetary value of the man sievert, are com-
monly used and have been presented in Publications 37 and 55 (ICRP, 1983, 1988).
Quantitative methods may provide valuable input to the decision-making process.
However, given the many qualitative factors, they should never be the sole input
(see Annex A). Due to uncertainties, approximations, pragmatic concerns, technical
and economic restrictions, or conflicting societal values, a qualitative judgmental ap-
proach is also necessary. In many situations, such an approach may usefully comple-
ment approaches based on decision-aiding techniques relying on quantitative data.
In the decision-aiding process in particular, the involvement of the relevant stake-
holder is becoming increasingly recognised as an effective input (see Section 3.3).

(30) The optimisation process should be as elaborate as necessary to address a
given situation. A graded approach is needed to take into account both the level
of exposure and the complexity involved. For many exposure situations, decisions
can be made easily using sound methods, tools, and professional skills. However,
past experience shows that complex and long-lasting processes are sometimes neces-
sary to arrive at protection decisions related to relatively low levels of exposures
when economic, social, and political considerations are dominant.

(31) During an operation, the process of optimisation of protection is also ongoing,
and questions are raised regarding whether enough has been done before, during, and
after the exposure. As shown in Fig. 3.1, the optimisation process is cyclical. It is
essential that reviews are planned and implemented at regular time intervals. Past per-
formance, trend analyses of dose (or other data), results of internal audits, peer re-
views, incident reports, and lessons learned all feed into this process. When the
selected option is implemented, reviews may indicate that the results differ from those
expected. In such circumstances, a new evaluation cycle may be necessary. The meth-
ods used to judge if protective options are reasonable may also change with time.

(32) There is a need for any optimisation process to make numerous decisions re-
lated to radiological protection, taking into account a number of attributes, such as
technical feasibility, cost, social factors, potential adverse impacts, long-term effec-
tiveness, and the public’s or workers’ concerns, as well as their relative importance.
Such decisions include whether an action is really necessary, which option is the most
effective and efficient, and what resources are reasonable to complete the undertaking.

(33) Optimisation is a frame of mind. The effective implementation of the process
entails that all stakeholders involved know and agree with the basic assumptions of
radiological protection. The acknowledgement that any level of exposure can induce
a risk should be the incentive to ensure that all those involved in the optimisation
process are accountable for its effective implementation. Furthermore, they should
adhere to an active safety culture, the key attributes of which are ‘personal dedica-
tion, safety thinking and an inherently questioning attitude (...) Good practices in
themselves, while an essential component of safety culture, are not sufficient if ap-
plied mechanically. There is a requirement to go beyond the strict implementation
of good practices so that all duties important to safety are carried out correctly, with
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Fig. 3.1. Schematic view of the optimisation process.

alertness, due thought and full knowledge, sound judgment and proper sense of
accountability’ (IAEA, 1991).

(34) Due to its judgmental nature, there is a strong need for transparency of the
optimisation process. All the data, parameters, assumptions, and values that enter
into the process must be presented and defined very clearly. This transparency as-
sumes that all relevant information is provided to the involved parties, and that
the traceability of the decision-making process is documented properly, aiming for
an informed decision.

(35) For the control of radioactive emissions to the environment, the BATNEEC
principle may be used. The principles of optimisation and BATNEEC complement
each other. With a view to the consequences to human health, the control of resid-
ual exposures will be driven by optimisation of estimated radiation doses. With re-
gard to the control of effluent releases, or in situations where humans are not
affected directly or are not the primary protection target, the optimisation will gen-
erally apply BATNEEC to control effluent releases. Since the Rio Conference (UN,
1992), the central organising principle of international environmental policy, sus-
tainable development, has moved beyond health-driven emission standards towards
BATNEEC techniques in the non-radiological sector, focusing on reducing or,
where practical, eliminating emissions at the source. This approach is being applied
increasingly to facilities and operations, focusing the objective of protection on
emission reduction rather than on health-effect/probability-of-effect reduction.
The BATNEEC concept with due consideration to social and economic factors is
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close to the Commission’s recommendation to keep doses as low as reasonably
achievable (ICRP, 1997, 1998).

(36) Procedures are necessary to clarify responsibilities for the implementation of
the optimisation process. At the operational level, an organisational structure should
be established to organise a dialogue between the professional disciplines involved in
an operation, including co-ordinators, working groups, or committees, whether or
not the resulting structure is dedicated solely to optimisation.

(37) Finally, the effective implementation of optimisation requires commitment
from all relevant parties, ranging from authorities to exposed individuals. Elements
required to ensure this commitment include:

— putting optimisation into regulation, willingness to enforce it, and providing
guidelines with proper balance between dialogue and control (authorities);

— defining a radiological policy, setting general goals, developing and adhering to
procedures, delegating responsibilities, allocating means and resources, and main-
taining independence of radiological protection professionals from operation
(operating management); and

— sharing information, maintaining vigilant attitude, training and retraining, and
consciousness raising in radiological protection (individuals).

The respective responsibilities in implementing these provisions are presented in
more detail in Section 6 of (IAEA, 2002).

3.3. Stakeholder involvement

(38) The involvement of stakeholders, a term which was introduced by the Com-
mission in Publication 82 (ICRP, 1999) to mean those parties who have interests in
and concern about a situation, is seen as an important input to the optimisation pro-
cess. The decision maker (generally the operating management or a competent
authority) has clearly defined roles and responsibilities in this process. Other individ-
uals and groups can also be considered as stakeholders. Examples include the
exposed individuals (either workers or members of the public) or their representa-
tives (trade unions, local associations), institutional and non-institutional technical
support to the decision-making process (approved dosimetric services, qualified ex-
perts, formal technical services, public expert organisations, private laboratories),
and representatives of the society, either by an elective process (elected representa-
tives) or a participative process (environmental associations).

(39) The involvement of stakeholders is a proven means to achieve incorporation
of values into the decision-making process, improvement of the substantive quality
of decisions, resolution of conflicts among competing interests, building of shared
understanding with both workers and the public, and building of trust in institutions.
Furthermore, involving all concerned parties reinforces the safety culture and intro-
duces the necessary flexibility in the management of the radiological risk that is
needed to achieve more effective and sustainable decisions. Stakeholders may be par-
ticularly helpful for identification of the attributes of the exposure situation and their
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relative importance, as well as for identification of protective options within the
framing of the decision-making process.

(40) The extent of stakeholder involvement will vary from one situation to an-
other. Depending upon the circumstances, it may not be necessary to involve all
stakeholders, or types of stakeholders, in every aspect or phase of the optimisation
process. Many radiological protection decisions will not be complex or socially con-
tentious, and thus will not need broad stakeholder involvement. While there is no
unique approach for developing stakeholder involvement, experience is increasing.
Various methods have been developed in different areas to structure the process of
linking stakeholders to the decision-making process. The spectrum covers classical
consultation processes at one end and structured consensus building techniques with
or without assistance of a third party at the other end (Beierle, 2002; NEA, 2004).

(41) The involvement of stakeholders does not imply that the operating manage-
ment and/or authorities relinquish their responsibility to make the final decision, or
their accountability for that decision. The question of final responsibility for deci-
sions must not be obscured during the shared steps of decision framing and imple-
mentation of the optimisation process. Responsibility for the “final decision’ with
respect to the adequacy of protection solutions ultimately lies with the operating
management and/or the authority.

3.4. Selection of the best option

(42) The best option is always specific to the exposure situation and represents the
best level of protection that can be achieved given the circumstances. Therefore, it is
not relevant to determine, a priori, a dose level below which the optimisation process
should stop. Depending on the exposure situation, the best option could be close to
or well below the appropriate constraint. This means that the optimisation process
may result in doses lower than any level that could be proposed as an ‘entry level’
into the system of radiological protection.

(43) In some cases, the technical, economic, legal, or social contexts may change
optimisation solutions that have been agreed previously. For example, introduction
of new technologies, increasing public concern, or availability of new resources for
protection will be incentive for revisiting the situation, implementing new protective
options, and possibly setting a new endpoint. Such changes should be addressed on a
case-by-case basis, as has been done in the area of construction codes and fire pro-
tection regulations for buildings.

(44) Finally, it should be stressed that optimisation is not minimisation. It is the
result of an evaluation that carefully balances the detriment from the exposure (eco-
nomic, human, social, political, etc.) and the resources available for the protection of
individuals. Thus, the best option is not necessarily the option with the lowest dose.
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4. EXPOSURE DISTRIBUTION

(45) The comparison of protective options is a key feature of the optimisation pro-
cess that must entail careful consideration of the characteristics of the individual
exposure distribution within a group of exposed population. Each group of the pop-
ulation affected by a source can be described by different attributes, such as age, gen-
der, and habits, as well as by various exposure parameters, such as mean, minimum,
and maximum individual doses, the number of individuals exposed, the collective
dose, and the likelihood of potential exposure. A single exposure parameter, how-
ever, is generally insufficient to compare the various protective options fully.

(46) Additional aspects to be considered in the comparison of protective options
are the social values, particularly equity in the distribution of exposure among the
concerned group of individuals. For example, different protective options for a
group of workers may be characterised by similar average individual and collective
doses but rather different profiles of the dose distribution. In such a comparison,
equity considerations will, in most cases, lead to protective options with the highest
individual exposures being discarded.

(47) For occupational exposure situations, information about individual doses to
workers 1s accessible in most cases, and assessment of the individual dose distribu-
tion is relatively easy. For public exposure situations, information about individual
doses is generally not directly accessible and these can only be estimated using sur-
rogates. For example, modelled average individual doses can be estimated for differ-
ent subgroups exposed to a given source. For such an approach, it is necessary to
define the place inhabited (distance from the source), age and gender distribution,
and living habits (diet, types of recreation) for each group of exposed individuals.
If necessary, it is also possible to estimate the evolution of exposure in time for each
group for the current and future generations.

4.1. Use of collective dose

(48) One way to characterise the distribution of individual exposures within
groups for the purpose of comparing protective options in the optimisation process
is by using the collective dose associated with this distribution. This concept was
developed in response to the need to take into account the global impact of a given
source on the population. Historically, it emerged from concerns related to the fall-
out from nuclear weapon tests and radioactive releases into the environment associ-
ated with the development of the nuclear power industry. It was introduced in the
1970s to serve as a basis for restricting the uncontrolled build-up of exposure to
long-lived radionuclides in the environment, and for facilitating implementation of
the cost—benefit analysis proposed at the time to implement the optimisation princi-
ple (IPSN, 2002).

(49) The collective dose is a measure of radiation exposure from a source in a given
group of population. It is the integral of the distribution of the individuals’ doses
within this group. In Publication 60, the Commission recommends that one should
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take account of the number of people exposed by multiplying the average dose to the
exposed group by the number of individuals in the group (ICRP, 1991, Para. 34). If
several groups of population are involved, the total collective effective dose associ-
ated with a source or an exposure situation is defined as the summation of the col-
lective effective doses in all groups exposed by this source or this situation.

(50) In the case of occupational exposure, the collective dose is commonly used as
a ‘performance indicator’ to characterise the total exposure associated with the oper-
ation of installations over a given period of time or with a particular type of work.
For the purpose of comparison of protective options in the optimisation process, the
collective dose is not always sufficient to characterise the individual dose distribu-
tion, especially when significant differences exist in the magnitude of individual expo-
sures within the exposed group. In such circumstances, equity considerations need to
take into account both the individual and collective doses associated with the distri-
bution of exposure (see Annex A).

(51) In the case of public exposure, the collective dose may be a useful input to the
optimisation process when the individual dose distributions are relatively homoge-
nous and well defined. However, depending on the source, the radiological impacts
can be more or less spread geographically (from local impacts to regional and, in
some circumstances, even larger areas) and in time (from short term to mid term
or sometimes long term), and covering a large range of individual doses. While col-
lective doses can be estimated based on pathway assumptions in such situations, the
value of such collective dose estimations for protection decisions is somewhat limited
(ICRP, 1997, 1998).

4.2. Exposure distributions in time and space

(52) When the exposures occur over large populations, large geographical areas,
and large periods of time, the total collective effective dose, as defined above (i.e.
the summation of all individual exposures in time and space), is not a useful tool
for decision aiding because it may aggregate information excessively and could be
misleading for selecting protective actions. A straightforward application of the col-
lective dose concept can mask the exposure characteristics of the dose distribution,
as well as the inherent uncertainties attached to the dose assessment. Furthermore,
it does not allow for due consideration of important sociopolitical considerations,
e.g. equity, that may be particularly important for evaluating and comparing
options.

(53) To overcome the limitations associated with collective dose, each relevant
exposure situation must be analysed carefully to identify the individual characteris-
tics and exposure parameters that best describe the exposure distribution among the
concerned population for the particular circumstance. Such an analysis results in the
identification of various population groups with homogeneous characteristics to be
considered within the optimisation process. In particular, a collective dose resulting
from a very wide range of individual doses should be disaggregated into a series of
collective doses corresponding to homogeneous parts of the dose distribution (ICRP,
1997, 1998). The appropriate characteristics for defining the population groups
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Fig. 4.1. Illustration of a collective dose matrix.

corresponding to these collective doses must be made on a case-by-case basis accord-
ing to the exposure situation.

(54) The same approach as that used for framing the optimisation process (see Sec-
tion 3.1) can be used for identifying the relevant population groups. This includes
asking when, where, and by whom exposures are received. As an illustration,
Fig. 4.1 shows the result of such questioning in the case of a dose distribution spread
over time, space, and for various ranges of individual doses. The result is presented
in a three-dimensional collective dose matrix:

e the space distribution of the exposed population is represented at various dis-
tances from the source: local, regional, or global;

e the time distribution of the exposed population is represented for various terms:
short, medium, and long term. For exposures that are expected to last over very
long periods, the time frame could also be expressed over a series of generations;
and

e the distribution of individual doses of the exposed population is represented by
various ranges in millisieverts: high (above 10), medium (between 10 and 1),
and low doses (below 1).

Each element of the matrix corresponds to a collective dose associated with a given
group. Other characteristics, such as age, gender, socioprofessional categories, or
specific habits, could be used in this type of matrix if judged relevant for comparison
of the protective options.

4.3. Collective dose matrix and decision-making process

(55) Once the collective dose matrix is established, the relative importance of each
element of the matrix can be weighted to reflect the economic and social consider-
ations and values, as well as the preferences of those involved in the optimisation
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process. The nature of the considerations and values may vary significantly from case
to case, as will the importance given by the stakeholders to each element. The degree
of uncertainty in the level of exposure and any other relevant factors may also be
considered. For example, to take equity considerations into account, relative weights
can be assigned to each collective dose based on the magnitude of the mean individ-
ual dose that characterises a given group of population. This may be a way to give
more importance to groups of individuals receiving higher doses than to groups of
individuals receiving lower doses (see Annex A).

(56) Weights can also be assigned according to the time at which the exposure is
predicted to occur. As there are uncertainties in the estimation of the dose and the
associated detrimental increase for exposures to be received in the far future, the
use of predicted exposures for decision-making purposes becomes increasingly prob-
lematic (ICRP, 1997). Consequently, progressively less importance could be given to
individual exposures received in the far future due to the increasing uncertainties
both in the estimation of the dose and in the associated detriment. The current rela-
tionship between dose and detriment may no longer be valid for future populations.
Conversely, in particular exposure situations, more importance could be given to
exposures occurring in the future based on intergenerational equity considerations
or on not yet expected scientific evidence. Another judgment could be that exposures
should be equally weighted in time. The Commission feels that our current state of
knowledge and our ability to predict populations and exposure pathways can con-
tribute appropriately to decision making for exposures occurring over a time period
covering a few generations. Beyond such time frames, the Commission recommends
that predicted doses should not play a major part in decision making.
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5. THE APPLICATION OF OPTIMISATION IN OPERATION
AND REGULATION

(57) Within the system of radiological protection, both the operators and the
appropriate national authority have responsibilities for applying the optimisation
principle. Implementation of the optimisation of protection is the responsibility of
the operating management, subject to the requirements of the authority.

(58) This is the case for all controllable sources and exposure situations; i.e.
planned, emergency, and existing. It should be noted, however, that the notions of
‘operating management’ and ‘competent national authorities’ should be interpreted
broadly in these three situations, more along the lines of ‘implementing organisation’
and ‘decision maker’.

(59) An active safety culture supports the successful application of optimisation,
and both the operating management and the authority have essential roles to play
in ensuring that an effective safety culture is developed and maintained. In particular,
the authority should encourage the operating management to develop a ‘safety cul-
ture’ within their organisations. Such a safety culture should also exist within the
authority.

(60) The operating management makes decisions regarding the design, organisa-
tion, and ongoing implementation of the optimisation process. The authority pro-
motes and may require optimisation as a way to reach the level at which licence
to operate, if any, can be granted. They may also verify that optimisation of radio-
logical protection is implemented effectively during operation. The burden of proof
of this implementation rests with the operating management. The decision to autho-
rise an exposure-causing activity, or the implementation of exposure-reducing mea-
sures and their implied residual doses rests with the authority. In some cases, work 1is
planned, assigned, performed, and overseen by others who are not under the direct
control of the operating management. In such circumstances, any sharing of respon-
sibility for optimisation should be documented clearly and understood fully by all
parties (NEA, 1997).

(61) The operating management should develop and provide internal policies, pri-
orities, rules, procedures, and quality assurance programmes to ensure the existence
of a solid safety culture at all levels of management and staff. In this context, the
objective of operating management is to prevent accidents, manage the probability
of potential exposures, and keep worker and public exposures as low as reasonably
achievable, with social and economic factors being taken into account.

(62) All aspects of optimisation cannot be codified; optimisation is more an obli-
gation of means than of results. Except in cases of regulatory violation, it is not the
role of the authority to focus on specific outcomes for a particular situation, but
rather on processes, procedures, and judgments. A strong dialogue must be estab-
lished between the authority and the operating management. The regulation should
provide guidelines designed to build such a dialogue. The success of the optimisation
process will depend strongly on the quality of this dialogue.
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ANNEX A: OPTIMISATION AND DECISION-AIDING TECHNIQUES
A.l. Introduction

(A1) The use of decision-aiding techniques to quantify and compare protective op-
tions in implementation of the optimisation process is a well-established approach. It
allows those who have to decide about the level of protection to select the best trade-
offs between the various attributes involved in the process, taking the inherent uncer-
tainties and value judgments into account. According to the degree of complexity of
the situation to which the options may apply, different techniques can be applied.

(A2) Historically, cost-benefit analysis was the first technique promoted by the Com-
mission in the early 1970s to balance the cost of the radiological detriment and the cost
of protective measures (ICRP, 1973). It is a straightforward method that can be applied
to many areas of public and occupational protection in normal, emergency, or existing
situations. Later, as the optimisation principle was gaining support and its practical
implementation was growing, other decision-aiding techniques were proposed by the
Commission, such as cost-effectiveness or multi-attribute analysis (ICRP, 1989).

(A3) Fig. Al presents a schematic overview of the successive steps of the optimi-
sation process (cf. Section 3.2) and specifies where decision-aiding techniques fit in. It
is important to note that the use of decision-aiding techniques is just an input into

Evaluation of exposure situations
to identify the need for action

Y
Identification of protection options

Y

Selection of the best option P
under the prevailing circumstances DATs

Implementation of
the protection option

Fig. Al. The optimisation process and decision-aiding techniques (DATSs).
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the decision process. The important part of it is the initial framing that allows
identification of all the relevant attributes to be taken into account, and identifica-
tion of all possible protective actions to be evaluated. An important feature related
to the use of decision-aiding techniques for selection of the best option under the pre-
vailing circumstances is the need to express the various attributes in quantitative
terms. This quantification process is, in many cases, the most difficult and time-con-
suming step, where all necessary data have to be gathered or produced through mod-
elling and value judgments made concerning intangible attributes.

(A4) As far as the implementation of decision-aiding techniques is concerned, the
choice of a particular technique depends mainly on the scope of the exposure situa-
tion, i.e. the diversity of the various attributes and judgments to be incorporated, but
also the degree of their quantification and the importance of the uncertainties at-
tached to the data characterising each protective option.

(AS5) Moreover, whatever the technique that is finally selected, there is a need to
introduce criteria for comparison and selection of the option. The most well-known
criterion is the monetary value of the man sievert, which allows one to directly bal-
ance the economic cost of improving protection with the benefit in terms of dose
reduction (ICRP, 1973). The following paragraphs give a brief description of the
three basic decision-aiding techniques commonly used for practical implementation
of the optimisation process, as well as the concept of the monetary value of the
man sievert.

A.2. Cost-benefit analysis

(A6) There are different ways to perform a cost-benefit analysis (ICRP, 1983). The
most straightforward technique is to express, in monetary terms, the various factors
influencing the balance between the costs on one side and the benefits on the other
side, and to aggregate them in order to select the option with the lowest monetary
value of this aggregate. A key element in this procedure, when applied to the
selection of radiological protective options, is the use of the monetary value of the
man sievert, which allows expression of the benefit of protection (i.e. the reduction
in dose related to the implementation of a protective option) in the same unit as
the protective costs (see Section A.3).

(A7) A simple formulation of the cost—benefit analysis is to express the economic
cost of the collective dose (Y) as follows:

Y = ZOCJ'SJ'

where «; is the monetary value of the man sievert to be applied to the group of pop-
ulation or workers j; Sj is the collective dose of the exposed group of population or
workers j; and j may depend on the category of population exposed, the spread of
exposure in time, and the level of individual dose (see Section 4).

(A8) The total cost of each option is calculated as the sum of its associated cost of
protection (X) and the corresponding cost of the collective exposure (Y). The opti-
mum protective option is given by the minimum value of the total cost (X + Y) as
illustrated in Fig. A2. It is important to note that at the optimum level of protection,
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Fig. A2. Cost-benefit analysis.

the marginal cost of protection is equal to the marginal cost of the unit of collective
dose avoided.

A.3. Monetary value of the man sievert

(A9) The definition and use of the monetary value of the man sievert has been, and
remains, a matter of debate since the concept was introduced formally by ICRP in
Publication 22 (ICRP, 1973). First, there have always been some reservations about
the use of the concept from an ethical point of view because of its link with the eco-
nomic ‘value of life’. Secondly, the methodological tenets on which it relies for its
quantification have never found a broad consensus.

(A10) Despite these reservations, the concept was further developed with the prac-
tical implementation of the optimisation principle, and many organisations (opera-
tors and authorities) in the world have adopted values to be used more or less
formally in the optimisation process in relation to decision-aiding techniques.

(A11) A major step in the development of the concept was the introduction of the
concept of risk aversion in Publication 37 (ICRP, 1983). With the risk aversion
concept, allowance can be made for considerations concerning individual risk, i.e.
individual doses within an exposed population. Thus, a collective dose of one
man sievert resulting from ten individual doses of 100 mSv and the same collective
dose resulting from 1000 doses of 1 mSv will not be assessed in the same way as
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regards monetary value, even though the potential health risk is identical from a col-
lective point of view, given that the hypothesis of a linear no-threshold dose—effect
relationship has been adopted. When the risk for individuals increases, there is a gen-
eral tendency to be more protective and a consequence to be ready to allocate more
resources and to reduce the risk.

(A12) Since Publication 60 (ICRP, 1991), the Commission has placed increasing
emphasis on equity considerations with regards to dose distributions, insisting on
the fact that both the magnitude of individual doses and the number of people ex-
posed should be kept as low as reasonably achievable below the relevant dose con-
straints, with economic and social factors being taken into account.

(A13) In order to introduce the considerations of risk aversion and equity in the dis-
tribution of individual dose levels in the monetary value of the man sievert, a model
was developed in the 1990s (Lochard et al., 1996). The proposed model was designed
in such a way as to reduce the collective exposure associated with a dose distribution of
a given group of population or workers, while at the same time reducing the spread of
the distribution and the highest individual doses of the dose distribution.

(A14) From an analytical point of view, the model is formalised as follows:

d\°
Olref (d ) = Obase (d_()>

where o..r (d) is the monetary value of the man sievert for individual exposure level d;
Opase 18 the basic monetary value of the man sievert; d, is the lower value of the indi-
vidual dose range from which the aversion phenomenon can be applied; d is the an-
nual individual exposure level; and « is the coefficient representing the degree of
aversion (¢ = 0 when d < d,, a = 0 when d > d,).

(A15) It 1s therefore a system whereby the monetary values of the man sievert
increase as individual exposure levels increase. The basic monectary value of the
man sievert (opas) reflects the value of the expected health effects. Regardless of
the level of individual exposure, the monetary value of the health effects associated
with one man sievert is considered constant. Coeflicient ‘a’ represents the degree of
risk aversion and makes it possible to introduce monetary values for the man sievert
that increase as a function of individual exposure level. As for the lower limit d, it
means that risk aversion can be considered only beyond a certain minimum exposure
level, it being considered unnecessary to make allowance for individual exposure
breakdown in the case of low dose ranges.

(A16) Fig. A3 presents the model. The y-axis shows what it is reasonable to spend
to prevent one man sievert, expressed in monetary units, and the x-axis shows the
individual dose levels in millisieverts.

(A17) In practice, in order to implement this model, it is necessary to define a value
for the three parameters ‘op,e., ‘dy’ and ‘a’:

— The value of ‘o, represents the monetary value of the health detriment asso-
ciated with one unit of collective exposure, i.e. the loss of life expectancy asso-
ciated with one man sievert. Various economic methods, including the Human
Capital Approach (based on Gross National Product), can be used for this eval-
uation (Stokell et al., 1991).
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Fig. A3. Model of monetary values of the man sievert incorporating risk aversion and equity consi-
deration.

— The value of ‘dy’ corresponds with the upper level of individual dose below which
aversion to the dispersion of exposure is not considered. This value depends upon
the degree of acceptability of risk for the exposed population. In case of
occupational exposure for example, it seems reasonable to adopt the value corre-
sponding to the relevant primary constraint for public exposure in normal situa-
tions (1 mSv/year).

— The ‘a’ coefficient reflects the degree of aversion to dispersion of individual expo-
sure. It can be demonstrated that ‘a’” must be greater than 1 to satisfy the three
mentioned objectives. In case of occupational exposures, a range of values between
1.2 and 1.8 seems reasonable (Schneider et al., 1997).

A.4. Cost-effectiveness analysis

(A18) Strictly speaking, cost-effectiveness analysis is not an optimisation technique
but a method to eliminate non-cost-effective options from a set of options, and to
rank and compare the remaining cost-effective options (ICRP, 1989). The basic prin-
ciple of the method is to first characterise each protective option with its protective
cost and the corresponding residual collective dose. The next step is selection of the
cost-effective options, i.e. those for which there is no alternative solution allowing
one to attain the same residual collective dose at a lower protection cost or the same
level of protective cost with a lower residual collective dose.

(A19) This process can be illustrated in a simple way (Fig. A4). Each option is rep-
resented by a dot and all options that are cost-effective belong to the cost-effective-
ness curve. For example, Option A allows one to reach a residual level of exposure at
a lower cost than Option E, and Option C gives a lower residual collective dose for
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4 Residual level
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AX Protection costs (X)

Fig. A4. Cost-effectiveness analysis.

the same cost as Option E. All the options that are not on the curve are not cost-
effective and must be discarded from further consideration.

(A20) Formally, cost-effectiveness analysis relies on analysis of the ‘marginal cost’
of each protective option, which has to be compared with the immediately less or
more expensive options. If a small additional cost leads to much higher effectiveness
in terms of risk reduction, the option is more cost-effective. Finally, each cost-
effective option can be characterised by the increase in cost from one option to
the next [AX] and the corresponding decrease in collective dose [AS]. The quotient
[AX/AS] is called the cost-effectiveness ratio, and this provides a basis for ranking
between various options. The best option is the option with the ratio equal to or just
below the monetary value of the man sievert selected as reference criteria for the par-
ticular exposure situation.

(A21) Nevertheless, determination of the cost-effectiveness curve, as well as the
corresponding cost-effectiveness ratios, does not provide any basis for selection of
the optimum option. This is done by introduction of a reference value for the
cost-effectiveness ratio, i.e. the monetary value of the man-Sievert as it is defined
above in relation to the cost—benefit analysis.

A.5. Multi-attribute utility analysis

(A22) When the relevant attributes to characterise the exposure situation, other
than the radiation detriment and the protection costs, are numerous and/or difficult
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to quantify in monetary terms but nevertheless quantifiable in other criteria or able
to be ranked in a qualitative way, it may be more appropriate to use multi-attribute
utility analysis (MAUA) (ICRP, 1989).

(A23) The basic principle of this technique is to build a scoring scheme (or multi-
attribute utility function) for each option on the basis of all the relevant criteria cha-
racterising the situation (i.e. cost of protective option, collective dose, individual
dose, spread of the exposure in time and space, perception of the level of risk,
etc.). Identification of the different protective options being the first step of the
MAUA, consists of defining the relevant criteria for the specific decision process.
Then, each protective option has to be evaluated according to the various criteria
(either quantitatively or qualitatively). Due to the variety of criteria, the options
are ranked differently for each criterion. The next step consists of assigning weighting
factors for each criterion, expressing the relative importance associated with each of
these criteria. It should be noted that this is the most important and often difficult
step in a MAUA. Nevertheless, several techniques exist to derive this set of values,
and whatever method is used, the choice of weighting factors should be justified.

(A24) Formally, the last step consists of qualifying each option by its total utility
(U,), calculated as follows:

Ui = Z kjuLi

where 1 is the index of option; j is the index of criterion; k; is the weighting factor
expressing the relative importance of each criterion j (normalised: ) k; = 1); and
uj; 1s the single utility for criterion j.

(A25) It 1s important to note that the single utility associated with each criterion
can be defined either as a linear function of the value expressing the criterion, or as
non-linear in order to incorporate the preferences of the decision makers into the
analysis. For example, it is possible to define utility functions including risk aversion
according to the level of individual exposures.

(A26) Finally, the protective option that leads to the highest total utility will be
selected. As most weighting factors generally rely on the value judgments of decision
makers, it is highly recommended that one should perform a sensitivity analysis
according to different sets of weighting factors to test the ‘robustness’ of the results.

A.6. Conclusion

(A27) For many exposure situations, the use of decision-aiding techniques is an
effective means to formalise and quantify selection of the best option in the optimi-
sation process. The selection of a particular technique is mainly driven by the type of
input data available and willingness to present the various attributes characterising
the situation in the final results. In this respect, it is obvious that multi-attribute ap-
proaches are much more adapted to situations with conflicting attributes and deci-
sion makers’ points of views. However, it is important to keep in mind that it is
also possible to cope with many attributes in a cost—benefit framework provided that
the weighting process related to the incorporated attributes is clearly elicited and a
broad sensitivity analysis is performed to confirm the results.
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(A28) Finally, it should be emphasised that difficulty with the implementation of
decision-aiding techniques is not due to their intrinsic complexity but due to the
complexity of the situations for which decisions have to be made with multiple attri-
butes, protective options, and value judgment. In fact, whatever the decision-aiding
technique to be implemented, cost-effectiveness, cost—benefit, or multi-attribute anal-
ysis, the major obstacles are in the delineation of the relevant attributes, the gather-
ing of adequate data, and the integration of uncertainties and value judgments in a
quantitative way.
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