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Chapter 8. ICRP - Radiation Protection Principles and Practice 

R. M. FRY 
Supervising Scientist for the Alligator Rivers Region 

Abstract. A brief survey is given of the history of ICRP, its basic 
standards and recommendations and their rationale, from its foundation in 1928 
to the latest major review of its recommendation in 1977. In this time the 
basic radiation standard for whole body irradiation of a radiation worker has 
dropped from the equivalent of 50 r per year (in 1934) through 15 rem per year 
(1954) to 5 rem per year in 1958. ICRP recommendations include maximum 
permissible doses for particular organs and a comprehensive list of derived 
limits governing the intake of radionuclides into the body, and dose limits 
for members of the public. Emphasis in current radiation protection practice 
is on avoiding all unnecessary exposures and keeping doses as far below dose 
limits as is reasonably achievable. The use of cost-benefit analysis to 
optimize protection and some of its inherent difficulties, is discussed. 

INTRODUCTION 
Radiation protection had its beginnings in the early years of the century 

amongst the radiologists, physicists and engineers who were developing the use 
of X-rays and radiations from radium for medical purposes. By the middle of 
the 1920's radiation protection recommendations had been formulated in a 
number of countries and in 1928 the International Congress of Radiology 
established an "International X-ray and Radium Protection Committee". This 
Committee, with a change in name in 1950 to the "International Commission on 
Radiological Protection" (ICRP), has functioned continuously since its 
formation. 

The ICRP is a truly international body with its members chosen "on the 
basis of their recognised activity in the fields of medical radiology, 
radiation protection, physics, health physics, biology, genetics, biochemistry 
and biophysics, with regard to an appropriate balance of expertise rather than 
to nationality". There are twelve members of the Commission at present 
(1977-1981) plus the Chairman, Professor B. Lindell of Sweden; the Scientific 
Secretary is located in London. 

The ICRP has established four Standing Committees to assist it in the 
assessment and review of scientific information and in the development and 
explanation of its recommendations. The four Committees and their terms of 
reference as presently structured are: 

Committee 1 on Raoiation Effects 
Committee 1 assesses the risk and severity of stochastic effects and the 
induction rates of the non-stochastic effects of irradiation. It 
considers the modifying influence of exposure parameters such as dose 
rate, fractionation of dose, RBE, spatial distribution of dose and any 
synergistic effects of chemical and physical factors. 
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Committee 2 on Secondary Limits 
The basic function of Committee 2 is to oevelop values of secondary 
limits, based on the Commission's recommended dose-equivalent limits. For 
the immediate future the committee Mill be fully concerned with the 
preparation of secondary limits for internal irradiation; because of this, 
matters to do with the derivation of secondary limits for external 
irradiation will, for the time being, be considered by Coramitee 3. 
Committee 3 on Protection in Medicine 
The Commission considers that its relationship to the International 
Congress of Radiology and its traditional contacts with the medical 
profession warrant the establishment of a committee specifically concerned 
with radiation protection in medicine. Matters of particular concern to 
the committee include protection of the patient in radiodiagnosis and 
radiotherapy and protection in nuclear medicine. Committee 3 will 
temporarily be concerned with the development of secondary standards for 
external radiation. 
Committee 4 on the application of the Commission's recommendations 
Committee 4 provides advice on the Commission's system of dose limitation, 
and on protection of the worker and the public. The Committee also serves 
as a major point of contact with international organisations concerned 
with radiation protection. 

The Committees meet at least once a year, task groups of the Committees 
meeting more frequently. Committees and the main Commission, together with 
representatives of a number of international bodies having responsibilities in 
the field of radiation protection, meet together approximately every two years. 

The Commission has an official relationship with the World Health 
Organisation (as a non-governmental participating organisation) and the 
International Atomic Energy Agency. Close working relationships are also 
maintained with the United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR), the International Labour Office (ILO), the United 
Nations Environment Programme (UNEP), the Nuclear Energy Agency (OECD/NEA) and 
the European Economic Community (EEC). The Commission is represented by 
observers at a number of meetings organised by these bodies; all of the above 
bodies are invited to send representatives to the Commission's meetings with 
its committees. 

Further information on the rules governing the selection and work of the 
ICRP, its publications, its membership and the membership of its Committees 
can be found in the introductions or appendices to a number of the ICRP 
publications (see the Annals of the ICRP). 

Since they first began to appear in the early 1930's, the recommendations 
of the ICRP have been widely accepted by national authorities and have formed 
the basis of radiation protection standards and regulations round the world. 
The United Nations family of international organisations (IAEA, WHO, ILO, 
UNSCEAR, UNEP) rely heavily on ICRP recommendations in their approach to 
radiation protection problems and in the formulation of standards, as do the 
EEC and the OECD. At the present time a major review of European "Basic 
Safety Standards for Radiation Protection" is being carried out by an Advisory 
Group jointly sponsored by IAEA/WHO/ILO/0ECD/NEA) with the aim of 
incorporating the latest ICRP recommendations - those in ICRP Publication 26, 
published in 1977 - in the radiation protection regulations that must be 
implemented by member states under the various charters of those international 
oryanisations. 
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In Australia, the first radiation protection legislation that was enacted, 

in the early 1950's, by all States (but not by the Commonwealth, though the 
State legislation was based on a model act drawn up by the Commonwealth) was 
essentially the contemporary ICRP recommendations. The National Health and 
Medical Research Council has throughout the years largely endorsed current 
ICRP recommendations in its recommendations on radiation protection standards 
and practices, and the Australian "Code of Practice on Radiation Protection in 
the Mining and Milling of Radioactive Ores" draws heavily upon the ICRP 
principles, criteria and standards as they existed before the publication of 
ICRP Publication 26. 

Although the ICRP has been the major international organisation to which 
national authorities have referred for guidance in radiation protection, some 
national bodies, particularly the (now) National Council on Radiation 
Protection and Measurement (NCRP) of the USA, have been most influential in 
the development of radiation protection philosophy. The relative contribution 
of the ICRP and the NCRP to radiation protection thinking, concepts and 
practice particularly in the 1930's and just after the War, has been 
disentangled by L.S. Taylor, a foundation member of both boaies, and still 
very active, in his monograph on the history of radiation protection standards 
(Taylor 1971). That the work of the ICRP and NCRP often ran parallel, that 
concepts and standards were often identical and expressed in similar words, is 
not surprising. There was a significant common membership of both 
organisations and of course North American experience in radiation protection 
just after the War was equal to none. Or Taylor has also recently published a 
massive and minutely detailed history of the ICRP and NCRP up to 1974. 
(Taylor 1979). 

HISTORY OF ICRP RECOMMENDATIONS 
Only the briefest outline of the history of ICRP recommendations can be 

given here. The evolution of concepts, the development of criteria and 
standards and the mutual interaction of NCRP and ICRP thinking make this 
history most complex and those wishing a definitive account should consult the 
books of Taylor (1971, 1979) mentioned above. A brief note on ICRP dose 
limits up to 1977 has been published by Or Sowby, Secretary of ICRP, and 
provides a sufficient summary of major recommendations up to the mid 1960's 
(Sowby 1979). For our purposes the history may be divided into four 
reasonably definable periods. 

1928-mid 1950's 
This period saw the development of radiation protection from a largely 

qualitative set of rules designed to guard against what was by then the 
obvious hazards of over exposure to X-rays and radium in radiology and 
radiotherapy, to a reasonably coherent set of criteria and quantitative 
standards, based on a developing science of radiation dosimetry, but a 
deficient understandiong of the effects to be guarded against, and applicable 
to an enormously enhanced range and variety of radiations and radiation 
sources and opportunities for human exposure. The period began with the 
adoption and promulgation by the Second International Congress of Radiology in 
1928 of the first "International Recommendations for X-ray and Radium 
Protection", a slight, 1500 word document with no mention of tolerance doses 
or maximum permissible doses, and ended with the publication by the ICRP in 
1955 of a comprehensive 90 page report containing detailed recommendations of 
the main Commission and a number of its Committees. These covered permissible 
doses for external and internal radiation, protection against X-rays from 5 kV 
up to over 2 meV and against beta rays, gamma rays and heavy particles 
including neutrons and protons. 
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mid 1950's to early I960's 

During this period more sophisticated metabolic and dosimetric models for 
internal dose calculation were developed and applied, the maximum permissible 
doses and recommendations became more comprehensive and systematically 
presented and advances in radiological knowledge led to increasing emphasis on 
genetic and possible long term somatic injuries, accompanied by more detailed 
analyses of such basic concepts as permissible exposure when applied to 
radiation workers, individual members of the public and large sections of the 
population. The major publications during this period were ICRP Publication 1 
the Recommendations of the ICRP adopted September 1958, that remained current, 
with minor amendment, until ICRP Publication 9 became available in 1965; and 
the report of Committee II on Permissible Dose for Internal Radiation 
published in 1959 as ICRP Publication 2. The 1958 Recommendations, as amended 
in 1959 and 1962, and a supplement to the 1959 Report of Committee II, were 
published as ICRP Publication 6 in 1964. Until the latest ICRP 
recommendations relating to internal radiation, viz. those published in 1979 
as ICRP Publication 30, become incorporated into radiation protection 
practice, "ICRP 2" and "ICRP 6" will continue to provide the basis for the 
control of intake of radioactive material in the nuclear energy activities of 
the world. 

1965-1977 
This was a period of consolidation for the scientific basis of radiation 

protection and of clarification of its objectives. These were now stated to 
be "to prevent acute radiation effects and to limit the risks of late effects 
to an acceptable level". Radiobiological studies were leading to more 
consistent estimates of the long term risks of low (at least "lowish") levels 
of radiation exposure and the linear hypothesis became a fundamental 
assumption of protection philosophy. This in turn required the ICRP to 
explicate its concept of risk and acceptable risk and led it to formulate 
explicitly the principle that "all doses should be kept as jow as is readily 
(reasonably) achievable, economic and social considerations being taken into 
account", the so called ALARA principle. Although the ICRP and NCRP had for 
some years been recommending that radiation exposures be kept "to the lowest 
possible level", this was for reasons of ignorance of what the effects of 
radiation might be and notions about cumulative injuries rather than to reduce 
the probability of a stochastic somatic risk. These concepts were developed 
in ICRP publication 9 (adopted September 1965) and are, with only minor 
amendments, the Recommendations of the ICRP at present incorporatea in 
radiation protection regulations and practices throughout the worlc. 

ICRP Publication 22, a report of Committee 4 of ICRP, was published in 
1973 to clarify the implications of the Commission's recommendations that all 
doses be kept as low as reasonbly achievable. 

Since 1977 
1977 saw the publication, as ICRP Publication 26, of the Recommendations 

of the ICRP adopted in January 1977. This comprised the results of a complete 
review of the 1965 Recommendations and is still being assesseo by 
international and national bodies. While not introducing radically new 
concepts, 1CRP 26 pursues relentlessly the logical implications of the linear 
hypothesis and aims at a self-consistent presentation of protection philosophy 
and practice based on up to date radiation risk factors placed in the 
perspective of other risks accepted in industry and everyday life. The ICRP 
has developed the cost/benefit balancing ideas on reducing exposures to levels 
as low as reasonbly achievable suggested in ICRP 22 so that the emphasis in 
radiation protection is now on "optimisation of protection" rather than merely 
keeping within dose limits. This approach, together with the more 
sophisticated methods proposed for assessing risks associated with non uniform 
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exposures, plus soae practical difficulties In Implementation and obscurities 
in the Commission's intention in places, has created problems in translating 
these Recommendations into regulatory requirements. 

Some of the more significant aspects of the Recommendations developed 
during each of these periods will be summarised. 
Recommendations to 1955 

In the International Recommendations for X-ray and Radium Protection 
adopted by the International Congress of Radiology in July 1928, the objective 
of radiation protection is stated to be to guard against the known effects of 
over-exposure to X-rays and radium viz. 

"(a) Injuries to the superficial tissues; 
(b) Derangements of internal organs and changes in the blood." 

Dangers of over-exposure are to be avoided by the provision of adequate 
protection and suitable working conditions. These include appropriate working 
hours (not more than 7 hours a day, 5 days a week; one month's holiday a 
year) well ventilated, spacious X-ray rooms, adequate X-ray tube shielding 
(thickness of lead were given as a function of generating voltage) avoidance 
of exposure to scatter, and some sound advice on the handling of radium and 
radon (good ventilation, handling as far as possible during "its relatively 
inactive state" - i.e. before the build up of the short-lived daughters, 
especially the high energy gamma emitter RaC (Bi214) _ beware of beta rays). 

A "tolerance dose" was recommended by the ICRP for X-ray exposure in 1934. 
"The evidence at present available appears to suggest that under 
satisfactory working conditions a person in normal health can 
tolerate exposure to X-rays to an extent of about 0.2 international 
roentgens (r) per day" (ICRP 1934). 

This was considered to be equivalent to l(H>r/sec and to 1 r per week. 
The tolerance dose appeared to be related to some fraction of the threshold 
erythema dose and was a dose at which no observable effects on the skin would 
be expected. 

The roentgen had been adopted by the International Commission on 
Radiological Units as the unit of exposure in 1928. 

In 1934 the ICRP had said that "no similar tolerance dose is at present 
available in the case of radium gamma rays". However in 1937 this restriction 
was not maintained and 1 r per week became the tolerance oose for X- and gamma 
rays ano remained so until 1950. 

The practice and foundations of health physics developed enormously during 
World War II, particularly in North America. Ideas and information were 
exchanged in a series of "Tripartite Conferences" between the USA, Canada and 
the UK held in 1949 and the early 1950's and became available to the ICRP. 
The Recommendations emerging from ICRP meetings between 1950 and 1954 were 
consolidated in a major report, Recommendations of the International 
Commission on Radiological Protection (Revised December 1, 1954) published as 
Supplement No. 6 of the British Journal of Radiology 1955. By this time the 
ICRP Recommendations were more soundly based and more comprehensive than 
previously and had begun to take on the format acnd flavour of today's 
recommendations. 
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The new Recoaaendations comprised a nuaber of "peraissible Meekly doses" 

expressed in roentgens, rads or reas, for specified critical organs (see Table 
1). together with a listing of recoaaended aaxiaua permissible body burdens 
and aaxiaua peraissible concentrations in air and water for soae 91 
radionuclides applicable to occupational exposure. These aaxiaua peraissible 
body burdens and concentrations were calculated for a "standard aan" using 
best available biological data relating intake of a nuclide (by ingestion or 
inhalation) in soluble fora to its distribution and retention in critical body 
organs and physical data such as radioactive half life, decay scheae and 
energy of eaitted radiations. Intake of a radionuclide Mas liaited to ensure 
a calculated aaxiaua peraissible critical organ dose rate of 0.3 rea/week; 
except in the case of alpha eaitters localised in bone, where the aaxiaua 
peraissible body burden was United to ensure that the dose to bone is no 
greater than that which would be delivered by a body burden of 0.1 nCi of Ra 
226 (990/0 of which is assuaed to be in the skeleton). 

A nuaber of points aade in the 1954 Report should be noted: 

TABLE 1. Suaaary of Peraissible Meekly Doses for 
Occupational Exposure ICRP 1954 

Tissue 
Peraissible Weekly 

Dose 
Peraissible Annual 

Dose 
rem rem 

Blood forming organs 0.3 15 
Gonads (impaired 

fertility) 0.3 15 
Lens of the eye 

(cataracts) 0.3 15 
Other critical organs 

(except thyroid) 0.3 15 
Thyroid 0.6 30 
Skin 

basal layer of epidermis 
hands, forearms, feet, 
ankles, head, neck 

0.6 
1.5 

30 
75 

Absorbed dose, with the new unit rad (accepted by the ICRU in 1953) 
was used for the first time. The rem dose for any ionising radiation 
was also defined as equal to the dose in rads multiplied by an 
appropriate R.B.E. (compared with X-rays having an average specific 
ionization of 100 ion pairs per micron of water) (p.19)*; 

The aim of radiation protection is to minimise the deleterious 
effects of ionising radiation manifestable in the lifetime of the 
individual. Genetic changes, it was considered, do not under present 
conditions, constitute the limiting factor in setting permissible 
levels of occupational exposure (p.15); 

From mere the numbers in brackets after statements refer to the page or 
paragraph of the relevant ICRP Publication where the statement appears. 
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"Permissible weekly dose" is defined as "a dose of ionizing radiation 
accumulated in one week of such magnitude that, in the light of 
present knowledge, exposure at this weekly rate for an indefinite 
period of tine, is not expected to cause appreciable bodily injury to 
a person at any time during his lifetime". 

"appreciate body injury" means "any bodily injury or effect that 
a person would regard as being objectionable and/or competent 
medical authorities would regard as being deleterious to the 
health and well-being of the individual (p.15); 

The organs considered "particularly vulnerable" to radiation injury 
were considered to be the skin (basal layer of the epidermis) blood 
forming organs, gonads with respect to impaired fertility (not 
genetic concerns) and eyes with respect to cataracts (p.16); 

no account is given of the particular kino of injury of concern 
in the case of skin irradiation; nor is a definition given of 
blood forming organs, except that they an. located 5 cm below 
the surface of the skin, nor is any explanation given as to why 
they vt particularly vulnerable. 

(Sowby, ibid, points out that at the 1949 Tripartite Conference, 
the blood forming organs were considered to be the spleen ana 
bone marrow, situated 5 cm below the surface of the body, and 
that they were considered critical for the development of 
leukaemia. 

The concept of a critical organ for internal exposure is defined as 
"that organ of the body receiving the radioisotopic that results in 
greatest damage to the body". 

this is not necessarily the organ that receives itself the 
greatest damage since some body organs are less vital than 
others; nor is it necessarily the organ accumulating the 
greatest concentration of radioactive material, since there is 
great variation in the radiosensitivity of organs (p.26): 

The ICRP recommends that "in the case of the prolonged exposure of a 
large population, the maximum permissible levels should be reduced by 
a factor of ten below those accepted for occupational exposures" 
(P.10). 

it is not clear whether this is meant to apply to individual 
members of the public or to average doses received by large 
groups; 

the reason appears to be to ado a safety factor when exposures 
are maintained o^tr the lifetime of many individuals ano not 
concern for genetic damage, although it is acknowledged that 
"the safety factor of 10 will reduce the risks of genetic damage 
that art a consequence of a large average exposure to the 
population (pp.24,57); 

It is strongly recommended that "every effort be made to reduce 
exposures to all types of ionizing radiations to the lowest possible 
(practicable) level" (pp.10,15); 
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although this sounds very like the ALARA formulation of a later 
ICRP, the reason given is not the minimisation of collective 
dose (either to reduce genetic damage or the expectation of 
stochastic somatic injury) but "the incomplete evidence on which 
the values are based, coupled with the knowledge that certain 
radiation effects are irreversible and cumulative" (p.10); 

Exposure at maximum permissible doses is considered to involve a 
"negligible risk", is small compared to the other hazards of life" 
(pp.10,57); 

it is suggested that exposure at natural background levels, in 
which man has evolved, could be absolutely "safe" (p.15). 

Recommendations 1956 to 1962 
The Recommendations published in 1954 were developed between 1950 and 

1953. By 19156 a new set of recommendations had been drafted. After a number 
of reviews and redrafts the new Recommendations were adopted in September 1958 
and published in 1959 as ICRP Publication 1. Most people, however, consulted 
these recommendations in perhaps the ICRP's most well-thumbed publication, 
ICRP Publication 2, "Report of Committee II on Permissible Dose for Internal 
Radiation (1959)", which contained the 1958 Recommendations and some 1959 
amendments and explanatory statements as accompaniment to the Committee II 
Report. The Recommendations were further revised in 1962 and published, 
together with some supplementary material to the Committee II Report, in ICRP 
Publication 6 (1964). 

The period during which these developments took place was one of great 
activity for the rapidly growing discipline of health physics, due both to the 
large national efforts going into research and development in the peaceful 
uses of nuclear energy and to growing concern about the atmospheric testing of 
nuclear weapons, especially thermonuclear weapons. (The Bikini H-bomb, with 
its fallout and irradiation of the Japanese "Lucky Dragon" fishermen, was 
exploded in 1954). Events having a significant influence on the development 
of the science and practice of radiation protection were: 

the First Atoms for Peace Conference, Geneva 1955, a number of 
volumes of the proceedings of which were devoted to radiation 
biology, genetic effects of radiation, radiation dosimetry and 
detection, radiation protection etc. 

a great controversy on the value of the "doubling dose" for 
genetic damage developed at that time; 

the establishment of the United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR) in December 1955 which 
immediately began a review of the genetic effects of radiation, the 
effects of internal and external irradiation, naturally occurring 
radiation, medical exposures and environmental radioactivity; 

the publication in 1956 of two authoritative reviews of the hazards 
of ionizing radiation 

"The hazards to man of nuclear and allied radiations" by the 
U.K. Medical Research Council (Cmnd 9780, HMSO 1956); 
"The biological effects of atomic radiation - Summary Reports, 
1956" by the U.S. National Academy of Sciences - National 
Research Council (Washington D.C. 1956) 
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A major conclusion of these reports was that the genetic hazards of 
radiation were linearly related to dose with no threshold and that 
potential genetic damage should determine radiation protection 
standards; 
the establishment of the International Atomic Energy Agency (IAEA) in 
1957, a major interest of which was to be health and safety in the 
nuclear energy industry; 

the series of USA Congressional Hearings held by the Joint Committee 
on Atomic Energy, beginning in 1957, which published an enormous 
amount of information on the hazards of ionizing radiation and probed 
endlessly into questions of safety, risk and radiation protection 
standards. 

The new ICRP maximum permissible doses are summarised in Table 2. 
The Report of Committee II presents a listing of the maximum permissible 

body burden and the maximum permissible concentrations in air and in water for 
some 240 radionuclides and represents a major revision and updating of the 
corresponding information in the 1954 recommendations. New biological and 
physical data and new and refined methods of calculating internal dose, 
especially for exposure of the GI tract and for radioactive decay chains, were 
employed. Limits on intake are calculated for soluble and insoluble materials 
to ensure that the maximum permissible doses specified for various tissues and 
categories of exposure (essentially 0.1 rrm/wk for whole body exposure and 0.3 
rem/wk for exposure of a single organ in m e case of occupational exposure; 
one tenth for individual members of the public), are not exceeded under 
conditions of continuous exposure. In the case of alpha and beta emitting 
radionuclides that localize in bone, the maximum permissible body burden is 
determined by direct comprison with Ra 226. A maximum permissible body burden 
of Ra 226 had been established on clinical data at 0.1 »ci. This is 
calculated to deliver an absorbed dose rate to the bone of 0.56 reir/week. 

Detailed metabolic, chemical and biological data on the standard man, plus 
all necessary physical and dosimetric data, are provided. 

Points to be noted about the 1958/62 Recommendations are: 
Accumulating evidence on the carcinogenic effects (particularly 
leukemia) possible life-shortening and genetic effects of radiation 
plus concern about the growing number of people that co"ld become 
exposed to radiation with the development of nuclear energy, led the 
ICRP to conclude that the life-time accumulated whole boay dose 
permitted to those occupationally exposed of 750 rem (15 rem/y x 50 
years) was probably too high (2). A limit was therefore placed on 
the rate at which whole body dose (blood-forming organs and gonads) 
might be accumulated with age according to the formula: 

D = 5(N-18) rem 
where N is the age in years (47); 
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TABLE 2 : Summary of Maximum Permissible Doses for 

Exposure of Individual? ICRP 1958-1962 

Tissue 

Occupational Exposure 
rems 

Adult 
Non-

Radiation 
Worker 
rem/y 

Members of 
the Public 

Weekly quarterly 
13 weeks 

Annually 

Adult 
Non-

Radiation 
Worker 
rem/y rem/y 

Gonads, blood-forming 
organs 0.1 3 5 1.5 0.5 

Women of reproductive 
age 0.1 1.3 5 

Other single organs 
Skin, thyoid, bone 
Hands, forearms, 
feet, ankles 

0.6 
1.5 

8 
20 

30 
75 

2.0 
7.5 

3.0 
7.5 

Other external organs 
(including lens of 
eye) 0.3 4 15 1.5 1.5 

The objectives of radiation protection are now stated to be to 
prevent or minimize somatic injuries (leukemia and other malignant 
diseases, impaired fertility, cataracts and shortening of life) and 
to minimize the deterioration of the genetic constitution of the 
population (25); 
The critical tissues for whole body irradiation are now only blood 
forming organs and the gonads. The eye is no longer considered a 
critical tissue (except for high LET radiation) nor is the skin (27); 
The concept of "permissible dose" now contains two elements, what is 
permissible for an individual and what for the population at large: 

the permissible dose for an individual is defined as that dose, 
accumulated over a long period of time or resulting from a 
single exposure, which in the light of present knowledge, 
carries a negligible probability of severe somatic or genetic 
injuries; furthermore, it is such a dose that any effects that 
ensue more frequently are limited to those of a minor nature 
that would not be considered unacceptable by the exposed 
individual and by competent medical authorities (31); 

The ICRP now (in 1962) states that "the basis of the Commission's 
recommendations is that any exposure to radiation may carry some 
risk. The assumption has been made that, from the lowest levels of 
dose, the risk of inducing disease or disability in an individual 
increases with the dose accumulated by tne individual ..." (32.b). 
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The Commission also assumes, "on the basis of some evidence", that at 
low dose and low dose rate exposures, the risk of injury is also 
independent of dose-rate (32.e). Having now accepted the linear 
hypothesis with no threshold for both somatic as well as genetic 
effects the ICRP was forced to consider more explicity the concepts 
of acceptable risk, the balancing of risks of exposure against the 
benefits of the practice and the risk associated with recommended 
maximum permissible levels. 

in 1962 the ICRP stated that "for radiation workers of the last 
generation, exposed subject to the maximum permissible levels of 
that time, the risks of somatic effects are comparable with or 
less than those of the majority of other trades and professions, 
and would therefore be considered as not unacceptable (32.b); 

The ICRP prefaces the section of its Recommendations on "maximum 
permissible doses" with the statement 

"It is emphasized that the maximum permissible doses recommended 
in this section are maximum values; the Commission recommends 
that all doses be kept as low as practicable, and that any 
unnecessary exposure be avoided". (45). 

This is the beginnings of the ALARA concept and optimisation of 
protection. 
The recommendation on the maximum permissible doses for individual 
members of the public is clear. These are now one tenth of the 
levels proposed for occupational workers because the population at 
large contains children for whom it is considered a lower dose to the 
gonads and blood forming organs should apply. (57); 
A "maximum permissible genetic dose" to the whole population from all 
sources of radiation additional to natural background is suggested at 
5 rem plus the lowest practicable contribution from medical 
exposure. (64). This is effectively a limiting mean caput dose to 
the population at large of 5 rem over the period from conception to 
the mean age of child-bearing (assumed to be 30 years), i.e. 0.17 
rem/y. 
- a suggestion was made as to how tne 5 rem maximum permissible 

genetic dose might be apportioned between different sources of 
exposure (65) viz; 
Occupational exposure 1.0 rem 
Exposure of adult workers not 
directly engaged in radiation 
work 0.5 rem 
Exposure of the population at 
large 2.0 rem 
Long term Reserve 1.5 rem 

The concept of a "critical group" for planning the control of 
exposure of members of the public had its origins in these 
Recommendations (39); 
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Recommendations dealing with the accounting of accidental, once in a 
lifetime high exposures, emergency exposures, the exposure of women, 
pregnant women and the fetus are also included. (49) to (Sle); 

Limitations are proposed on the intake of soluble uranium because of 
its chemical rather than radio-toxicity (52f) 

inhalation maximum intake 2.5 mg/oay 
ingestion maximum intake 150 mg averaged over 2 days 

Recommendations 1965 to 1977 
A new and comprehensive statement of the Commission's basic principles and 

Recommendations was released in 1966 as ICRP Publication 9. Many of the 
principles and dose limits advocated by the Commission remained unchanged 
though there is a greater emphasis on the concept of risk and acceptable risk 
and the need to balance risks against benefits and to reduce risks as far as 
is reasonably achievable below recommended maximum permissible doses. 

The maximum permissible body burdens and concentrations given in ICRP 2 
and ICRP 6 are unchanged by anything in ICRP 9. 

The Commission now identifies only two categories of individuals who may 
be irradiated and for whom recommendations on the limitation of exposure are 
given 

a) adults exposed in the course of their work for whom "maximum 
permissible doses" are recommended; 

b) members of the public for whom "dose limits" are prescribed (41). 
These dose limits are given in,Table 3. They are essentially the same as 
those in ICRP 6 except for some relaxation on permissible quarterly quotas and 
a reduction in the dose limit for the thyroid of children under 16 years; 
there is some evidence that the thyroid tissue of juveniles may be more 
radiosensitive than that of an adult. (73) 

The following points arising in the ICRP 9 Recommendations are of interest: 
The objectives of radiation protection are to prevent acute radiation 
effects (i.e. those manifesting themselves within a few weeks of 
exposure) and to limit the risks of late effects to an "acceptable 
level". Late effects may have a latent period of tens of years. (3) 

Late somatic injuries include leukaemia and other malignant diseases, 
cataracts, skin damage, impaired fertility and possibly 
"non-specific" ageing. (6) 

The ICRP assumes, for the purposes of radiological protection, a 
linear relationship between dose and effect and that doses act 
cumulatively and independent of dose rate. It is admitted that this 
may not be scientifically correct, but it is considered to be 
unlikely to lead to the underestimation of risks. (7) 

The term dose is everywhere meant to be "Dose Equivalent" = absorbed 
dose x Quality Factor (and possibly other modifying factors). 
Quality Factors are defined in terms of LET; the QF for alphas is 
10. (17) 

As a consequence of the linear hypothesis it must be assumed that any 
exposure to radiation may carry some risk for somatic and hereditary 
injury i.e. there is no wholly "safe" dose of radiation. 
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TABLE 3 : Summary of Dose Limits for Exposure of Individuals ICRP 1965 

Maximum Permissible Dose 
Organ or Tissue rem Dose Limit 

Annual Quarter reta/year 

Gonads, red bone 
•arrow (whole body) 5 3 + 0.5 

Skin, thyroia, bone 30 15 3* 
Hands, forearms, feet, 

ankles 75 38 7.5 
All other organs 15 8 1.5 

+ 1.3 rem/quarter for women of reproductive capacity (62) 
* 1.5 rem/y to the thyroid of children under 16 years of age (73) 

An "acceptable" or "permissible" dose would therefore be one where 
exposure associated with an activity had been reduced to such a level 
that individuals and society considered the residual risk to be 
balanced by the benefits expected from the activity. (34) 
ICRP 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 (the ALARA principal) (52). 
In the case of controllable exposures (sources) exposures should be 
set at a sufficiently low level so that any further reduction in risk 
would not be considered to justify the effort required to accomplish 
it (47) ("optimisation of protection" in the words of ICRP 26) 

the hazards associated with exposure at the residual level 
should not exceed those that are accepted in most other 
industrial or scientific occupations with a high standard of 
safety (47) 

The risks to members of the public from man made sources of radiation 
should be justifiable in terms of the benefits that would otherwise 
not be received; and should be less than or equal to other risks 
regularly accepted in everyday life (47). Justifiability and 
compatability of risks are themes developed in ICRP 26. 

The genetic dose limit of 5 rems (additional to the dose from natural 
background radiation and from medical procedures) remains (86) but no 
illustrative apportionment of this limit is given since the ICRP 
believes the numbers it gave in ICRP 1 were misused (89). 
The ICRP discusses again (it was briefly mentioned in ICRP 6 at para 
(66)) the concept of a "somatically significant" population dose 
which, on the basis of the linear hypothesis, would be an index of 
the somatic risk to an exposed population (95). This is a 
forewarning of the use, in ICRP 26, of the collective dose equivalent 
as a measure of "detriment" in an irradiated population. 
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In addition to discussions of basic principles and dose limits the ICRP 

has always in its Recommendations given some guidance on operational radiation 
protection including the design of protection and monitoring programs and 
record keeping. These recommendations have been supplemented and explicated, 
particularly in later years, by publications of the various ICRP Committees -
especially Committee 4. (The formal Recommendations of the ICRP and the 
supplementary reports used to be published as brown cover reports; other 
reports comprising reviews and discussions were published under blue covers). 

Important "brown cover" reports published during this period were: 
ICRP Publication 7 "Principles of Environmental Honitoring related to the 

Handling of Radioactive Materials" (Report of Committee 4) 1965 

ICRP Publication 10 "Evaluation of Radiation Doses to Body Tissues from 
Internal Contamination due to Occupational Exposure" (Report of 
Committee 4) 1968 

ICRP Publication 10a "The Assessment of Internal Contamination Resulting 
from Recurrent or Prolonged Uptakes" (Report of Committee 4) 19 

ICRP Publication 12 "General Principles of Honitoring for Radiation 
Protection of Workers" (Report of Committee 4) 1968 

ICRP Publication 22 "Implications of Commission Recommendations that Doses 
be kept as Low as Readily Achievable" (Report of Committee 4) 1973 

ICRP Publication 24 "Radiation Protection in Uranium and other Mines" 
(Report of Committee 4) 1976 

ICRP 22 will be discussed below in the context of the implications of ICRP 26. 
RECOMMENDATIONS SINCE 1977 

ICRP 9 and the above reports represent contemporary radiation protection 
practice in most parts of the world including Australia. Although the 
Commission has carried out and published in ICRP Publication 26 in 1977, a 
comprehensive review of its Recommendations, these are taking some time to 
find their way into national and international regulations. Note however that 
the Australian National Health and Medical Research Council, at its 89th 
Session June 1980, has recommended the application of radiation protection 
standards for individuals based on relevant parts of the recommendations of 
ICRP 26. 

This tardiness in implementing ICRP 26 is having little effect on the 
efficacy of radiation protection practice since the 1977 Recommendations do 
not require major changes in standards or operational radiation protection as 
presently conducted. There is little fundamental change in the objectives of 
protection, basic concepts or the numerical values of dose limits. What is 
being advocated is a change in emphasis away from dose limits, to a more 
systematic and thorough-going application of the AL.WA principle in all 
exposure situations. 

There are however many changes in units and definitions, in the 
formalisation of the system of dose limitation, a more consistent and logical 
approach to the quantification of risks and the specification of dose limits, 
and invitation to a more formal application of cost-benefit analysis methods 
to the optimisation of protection. 
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The basic dose-eqtivalent limit for stochastic effects, for workers, 

recommended in ICRP ?» is 50 mSv (5 rem) for uniform irradiation of the whole 
body. The dose limit proposed for an organ is that dose equivalent that 
represents the same risk of inducing a fatal cancer in that organ as does 
uniform whole body irradiation by 50 mSv of inducing a fatal cancer anywhere 
in the body. To determine these individual organ limits it is of course 
necessary to know the risk factor relating organ dose and the probability of 
occurrence of a fatal cancer in that organ. The ICRP reviews the risk factors 
for six specific organs/tissues and five remaining organs and proposes the 
values given in Table 4. 

Although the Commission no longer recommends the use of separate annual 
dose-equivalent limits for individual organs irradiated singly (111), the 
implied values of such limits are also listed in Table 4. 

TABLE 4 : Dose Equivalent Limits Implied by the Risk Factors 
Given in ICRP 26 

Tissue/Organ Effect Risk Factor Weighting 
Cases/106/rem Factor 

"T* 

Stochastic 
Limit 
mSv 

Recommended 
Limit 
mSv 

Gonads Hereditary 
(two gener
ations) 

40 .25 200 200 

Breast Fatal breast 
cancer 

25 .15 333 333 

Red bone 
marrow 

Fatal 
leukaemia 

20 .12 417 417 

Lung Fatal lung 
cancer 

20 .12. 417 417 

Thyroid Fatal thyroid 
cancer 

5 .03 1670 500 

Bone surfaces Fatal bone 
cancer 

5 .03 1670 500 

Remainder 
5 tissues 

Fatal cancer 
5 x 10 5 x .06 833 500 

Eye Cataract - - - 300 
(150 in 1980) 

Whole body Total risk 165 1 50 50 

Wj is a weighting factor representing the proportion of the 
stochastic risk resulting from a given tissue (T) relative to the 
total risk when the whole body is uniformly irradiated. 
The recommended dose-equivalent limit after application of the 
non-stochastic limit of 500 mSv/y for all tissues except the lens 
of the eye for which 300 mSv/y was recommended. (The limit for the 
lens was lowered by the ICRP in 1980 to 150 mSv/y). 
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Total risk associated with 50 mSv/y 

Implied stochastic limit = uniform irradiation 
Risk factor 

= 825 cases.iOS/mSv 
Risk factor 

= 50 mSv/y 
*T 

Over and above the stochastic limit, a non-stochastic limit of 0.5 
Sv (50 rem) per year is recommended for all tissues except the lens for 
which 0.3 Sv (30 rem) per year is proposed (103). (The limit for the 
lens is now 0.15 Sv/y). 

If a number of tissues (T) are irradiated to different dose 
equivalents Hy, the effect of this, in terms of mortality risk, would 
be the same as if the whole body has been irradiated uniformly to the 
dose-equivalent level 2 W T H T. 

T ' ' 
This sum is called the "effective dose equivalent" and is designated H£ 

i.e. 

H E = S H y H T Sv 

Only a few of the more important aspects of the new Recommendations can be 
noted here. 

The "stochastic" effects of radiation are those like cancer and 
genetic damage for which the probability of an effect occurring, 
rather than its severity, is a function of dose, without threshold. 
"Non-stochastic" effects are those for which the severity of the 
effect varies with the dose and for which there may be a threshold 
(7); examples are cataract formation, non-malignant damage to skin, 
impairment of fertility. 

The aim of radiation protection should be to prevent non-stochastic 
effects and to limit the probability of stochastic effects to levels 
deemed to be acceptable (9). 
The ICRP's system of dose limitation is formulated as 
"(a) no practice should be adopted unless its introduction produces a 

positive net benefit; 

(b) all exposures shall be kept as low as reasonably achievable, 
economic and social factors being taken into account; 

(c) the dose equivalent to individuals shall not exceed the limits 
recommended for appropriate circumstances by the Commission" (12) 

The implementation of the system of dose limitation in relation to a 
practice involving radiation exposure therefore requires: 
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a justification - by some form of balancing of costs and benefits; 
but since the issues involved usually have wide societal 
implications (e.g. should nuclear power be proceeded with) the 
justification analysis is generally not part of radiation 
protection; 

an optimisation - by some form of cost-effectiveness analysis to 
ensure the practice is being carried out at a sufficiently low 
level of harm (measured by the collective effective dose 
equivalent in the irradiated population) so that any further 
reduction in dose would not justify the incremental cost required 
to accomplish it (72) 

a compliance with dose limits - to ensure that though collective 
dose may be minimised, the distribution of individual dose is not 
skew resulting in some individuals being subjected to a 
disproportionate risk (76). Note that dose limits are not 
considered appropriate when the individual (or group) benefitting 
from the practice is the only recipient of any radiation 
exposure. Thus no dose limits are prescribed for the medical uses 
of radiation, though the dose received by a patient to achieve 
sore diagnostic or therapeutic purpose should be minimised. 

"Detriment" within an irradiated group is the statistical expectation 
of harm incurred from the exposure taking into account not only the 
probability of damage but its severity (16). Assuming that harm is 
directly proportional to dose (the linear hypothesis), detriment (in 

terms of, say, the induction of fatal cancers) G, is proportional 
to the collective dose equivalent, S. (24) 
i.e. G r S lethal effects 

where r = risk factor for induction of fatal cancers 
cases/10^ man sieverts (manrem) 

S = collective dose equivalent in man sieverts 
(manrem) 

An attempt is made to compare the risk associated with radiation 
work, where radiation protection follows ICRP recommendations, and 
that associated with other occupations. The Commission believes that 
with a dose limit of 50 mSv and implementation of the ALARA 
principle, the mean annual caput dose equivalent amongst workers in 
the nuclear energy industry is only one tenth of the dose limit i.e. 
about 5 mSv/y. The individual risk of fatality associated with this 
(risk factor 1.25 x 10-2 sv-1, 1.25 x 10-4 rem-1) is about 60 
deaths/lO^/year, which is characteristic of industries with a high 
standard of safety (100) 

- there is no doubt that risk in the nuclear industry, if all 
workers received the dose limit of 50 mSv (5 rem)/year, would put 
it amongst the less safe industries (600 deaths/10&/year). 

- there is some uncertainty about the actual distribution of annual 
dose equivalents among nuclear energy workers, and its mean, in 
different parts of the industry, and consequently some argument 
about the "safeness" of the industry and the adequacy of the 
standards; 
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- the ICRP say that lowering dose limits would not be particularly 

effective in improving safety if this is considered necessary; 
what would be required is a more conscientious application of 
ALARA and optimisation of protection. 

A similar comparison of dose limits proposed for members of the 
public - 5 mSv (0.5 rem) per year, which, it is claimed, is likely to 
result in average dose equivalents of less than 0.5 mSv provided 
practices exposing the public are few and cause little exposure 
outside the critical groups (121) - indicates that the implied risks, 
of around 6 x 10-5 per year, are in the range of acceptability of 
fatal risks to the general public (118) 

- nevertheless it is recommended that for those members of the 
public likely to be subject to exposure over long periods of time, 
(life-time exposure) actual annual dose equivalents should be 
limited to 1 mSv/y (100 mrem/y) (119). 

The intake of radioactive material is now to be limited so that the 
consequent irradiation of all organs - no longer the critical organ 
as required in all previous Recommendations - is limited to meet the 
new dose effective dose equivalent limits. ICRP Committee 2 is 
completely reviving the ICRP 2 and ICRP 6 to provide annual limits on 
intake (ALI) for radionuclides calculated according to the new scheme 
and taking into account new information on the uptake and retention 
of radioactive materials in body tissues and better data on 
radioactive decay schemes available since 1964. ALI's are determined 
by calculating that annual intake of a radionuclide that neither 

delivers an effective dose equivalent rate ( « W,H T) in 
T ' ' 

excess of 0.05 Sv per year, nor delivers a dose equivalent rate in 
any tissue in excess of the non-stochastic limit of 0.5 Sv per year 

non-stochastic effects are limiting in about 20°/o of cases 
e.g. the inhalation of very insoluble material when irradiation 
of the GI tract would be determining, and plutonium intake where 
damage to bone is limiting; 

the ALI's for the isotopes of 21 elements have been published in 
ICRP Publication 30 Part I "Limits for Intakes of Radionuclides 
by Workers" (1979). ALI's for other elements are in press plus 
a large amount of supporting information and documentation; 

the new ALI's are not very different from those implicit in ICRP 
2, in general being within a factor of 2. Where big differences 
arise, as with the alkaline earths, they are due not to the new 
sum of organ risks calculation scheme, but to improved data on 
the uptake and retention of elements in body tissues and on the 
decay schemes of some nuclides; 
compare the ALI for Ra-226 for occupationally exposed adults of 
7 x 10 4 Bq with the 8 x 10 4 pCi (« 3 x 103 Bq) per year 
implicit in ICRP 2; the new ALI is a factor of some 20 less 
restrictive (due largely to the new metabolic data); 
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the ALI's at present available are applicable only to adult 
workers and cannot be used directly for children and members of 
the public. 

The effective quality factor recommended for alphas is now 20 
(previously 10) (20). 

Additivity of Exposure Risks 
Just as the effective dose equivalent resulting from the irradiation of 

all the organs in the body due to the intake of a radionuclide is the quantity 
now to be limited, so the total risk resulting from the irradiation of a 
number of body organs from a number of different sources is to be taken into 
account. In the case of simultaneous external whole body irradiation and 
irradiation of one or more organs due to the intake of radioactive material, 
the risks associated with each exposure are to be compounded to ensure that 
the total risk remains below prescribed limits. 

If an individual is subjected to a series of exposures delivering "doses" 
Dl» C>2> ^3 •••» t n e maximum permissible doses for which are l\, L2, 
L3 ... respectively, the total risk will remain within acceptable limits if 

Sfit < l 
1 Li * 

For this appraoch to be internally consistent the various annual limits 
must represent the same risks. Strictly speaking, the above expression 
requires the terms Di and L^ to be expressed in units of dose equivalent. 
However the spirit of this approach is followed in the proposed "additivity 
rule", whereby the total dose equivalent, D, from all sources other than radon 
daughters is combined with the radon daughter exposure, WLM, in such a way that 

D + WLM £ 1 
5~ T 

This assumes that the exposure to 4 WLM constitutes the same risk as that 
arising from an effective dose equivalent of 5 rem (50 mSv). Using a risk 
coefficient of 200 fatal lung cancers/lO^/WLM, (Fry, 1977) 4 WLM is a risk 
of 8 x 10-4; this is somewhat in excess of the ICRP assessment of risk 
associated with 5 rem effective dose equivalent viz. 5 x 1.25 x 1 0 - 4 = 6 x 
10-4. The weighting factors, Wj, as determined ensure the 
self-consistency of the effective dose equivalent approach of the ICRP, but 
this system is not designed to accommodate lung exposures expressed in terms 
of WLM. 

The ICRP has recently looked into the question of dose limits for radon 
daughters. There is doubt about the epidemiologically determined risk 
coefficient to within a factor of 2, and similar uncertainty (or larger) in 
dose calculations and conversion to lung cancer risk. The ICRP believes, 
however, that there is a reasonable degree of consistency between these 
approaches and has proposed an annual exposure limit for radon daughters of 
0.02 J, which under reasonable assumptions corresponds to approximately 5 
WLM. Making allowance for simultaneous exposure to external gammas and other 
sources in average mines would require, says the ICRP, a reduction in this 
limit of about 20°/o. 
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Note that with an annual exposure limit of 5 WLM for radon daughters, the 

additivity formula simply becomes 
rems + WLM < 5 

However, conversion to the preferred S.I. units destroys the simplicity of 
this formula. 

Strict application of the additivity requirement will, of course, require that 
account also be taken of lung and other organ exposures due to other 
radionuclides in the uranium decay chain. 

Note also that the epidemiologically determined risk coefficient for radon 
daughter exposure must contain in some measure, a component representing risk 
due to gamma exposure which was present in the mining environment (at least in 
those data obtained from uranium miners). This had given rise to some doubts 
as exactly how to apply the additivity formula in the case of uranium fining. 

OPTIMISATION OF PROTECTION 
The ICRP believes that improvements in radiation safety are now less 

likely to come from lowering dose limits than from a concerted campaign to 
reduce exposures wherever they arise to the lowest level reasonably 
achievable. While radiological safety throughout the world is p-obably in a 
fairly satisfactory state, there are doubtless innumerable situations in which 
all unncessary exposures are not being avoided and where opportunities exist 
where it would be cost-effective to spend more money on improving protection. 
(It may also be that too much attention is being paid in some situations to 
radiological safety, particularly when compared to the effort being devoted to 
the reduction of risks from other causes.) 

How does one know whether one has, in fact, spent enough money on 
radiation protection. Or, if the application of the ALARA principle becomes a 
requirement in legislation and codes, how does a licensee convince a 
supervising authority that in the design and operation of his activity, all 
exposures have been reduced to an acceptably low level. There are two 
approaches to the solution of the latter problem. One is for the supervising 
authority to establish generic numerical standards, design and performance 
criteria and objectives with which the licensee must comply; these will, in 
effect, define what is considered to be the achievement of ALARA. The other 
is for licensees to examine each situation ad hoc and to present a case to the 
authority attempting to prove that the proposed designs represent the best 
that is reasonable to do. The former approach is adopted in the USA by both 
the Nuclear Regulatory Commission and the Environment Protection Agency. The 
latter approach is more characteristic of UK and European practice. 

ICRP has given some indication, in ICRP Publication 22 (1973), of how it 
sees the implementation of the ALARA principle. ICRP 26 re-endorsed the ideas 
presented there and a Task Group of ICRP Committee 4 is exploring the whole 
subject of optimization of protection in greater oetail. A number of papers 
on the optimization of radiation protection where presented at the 
IAEA/ILO/WHO/OECD-NEA/ICRP Seminar on "Application of the Dose Limitation 
System for Radiation Protection" held in Vienna March 1979 the Proceedings of 
which are available. The paper by Beninson "Optimization of Radiation 
Protection" should be consulted for an indication of ICRP's thinking. Dr 
Beninson is a member of the main Commission of ICRP. 
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The net benefit of a product or practice is the benefit that is left after 

all the costs of producing it and all the disbeaefits associated with its 
production and use have been subtracted. For a practice involving radiation 
exposure, the ICRP expresses this elementary balance in the for* 

B - V - (P • X • Y) where 
B is the net benefit 
V is the gross benefit, and 

(P • X • Y) is the sua total of the costs, which should include 
all negative aspects of the practice including daaage 
to health, environment and aaenity; the costs are 
aade up of 

P the basic production cost (less the cost of radiation 
protection) plus the cost of all disbenefits other 
than radiation detriment 

X the cost of achieving a selected level of radiation 
protection 

Y the cost of the radiation detriment associated with 
that level of protection. 

In this formulation radiological factors have been entered explicitly. 

Justification of Practices 
Before discussing optimization of protection it may be north having a 

brief look at the first element in the ICRP's system of dose limitation - the 
"justification" requirement and its implications. 

This states that 
"no practice should be adopted unless its introduction produces a 
positive net benefit." 

Any practice, therefore, involving radiation exposure needs to be justified or 
assessed to be worthwhile. This will usually be done, either consciously or 
not, by weighing the perceived advantages and disadvantages of the proposed 
activity. Attempts can be made to formalize this balancing process by 
carrying out cost-benefit analyses of varying degrees of sophistication. One 
is looking to compare the total detriment, i.e. the sum of all the negative 
aspects of the activity including monetary costs, risks to human health or the 
environment, plus more intangible penalties, with the total benefit which, 
likewise, is likely to contain a number of largely intangible elements. For a 
practice to be justified the detriment should be less than the benefit; i.e. 
the net benefit, e in the above expression, should be positive. 

It is generally recognised that justification in this sense is not the 
role of radiation protection authorities. The total costs and total benefits 
contain intangibles requiring societal judgements (even to specify, let alone 
to quantify) and therefore must be assessed by processes able to take account, 
in some appropriate representative manner, of the wishes of members of 
society, i.e. via some political institution. 

It is certainly true that radiation protection authorities have a vvy 
limited role in the determination of the justification of a practice of 
national importance which has -he potential for subjecting a large part of the 
population to significant radiation exposures. Nor would they have a role 
(except perhaps in advising on radiation risks and protection costs) in 
justification decisions in cases of the otner extreme, where the practice was 
being implemented by an indivudal, or a small group of individuals and 
involved only the exposure of that group. It may however be considered 
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acceptable (by society) for radiation protection authorities to make 
justification decisions in certain cases, for example, where benefits are 
small or zero (e.g. where the aim of the practice can be achieved more 
effectively by means not involving radiation) and the authority can be 
confident that the detriment would prove unacceptable to society even though 
it may be small. Examples might be the use of radioactivity in toys, 
radioluminescent toilet sets, radioactive contraceptive jelly. 

These aspects of the justification requirement are referred to in ICRP 26. 
paragraphs (68) to (71) where it is emphasised that the net benefit of a 
practice involving exposure to radiation may only be properly assessed after 
application of "the procedure of optimization". This will be achieved when 
the total costs arising in the practice by virtue of the fact that radiation 
is involved, is a minimum, i.e. 

XH + Y w - minimum 

where w represents some selected level of protection. It is assumed, of 
course, that the costs of X and Y are expressed in commesurate terms. 
The Radiation Detriment 

The radiation detriment may, at least in a first analysis, be considered 
to be the direct health effects arising from the radiation exposure remaining 
after the implementation of the given level of protection. 

A more realistic analysis might include along with the direct health 
effects (risk of cancer and genetic effects), non-direct health effects (e.g. 
anxiety over radiation) and even non-health detriments (e.g. restrictions on 
the use of certain aesthetically pleasing building materials, or on access to 
certain areas). Costing all such detriments would be difficult (some would 
say impossible) and attention is usually restricted to the direct radiation 
induced health effects. The radiation detriment is then the number of induced 
stochastic health effects which, under the assumed linear relation between 
dose and stochastic effects, is directly proportional to the collective 
effective dose equivalent in the exposed population. (In protection 
optimization one is concerned with individual doses much below the threshold 
for non-stochastic effects.) 

In relating detriment to effective dose equivalents one is limiting health 
effects to lethal malignancies and to serious genetic effects arising in the 
first two generations following exposure. This is because the weighting 
factors, as defined, only take mortality risks into account. (The concept 
could easily be extended to include morbidity and serious genetic effects in 
all future generations; the latter are considered to be double the number 
arising in the first two generations.) 

The radiation detriment, G, is thus. 

G - rS E 

where 
r * the risk factor for lethal effects 

- 1.7 x 10-2 Sv-1 (see Table 4) 

and Sj: is the colleztive effective dose equivalent in man sieverts and is 
the weighted product of effective dose equivalent, Hf, and number of 
individuals in the exposed group. (In some analyses it may be necessary to 
use the "collective effective rtose equivalent commitment"). 
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Cost of the Radiation Detriment 

The final step required to enable the optimisation exercise to be carried 
out is to express the radiation detriment in terms commensurable with the cost 
of protection, that is in dollar.;, if $a' is the value in dollars that 
society puts on the radiation induced health effects considered here (fatal 
malignancies and serious genetic effects arising in the first two generations) 
the cost of the radiation detriment, Y, is 

Y = o'G = a'r S E 

= a S[ dollars 
where 
a = a'r is the dollar value of the man sievert. 

There is obvious difficulty in chosing appropriate values of a'. This ir 
hardly surprising. There is no correct and universal value of a'. It does 
not, as is sometimes suggested, represent the dollar value of a human life, 
though it can be interpreted that way. In national assessments it is related 
to what society requires authorities to spend to avert a statistical health 
effect (usually death) in hazardous situations - on the roads, in the air, in 
mining, the nuclear energy industry, etc. - and it is different for different 
situations. Of course society does not explicitly lay down a* values for each 
industry, but in accepting (or not) policy decisions made by regulators, and 
the standards of safety in various industries, it unconsciously endorses (or 
does not) the value of a' implicit in these policy decisions. The value of 
human life implicit in the amount of money spent in various industries to 
avoid fatal accidents has been studied by T.C. Sinclair and his colleagues in 
the Science Policy Research Unit at the University of Sussex and is found to 
vary over orders of magnitude, from a few pounds to a few millions of pounds 
(see also 6.H. Mooney 1977). 

The fact that the dollar value assumed for a statistical* health effect 
averted, is different for different activities, indicates that it is not a 
pure concept representing only the value of a life. It must also reflect to 
some extent society's acceptance of the activity, its peculiar risks and the 
degree of control individuals feel they have over them, ana the quality of 
death associated with the activity. 

The U.S. Nuclear Regulatory Commission has proposed a value of "$1000 per 
total body man-rem and $1000 per man-thyroid rem (or such lesser values as may 
be demonstrated to be suitable in particular cases)" to be used in 
cost-benefit analyses connected with the assessment of rad-waste systems 
necessary to reduce the dose to the population within 50 miles of a light 
water cooled nuclear power station, with the ICRP total body risk factor of 
1.65 x 10-4 rem-1, the "implicit value of a human life" assumed by the 
nuclear regulators of the U.S.A. is thus 

••-£$,10-4 • » " » » 

This high value of o' proposed for the nuclear energy industry aoubtless 
reflects to some extent the public's general concerns about the industry, its 
unfamiliarity, the insidiousness of radiation and the auality of its health 
effects (cancer and genetic damage). 

Note that society is often prepared to spend much greater sums on saving 
an identified individual from death than on averting a no less certain 
statistical death. 
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Some suggested dollar values for the manrem are quoted in ICRP 22; they 

range from {10 to £250. The many approaches to putting a dollar value on 
human life are reviewed by Mooney (ibid). Peterson of the Australian Atomic 
Energy Commission (M. Peterson, private communication. 1979) has suggested a 
value of $500 per manrem and a value of a* = 2.6 x 10° as appropriate for 
Australian conditions. It will be suggested below that useful guidance in 
decision making about levels of protection may still be obtained despite a 
certain vagueness in the assumed value of a. 

Note that the dollar value of any unit of collective exposure to a toxic 
agent leading to stochastic fatalities can be assessed given a dollar value of 
a statistical life and the risk factor (assumed linear with no threshold). 
Thus with a risk factor of 200 lung cancers per 10 6 persons exposea to 1 WLM 
of radon daughters, the dollar value of a man-WLM, ag n, is 

o R n = (200 x 10-6) x (6 x 106) = $1,200 
Optimization 

With the cost of protection and the cost ot the radiation uetriment both 
expressed in dollars it becomes possible to consider the minimization of 
X w + Y w. The function to be minimised is 

xw + a S* = minimum 

and the optimized level of protection is obtained by differentiating this 
expression with respect to the level of protection and equating to zero i.e. 

dX . dS n d* +°dw" = 0 

Or gj = -a 

This will occur at some level of protection w 0, when the value of the 
collective dose is S 0 and the protection cost is X 0. 

Note that because of the third (dose-limit) condition of the system of 
dose limitation, the optimized collective dose, S 0, is subject to the 
constraint that no individual dose may exceed the dose limit. In this new 
formulation of the ICRP system of dose limitation, dose limits (the old 
maximum permissible dose) become boundary conditions in an optimization 
problem. 

In practice the optimization problems that will presen themselves will 
usually be the choice of the best (optimum) control or projection system from 
a range of discrete options given the cost and performance (in terms of the 
assessed collective dose that will obtain) for each option, it would be 
reasonable to require the use of control technology A, which is more 
expensive, and more effective, than control technology B, if 

XB " XA / 
*B *A 

The assessment will of course involve the use of a model relating 
collective dose to the efficacy of the protection technology. In the paper by 
Beninson cited above, an example, using Swedish data, is given of how this 
approach might be used to select an acceptable level of control for the 
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release of short-lived noble gases from a Boiling water Reacter. Four systems 
are considered, and the capital, installation and operating costs (assuming a 
40 year plant life) are estimated. Associated with the estimated radionuclide 
release for each system it is possible to calculate a collective effective 
dose equivalent in the population living in the vicinity using an atmospheric 
dispersion model and assumptions about population density and distribution, 
the behaviour of people as it might affect exposure (e.g. period spent 
indoors) etc. The protection cost and associated collective dose for the four 
options are given in the following table together with the corresponding 
values of AX/AS in going from one option to the next. 

Alternatives 

A 5 C D 

S (manrem) 12000 260 12 8 
X (Hftiollar) 2.32 3.26 4.66 9.32 
AX (106 dollar) 0.94 1.4 4.66 
AS (manrem) 11840 148 4 
-AX/AS (dollar/manrem) 79 9460 1165000 

The U.S.A. Nuclear Regulatory Commission with its stipulated value of 
$1000 per manrem would require the installation of system 0 rather than system 
A, but would not regard the additional expenditure on system C or system D as 
justifiable. It is almost certain that this would also be the decision of any 
authority, even one without a firm view on the value of a: all would be 
likely to consider it justifiable to ask for the expenditure of $80 to save a 
manrem; none would be likely to require the expenditure of anything like 
$9,000. Some optimization decisions are quite insensitive to the value of a. 

This approach, of looking at the values of AX/AS obtained in a comparison 
of a series of radwaste options to see if any conclusions stand out almost 
regardless of the value of a, has recently been carried out by an Expert Group 
set up by the OECD-NEA in a study of the control of the release of long lived 
gaseous from the nuclear fuel eyeIt, OECD-NEA (1980). The study provides an 
illustration of the optimization assessment method proposed by the ICRP and 
may prove useful to national authorities wishing to come to firm decisions on 
specific facilities in their countries. 

The formalism discussed here for optimization assessment is relatively 
untried in radiation protection practice. Some have cast doubts on its 
usefulness (see, for example, Weinberg (1978) for a severe rubbishing of the 
whole approach); even its staunchest advocates do not regard it as more than 
one of the pieces of information a design engineer needs to take into account 
in arriving at the best all-round solution to a radiation protection problem. 
Difficulties seen in the practical application of the method are aired in a 
number of papers to the IAEA Seminar on the dose limitation system mentioned 
above (IAEA 1979). (See, for example, the paper by G.A.M. Webb and R.H. 
Clarke.) 

A major problem with the method is the realistic determination of the cost 
of the collective effective dose equivalent. This is different from the usual 
situation in health physics where conventional practice is, when in doubt, to 
base protection on conservative estimates of dose, that is, deliberate and 
often gross overestimates, to make certain adequate allowance has been made 
for any lack of confidence in data and models. Over-estimation of the cost of 
radiation detriment in cost-benefit analysis could, however, lead to wasteful 
channelling of resources into radiation protection which might be more 
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effectively spent on reducing non-radiation hazards, and distort the 
competitiveness of practices involving radiation when compared with 
alternatives that do not. 

The cost of the radiation detriment has been given as 

Y - a'r S E 

which is based on the assumption of the linear hypothesis. Assumptions made 
in the three elements in this expression - the modelling which allows the 
calculation of the collective effective dose equivalent $£, the relationship 
between collective dose and effect, and the amount of money that should be 
spent to avert a health effect - all present opportunities for conservatism. 

There are two points to be emphasized about the linear hypothesis. First, 
it is an assumption and does not necessarily represent radiobiological 
thinking about the shape of the dose-response relationship especially in low 
dose, low dose rate regions of interest in radiation protection. It is an 
acknowledged simplifying assumption, generally believed to be conservative, at 
least low LET radiations, to assist regulators and operational health 
physicists in the formulation of practical radiation protection standards and 
practices. In that context one is not looking for scientific rigour, but a 
relatively simple rationale for radiation protection that can be implemented 
effectively and at reasonable cost. 

Secondly, without this assumption, the collective dose equivalent, which 
is the integration of the distribution of per caput dose equivalent within a 
group, becomes a relatively useless statistic. The collective dose equivalent 
may be a measure of the "total dose" received by a group of individuals but, 
without the linear hypothesis, it would no longer be a valid index of the 
health effects induced in that group by the exposure. (In the same way the 
use of the quantity "effective dose equivalent" as an index of the risk of a 
health effect in an irradiated individual is invalid if the linear hypothesis 
is not true.) Were the linear hypothesis not true, knowledge of the 
distribution of dose within a group would be necessary for the estimation of 
health detriments. In addition, there being no threshold, all individual 
doses, no matter how small, have associated with them a finite risk and must 
be counted towards the collective dose. That is, logically there can be no 
justification for a dose "cut off" in the integration of the individual dose 
distribution. 

While the linear hypothesis is agreed to be a prudent and useful 
assumption in normal health physics practice its strict application in the 
determination of radiation detriment for cost-benefit assessments has been 
queried. Modifications that have been proposed in the determination of 
radiation detriment are: 

use the more scientifically correct curvilinear dose-effect relation 
to assess health effects at low levels of individual dose thus 
de-emphasising the importance of low individual doses; 
retain the linear hypothesis but define a low dose (or low risk) "cut 
off" for individual dose, exposure below which would not be counted 
towards the assessment of collective dose; this would be acknowledged 
as a pragmatic assumption, justifiable in practical decision-making, 
which would preserve the utility of the linear hypothesis while 
recognising that it overestimated the contribution of low individual 
doses to the health detriment. The cut off (negligible dose or 
negligible risk) could be defined in a number of ways: 
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by comparison with background e.g. the standard deviation of the 
population-weighted natural background or some smaller fraction of 
"normal" background (say 10°/o, or lo/o of 1 mSv/y) 
by agreeing upon a negligible risk (for radiation protection 
purposes ) i.e. an individual risk so low that a rational 
non-eccentric individual would completely discount it when making 
decisions about the conduct of his life. (This is equivalent to 
making a a function of dose - see below.) 
note that an effective de minimis individual risk could legitimately 
be introduced by regulatory authorities to avoid devoting limited 
resources (the time of experts and money) to clearly low priority 
protection problems. A practice could be quickly determined to 
involve risks to individuals not exceeding some "analysis action 
level" whereupon further assessment of the practice would not be 
carried out. A similar analysis action level could be formulated on 
the basis of a de minimis collective dose. 

Conservatism introduced in the actual calculation of Sr need not detain 
us here. There are, of course, practical difficulties in developing realistic 
environmental and dosimetric models for the calculation of collective oose but 
no conceptual problems. 

The final component of the cost of the detriment is the dollar value of 
the man sievert, a = a'r. So far it has been tacitly assumed that a is 
independent of individual dose, He, but this is unlikely to represent the 
real world situation. Both the risk associated with a given exposure is, as 
discussed above, likely to decrease as the individual effective dose 
equivalent decreases i.e. r = r(Hg); and a' itself, representing not so much 
the dollar value of a human life as the money an individual is prepared to pay 
to avoid a risk of death, may also be a function of risk (ano dose). The 
value of a' could well be tied up with a person's perception of a risk and his 
apprehension of its seriousness. A yery low risk might not be perceived at 
all (i.e. there could be a "risk perception threshold") or, if perceived, 
considered to be of little consequence and not worth spending money to avoid 
(particularly his own money). At some higher risk a person is likely to be 
prepared to pay money to avoid it. That is, a case could be made that a' is 
an increasing function of risk (perceived risk ) and therefore of individual 
dose. This has been argued by Clark and Fleishman (1979) who have proposed 
that the dollar value of the man sievert should be a function of per caput 
dose equivalent. At low doses, 0.03 mSv and below, (using the concept of a 
risk threshold) they propose a constant a of about $20; this rises with 
increasing dose to about $5000 at the population dose limit of 5 mSv. 

The consequences of all this would be to make knowledge of the 
distribution of individual dose necessary for the evaluation of Y; the 
collective dose alone would not be sufficient. This is consistent with 
intuition. A practice which led to a collective dose made up of a large 
number of sma'il individual doses would be likely to be treated with less 
concern by a regulator or a health physicist than another, leading to the same 
collective dose, but comprising a number of exposures close to a dose limit. 
This was recognised by ICRP in ICRP Publication 22: 

"The concept of population dose (or collective dose) in man-rems has been 
widely used as a measure of the total detriment either to a whole 
population or to a group of people, who may be workers or members of the 
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public. Its use in this way is valid only for a linear, non-threshola 
dose-risk relationship, independent of dose-rate. Even granting these 
conditions, it requires some modification in practice (IS). 

"The use of the concept of population dose in the process of decision 
making should, therefore, be supplemented by consideration of the dose to 
individuals. At low levels of individual dose, e.g. those small by 
comparison with variations in local natural background, the risk to the 
individual is so small that his health and welfare will not be 
significantly changed by the presence or absence of the radiation dose. 
At levels of individual dose close to the relevant dose limits, the need 
to avoid occasional excessive doses, the restrictions imposed by 
regulatory bodies and the desire to reduce the radiation risk to 
individuals well below that to which they are otherwise exposed, mean that 
more effort has to be applied in practice to dose reduction than would be 
expected from consideration of the collective dose alone (16). 

"...in the region of individual dose near the dose limit, the need for the 
additional effort can be indicated by arbitrarily increasing the monetary 
equivalent of the man-rem, perhaps by a factor of 10 or so. (18)" 

Perhaps to use a variable a would be to try to put too much into a 
justification or optimization equation. There are, after all, other 
components of the radiation induced detriment that have not oeen taken into 
the concept of Y. The regulator will seek guidance only from cost-benefit 
equations; he will neither find certainty in them nor a formula for avoiding 
the use of common sense and judgement. 

A further major conceptual difficulty arises in accounting for health 
detriment when the health effects occur some time, often a considerable time, 
in the future, as is the case, for instance, when long-lived radionuclides are 
released to the environment. The problem is to provide a rational basis for 
deciding how much money should be spent now to avoid a health effect in the 
future. A common method of comparing benefits and costs that arise at 
different times is to normalise the value of all monies by discounting. The 
cost of attaining a given level of protection in cost-benefit anaylsis would 
be assessed in terms of its "present worth"; should not the same discounting 
be applied to the value of the health detriment? 

There appears to be some controversy about the answer to this question. 
One argument is that the question to be answered is the allocation of present 
resources to deal with a future effect and since one needs to allocate less 
present resources to deal with a future effect than with the same effect 
happening now, discounting is appropriate. Another is that once the decision 
on protection design and costs is made, and the controls implemented, the 
level of future harm is determined; nothing will be spent in future (at least 
not as a consequence of the present decision) to reduce the harm and so 
discounting is inappropriate. 

These seem to represent two different situations. In the first, the harm 
has not yet been done and money could be invested now (or future money could 
be used) to carry out some protection measures in the future; if the future 
works were all part of the present protection plan, discounting would be 
appropriate. In the second case the harm is an unavoidable consequence of 
today's decisions and accepting, as one is ethically bound to, that a health 
effect tomorrow is of no less concern than a health effect today, there shoulo 
be no discounting. 
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Discounting the value of future detriments over the long periods of time 

arising in some protection problems, thousands of years with the longer lived 
radionuclides - even with small assumed interest rates - rapidly insulates 
present decision making from concerns about the future. 

Many of the matters touched upon above are dealt with in greater detail in 
a discussion document prepared by the U.K. National Radiological Protection 
Board "The Application of Cost-Benefit Analysis to the Radiological Protection 
of the Public" (March 1980). 
U.S. ALARA Based Standards 

It has been pointed out that in the U.S.A., regulators tend to do the 
optimisation sums for the industry and lay down the numerical design 
objectives and standards that must be met to satisfy the ALARA criterion. 
Both the Nuclear Regulatory Commission and the Environmental Protection Agency 
have issued regulations of this kind. 

Applicants for a permit to construct a nuclear power reactor in the U.S.A. 
must include in their application, descriptions of the design of the radwaste 
systems to control the release of radioactive materials in both gaseous and 
liquid effluents during normal reactor operation. In addition, the applicant 
is required to demonstrate that these designs will keep the levels of releases 
to unrestricted areas "as low as is reasonably achievable". Appendix 1 of the 
relevant Code of Federal Regulations (10 CFR Part 50, App 1) specifies 

"Numerical guides for design objectives and limiting conditions for 
operation to meet the criterion "as low as is reasonably achievable" for 
radioactive material in light-water-cooled nuclear power reactor effluents". 

This regulation was first introduced in 1975. It requires (in summary) 
that the release of radioactive material above background from each 
light-water-reactor on a site to unrestricted areas shall not lead to a 
calculated annual dose to any individual in excess of 

for liquid effluents 3 mrem whole body 
10 mrem to any organ 

for gaseous effluents 10 mrem gamma air dose 
20 mrem beta air dose 

for radioactive iodine and 
particulates in atmospheric 
releases 15 mrem to any organ 

It is in this Appendix that the NRC stipulates that $1000 shall be used as 
the value of the man-rem in any cost-benefit calculations in connection with 
establishing that the ALARA criterion has been met. 

Additional restrictions are placed on the annual quantity of radioactive 
material that may be released in gaseous and liquid effluents to unrestricted 
areas, and on acceptable doses applicable to all light water reactors on a 
site. 

In 1977 the EPA issued its "Environmental Radiation Protection Standards 
for Nuclear Power Operations" 40 CFR Part 190. This regulation places upper 
limits on the radiation doses permissible to members of the public in the 
general environment and on the quantity of radioactive material that may be 
introduced into the general environment as a result of all operations in the 



161 
U.S.A. that are part of the nuclear fuel cycle. The standards (which apply to 
normal operations, i.e. planned discharges, only) are: 

Annual dose equivalent 25 mrem whole body 
75 mrem thyroid 
25 mrem any other organ 

Total quantity of radioactive 50,000 Ci Kr-85 
material released per gigawatt 5mCi 1-129 
year of electrical energy 0.5 mCi Pu-239 plus other a 
produced emitters with half-lives greater 

than 1 year 

Uranium mining is not, by definition in these regulations, part of the 
"nuclear fuel cycle" (milling, however, is) and doses resulting from exposures 
to radon and its daughters are not included under these standards. 

It is sometimes claimed that these ALARA based standards indicate that the 
USA authorities believe that the ICRP dose limits for members of the public 
(5 mSv per year) are too high and should be reduced. 

This is to misunderstand what has been done. The U.S. standards say 
nothing about dose limits; they merely specify how far below the dose limits, 
in the view of the U.S. regulatory authorities (and therefore, presumably of 
U.S. society), it is reasonable to require industry to work in certain 
specific operations within the nuclear industry. 
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