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OBJECTIVES OF RADIATION PROTECTION

To quote ICRP Publication 26 (paragraph 9), tha aim of radiation pro-

tection "shoui. * be to prevent non-stochastic effects and to limit the

probability J stochastic effects to levels deemed to be acceptable".

In this Co. . c "effects" means harmful biological effects. Non-stochastic

effects ar: .'use which would only occur above a dose threshold, but

which would a1ways occur at high doses, with a severity that would in-

crease wicVr increasing dose (e.g. skin erythema). Stochastic effects

(e.g. cane s and hereditary effects) would never occur with certainty

but with i probability that increases with döse without any obvious

threshold. The severity of stochastic effects is essentially independent

of dose.

The meaning of "acceptable" follows from the three fundamental prin-

ciples spelled out in paragraph 12 of ICRP Publication 26:

(1) No practice shall be adopted unless its introduction

produces a positive net benefit;

(2) all exposures shall be kept as low as reasonably

achievable, economic and social factors being taken

into account; and

(3) the dose equivalent to individuals shall not exceed the

limits recommended by the Commission.



THE CONCEPT OF RADIATION DETRIMENT

In order fully to describe a risk situation, one would need to know

both the probability (P) of various harmful effects and the consequence

(W) of the effects if they occur. The product of probability and con-

sequence is the mathematical expectation of consequence (E(W) « P*W).

For the individual (k), P., would be the probability of a particular

deleterious effect (i) and W., the biological consequence of that effect.

The expectation of consequence to the individual would be

' \ Pik*Wik

The various stochastic effects may have very different consequences

depending upon how "consequence" is defined. If, for example, the con-

sequence to the individual is defined as "getting cancer", there is a

simple 0 V8 1 (yes or no) situation, with all types of cancer falling

in the W.. » 1 category. If, on the other hand, the consequence defi-

nition includes not only the occurrence but also the severity (g.) of

the disease, W., - g.. In ICRP Publication 26 it is postulated that

g. « 1 for lethal cancer but that g. • 0 for non-lethal cancer. On this

assumption, the individual consequence is either zero or "dying from

radiation-induced cancer". Hence

Here P., is the probability of individual k dying from radiation-

induced cancer of type i.

It should b* noted that it is merely fortuitous that E. (W) is numeri-

cally equal to I P*fc. Strictly, E^W) and I P*k are not of the same

dimension, E. (W) being a consequence expectation (number of radiation-

induced cancer deaths for the individual, evidently << 1 cancer death)

and I ?*. being a sum of probabilities (the total probability of
i 1K

dying from radiation-induced cancer, probability being dimensionless).

If the consequence had not been represented by g. » 1 death from cancer

but by some other measure, e.g. mean life-time lost by radiation-induced

cancer, it would have been more obvious that E. (W) is not dimensionless

BB is probability.
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In the following, D denotes radiation "dose" (to be defined later).

The relationship between dose and response {e.g. the probability of

dying from radiation-induced cancer) is not definitely known at the

low doses of interest in radiation protection. The ICRP recommendations

are based on a postulated assumption of proportionality between dose

and response, so that

Pik - riDk

The proportionality factor is likely to be different for different

individuals since it is believed to vary with age and sex; nevertheless,

an individual-independent factor r. is used by ICR? and justified as

an average over the sexes for all age groups. With these simplifying

assumptions, the individual expectation of consequence (cancer suffering,

with g. as the severity factor) will be

k £ i k i k ^ i i k

Here, g • Ir.g. must not be confused with g.. Q is the expectation of

consequence per unit "dose" to one individual. If W individuals are ex-

posed, the expectation of collective consequence (cancer suffering) will

be

where IT is the average "dose" to the H individuals. The product of N

and DT is called the collective doee. In the general case, therefore,

g is the expectation of collective consequence per unit collective dose.

This is also valid in the trivial case of a population of one, i.e. for

the individual expectation of consequence. An individual "dose" of D.

will also cause a collective dose contribution of S • D. *1 (man).

In the ICRP terminology, the mathematical expectation of collective

consequence as described above is called the radiation (health) detriment.

In the same terminology, g should be the detriment per unit collective

dose. Unfortunately, in ICRP Publication 26, Q is not introduced in

this way. Instead a dimensionless "risk factor" is given which is

strictly r., but has the same numerical value as g since the assumption

is that g. - 1.



The symbol used by ICRP for detriment is G. The general expression

for the detriment will therefore be

G - 3«S

With the objectives of radiation protection mentioned in the intro-

duction, the aim would then seem to be to limit the individual detri-

ment G. * <J*S. • fl«D. *1 and therefore D. , and to keep the collective

detriment G * Q*S "as low as reasonably achievable". The latter require-

ment leads to differential cost benefit assessment of protective measures

where the cost of protection is compared with the "cost" of detriment

and detriment is reflected by the collective dose.

It should be noted that detriment and collective dose are additive

quantities, whilst probability and individual dose are not additive

over groups of individuals. It remains to show how the individual

doses D, should be defined.

THE ASSUMTION OF PROPORTIONALITY ("LINEARITY")

It might seem that, as far as radiation protection is concerned, the

simplest biological assumption would be that of a threshold dose,

below which there is no harmful effect at all. Then no special pre-

cautions would be needed except to prevent the threshold from being

exceeded. The main purpose of radiation protection would then be to

avoid accidents and high exposures. There would be no obvious reason

further to reduce doses which are already found to be below recommen-

ded dose limits.

In practice, however, the threshold case would not be as simple to

handle as one might think. Since the body tissues cannot distinguish

between different sources of radiation, any dose limit that is set on

the basis of the threshold assumption would have to be applied to the

sum of all doses, irrespective of source. There would then be less

space for additional dose to someone who had already received a high

dose from, for example, medical exposures. A higher natural background

of radiation would imply less room for other exposures.
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In the threshold case, rules would also have to be developed to identify

the responsibility for excessive exposures. If the dose threshold were

exceeded because of the combined, accumulated exposure from many sources,

including natural backgorund, medical practices, occupational activities

and environmental pollution - which one should be blamed? The last ex-

posure, which pushed the total dose beyond the threshold? The formalism

of applying dose limits under these circumstances might, in fact, be

the same as if one had assumed a linear dose-response relationship without

a threshold. This would mean that all dose contributions of the same mag-

nitude would be given the same weight, irrespective of chronology, in

order to provide for a shared responsibility for the end result.

Only in the assessment of the consequence of each given dose increment

separately would the results differ. For example, the consequence of

a modest environmental pollution might be none to-day, if the dose-

response relationship is not linear, but the same pollution could be

the last straw in a situation where many previous sources had already

pushed the total dose near the threshold. For the total consequence,

therefore, all dose contributions should be blamed and therefore subject

to control.

In addition to this administrative view on proportionality as the

strategy for protection, there are radiobiological indications that a

linear dose-response relationship without threshold may be a likely

assumption for hereditary effects and also for cancer induction by den-

sely ionizing radiations. Even though the assumption may be less likely

for cancer induction by x rays and gamma rays, it cannot be entirely

ruled out. The assumption of proportionality is therefore not without

biological foundation and has been recommended for the sake of cautious-

ness.

The important practical consequence of this assumption is that it makes

it possible to calculate consequences on the basis of average doses,

irrespective of the actual dose distribution (provided that the threshold

for non-stochastic effects has not been exceeded in any tissue). It

follows that the detriment will be proportional to the collective dose,

as already shown:

G - gxS
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ABSORBED DOSE AND DOSE EQUIVALENT

The absorbed dose (D) of ionizing radiation is the energy eventually

absorbed per unit mass of the irradiated body. The present SI unit

is joule/kg, for which the gray (Gy) is accepted as a special name.

The old unit was the rad (I rad - 0.01 joule/kg).

One and th"? same absorbed dose (D) from different types of radiation

•ay have different biological effects (different degrees of severity

of non-stochastic effects, different probability of stochastic effects)

because of different relative biological effectiveness (RBE) at dif-

ferent radiation qualities.

In Reports 19 and 25 of the International Commission on Radiation

Units and Measurements (ICRU), a special quantity, the dose equiva-

lent (H) at a point in tissue is defined by the equation

H = QxN*D

where D is the absorbed dose at the point, Q the quality factor given

by ICRP as a function of the linear energy transfer (collision stopping

power) L^ in water, and N the product of any other factors which may

be recommended by ICRP for this purpose (so far N * 1).

Since Q and N are dimensionless, the dose equivalent has the same

dimension as absorbed dose and may therefore be expressed in the same

units. In order to avoid confusion, however, a special name, the sievevt

(Sv) has been accepted for this unit (1 Sv « 1 Gy • 1 J/kg). The sievert

replaces the former unit, the rem which was related to the rad by the

dose equivalent equation (1 Sv « 100 rem).

By using dose equivalent rather than absorbed dose it is possible

to postulate a dose-response relationship independent of the type of

radiation.

EFFECTIVE DOSE EQUIVALENT

In its recommendations prior to Publication 26, ICRP gave dose equi-

valent limits for a number of organs and tissues. This former system



of dose limits, however, was criticized as being inconsistent. For

example, the dose equivalent limit for the gonads vas S rem in a year,

irrespective of whether other tissues were irradiated or not, the

dose equivalent limit for the whole body being also 5 rem in a year.

In Publication 26, ICRP recommends that the sum of the weighted mean

organ dose equivalents (H ) for the various organs and tissues (T)

should be subject to the same dose equivalent limit (H.) that would

apply in the case of uniform whole body exposure (5 rem - 50 mSv for

workers):

w_ ti_ ^ IL
T

The weighting factors w recommended by ICRP were chosen to be propor-

tional to the assumed probability (r ) per unit tissue dose equivalent

of the occurrence of a serious stochastic effect (death from cancer,

serious hereditary defects) after tht exposure, the genetic effect be-

ing assessed for the first two generations.

In the previous notation, assuming that i-T, i.e. that each type of

effect i is due to exposure of one organ or tissue (T=i), the weighting

factors may be written

WT " r 1- 1 - *i*i's • rt/r* - V r

The last two equalities are valid if g.=l for all r.*r?. The average

dose equivalent to produce one case of serious stochastic effect is

Irrespective of the dose distribution within the body, one and the sane

value of the sum of the weighted organ dose equivalents is always re-

lated to the same probability (and also consequence expectation, since
ri8i * ri*^ " rT^ °* 8er*ous stochastic effects, since w-./r_ • 60 Sv

in all cases.
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At its meeting in Stockholm in 1978, ICRP decided to name the sum

of the weighted organ dose equivalents the effective dose equivalent,

as first suggested by Jacobi in 1974. This quantity (H_) is there-

fore defined as

h ' f WTHT

The effective dose equivalent is nov the quantity to which the pri-

mary dose limits should be applied. Multiplied by the risk factor

1.65x10 serious stochastic effects per person and sievert, it gives

the consequence expectation for the exposed individual. It has been

shown in ICRP Publication 27 that the use of the postulated risk factor

for both sexes and all age groups usually overestimates the risk,

but that the consequence expectation would be underestimated for young

women. Since the risk factor is intended to reflect the individual's

consequence expectation, it does not include the hereditary harm ex-

pressed after the first two generations. This late genetic hanp has

been estimated to be of the same order of magnitude as the genetic

harm expressed in the first two generations.

THE CHOICE OF DOSE LIMIT

The previously recommended whole body dose limits of 5 rem (50 mSv)

for workers and 0.5 rem (1 mSv) for members of the public, for doses

accumulated over a period of a year, have not been reduced in ICRP

Publication 26, even though the postulated risk factor indicates rela-

tively high levels of risk at the limits.

The justification of the retention of the previous limits is that the

meaning of the dose limit has been radically changed with Publication

26 (in fact, already vith Publication 9). In early ICRP publications,

the dose limit vas presented as a "safe" level of exposure and it was

said that it could be used "for purposes of planning and design". Now,

the dose limits rather indicate the lower bound of a region of undis-

puted unacceptability. It is usually not acceptable to be exposed near

the dose limit year after year. This is discussed in paragraphs 101
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and 102 of Publication 26. Furthermore, in paragraph 122 of the

document, it is recommended to limit the life-time dose to members of

the public at a level which would correspond to an average of 1 mSv

per year over a life-time.

The overruling recommendation is that all doses should be kept "as

low as reasonably achievable", which as practice shows leads to annual

doses which are usually much below the limits.

-2
It is usually not appreciated that the risk factor of 1.65 10 serious

stochastic effects per sievert describes a consequence expectation and

not a consequence which is actually expressed at the time of the expo-

sure. Because of the latency periods for cancer manifestation, the

actual harm may come first after many years. With some crude assumptions

on the possible time distribution of the various late effects, it has

been estimated that continued exposure from either the age of 18 in the

case of occupational exposure or from birth in the case of the public,

with annual doses at the limits, would cause the maximum relative in-

crease in the individual's total annual probability of death around the

age of 30 (when the background risk of death is still lov but sufficient

time has elapsed to permit some radiation-induced stochastic effects to

become manifest). Exposure at the limits might then, with the assumed

risk factorst increase the worker's total death probability rate by 10Z

and that cf the member of the public by IZ. Better founded assessments

of the time distribution of the expected harm would be illustrative and

helpful. It would also guide epidemiological studies which are now often

badly planned.

THE DOSE COfTIITMENT AND ASSESS^e^^S OF THE FUTURE

The dose cormitment (DC or rf*) originally developed by the United Nations

Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), is

defined as the infinite time integral of the per caput dose rate (ab-

sorbed dose rate or dose equivalent rate) from a given practice for a

specified population, which may be local or the whole world population.

It may be applied also to the effective dose equivalent:

dt
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The dose coaaitaent is always related to the decision, event or practice

that caused the coaaitaent of future exposures (for example by long-lived

radioactive pollution of the environment). It should be noted that the

integration is carried out over tiae per saput, irrespective of the fact

that the population aay consist of different individuals at different

t ices. Because it is the per caput dose rate that is integrated, the

specified population does not have to be of constant size with tiae.

If the dose coaaitaent H_... relates to a unit of practice, e.g. bur-

ning one ton of uranium ore equivalent in a nuclear reactor, and the

practice rate is R (tons per year), then the Kaximua future per caput

dose rate in the population for which the assessaent is aade will be

R»Hf , n (with one year as the tiae unit). By assessing the dose coaait-

aent per unit practice and the expected practice rate, it is therefore

possible to assess also the maximum dose rate in the future.

If the practice is assuaed to continue only for a limited time period

T, the aaxiaua future dose rate will be R«Hf * . if l£ .* is the trun-

cated or incomplete dose commitment where the integration over tiae is

interrupted after a tiae period T instead of being carried out to in-

finity. For the practice of nuclear power, it is cotmton to assuae a

practice period of T - 500 years, as in the UNSCEAR reports.

The use of the dose commitment as a tool to assess the maxiaua future

per caput dose rate is a purely mathematical exercise and is not depen-

dent on any biological assumptions. Whether the per caput dose rate as

such has any useful meaning, however, depends on the assumed dose-

response relationship.

A trivial case of the incoaplete dose conaitraent is the integration

over SO years of the organ dose equivalent rate for a single individual

after the intake of some radioactive substance. This is often referred

to as the aormitted dose and is the basis for the derivation of the

Annual Limits of Intake (ALI) now recommended by ICRP in Publication 30.

COLLEaiVE DOSE

The collective dose (S) is the product of the number (N) of exposed

individuals and their average dose (absorbed dose or dose equivalent;

the sane symbol, S, is used in both cases).
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The unit of collective dose is man-sievevt (man-Sv) which has replaced

the former unit mari'Vem. The collective dose can be calculated as

W I N W
Z W W l ( i ) i

This does not mean that, conceptually, individual doses are added, but

rather that the collective dose, S, is the sum of individual components

S. • 1*D, where the factor 1 (man) brings in the "dimension" man. Strictly,
R it

absorbed dose and dose equivalent are "intensive" quantities and not

additive (just as the dose in one finger is not meaningfully added to

a dose in another finger). Collective dose, however, is truly an

additive quantity. This becomes perhaps easier to understand if "man"

is seen as the quantity reference man with the dillusion mass. This

would give S the dimension massx(energyxmass ) = energy. The collective

dose may thus be treated as the total absorbed energy or the total equi-

valent energy of reference radiation in the particular organ or tissue.

The collective effective dose equivalent may then be seen as the total

equivalent energy in all body tissues after weighting for the relative

detriment of stochastic effects. In other words, collective dose could

alternatively have been expressed in (weighted) joules rather than in

man-sievert. It had then been more obvious that collective dose will

not strictly be obtained by adding individual doses but individual col-

lective doses.

COLLECTIVE EFFECTIVE DOSE EQUIVALENT COWITTCNT*

The collective dose cormitment (tf') is defined as the infinite time

integral of the collective dose rate (from a specified practice):

SC - / S(t) dt
0

This quantity cannot be assessed unless some assumption is made on

the future population size, W(t). If the collective dose relates to

the effective dose equivalent, SR may be calculated as

S_(t) - f-[ tk_(t)]
E dt 1 £

here called "CEDEC" for convenience
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If W(t) it the total exposed population at time t, the CEDEC (S^)
E

may be assumed to reflect the totaJ detriment of the practice under

consideration, provided that the assumption of proportionality between

dose and response is valid:

The CEDEC may therefore be used to give some indication of the total

radiation health detriment, for the purposes of justification and opti-

mization assessments, but the uncertain reliability of the basic assump-

tion of proportionality must be kept in mind.

In optimization assessments, it is the change in detriment caused by

changes in protective measures that is relevant. It may be that, in some

cases, the collective dose in the very distant future will not change,

irrespective of present protection efforts. For example, iodine-129

(T. ,„ • 16 million years) could be retained rather than released from

fuel reprocessing plants. The achievable retention time, £., however, is

likely to be much shorter than T. ,». The contribution to the collective

dose after a time period -C will not be influenced by the retention. The

relevant quantity to assess in the optimization procedure would therefore

be the incomplete CEDEC, with the integration over time interrupted

after the time period t.

In the assessment of collective doses and in the calculation of a per

caput dose in a given population, it would not usually be appropriate

to interrupt the summation of individual collective dose contributions

S. • 1(man)xD. at low values ("cut-off" values) of D,. This would only

be justifiable if the collective dose thus ignored would not contribute

significantly to the total.

If the detriment assessment G » <}*S_ is based on a CEDEC which has been

calculated by integ ation over a very distant future, the number should

not be used as the only detriment information in justification assess-

ments. It would be more appropriate to present the various components

of the detriment as a function of time, in order to make it possible

for the decision makers to judge how they might wish to weigh uncertain

harm in the future against lesser, but more likely harm at earlier times.
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