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Medical Uses of Radiation: Retaining the Benefit
but Recognising the Harm

Jack Valentin
Swedish Radiation Protection Institute

(Sweden)
Geoff Webb

National Radiological Protection Board
(United Kingdom)

Abstract

Very soon after the discoveries of radiation and radioactivity, x rays were used in medical diagnosis.
The benefits from this use were immediate and obvious, whereas the potential for harm was only discovered
later. This paper reviews the historical irends and current situation in doses to patients from diagnostic
radiology, to investigate whether the optimisation requirement of radiological protection is being fully
implemented. The use of constraints as a quantitative indicator is thought likely to help. Computed
tomography is studied as an example of the introduction of a new technique with substantial diagnostic
benefits but involving substantial doses. Doses to patients from nuclear medicine and radiotherapy are
also reviewed. Doses to staff show trends that seem to indicate considerable attention to dose reduction.
The overall conclusion is that the control of patient doses from diagnostic radiology is reasonable - but
it could be better.

Les usager _Je sources de rayonnements en médecine:
Consr it leurs bienfaits tout en reconnaissant

leurs effets nuisibles

Resumé

Presqu" auss* J apres la découvertes des sources de rayonnements et de la radioactivité, les
rayons-X furent util^. . pour établir en médecine un diagnostic. Leurs avantages furent immédiats et
évidents alors quo I >. % effets nuisbles possibles ne furent découvert que plus tard. Ce papier en examine
I'histoire ainsi que I. -. nation actuelle concemant les doses aux patients dues au radiodiagnostic; a examine
si les conditions d V .misation requises en radioprotection sont mises å effet. Les contraintes de doses
en tant qu'indicateu» quantitatif somt considérées comme pouvant aider. La tomographie automatisée
est étudiée comme. :ample d'une nouvelle technique comportant de grands avantages diagnostiques
mais aussi donnant es doses importantes. On examinera aussi les closes données aux patients en
médecine nucléaire - en radiothérapie. Les doses an personnel semblent montrer une preoccupation
avec des reduction.' de doses. En conclusion le contröle de doses données aux patients par le
radiodiagnostic est raisonnable mais pourrait étre amélioré.



Medical Uses of Radiation: Retaining the Benefit
but Recognising the Harm

Introduction

The benefits of radiation were first recognised in the use of x-rays for medical diagnosis, very
soon after the discoveries of radiation and radioactivity. The rush to exploit the benefits led fairly soon
to the recognition of the other side of the coin, that of radiation-induced harm. In those early days only
the most obvious forms of harm - now known as deterministic effects - were seen and protection efforts
focused on their prevention, but mainly among the practitioners rather than the patients. Gradually over
the middle decades of this century it was first discovered, and then recognised that there were other, less
obvious harmful effects - now called stochastic effects - that could not be prevented, only minimised. For
the last two or three decades effort has therefore switched in mainstream radiological protection to an
overt balancing of benefits and harm, and towards efforts to reduce the residual harm.

There has, however, been a difference between the development of radiological protection practice
in the medical area and in the industrial area. This, we believe, has resulted from the concentration on
the benefit to the patient in the medical area compared with the concentration on the harm in the industrial
area, not least that of nuclear power. It is also relevant that for many medical diagnostic procedures there
is no other reasonable alternative method to achieve the desired result whereas for most industrial processes
there is.

Overall the result has been a tendency for dose reduction measures to be implemented less
vigorously in the medical than the industrial areas. As we hope to show, this situation is improving but
there is still scope for further moves towards 'retaining the benefit but recognising the harm'.

Doses to patients from conventional diagnostic radiology

Among the medical uses of radiation, examination of patients with x rays for diagnostic imaging
purposes is by far the most frequent practice. Although the individual dose from each such examination
is generally relatively low, the magnitude of the practice makes a significant impact: almost everybody
in industrialised countries has experienced an x-ray examination, it is not uncommon that children are
subjected to several examinations, and quite frequently, elderly persons are examined many times.

These observations evoke several questions. What is the current distribution of examinations?
Which doses are caused by these examinations, and which dose measure is relevant? Which trends can
be discerned historically? To what extent could such trends be extrapolated into the future? Are these
observations compatible with a reasonable balancing of benefit and harm? If not, which measures are
needed to influence the course of events?

Number of examinations

Unfortunately, statistics on medical exposures are not available in all countries. In the UNSCEAR
(1988) Report, a good correlation was shown to exist between the number of x-ray examinations per unit
population, and the number of physicians per unit population. The number of physicians in various countries
is a more widely available statistic. Therefore, x-ray examination data from a limited number of countries
could (according to UNSCEAR) be extrapolated to estimate diagnostic x-ray frequencies in all regions of
the world.

Using these assumptions, UNSCEAR (1988) estimated the annual examination frequency as 0.8
per person in industrialised countries with at least 1 physician per 1,000 population. In developing countries,



examination frequencies were estimated to be lower, ranging from 0.15 in countries with at least 1 physician
per 3,000 population to <0.03 in countries with less than 1 physician per 10,000 population. In this context,
'number of examinations' and "number of patients examined" may be taken as approximately equal, although
these quantities may differ by a factor of about 3 for any given procedure or type of examination.

Dose quantities

In its latest major Reports, UNSCEAR (1982,1988) Lsed the effective dose equivalent to express
patient doses, in full and clearly stated awareness of its limitations as applied to medical radiation procedures.
In particular, the effective dose equivalent was defined lor a population of healthy adult workers, while
patients may be both younger and (more often) older than an average worker and are by definition not
healthy. Thus, the effective dose equivalent cannot be directly translated into detriment using the risk
factors of ICRP Publication 26 (1977) or the detriment probability coefficients of ICRP Publication 60 (1991).
However, averaging over all examinations and patients in industrialised countries, several studies indicate
that an effective dose equivalent of 1 mSv to a patient would result in the same detriment as some 0.6 -
0.7 mSv to a worker (HUDA and BEWS. 1990, METTLER et al.. 1986, WALL, 1991).

Currently, the effective dose equivalent (He) is being superseded by the effective dose (E) of ICRP
Publication 60 (1991). In general, again averaging over all examinations and patients, the effective dose
probably does not differ from the effective dose equivalent by more than a factor of, say, 10 % (HUDA et
al., 1991, give an overall E/HE ratio of 0.9). However, for individual procedures, the ratio may deviate
more from unity. SERVOMAA et al. (1992) conclude that E/HE = 1.3-1.4 in AP projections, but 0.8-0.95
in lateral projections. WALL (1992) lists E/He = 0.6-1.2 for various conventional x-ray examinations, 0.5-0.9
for common computed tomography examinations. HUDA et al. (1991) find E/H£ values ranging from 0.3
to 2. Most published dose data is expressed as HE values, and in this paper, 'doses' are effective dose
equivalents in the ICRP Publication 26 (1977) sense unless explicitly stated otherwise.

World-wide historical trends

Although UNSCEAR (1988) could estimate examination frequencies from the number of physicians,
the amount of fluoroscopy with associated high doses was difficult to assess. Consequently, two different
estimates of the global per caput effective dose equivalent were given. One was 0.35 mSv, based on
a range from 1 mSv to 0.03 mSv in different regions of the world, the other was 1 mSv for all regions of
the world. Earlier, UNSCEAR (1982) had only given a tentative estimate of 1 mSv in industrialised countries
and 'lower* in developing countries.

A new UNSCEAR Report is expected in 1993. This will be based on data from more countries (i.e.,
the degree of extrapolation will be slightly less). Considering important new data for China of ZHANG et
al. (1990) and for India of SUPE et al. (1992), which permit some limitation of the assumptions about
fluoroscopy, it is believed that the new Report will indicate a world-wide estimate of effective dose lower
than 1 mSv. Such a lower estimate would not rest on lower examination frequencies but on lower assumed
doses per examination. On the contrary, there is good reason to believe that global examination frequencies
are increasing. Furthermore, as will be discussed below, the dose per examination may be increasing
for certain important types of examination.

UNSCEAR (1988) emphasized certain demographical trends expected to influence medical radiation
usage at least until the year 2000, and probably to 2025. As a consequence of population growtn, the
number of examinations and treatments will increase. Furthermore, ageing of the population will lead
to a higher proportion of medical radiation procedures, i.e. the number will increase more than demanded
by sheer population growth, particularly in Europe. In Africa and Latin America, populations will become
younger, but the absolute numbers of old inhabitants may still be increasing. Finally, growing urbanisation
is also expected to increase the proportion of medical radiation procedures.



However, UNSCEAR (1988) lett that detriment would not increase at the same rate as collective
doses. The increasing age of patients would reduce their likelihood of developing cancer after exposure,
and decreasing reproduction rates in developing countries would restrain the proliferation of hereditary
detriment. Conceivably, a number of factors could also reduce doses per procedure, but these were
regarded as unlikely to have any major effect on collective doses.

Economic progress in developing countries increases the density of physicians and other statistics
influencing access to medical services. This was not explicitly discussed by UNSCEAR (1988), but will
presumably increase utilisation of medical radiation procedures, hopefully affecting trends in coming years.

Trends In Industrialised countries

The rate of increase of x-ray examination frequencies is slowing in industrialised countries, and
in a few countries even reverting to a slight decrease. This has several causes. The supply of medical
radiation procedures is closerto satisfying demand than in developing countries, where utilisation of radiation
grows more aggressively. Newer modalities, such as ultrasonography, endoscopy and magnetic resonance
tomography, are also replacing some older x-ray tests.

However, for certain procedures, the rate of increase is still quite rapid in industrialised countries.
Below, we will examine trends for computed tomography in detail. This procedure is particularly important
due to the fairly high doses encountered.

Examination patterns and frequencies can be surprisingly different in similar countries, as
demonstrated e.g. by CONTENTO et al. (1988). Thus in 1982-1983, the total examination frequency was
0.62 per inhabitant in the United Kingdom but 1.53 in France. Diagram 1 shows that the relative distribution
of examinations also varies, with relatively speaking less examinations of extremities in France, more
spine/pelvis/hips examinations in (northeastern) Italy, more chest examinations in Italy, less barium meals
in France, more urographies in France, and more dental examination in the UK and in particular in France.

Four World Hearth Organization publications (WHO 1983,1985,1987,1990) concern the rational
use of diagnostic radiology, stressing three main points: 1) Routine, unnecessary examinations should
be abandoned. 2) Patients should be selected so as to increase the predictive value of examinations.
3) Imaging technology should be selected such that the first procedure used has the greatest likelihood
of providing the information desired. Adherence to these recommendations could presumably reduce
variation in examination patterns and frequencies.

For many routine examinations, doses are decreasing. For example, in the United States, average
entrance skin exposure for A/P thoracic spine, lateral skull and A/P abdomen in 1986 was 0.47,0.67 and
0 80 times that in 1978 (JOHNSON and GOETZ, 1986). However, the trend is by no means uniform: entrance
skin exposure for P/A chest and for A/P cervical spine went up to 1.16 and 1.20 times that in 1978.

Unwarranted dose variation

In one UK study, doses for a given examination varied between departments by a factor of up
to 20, and between patients by a factor of up to 100 (SHRIMPTON et al., 1986). The 1984 CEC Directive
on radiation protection for patients has two objectives: 1) improving the quality of examinations and
treatments, with reduced doses and improved image quality, and 2) reducing the number of unjustified
exposures. In the United Kingdom, with a current quite low per caput effective dose equivalent of 0.3
mSv (HUGHES et al., 1989), it is estimated that this dose could be halved with no sacrifice of medical
information (NRPB, 1990). One recommendation in the NRPB (1990) report is that fluoroscopic screening
time should be reduced. HORTON et al. (1992) were indeed able to reduce screening time in double-contrast
barium enemas to less than 1/3, with no loss of examination quality.



Diagram 1. X-ray examination patterns (data »rom Contento et al.. 1988)
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it is particularly worrying that there is so much dose variation in examinations of children, with
their high radiation sensitivity and long life expectancy. SCHNEIDER et al. (1992) observed a 50-fold variation
in entrance surface dose to infants among 89 departments in 11 EC countries. Much of this variation
resulted from equipment and/or techniques poorly suited for paediatric radiology, and a significant dose
reduction was seen when relevant guidelines were implemented. Another example concerns scoliosis,
a spine deformity mostly affecting girls aged 10-16 years. During diagnosis and treatment, patients undergo
some 10-20 or more examinations. HALLEN et al. (1992) noted 10-fold differences between Swedish
departments and 100-fold differences between patient doses.

Such examples demonstrate the importance of dose surveys. Without surveys, it would perhaps
never have occurred to a department with high examination frequencies and/or doses that their practices
were less than optimal. Audits such as those described here permit identification of problems, tracing
of their causes, planning of remedial action and sometimes even immediate rectification of the situation.

Optimisation of patient protection

Given the absence of any dose limits for patient exposure, and given that in broad terms and for
most particular examinations the use of radiation in diagnosis has been accepted as justified, protection
has rested entirely on the optimisation concept. This concept concentrates on the harm from the radiation
and the reduction of that harm to levels that are as low as reasonable achievable. The medical practitioner,
on the other hano, has traditionally concentrated on the quality of the diagnostic information which is (or



is perceived as being!) oi immediate assistance to the practit.oner in reaching a well-founded diagnosis
and to the patient in obtaining a reliable cure.

As a result, until comparatively recently there was little general knowledge of the doses associated
with particular procedures, and even less general concern. Surveys and measurement programmes started
by a few far-sighted groups in the 1950s and 1960's became more widespread and systematic in the
1970's as noted above and established two facts. One. that medical uses of radiation were by far the
greatest man-made source of radiation doses to the population at large; the other, that the range of doses
associated with the same procedure implied that it was possible to obtain sufficient diagnostic information
for doses at the lower end of the range.

Examples of early recommendations based on those two facts can be found e.g. in ICRP Publication
9 (1966, para 94):

'measures can be taken to reduce [exposures due to medical procedures] without less
of medically important information'.

The same message was being delivered in ICRP Publication 26 (1977, para 205):

'The Commission wishes to re-emphasise that careful attention to techniques would, in
many cases, result in a considerable reduction of the dose due to medical procedures,
without impairment of their value".

It had not changed much by (he time of ICRP Publication 60 (1991, para 180):

'.Jess attention has been given to the optimisation of protection in medical exposure than
in most other applications of radiation sources. As a result, there is considerable scope
for dose reductions in diagnostic radiology. Simple, low cost, measures are available for
reducing doses without loss of diagnostic information..:

While these exhortations were being delivered to the medical profession, optimisation as a concept
and the necessary techniques were being progressively developed both by ICRP and by the practitioners
in the field.

Optimisation was formally defined in ICRP Publications 22 (1973) and 26 (1977) as the process
of maximising the net benefit. It is usually assumed that the gross benefit ard the production costs are
independent of levels of exposure, and therefore optimisation can bf achieved by minimising the sum
of protection and detriment costs.

The result of the assumption that hearth detriment consisted only of stochastic effects and that
no other components of detriment were of importance was that in practice collective dose and radiation
detriment became for a time almost synonymous. This limited point of view was reinforced and extended
to make 'monetary cost' the normal unit for quantifying detriment in comparison or optimisation studies
by the introduction of cost-benefit analysis in ICRP Publication 26 (1977) and its almost exclusive use in
ICRP Publication 37 (1983). Although other, more general ideas can be found, the outcome of the latter
publication for most people was a second proposition that not only did the collective dose represent the
radiation detriment but it could be conveniently turned into money by multiplying by 'alpha'.

Recent developments In optimisation

ICRP Publication 55 (1989) covers the entire field of application of optimisation, mainly to show
how the various techniques, including cost-benefit rnalysis, can be applied appropriately to problems at
different levels of complexity. It starts by setting optimisation clearly in its place as part of a decision-making



process. It emphasises that all important decisions carry some implicit trade-oft between, for instance,
the cost of protection and the cost assigned to the radiation induced detriment as usually represented
by the radiation doses. If these decisions are made in an arbitrary way by different people under different
circumstances then there is no reason to expect consistency in the eventual results. It is the search for
some simple means of achieving consistency, together with recognition of the importance of costs, including
resources, on one side of the balancing equation that has led the Commission and others to recommend
use of the technique of cost-benefit analysis as a principal decision aid in such circumstances.

The main chapter of the report deals with quantitative decision-aiding techniques. Of the different
techniques available four are described: cost-effectiveness analysis; cost-benefit analysis; multi-attribute
utility analysis and multi-criteria outranking analysis. ICRP deliberately refrained from recommending in
this report any particular technique for any specific type of analysis. The emphasis has rather been to
illustrate that the important aspects are the initial analysis of the problem to generate a set of options,
the identification and quantification of relevant factors, the adoption of explicit judgments concerning the
criteria for comparing the performance and cost of the options and to make the process of analysis more
available to inspection. Against this background, and noting that a complete analysis is likely in most cases
to require a combination of both quantitative and qualitative components, the choice of technique is less
important. The Commission expects that many situations will not call for a technique more complex than
simple or extended cost-benefit analysis. Nonetheless, it commends the consideration of the more adaptable
techniques, especially multi-attribute utility analysis, for the insights they can give into the handling of less
readily quantifiable factors and for the development of understanding that they may encourage.

A parallel development has occurred in application from optimisation as a qualitative concept with
no very clear guidelines as to its application to a more structured technique. The first development was
the introduction of cost-benefit analysis and the focus on techniques' as exemplified in a CEC seminar
(Ouoiz, UZZAN et al., 1981). By the time of a second CEC seminar (JOUVET and SINNAEVE. 1984) many
examples existed of how quantitative techniques had been used in optimisation studies. A third seminar
(LOCHARD and WRIXON, 1989). held to review progress, made it clear that the emphasis in practice was
shifting from optimisation seen as an application of quantitative analysis techniques to optimisation as
a state of mind, an approach to management structures and a framework for solving problems - albeit
informed by quantification and analysis where needed.

Optimisation as applied in medicine, with a few exceptions, seems to have largely stuck at the
first level. Attempts to introduce and use even the simple techniques of cost-benefit analysis have not
so far met with great acceptance or widespread application. There may be good reasons for this in that
those in the medical areas are confronting immediate and obvious harm daily so the valuation of delayed
harm implied in the assignment of a cost to individual and collective dose may seem remote; they may
also compare the benefit from reduction of radiation detriment with the benefit from other treatment or
diagnostic procedures and decide to spend what are usually limited resources in other ways. There may
also be less good reasons, including a lack of necessary attention or awareness.

Whether the reasons are good or not, some measures to improve the situation can be taken within
the classical optimisation framework. The first and probably the most important overall is to increase
awareness, both of the reality of the harm from unnecessary radiation exposure and of the relative ease
with which it can be reduced. This is not achieved at a stroke but by consistency of message and
persistence of delivery. The second is to make the quantitative tools more relevant to the medical context.
This might be aided by the increasing familiarity of all professions with the concepts of cost-benefit analysis
or possibly by moving toward other techniques that recognise more explicitly the quality of life saved as
well as the quantity and are already used in medical decision-making.

Reference dose levels as a constraint on optimisation

tt may prove, though, that the major impact wilt be achieved by something outside the classical
optimisation framework, but introduced in a formal sense by ICRP in Publication 60 (1991), the concept



of a constraint on the optimisation process. What is meant by a constraint differs in the different exposure
contexts, occupational, public and medical. It is clear that to maintain the traditional and necessary clinical
freedom to deliver the dose needed in any specific examination the constraint on patient dose can only
be indicative, not binding. The constraint must also be specific to the type of examination being carried
out, and serves mainly as a criterion against which those carrying out examinations can compare their
doses and which can be used by others, including national authorities, to assist in assessing whether all
is being done to reduce doses to as low as reasonably achievable. These constraints, in a medical context,
may therefore equate to the 'reference dose levels' proposed by SHRIMPTON, WALL and HILUER (1989)
and adopted in a document produced by a study group of the CEC (1990). The values currently
recommended in the UK are those in a joint report of the ROYAL COLLEGE OF RADIOLOGISTS and NRPB
(NRPB. 1990). They are based on the rounded third quartite values from the national patient dose survey
carried out by NRPB in the mid 1980's. To facflitate comparison with measurements, the reference values
are given in terms of entrance surface dose or dose-area product in the latest protocol prepared by the
Institute of Physical Sciences in Medicine.IPSM (1992) in the UK, as shown in Table 1. In the United States,
guides on average patient exposure, reflecting 'state of current practice' (CRPCO, 1988), serve a somewhat
similar, afoeit perhaps less stringent, function.

Table 1. Reference values of dose for some common diagnostic examinations

Dose Quantity

Radiograph

Lumbar spine

Abdomen
Pelvis
Chest

Skull

Barium enema
Barium meal
Intravenous urography

AP
Ut
LSJ

AP
AP
PA
Ut

AP
PA
U t

Reference
Entrance Surface
Dose (mGy)

10
30
40

10
10
0.3
1.5

5
5
3

•

Reference
Dose-area Product
(Gycm3)

15

8
5

60
25
40

Doses to patients from new diagnostic x-ray techniques

As an example of the introduction of a new technique we have chosen Computed Tomography
(CT).

Computed Tomography (CT) is an X-ray imaging technique providing excellent radiographic contrast
between soft tissues and high-quality clinical information for localised planes within the body. The world's



first commercially available CT machine, the EMI brain scanner, was introduced into radiology practice
in London in 1972. Considerable advances in scanner design have subsequently allowed the routine
performance of more extensive and elaborate examinations. CT has replaced many other diagnostic
techniques, often of a more invasive nature with a lugh morbidity, or even mortality. Many of these also
involved considerable patient exposures. CT has found increasing use in the diagnosis and assessment
of the treatment of cancer and other pathological conditions and has allowed significant advances in good
patient care.

There has therefore been a worldwide proliferation of scanners over the last 20 years, with the
number in clinical operation in the UK rising steadily - and with no apparent sign of saturation - to around
200 in 1989. The corresponding level of provision for CT in the UK of about four scanners per million
inhabitants nevertheless remains at the lower end of the rates observed in developed countries: it is. for
example, about half the rate for the former Federal Republic of Germany and some ten times less than
that for Japan.

Notwithstanding the undoubted benefits of CT in health care, growth of the technique has taken
place without full appreciation of the relatively high patient doses involved. A national survey of CT practice
has been carried out in collaboration between NRPB and IPSM. The objectives were to assess the frequency
and types of CT procedure, the typical patient doses and the quality assurance (QA) activities undertaken
by scanner operators; full details of the methods and results are given in SHRIMPTON, HART et a l (1991),
SHRIMPTON, JONES et al. (1991) and JONES and SHRIMPTON (1991).

Questionnaires were used to obtain estimates of the frequencies with which discrete types of
examination were performed at each scanner. Analysis of these data indicates an annual total of 850.000
CT examinations for the UK in 1989 from the 200 scanners in operation, involving 600,000 patient
attendances. This represents an increase by nearly a factor of four over the examination frequency
estimated for CT in 1983 during a comprehensive review of UK radiology practice, or an average increase
of 24% per annum. About 50% of these procedures involved imaging of the head. Data was also obtained
on the frequency distribution of examinations by age and sex.

In practice, it is convenient to estimate typical doses by calculation of the energy deposition in
an anthropomorphic mathematical phantom under defined conditions of irradiation using Monte Carlo
techniques. Series of such calculations have been carried out at NRPB for 23 sets of exposure conditions
appropriate to 27 common models of CT scanner. The calculations provide doses to 27 organs or regions
of an adult hermaphrodite phantom for the individual irradiation of 208 contiguous 5 mm thick transverse
slabs that span the phantom from the top of the legs to the top of the head. These doses are normalised
to unit dose on the axis of rotation of the scanner in the absence of the phantom. Simple measurements
of free-in-air axial dose for scanners at the exposure settings used in clinical practice allow estimates of
typical patient dose from selections of normalised dose data appropriate to local scanning protocols.

This approach formed the dosimetric basis for the CT survey in the UK, allowing information on
scanning technique provided in each questionnaire to be interpreted in terms of typical patient dose for
various types of examination on individual scanners. The method has also been implemented during similar
national CT surveys in several other European countries.

Table 2 demonstrates that the typical levels of patient dose from CT are relatively large compared
with those for many conventional X-ray examinations of similar regions of the body; the mean dose to
the fetus from CT petvimetry (scan projection radiography or rotational) is, however, broadly similar to
doses achievable with rare earth screens in cassettes and good technique. Such a superficial comparison
of imaging modalities ignores the superior clinical information available from CT, although it serves to
illustrate that doses from modem digital techniques of radiography are not inherently low.



Table 2. Comparison between typical levels of patient dose from scan projection
radiography (SPR). rotational CT and conventional X-ray (CONV) procedures in the UK

Examination

Head
Cervical spine
Thoracic spine
Chest
Abdomen
Lumbar spine
Pelvis
Intravenous urography
Barium meal
Barium enema
Cholangiography/
cholecystography

Pelvimetry

Typical effective dose equivalent (mSv)

SPR

0.02
0.03
0.14
0.14
0.16
0.08
0.14
-
-
-
-

Typical mean dose to I

0.05-0.35 AP
0.01-0.07LAT

CT

3.5
1.9
7.8
9.1
8.8
6.0
9.4
-
-
-
-

letus (mGy)

0.07-0.24

CONV

0.2
-
0.9
0.05
1.4
2.2
1.2
4.4
3.8
7.7
1.2"

0.11 AP
0.07LAT

The collective effective dose equivalent forthe UK population from conventional X-ray examinations
was assessed at 15,500 man Sv in 1983. Techniques of radiology co^inue to evolve and usage changes,
so there is some uncertainty in combining data from different periods of time. Nevertheless, the available
data would suggest a revised total annual coll3ctive effective dose equivalent from all medical and dental
X-rays of 20,000 man Sv, of which approximately 20% is accounted for by CT. Diagram 2 illustrates the
relative importance of the various X-ray techniques. This assessment makes CT a major source of exposure
from diagnostic X-rays in the UK and hence an examination technique worthy of particular attention in
terms of radiation protection to ensure proper control of all exposures to patients.

These British results are tikely to be representative of many industrialised countries. As an example,
the number of CT scanners has increased dramatically to currently about 100 in Sweden during the 1980s.
and currently the frequency of CT examinations (number of examinations per unit population) is about
2.4 % (SZENDRÖ et al., 1992). A survey during a 'standard week' of all examinations performed at 89 of
the CT scanners in the country demonstrated that patient doses could vary by a factor of up to 3 for different
CT scanners for similar examinations. Differences were also noted for types of hospital and for age of
equipment.

While the number of examinations is smaller than the number lor e.g. chest examinations, computed
tomography causes a collective effective dose equivalent of about 1,000 man Sv to Swedish patients,

10



Diagram 2. Contributions io UK diagnostic radiology practice by examination type
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corresponding to some 20 % of the entire collective dose due to x-ray examinations. Thus, the results
of SZENDRÖ et al. (1992) are quite in line with the UK results discussed above.

For comparison, the frequency of CT examinations in Denmark in 1989 was 1.45 %, causing an
estimated collective effective dose equivalent of 250 man Sv which is 5-8 % of the entire collective dose
due to x-ray examinations (JESSHN et al., 1992). In Japan, the frequency of CT examinations in 1989
was 9.7 %, with an associated collective effective dose equivalent of 56,000 man Sv which is estimated
to be some 20 % of the entire collective dose (MARUYAMA et al., 1992). Obviously CT has not grown quite
as quickly in Denmark as in Sweden, Japan or the United Kingdom.

It can be seen from the above that CT, although clearly of substantial benefit to patients, can carry
a substantially increased risk. This has not been generally recognised until well into the period of introduction
of the technique. The result is that there is now a need for retrospectively advising those involved, whether
at the referral stage or at the carrying out of the scans, as to the need for proper clinical justification and
for minimum exposure settings.

The conclusion we draw is that there should be more responsibility placed on those proposing
or introducing any new technique involving radiation exposure to assess the level of exposure in advance
and accompany the introduction of the technique with appropriate measures to ensure that it is used only
when clinically justified and that the doses resulting from use are as low as reasonably achievable.

Doses to patients from diagnostic nuclear medicine

The UNSCEAR (1988) Report estimated that about 23.5 million diagnostic nuclear medicine
examinations were performed annually, corresponding to an examination frequency of about 0.005 of which
almost 90 % were in industrialised countries with a frequency of 0.016. The per caput effective dose

. eauivalent due to nuclear medicine examinations was given as 0.05 mSv in industrialised countries. These
figures are not likely to have changed very much since 1988.

Thus, on average diagnostic nuclear medicine causes patient doses on the order of 10 % of those
caused by x-ray examinations for industrialised countries, and probably less for developing countries.
However, the dose per examination may well be higher in developing countries which may have to use
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radiopharmaceuticals which are less favourable in this respect but cheaper or otherwise more accessible,
such as 1-131 and Au-198 (cf. ZHANG et al., ->990).

Furthermore, the examination frequency varies considerably between countries even if only
industrialised countries are taken into account. According to the UNSCEAR (1988) Report, the per caput
nuclear medicine dose in the United States, 0.14 mSv, was three times the average for industrialised
countries, and over five times the estimate for the United Kingdom (0.017 mSv). This mainly reflects differing
examination frequencies.

Finally, different examinations cause vastly different doses, from 0.01 mSv for a renal investigation
in Denmark (ENNOW, 1991) to 36 mSv for a thyroid scan in Czechoslovakia (HUSAK and RICKOVA, 1990)
or even 94 mSv for a thyroid scan with 1-131 in China (ZHANG et al., 1990).

Consequently, although nuclear medicine has a relatively minor effect on the collective dose due
to diagnostic medicine, individual doses may be high and variable. Quality Assurance is a highly important
subject also in this field. Some of the dose variation depends on factors outside the practitioners' control,
but nonetheless, reference dose levels indicating suitable standards should provide some help in keeping
patient doses as low as reasonably achievable.

Doses to staff

Generally speaking, occupational doses from medical practices are fairly low on average and
decreasing with time, both due to changes in technique for subgroups with high doses and due to increased
efforts to keep doses as low as reasonably achievable lor routine procedures. However, more precise
quantitative statements must be preceded by some caveats.

Medical radiation workers are often exposed to point sources close to the body, so that exposure
is very non-uniform. Dosimeters are not always worn in the same position, and often records do not state
whether they were worn over or under a protective lead apron. At an X-ray tube potential of 60 kVp, this
means that reported doses could be low by a factor of 60 or high by a factor of 20 (WEBSTER, 1989).

There are also some uncertainties which in principle apply to most occupational dose studies.
Delineation of 'medical staff' constitutes one such complication. Often, staff who are at only a very remote
risk of ever being exposed are equipped with dosimeters, contributing to spuriously low average doses.
On the other hand, reports on medical staff doses often do not distinguish professions, or even whether
diagnostics or therapy are involved, obscuring higher doses in certain job categories. Since monitoring
practices vary widely, the net result of these opposing trends is difficult to estimate. Finally, as always
different limits of detection, different recording limits and different practices for 'nominal' doses in lieu of
lost readings necessitate cautious comparisons between sets of statistics.

Thus, doses discussed in the next lew paragraphs should not be interpreted as true' doses, and
minor dose variations should be disregarded. However, time series accumulated within a country should
describe trends, and order-of-magnitude differences between countries may reflect genuine differences
in occupational radiation protection.

Most medical radiation workers are involved with diagnostic x-ray examinations. As an average
for this group, typical annual effective doses in industrialised countries are often some 0.1 - 0.5 mSv, or
some 0.5 - 1 mSv if only workers with recorded doses are considered (see e.g. RITZENHOFF, 1989, for
Germany, KIIBUS and BERGMAN, 1991, for Sweden, or HUGHES et al, 1989, forthe United Kingdom). Two
trends are easily discernible: the average dose decreases with time, and the number of workers involved
increases with time. It is understood that the UNSCEAR Report expected in 1993 will provide extensive
documentation from many countries, covering the period from 1970 to 1989, which will probably corroborate
this statement (KELLY, 1992).
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However, fluoroscopy doses may be considerably higher, particularly in such procedures as cardiac
imaging, and the trend towards decreasing doses could potentially be offset. To avoid undue exposure
of staff, it is important to make use of technical developments such as pulsed progressive fluoroscopy
which permitted an annua! dose reduction for United States physicians of 37 %, from 29.2 to 18.5 mSv,
in spite of an increased case load per physician of 63 % (HOLMES et al., 1990). Other developments, such
as fluoroscopic boost options operated by a simple foot pedal much like an accelerator (CAGNON et al.,
1991), are not necessarily conducive to good radiation protection for patients or start.

In radiation therapy, hand and finger doses to staff may be quite significant. This applies in particular
to brachytherapy using traditional radium sources, but manually applied caesium sources also contribute
to doses to staff. In the United Kingdom, GIFFORD et al. (1990) found that afterioading reduced the effective
dose to staff by an order of magnitude, from 4 mSv annually to 0.4 mSv. This is supported by studies
at a dosimetry service in Birmingham with dose records since 1949 which currently serves some 10,000
hospital staff (ROBERTS and TEMPERTON, 1991). In 1980. they recorded effective doses of 2.3 mSv for
caesium nurses, 1.5 mSv for caesium theatre staff. 1.3 mSv for radium theatre staff and 1.1 mSv for
•adiotherapy domestic staff. In 1989, with afterioading, the doses for these staff groups were 0.3, 0.6,
0.1 and < 0.1 mSv.

Diagnostic as well as therapeutic nuclear medicine involve relatively small groups of staff. There
is a potential for quite high hand and finger doses, but in general, effective doses are low as long as good
radiation protection practices are observed.

The statistics assembled by ROBERTS and TEMPERTON (1991) aiso provide a good illustration of
the overall trend for all occupational medical doses. Around 1949, the mean dose to monitored staff was
around 20 mSv (this should be interpreted with caution since only some 200 staff were monitored), and
several doses exceeded 100 mSv. In 1959, the average was some 10 mSv, in 1979, it was 2 mSv and
in 1989, it was down to 0.05 mSv.

Less information is available for developing countries, but available data indicate that the general
trend directions described above for industrialised countries are universal. However, in spite of lower
examination*(and treatment) frequencies in developing countries, doses were and are apparently higher
than in industrialised countries. WANG et al. (1984) reported average annual doses to Chinese diagnostic
x-ray workers of 56 mSv before 1957,8.7 mSv from 1957 to 1966, and 2.2 mSv from 1967 to 1980. Since
fluoroscopy is used more frequently in developing countries, and image intensif iers less frequently, it seems
likely that the dose difference between developing and industrialised countries is genuine and probably
more pronounced for poorer developing countries.

Radiotherapy

Radiotherapy differs from diagnostic medical radiation uses in that delivering a radiation dose to
the patient is the objective, not a means. In order to kill cancer cells, really high doses (many thousand
mSv) are used. For obvious practical reasons, it is impossible to avoid high doses causing cell killing
and acute radiation damage also to some tissues outside the tumour being irradiated. For certain leukaemia
patients, the treatment even comprises an acute whole-body dose which would be lethal for anyone but
a patient in intensive care receiving a bone-marrow transplant.

Thus, radiotherapy is potentially lethal (death due to acute radiation effects is by no means an
unknown complication), and patients surviving treatment run a tangibly increased risk of iatrogenic cancer.
Alternative treatment regimes are also potentially lethal and, in the case of chemotherapy, carcinogenic.
However, in the absence of treatment, the patient would face almost certain death. Furthermore, cancer
is a disease of old age, so the average age of cancer patients is higher than that of the average worker
envisaged by ICRP in its discussions of radiation risks.
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Under such circumstances, it is ditticult to compute an efiective dose, and perhaps even more
difficult to interpret such a dose.

Nevertheless, there are reasons to try to assess the deleterious effects of radiotherapy in spite
of these difficulties. One reason is the very success of cancer therapy: more and more patients survive
their cancer after treatment. With longer survival times, second cancers in radiotherapy patients become
more frequently manifested, and even if this is an unavoidable result of indispensable treatment, it should
be of interest to compare the magnitude of the detriment with that encountered in other situations.

Furthermore, radiotherapy is likely to become more frequent in most countries. Increasing lifespan
means that more cancers will become manifest and thus that cancer therapy becomes relevant in a higher
proportion of the population. This is true for all countries as long as lifespan increases. Increasing affluence
will make radiotherapy available to more of the world population. This is, hopeful'y. true for developing
countries.

The cancer incidence in industrialised countries is roughly 3.5 cases per 1,000 population per
year. About half of these cases are suitable for radiation therapy. According to UNSCEAR (1988), about
2.4 persons per 1,000 population were subjected to tele- or brachytherapy each year in industrialised
countries, so the treatment frequency appears to be close to demand. In developing countries, treatment
frequencies were considerably lower. Globally, there are some 10 million new cancer cases each year,
6 million of which would be aided by cancer therapy.

BEENTJES (1987) suggested a method to compute a 'somatic dose equivalent" (an effective dose
equivalent for other than target organs and disregarding gonads) for radiotherapy patients. Modifying
his methods, it is possible to crudely estimate a collective effective dose to radiotherapy patients world-wide.
Given a number of assumptions, this collective dose seems to be on the order of 1.4 million man Sv, about
0.9 million of which in industrialised countries. For comparison, UNSCEAR (1988) estimated the collective
effective dose due to diagnostic x rays to be 1.8 - 5 million man Sv world-wide, of which 1.3 million is
in industrialised countries.

Any attempt to calculate collective doses to non-target organs will inevitably be open to serious
criticism. The detriment associated with these collective doses can not be estimated using ICRP risk factors
calculated for healthy workers, the collective dose to radiotherapy patients is probably associated with
a smaller detriment per unit dose since cancer patients are somewhat older than diagnostics patients,
and the detriment to radiotherapy patients must be assessed bearing in mind that it is a by-product of
indispensable life-saving treatment.

Nevertheless, ft is worth asserting that the collective dose to non-target organs in radiotherapy
patients may be more or less of the same order of magnitude as the collective dose to diagnostic x-ray
patients. This would mean that efforts at optimisation, keeping doses outside the target as low as reasonably
achievable, are worthwhile. Examples would include inverse dose planning, where optimal beam conditions
for a desired dose distribution rather than the dose distribution for a proposed beam configuration is
calculated (BRAHME et al., 1990), and adjustment of patient doses taking individual genetically determined
radiation sensitivity into account (ÅGREN et al., 1990).

Conclusions

As we have seen there are several competing broad trends that affect the doses resulting from
medical uses of radiation. These act to increase or decrease doses and may be accompanied by increased
benefit or harm. One trend has been an increase in the usage of radiation, whether measured by frequency
of x rays percaput (particularly in developing countries), by collective dose or by other indications such
as the introduction of new techniques (particularly in industrialised countries). Set against this has been
the gradually developing pressure to eliminate unnecessary uses, and to reduce individual doses from
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particular examinations. Such pressure may need to be intensified for vulnerable groups, in particular
children who may be exposed at rather higher frequency and dose levels than generally realised.

Although various trends are known, we feel it is important to keep assembling more data. We
have shown above that dose surveys are not at all only descriptive. Certainly, in assessing the implications
of changes in dose which themselves are country-specific, we also obtain an increasing grasp of the
detriment resulting from the dose, based on knowledge particularly of the age distribution of the irradiated
population and the organ dose distribution of the examination. In addition, dose surveys also provide an
important means to find suboptimal conditions, to identify causes and remedies, and sometimes even to
take immediate remedial action where unnecessary exposure occurs.

A new and potentially very important tool in radiation protection of diagnostic x-ray patients is
provided by reference dose levels which would act as constraints on optimisation. These could be applied
to common and high-dose examinations.

Quantitatively, patient doses in nuclear medicine is a smaller problem since fewer patients are
concerned. However, individual dose variations can be large, and dose surveys and reference dose levels
are just as relevant as in the bigger group of diagnostic x-ray patients.

As we have demonstrated using the example of Computed Tomography, a new technique giving
improved diagnostic information can be introduced with little attention having been paid to the accompanying
radiation detriment. We suggest more responsibility should be placed on those advocating the introduction
of a new technique also to assess the levels of dose and ensure it is introduced with full attention being
given to reduction of these doses.

So far as doses to workers are involved the picture is a little clearer in that the trend in occupational
exposure has been steadily that of reductions in the numbers receiving higher individual doses and for
most countries also in the collective doses. In this area optimisation seems to have been effective, although
individual personnel doses can be unduly high in developing countries.

It is more difficult to assess the situation as regards therapy patients. It is difficult to define and
calculate a dose to non-target organs, the distribution of doses in the population is extremely skewed,
the detriment resulting from radiotherapy must be viewed in the light of its inevitability as a life-saving
treatment. Nonetheless, we contend that this detriment may be of the same order of magnitude as the
detriment from diagnostic irradiation, and that increasing lifespan in cancer patients makes reduction of
this side effect worth some effort.

Broadly therefore our conclusion is thd the control of patient doses from diagnostic uses of radiation
is "reasonable - but could be better". We have pointed to a number of ways in which the situation could
be further improved. We hope that by the turn of the century, many of these actions will have been
implemented, so that benefit is maximised and harm minimised in medical radiation usage.
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