
9 9...................................................................................................................
XA04NO319

Radiation Protection Standards
A Practical Exercise in Risk Assessment

Roger H. Clarke
Director, National Radiological Protection Board

Member, International Commission on Radiological Protection

Abstract

Within 12 months of the discovery of x-rays in 1895, it was reported that large doses of radiation
were harmful to living human tissues. The first radiation protection standards were set to avoid
the early effects of acute irradiation. By the 1950s, evidence was mounting for late somatic effects
- mainly a small excess of cancers - in irradiated populations. In the late 1980s, sufficient
human epidemiological data had been accumulated to allow a comprehensive assessment of
carcinogenic radiation risks following the delivery of moderately high doses. Workers and the
public are exposed to lower doses and dose-rates than the groups from whom good data are
available so that risks have had to be estimated for protection purposes. However, in the 1990s,
some confirmation of these risk factors has been derived from occupationally exposed
populations.

If an estimate is made of the risk per unit dose, then in order to set dose limits, an unacceptable
level of risk must be established for both workers and the public. There has been and continues
to be a debate about the definitions of "acceptable", "unacceptable" and "tolerable" and the
attributing of numerical values to these definitions. This paper discusses the issues involved in
the quantification of these terms and their application to setting dose limits on risk grounds.
Conclusions are drawn about the present protection standards and the application of the
methods to other fields of risk assessment.

Introduction

The control of exposures to ionising radiation is an example of risk assessment and its
application to an environmentally hazardous agent. This paper describes what is currently
known about the risks of radiation exposure and how that knowledge is applied to setting
standards for protection. Finally the paper considers whether the system of radiological
protection can be applied to other carcinogens.

It is useful first briefly to review the history of radiation protection. Roentgen discovered x-rays
in 1895, and in 1896 the first paper appeared reporting radiation damage to the skin of the hands
and fingers of the early experimental investigators. Radium was also used for therapy soon after
Becquerel's identification of radioactivity, also in 1896, and in the next ten years several hundred
papers were published on the tissue damage caused by radiation. Several countries were actively
reviewing standards for safety by the start of the First World War, but it was not until 1925 that
the International Congress of Radiology was formed and first met to consider establishing
protection standards. This Congress established the "International X-ray and Radium
Protection Committee" in 1928, which evolved into the present International Commission on
Radiological Protection (ICRP).

173



1 9 9 2...........................................................................................................................................................................

The early recommendations were concerned with avoiding threshold (deterministic) effects,
initially in a qualitative manner. A system of measurement o dosimetry was needed before
protection could be quantified and dose limits could be defined. In 1934 recommendations were
made implying the concept of a safe threshold - under "satisfactory working conditions a
person in normal health can tolerate exposure to x-rays to an extent of about 02 roentgens per
day"(1 - about ten times the present annual dose limit. The tolerance idea continued and in
1951 "the figure of 2 r per week seems very close to the probable threshold for adverse effects"
led to a proposed limit of 03 r per week for low LET radiation(2). In considering neutrons and
alpha-particles, it was stated that "anaemia and bone damage appear to have a threshold at
I ACi Ra-226".

By 1954 the threshold was rejected(3) and "maximum permissible doses were such as to involve
a risk which is small compared with other hazards in life" and "since no radiation level higher
than natural background can be regarded as absolutely 'safe', the problem is to coose a
practical level that, in the light of present knowledge, involves a negligible risk". The change was
brought about by te emerging epidemiological evidence of excess malignancies amongst
American radiologists and the first indication of excess leukaemias in the survivors of Hiroshima
and Nagasaki.

The problem had become one of limiting the probability of harm and much of what has
subsequently developed related to the estimation of that probability of harm and the decision
on what level of implied risk is acceptable or, more importantly, unacceptable. The problem
arises in both working and public environments and both issues will be dealt with in turn. First,
however, it is useful to review what is currently known about the long term effects of chronic
radiation exposure.

Carcinogenic effects of ionising radiation

The major effect of occupational or public exposure to radiation appears to be the appearance,
at long times after exposure, of a small excess of cancers in any irradiated population. It is not
possible to distinguish a radiation-induced cancer from one arising naturally, so that any
estimate of the risk has to be made from a statistical analysis of the long term health of irradiated
populations. Although there are several population groups who were exposed in the past to high
doses of radiation and from which estimates of cancer risk can be made, including patients
treated for ankylosing spondylitis and other medical conditions, or those exposed at work, the
single most important source of information is from the survivors of the Hiroshima and Nagasaki
atomic bombs.

There are some 76,000 survivors of Hiroshima and Nagasaki for whom individual dose histories
exist. The number of excess cancers in te population has continued to increase as the follow-up
in epidemiological studies continued to the mid-1980s. Lifetime cancer experience is not yet
available for any of the large epidemiological studies; for example, over 60% of the Japanese
survivors are still alive. Amongst the 30,000 who died, there has so far been a statistical excess
of approaching 400 radiation-induced cancer deaths in the 6000 or so cancer deaths that have
occurred in the population. Therefore to project the lifetime cancer risk for an exposed
population it is necessary to use mathematical models that extrapolate forward, in time, data
based only on a limited period of the lives of the individuals.

174



9 9 2..........................................................................................................................................................................

The data now available provide evidence that, for radiation-induced cancer, a multiplicative
model is the most likely representation of the effect of irradiation, at least for the more common
cancer types. In the multiplicative model, the time distribution of the excess risk follows the same
pattern as the time distribution of natural cancers, i.e. the excess (after latency) is given by a
constant multiplying factor applied to the age-dependent incidence of natural cancers in the
population.

An implication of the use of the multiplicative model is that for the majority of solid cancers it
results in an increasing risk with time after exposure, following the natural increase with age, as
shown in Figure 1. There are indications, at least in some groups of a decline in the excess at long
periods after exposure. This is well documented for leukaemia, but is also seen in the solid
tumours from the uranium miners (lung cancer), and the patients irradiated both for spondylitis
and for enlarged thymus (thyroid cancer). On the other hand, there has been no indication of
a decrease in relative risk up to 40 years in the Japanese survivors, the tnea capitis patients (skin
and thyroid cancer), and the North American breast cancer studies of women irradiated for
mastitis or pneumothorax.

Because of the use of a multiplicative risk model, estimates of risk for the Japanese A-bomb
survivors have to be applied to other populations with different baseline "natural" cancer rates.
ICRP has tackled this problem by calculating risks to other populations in two ways: first, the
relative risks by age, sex and site in the A-bomb survivors can be applied to the "natural" cancer
rates in the new population; and second, the absolute numbers of cancers to date in the Japanese
are used to give absolute risks, and these risk factors are applied to the new population to
estimate a set of risks relative to the baseline cancer rates of the new population. In both cases
risks are projected into the future using the multiplicative model.

Figure I Scheinatic representation of the ultiplicative model
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------- Total risk in irradiated population
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ICRP has used these two methods since there is no agreed method of transferring risks across
populations and it is certainly true that cancer rates vary considerably between populations. The
calculations were performed for five populations representative of the different parts of the
world with varying natural cancer rates and the results were averaged.

The most comprehensive human evidence for carcinogenesis induced by radiation is obtained
from groups given single doses at relatively high levels. If observations were directly available
at chronic low doses, the questions about thresholds and the shape of the dose-response curve
would be irrelevant. But such observations are unlikely because the size of the study population,
in order to give the same statistically significant result, must increase as the square of the
reduction in dose to the population; a 100 fold lower dose needs a 10,000 times larger population.
As a result, theoretical considerations and experimental results have to be considered to estimate
risks at low doses and low dose rates.

In summary, after transferring risks across populations and extrapolating to low doses and dose
rates,

the nominal risk factor is 1-5 MSV-1 for a population of all ages

As a perspective on this number, natural background whole body radiation gives a dose of about
I mSv per year. The total risk varies by less than 50% between the sexes, the higher values
applying to women. The variation with age is more marked - the estimated risk for ages 020
years is more than twice the figure for all ages. For a population of working ages, defined as ages
18-64 years, the risk figure is about 80% of the fatal cancer risk for a population of all ages. Some
support for these risk factors has come from the first analysis of the National Registry for
Radiation Workers which covers some 95,000 occupationally exposed workers in the UK(4).

Acceptable levels of risk

The existence of doses in all parts of the body from natural sources of radiation decreases the
importance of the shape of the dose-response relationship at doses close to zero. Small doses are
always in addition to the natural background dose. For moderate doses above background, a
linear relationship between the incremental dose and incremental probability of a deleterious
effect will be an adequate approximation whatever the true shape of the relationship between
dose and risk. It follows that the discussion on the limitation of risk to individuals must include
not only the risk per unit dose but also what risks are acceptable.

All human activities or lack of activities carry some risk. Some of the activities are accepted by
most people even if the risks are rather high, e.g. traffic accidents. Other activities are not
accepted because the risks are considered unjustifiably high in relation to the ensuing benefits
even after reasonable attempts at risk reduction. Many attempts have been made to set an upper
level of risk to an individual, i.e. a level of risk which would not be acceptable even if it could not
be futher reduced. The source of the risk is important and there is a difference here between
voluntary and imposed risks. For radiation protection purposes the relevant circumstances
would be normal occupational or private life in what might be considered a safe society.

A report on Risk Assessment by a Study Group of the British Royal Society was produced in
1983(5) and was used by NRPB in giving guidance in 1987(6). In 1988 the Health and Safety
Executive produced a rationale for tolerable risks(7) in response to a recommendation by
Sir Frank Layfield, the Inspector at the Sizewell B Pressurised Water Reactor Inquiry. In
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order to discuss the issues, it is first necessary to clarify the terminology and this has been
done by ICRP in their latest recommendations(8).

ICRP has found it useful to use three words to indicate the degree of tolerability of an exposure
or risk. They are necessarily subjective in character and must be interpreted in relation to the
type and source of exposure under consideration. The first word is "unacceptable". which is
used to indicate that the exposure would not be acceptable on any reasonable basis in the normal
operation of a practice of which the use was a matter of choice. Such exposures that are not
unacceptable are then subdivided into those that are "tolerable", meaning they are not
welcome, but can reasonably be tolerated, and "acceptable", meaning that they can be
accepted without further improvement, i.e. when protection has been optimised.

In this framework, a dose limit is set at a level of risk selected at the boundary in the region
between "tolerable" and unacceptable" for the situation in which dose limits apply, i.e.
the control of specified practices. The limit then protects the individual from all sources under
control by ensuring the total risk is not unacceptable. There will also be a level of risk that is
trivial, and the source will automatically be considered acceptable. If the risk is above the trivial
level then optimisation of protection from the source must be undertaken. It follows that the
optimisation process for any single source must be constrained to the maximum
acceptable individual risk so that the risk from that single source does not cause concern and
the combined risk from all sources under control does not become unacceptable. The
relationships are shown diagrammatically in Figure 2.

Figure 2 Schematic diagram of the acceptability of risk

- unacceptable dose limit

tolerable
.............................................. maximum acceptable risk from a single source

A
acceptable after optimisation

V
............................................... trivial level of risk
acceptable without optimisation

Having decided on the vocabulary to be used, it is possible to review the Royal Society and HSE
reports in an attempt to derive the numerical values that correspond to each word. The
considerations are different for workers and members of the public.

(a) Occupational risk

For workers, the Royal Society group concluded that a continuing annual probability of death
of I in 100 would be clearly unacceptable, since the individual would be almost certain to die
from the occupation. On the other hand, an annual probability of death of in 1000 could hardly
be called totally unacceptable provided the individual at risk knew of the situation, judged he
had some commensurate benefit as a result, and everything reasonable had already been done
to reduce the risk. The HSE report concluded that, broadly, a risk of death of I in 1000 per year
is about the most that is ordinarily accepted under modern conditions for workers in the UK, and
adopted it as the dividing line between what is just tolerable and what is intolerable
(unacceptable).
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Both the Royal Society and HSE arrive at the same judgement on the level of unacceptable
occupational risk of I in 1000 per year, although the former argued down from the clearly
unacceptable to what was hardly totally unacceptable, while the latter argued up from the norm
to what was bordering on intolerable. There does not seem to have been much discussion on
acceptable risks in industry. Clearly a wide range of risks applies across different occupations.
Annual fatal risks of I in 10,000 seem widely accepted across industry so that the maximum
that might be accepted is probably between 1-4 and 1-3 y-1. The tolerable level of
risk must therefore be just below 10-3 y-1, but probably not as low as 10' per year.

(b) Public risk

In the case of risks imposed on members of the public, the Royal Society and HSE reports are
more divergent in their views. HSE argue down, stating that if the maximum tolerable risk for
workers is I in 1000 per year, the maximum level that they would be prepared to tolerate for
members of the public is not less than 10 times lower, i.e. I in 10,000 per year. Such a level, they
observe, equates to the average risk of dying in a traffic accident. The Royal Society Study Group
on the other hand, argues up from the lower level of what is a negligible risk to individual
members of the public. The Study Group felt that a risk as low as I in 1,000,000 per year was
commonly regarded as trivial, and while in some circumstances it could be ten times lower (I in
10,000,000), it may be as much as ten times higher (I in 100,000). For members of the public, the
Royal Society Study Group said that there was a widely held view that few people would commit
their own resources to reduce an annual risk of death which was already as low as I in 100,000;
however, if there are grounds for suspecting a real risk, at an annual level of I in 10,000, the
imposition of that risk is likely to be challenged.

In its 1987 guidance the Board stated:
"The maximum acceptable annual risk for a member of the public is around -51,

and
,, Risks much beyond 10-5 y-1 probably verge on the unacceptable for involuntary risks
tolerated by members of the public."

The question of the maximum level of dose to be tolerated by members of the public was debated
at the Public Inquiry into the Hinkley Point 'C' Pressurised Water Reactor. In his report, the
Inspector, Michael Barnes QC, said on this point:(9)

"When cross-examined, Dr. Clarke of the NRPB said that he thought a figure of in 10,000
per year as the maximum tolerable level of risk for members of the public was a rather high
figure. He had previously stated in writing that he considered a risk of 3 1-5 3 in 100,000)
per year for the public as verging on the unacceptable. I do agree that it is difficult to see how
certain of the public documents which were quoted (e.g. the Royal Society Study Grup and the
Recommendations of the ICRP) support a level of tolerable risk for members of the public as
high as I in 10,000 per year."

The Inspector concluded by saying that he would not have recommended consent be given to
the construction of the PWR if, inter alia, the risk of fatal cancer to any member of the public
exceeded I in 100,000 per year.

It seems therefore that a reflection of society's present view, as expressed by the Hinkley
Inspector, is that a risk of I of 100,000 per year is the maximum acceptable risk from a single
source for members of the public and that, in summary, it can be concluded that for risks
imposed on members of the public
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an annual fatal cancer risk greater than 3XIO-5 per year is unacceptable
an annual fatal cancer risk between 3X IO-' and 10-5 per year is tolerable

an annual fatal cancer risk of 10-5 per year is the maximum acceptable

for a single source

It is also important to note that NRPB advice(10) on the criteria to be used for the land disposal

of solid radioactive waste include a maximum risk constraint, on the exposure of an average

member of the group representative of those most highly exposed, of in 100,000 per year from

a single repository. If two or more disposal facilities are planned at the same site, the constraint

applies to the sum of the risks.

Control of doses to occupationally exposed individuals

In order to recommend limits to exposure and constraints on optirnisation, it is necessary to

compare the risks of exposure with the risk acceptance criteria derived above. The attributable

fatal cancer rate as a result of working from age 18 to 65, i.e. 47 years at annual doses of 10, 20,

30 and 50 mSv are shown in Figure 3 The attributable fatality probability as a function of age

tends to follow the probability of death from cancer for an individual aged 18 because of the use

of a multiplicative model. The peak risk rate therefore arises at an age in the ate-70s. The

question to be asked is what is to be compared with the numerical criterion that the level of

unacceptable risk is 10-3 per year.

This criterion would be exceeded at an age in the mid-50s for someone receiving 50 rnSv y-'

and in the early-60s for someone receiving 20 mSv y-'. Exposures would need to be kept below

15 niSv y-'so as never to exceed an annual risk of 10-'. But is a peak risk in the later years of

life as important as added risks earlier in life? In Table I various attributes of the risk are given

for a range of rates of exposure: the annual attributable fatal risk at age 75 is compared with the

average annual risk to age 75, and the lifetime attributable risk of fatal cancer. There are also

non-fatal cancers and hereditary effects of radiation, which ICRP have weighted for their

severity and added to the fatal cancer risk to give a measure of detriment from radiation

exposure. There has been no agreed method of combining the different health effects of

radiation into a single detriment quantity. In Publication 60 ICRP has produced a protocol for

weighing the various effects and it does not seem unreasonable to accept this procedure at

present. Detriment calculated in this way is included in Table .

The relative importance of these different attributes has to be judged when making a decision

on acceptability. On the basis of the data presented above, ICRP recommends dose limits of an

average of 20 mSv y-1 over years (100 mSv in years) widi no more than 50 mSv in

a single year. At this rate of exposure, the lifetime risk of induced fatal cancer is nearly 4,

which with added weighted allowances for non-fatal cancers and hereditary defects is %, which

may be compared with the lifetime risk, inferred by the maximum tolerable risk of 10-3 per

year, of 4.7 % for work frorn age 18 to 64, and the natural risk of dying of cancer of towards 25

The average annual attributable fatal cancer risk is 7 10-' and detriment 10-3. These levels

of risk seem to correspond to the most that will be tolerated and therefore mark the borderline

of unacceptability. The Board has advised that workers exposures should be controlled so as not

to exceed an average dose of 15 mSv y-'. Tis level of exposure should ensure risks in the

long term are tolerable to those exposed occupationally. In many cases, worker doses will not

need to be this high and constraints will be set at considerably lower levels of dose.
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Figure 3 Annual risk of death from radiation induced cancer for 10, 20 30
and 50 mSv y -I received from age 18 to 64.
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Table 1: Attributes of detriment for occupational exposure
Annual dose (mSv) 10 20 30 50

Attributable lifetime
probability of cancer death (%) 1.8 3.6 5.3 8.6

Detriment %) 2.5 5.0 7.4 12.0

Attributable annual fatal
cancer risk at age 75 6.5 10-' 1.3 10-' 2.10 -3 3.3 10-'

Average annual attributable
fatal cancer risk from 18-75 3.5 10-4 6.9 10-4 1.0 lo-, 1.6 10-3

Control of doses to members of the public

For members of the public, the same approach as for occupational exposure has been used to
consider the different results of exposure over a lifetime received at 02 03, 0.5 and I mSv y - .
Figure 4 shows the time distribution of fatal cancer r;sk and Table 2 the peak and average annual
attributable fatal risks, lifetime attributable fatal risk and detriment. Although suggestions of
upper limits to acceptable levels of imposed risk have been made, it is clear that again
judgements have to be made about whether the time at which that risk is received is important.
Added risks late in life may be less important than risks added in earlier years. On the basis of
considering these risk levels and the variation in natural background radiation (excluding radon
for high levels of which intervention is recommended), ICRP recommends a dose limit of
I mSv in a year.

The lifetime fatal cancer risk at this rate of exposure is 04% which represents an increase of
about 15% of the natural probability of dying of cancer. The average annual risk up to age
75 is just under 3 10--. This corresponds to the level of unacceptable risk outlined above,
and represents the ICRP judgement on an unacceptable level of risk to the individual.

The Board is proposing that the constraint on optimisation from a single source should be
no more than 03 mSv.y-I corresponding to an average annual fatal risk of 10-6 which has
been said is about the most that is acceptable. The associated detriment would be just over 1 -
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per year on average. For most sources of public exposure, lower constraints are expected to be
set for the optimisation of protection. There is a further reason to consider that the maximum
constraint of 03 mSv is a robust figure. It represents about 10% of the average exposure from
all sources of radiation, principally natural radiation which itself has a variation that is much
greater than 0.3 mSv across the country even when excluding radon exposures (which can be very
high and for which remedial actions are recommended). Even if risk factors change, it would
seem unlikely that it would be justified to reduce the maximum constraint to below 03 mSv y-'
on the basis of its being a small fraction of background radiation.

Figure 4 Anual risk of death from radiation induced cancer for 02 03,
0.5 and I mSv y -I over a lifetime.
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Table 2 Attributes of detriment for public exposure
Annual dose (mSv) 0.2 0.3 0.5 1.0

Attributable lifetime
probability of cancer death 0.08 0.12 0.2 0.4

Detriment %) 0.12 0.2 0.3 0.6

Attributable annual fatal
cancer risk at age 75 2.8 10-1 4.2 10 -1 7.0 10 -5 1.4 10-4

Average annual attributable
fatal cancer risk to age 75 5.3 10-6 8.0 10-6 1.3 -5 2.7 10-1

Conclusion

First an assertion - people are becoming more risk conscious. Both the workforce and members
of the public are able to express their concerns more numerately. They demand better standards
of protection and some, admittedly extremists, would like a risk-free society. This zero risk
demand, cannot be met by defining radiation or other environmental agents as having zero risk
at low levels.

This paper has tried to explore where society would today set the levels of unacceptable, tolerable
and acceptable risk for both workers and the public. Using these values, the radiation protection
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standards recommended internationally and in the UK for workers and the public are robust.
Fatal cancer risk estimates now seem unlikely to be underestimated and recent evidence from
occupationally exposed groups suggests they are not significantly overestimated. However, this
is a time of change. Even if the risk per unit dose is thought to be fairly certain, society may seek
higher safety standards that would require further restrictions on doses received.

Radiation protection philosophy has shown imaginative conceptual thought leading to a system
of control that may be better than for any other environmental agent. The future is uncertain,
but it may be that other environmental pollutants should be assessed and controlled in the way
developed for radiation. If so, a better balance of perceptions will result.
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