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FOREWORD

In 1960 the International Atomic Energy Agency published a manual, Safety 
Series No. 3, entitled “ Safe Handling of Radioisotopes: Medical Addendum” . It 
contained information necessary to medical officers concerned with the implementa
tion of the controls given in the original manual, “ Safe Handling of Radioisotopes” , 
Safety Series No. 1. To bring the Medical Addendum up to date, the International 
Atomic Energy Agency, the International Labour Office and the World Health 
Organization decided that a revised edition should be prepared as a joint project and 
that its scope should be expanded so that it would become a more complete guide
— a separate document rather than an addendum to another publication. However, 
it was felt that, to keep the document to a reasonable size, its subject matter should 
be restricted to the medical supervision of the radiation worker under normal work
ing conditions, that is, accident situations should be excluded.

The three organizations asked Dr. H. Jammet (Saclay Nuclear Research 
Centre, France) and the late Dr. F. Hercik (Institute of Biophysics, Czechoslovak 
Academy of Sciences, Brno), who had collaborated in writing the original edition, 
to undertake this revision, with the help of Drs H.T. Daw (IAEA), J.V . Nehemias 
(ILO) and H. Parker (WHO). The revised document was published in 1968 as Safety 
Series No. 25 and was entitled “ Medical Supervision of Radiation W orkers” .

By the early 1980s, the role of the occupational physician had developed from 
that o f the physician hired solely to perform physical examinations of workers to one 
o f a member of an occupational health team concerned with the global protection, of 
the worker in the environment and the prevention, rather than just the detection of 
occupational diseases. It was therefore accepted that Safety Series No. 25 was not 
only out of date but also did not adequately reflect the changes in the occupational 
health philosophy noted above. For these reasons it was agreed in the course of 
several joint meetings among WHO, ILO and IAEA representatives that the format 
and the conceptual bases of the old publication were no longer appropriate and that 
new ones should be adopted. There was obviously a need to update the information 
on the medical aspects of radiation worker health, but at the same time it was recog
nized that there was also a need to provide basic radiation protection information 
necessary for the physician to practise preventive occupational medicine.

The IAEA requested Dr. J.C . Nenot and Dr. P. Beau of the Institut de Protec
tion et de Surete Nucleaire of the French Commissariat a l ’Energie Atomique 
(Fontenay-aux-Roses) to prepare the new document with the help and consultation 
of Dr. P. Waight (WHO), Dr. G. Copp6e (ILO), the late Dr. G. Schofield (UK) 
and Dr. A. Bianco, serving as Scientific Secretary for the IAEA.
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The title o f the latest edition of Safety Series No. 25 indicates both its new for
mat and for whom it is intended. It has been prepared as a training manual for physi
cians entering the field and is constructed in such a way as to facilitate quick 
reference to facts and principles which, up until now, have not been readily available 
in one document. Part 1 contains the general principles for the practice of occupa
tional health. Part 2 is designed to provide the essential facts necessary to understand 
the basic principles of radiation physics, radiobiology, dosimetry and radiation 
effects which form the basis for occupational radiation health.

The views expressed do not necessarily reflect the decisions, the scientific 
opinion or the stated policy of ILO or WHO.
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Chapter 1

HEALTH SURVEILLANCE

Owing to the special nature of their work, persons occupationally exposed to 
radiation must undergo two kinds of monitoring, the first purely medical and the 
second dictated by the particular type of radiation exposure in question. These two 
types of monitoring are, of course, complementary; the dividing line between them 
is not always clearly defined and there are naturally interconnections between them. 
While some kinds of examination are more physical than medical in nature and can, 
therefore, be conducted without the direct supervision of occupational physicians, 
the latter must nonetheless play a co-ordinating role since they alone are capable of 
analysing all the data relating to the worker, drawing conclusions from those data 
and making decisions regarding the individual’s health. The division of this chapter 
into two major parts, the first concerning medical problems and the second radiologi
cal, is therefore somewhat artificial.

1.1. HEALTH MONITORING

Even before the employee has started working, the physician’s role begins with 
an examination which has to be carried out before the employee is assigned to a par
ticular post. It continues throughout the individual’s professional life in the enterprise 
and should not end after the cessation of employment or on retirement. This role is 
well defined (Ref. [1], para. 516). Medical surveillance is required in order to:

— Monitor the health of the workers
— Help to ensure from the outset that the workers’ state o f health and their work 

are compatible and to maintain that compatibility
— Provide useful reference information for the event that the worker is acciden

tally exposed to radiation or suffers from an occupational illness.

1.1.1. Medical examinations

The individual’s suitability for a particular type of work must be carefully 
checked before starting any type of work and then at periodic intervals.

1.1.1.1. Examination prior to assignment »

The examination conducted before the worker is assigned to the post is, 
generally speaking, similar to that normally carried out by any occupational medical 
service. It includes, in addition, a number of features specific to the nature of the 
work.

3
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(a) Previous history

Any examination at the recruitment stage must begin with detailed questioning 
about the worker’s family background and the medical, radiological and occupa
tional antecedents.

Family background

Any information concerning the future worker’s family background is of 
interest. The enquiry should bear on parents, collaterals and descendants. In particu
lar, the physician must find out about any hereditary or congenital family disorders. 
It must also be determined whether there is an abnormally high frequency of 
malignant diseases in the family, or of diseases with haematological implications.

Personal history

Information concerning the personal history of the candidate will be useful in 
assessing the state of health before employment only if it is very precise. The physi
cian must give especially close attention to diseases involving organs, tissues or func
tions particularly sensitive to radiation; for example, haematological disorders 
(diseases affecting a cell line, haemorrhagic diseases, etc.), pulmonary diseases 
(infections and/or allergies), dermatological disorders (acute or chronic), 
ophthalmological disorders (conjunctivitis, opacity, cataracts, etc.), disorders of the 
digestive system (whether infectious or otherwise), etc.

Medical history relating to radiation

Parallel to investigating the individual’s personal medical history, the physi
cian must establish, as precisely as possible, the record of exposure due to radiologi
cal examinations for diagnostic purposes, or to any radiotherapy undergone. This 
record is often difficult to establish, but it is extremely important because the doses 
are far from negligible in some cases (radiotherapy, X-ray pictures taken in series, 
nuclear medicine), and so the occupational physician must obtain the best possible 
estimate. To this end contact should be made with the hospital services responsible 
for the radiological examinations or treatments.

Occupational history

The individual’s occupational history, especially any accidents at work or 
occupational diseases, whether involving exposure to radiation or not, must be inves
tigated and recorded. As to radiation exposure, any overexposures, accidental or 
otherwise, due to external or internal exposure must be examined, analysed and
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recorded. The dose equivalents previously received for occupational reasons must 
be estimated as precisely as possible. These doses are generally lower than those 
received in the course of medical exposure. If for a given period of the individual’s 
working life the dose equivalent is unknown or uncertain, it is possible for radiation 
protection purposes to assign to the worker arbitrarily a dose equivalent correspond
ing to the regulatory limit for the period in question. If the worker has been exposed 
to radiation at an enterprise, it is necessary to obtain the exposure file from the firm ’s 
centralized records.

(b) Clinical examination

The medical examination consists of a conventional clinical examination 
together with specialized examinations which are governed by the nature of the 
potential hazard or hazards.

The general clinical examination is the normal type of medical examination 
given on recruitment. The physician must collect the usual anthropometric data 
(weight, height, somatic type) and examine the main organs and functions. In addi
tion, it is necessary to investigate possible causes of changes in the haemogram 
unrelated to radiation exposure, such as infectious states (dental infections, ear, nose 
and throat infections, etc.), parasitoses or medication. Special care must be taken to 
investigate all possible contra-indications, as outlined below in (c).

The specialized examinations are numerous and can be varied in accordance 
with the particular hazards likely to be encountered. Their thoroughness will depend, 
for example, on whether there is only the risk of external exposure or that of internal 
exposure as well. Moreover, the list given below is not exhaustive. Examinations 
should also be designed in the light o f various tasks related to work under radiation 
but not to the exposure as such, examples being work performed in very noisy or 
hot conditions or requiring the worker to wear protective clothing.

The pulmonary examination is systematic. It is particularly important in the 
case of work performed in a polluted or dusty atmosphere. Chronic infections such 
as emphysema or chronic bronchitis must be detected, the proper functioning of the 
lungs checked and conventional functional tests performed. It is normal to carry out 
a radiological examination of the lungs on recruitment. This is then used essentially 
for future reference. If such an examination has been performed in the recent past, 
it will be necessary to ask the physician who performed it for the results so that the 
worker is not pointlessly subjected to a further examination involving radiation. The 
frequency with which this examination should be performed is discussed in Section 
1.1.1.2(b). Among lung diseases, tuberculosis, which has demonstrably been cured 
from the clinical, radiological and biological point of view, is not regarded as a 
contra-indication if the functional respiratory tests carried out in cases of doubt indi

5

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



cate correct ventilation. This also applies to other lung diseases, with the proviso that 
account must be taken of additional hazards or constraints such as those imposed by 
a confined atmosphere, work at low pressure, humid heat and the wearing of masks 
or protective clothing, etc. Only lung infections with functional respiratory implica
tions constitute a real contra-indication.

The examination o f the digestive system can be less thorough. The justification 
for the examination lies in the sensitivity of the digestive tract to radiation. In an acci
dent resulting in the overexposure of the digestive tract in particular, the bone 
marrow will receive doses which could be fatal. There can be no question of 
systematic, detailed examinations whose sole aim is to detect modifications o f struc
ture and function that are not otherwise clinically discernible. If there is a risk of 
contamination, any impairment of the hepatic detoxification functions (such as 
cirrhosis or a pre-cirrhotic condition) constitutes a contra-indication. If such impair
ment is found, it may be necessary to carry out biological tests in order to assess 
the state of the liver.

The urinary and genital examination is important because of the significance 
o f the urinary system in eliminating radionuclides and the sensitivity o f the genital 
organs, with somatic and genetic consequences. It must be verified that the renal 
functions are unimpaired. Otherwise, there is a risk that, should an individual take 
in a radioactive substance treated by chelation, for example, elimination will be 
incomplete and will therefore give rise to an excessive committed dose equivalent.

The ophthalmological examination is important because of the particular sensi
tivity of the crystalline lens. In addition to the irradiation hazard, the eye is also 
endangered by the projection of radioactive products. Quite apart from these 
problems, the particular importance of keen eyesight for some types of work must 
be kept in mind. The examination must focus on disorders such as a reduction of 
visual acuity, the absence of stereoscopic vision and colour blindness. Cataract is a 
major contra-indication, especially relevant where exposure might be to gamma or 
neutron radiation or accelerated particles. However, this specific contra-indication 
should not allow us to forget the more usual reasons that might make a worker 
ineligible for certain jobs, such as those involving the use of master-slave manipula
tors, microscopes, glove boxes and other types of equipment. In addition, eye 
wounds may be a temporary disability.

The oto-rhino-laryngological examination is as important as the lung examina
tion when there is a risk of contamination by the respiratory route, and for the same 
reasons.
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The dermatological examination is useful because it provides information on 
the state of a sensitive organ which is also one of the most exposed to external con
tamination or irradiation. In cases of exposure to low energy radiation such as X- 
or /3-rays the skin absorbs almost all the radiation. Quite apart from their value as 
a means of assessing the possible radiological history of the individual or the contra
indication to radiation exposure, damage to the skin should also be taken into con
sideration where there is a risk of external contamination, since a break in the skin 
might provide an entry path for the radiation, thereby leading to internal contamina
tion, or the state of the skin might hinder possible decontamination (as in the case 
of delicate skin, recurrent eczemas, extensive acne or psoriasis, benign vegetative 
tumours or serious cases of nail-biting with skin lesions around the nails). Considera
tion should be given in particular to the seat, extent and development pattern of the 
lesions, those located on exposed parts o f  the body being treated as the more serious. 
The appearance of skin disorders attributable to radiation would naturally constitute 
a cause of at least temporary disability. It is worth mentioning here the possible value 
o f investigating discrete changes in the skin of the hands and fingers in particular.

The neurological examination is o f less importance than the others outlined 
above. It is nonetheless necessary to investigate any neurological disorder which 
might affect the individual’s work as well as any behavioural or psychiatric problems 
which might have serious consequences should the worker be assigned to a position 
of responsibility.

The cardiovascular examination, normally part of the general examination, 
should concentrate on the investigation of disorders which might lead to cardiac 
insufficiency, or cause real problems, if the worker needed to carry special equip
ment or do particularly strenuous work involving severe physical constraints.

The haematological examination, finally, is of particular importance because 
o f the very great sensitivity of the haematopoietic organs (blood forming tissues). 
Even so, its importance is commonly exaggerated in practice: doses very much 
higher than those commonly received during normal work operations are necessary 
to induce the first haematological symptoms. However, and this is particularly 
applicable to the examination on recruitment, the purpose o f the haematological 
examination is, on the one hand, to establish an overall picture of the blood and, on 
the other, to detect even the slightest changes attributable to previous exposures. The 
examination should relate to the peripheral blood (with the exception of the bone 
marrow examinations, of course) and include:

— Erythrocyte count
— Leukocyte count
— Platelet count
— Determination of haematocrit and haemoglobin concentration
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— Determination of the average blood volume
— Leukocyte differential
— Investigation of abnormal cells in both the red and white lines.

The examination can be supplemented, if necessary, by specialized haematological 
examinations.

One must be ever mindful o f individual fluctuations around the standard value 
(easily 15% during the day for a given individual) and the technical variations which 
necessitate very strict conditions to ensure that the results obtained are as comparable 
as possible. It is essential that samples should always be taken under identical condi
tions, preferably in the morning, if possible before breakfast or, failing that, after 
a light breakfast. Preferably the individual should have stayed at least a quarter of 
an hour in a room heated to a moderate temperature, and should not have undertaken 
any physical exercises before the examination. In order to avoid errors in interpret
ing the results o f the examination it should be ascertained whether there is any short 
lived or chronic disorder and the nature of any treatment undergone.

As far as blood samples are concerned, it is important to avoid compressions 
o f the tissues or parts o f the body from which samples are taken, and to take all 
samples under the same conditions for a given individual. Blood samples should be 
transported as little as possible. If transport cannot be avoided, then all tests should 
be performed as quickly as possible, preferably within two hours after the sample 
has been taken, or at least on the same day.

The equipment used should meet modern standards of quality, fidelity and 
reliability. It is recommended that the type of equipment used should always be 
mentioned. The counts are usually carried out by means of particle counters which 
are now in common use. These counters are subject to the usual quality control 
requirements. Dilutions of platelets, erythrocytes and leukocytes must be carried out 
using high precision instruments designed specially for the counting technique used.

The investigation of anomalies is focused on morphological modifications such 
as anisocytosis and poikilocytosis in the case of the erythrocytes, abnormal cyto
plasmic granulations in the case of granular leukocytes, bilobular nuclei and 
chromophile granulations in the case of the lymphocytes and changes in the size 
and/or structure of the platelets. The present status of knowledge and technical 
sophistication is such that the examination of chromosomes cannot in any way be 
considered a routine matter. Neither can it be used as a means o f discrimination for 
particular purposes. It does however have an indicative value in the medico-legal 
sphere. In this regard, it is necessary to be well acquainted with all the pharmaceuti
cal products and other drugs which might induce the same chromosomal aberrations.

(c) General conclusions of the examination

Given the importance for the worker of the decision regarding fitness for work, 
it is essential to apply the most appropriate criteria, not to take any decision until

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



all the data have been analysed and not to be reluctant to repeat the examination or 
examinations if there is the slightest doubt about the soundness of the crucial data.

The choice of criteria is extremely complex, as are the numerical values 
assigned to various parameters (such as the haematological results).

The basic principle to be borne in mind is that each case should be examined 
separately and that the physician alone is qualified to assess the fitness of a worker 
for a given type of work (Chapter 2). It is impossible for certain disorders, such as 
those affecting the skin, lungs and so forth, to define exact quantitative limits beyond 
which the candidate should be declared unfit.

As a general rule, fitness criteria may be classified on a scale from the general 
to the particular, taking account of anomalies and the bearing which they might have 
on a particular type of work:

— Anomalies liable to be aggravated
— Anomalies liable to increase the retention of incorporated radionuclides
— Anomalies interfering with particular kinds o f treatment
— Anomalies without any specific bearing on particular types of work
— Anomalies which prevent the execution of specific work.

If the risk is purely that o f irradiation, the causes of unfitness are chiefly 
haematological (leukopenia, hyperleukocytosis, anaemia, etc.) or ophthalmological 
(cataracts).

If there is an associated internal contamination risk, other causes of unfitness 
may be present, these being mainly connected with disorders which could lead to:

— Significant retention of one or more radionuclides in the respiratory system 
(asthma, emphysema, dilation of the bronchi, etc.) or by organs such as 
thyroid (excessive fixation of iodine and technetium in certain disorders of the 
thyroid);

— Enhanced penetration of contaminants into the skin and the digestive system 
(through a break in the epidermis or the mucous membrane);

— Retarded elimination of the absorbed radionuclide or radionuclides (liver or 
kidney complaints);

— Difficulties relating to the decontamination of the skin (such as eczema, severe 
psoriasis, extensive acne);

— Contra-indications or limitations relating to the wearing of personal protective 
equipment, such as masks or clothing (cardio-respiratory insufficiency, exer
tional dyspnea due to emphysema, claustrophobia, etc.).
With the reservations mentioned above regarding the variability of the haemo- 

grams, the existence of a medical contra-indication should be discussed on the basis 
of numerical values when the following results, whether isolated or systematic, are 
obtained repeatedly. It should be borne in mind that these values are intended to be 
used as a means of orientation rather than as limits:

— Number of red cells lower than 3 500 000 or greater than 6 500 000 per cubic 
millimetre;
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— Number of white cells lower than 3500 or greater than 15 000 per cubic 
millimetre;

— Number of neutrophils lower than 2500 or greater than 9000 per cubic 
millimetre;

— Number of platelets lower than 150 000 or greater than 450 000 per cubic 
millimetre;

— Haemoglobin concentration lower than 12 g/mL or greater than 15 g/mL in 
women and lower than 13 g/mL or greater than 17 g/mL in men;

— Any other signs suggesting a haematological anomaly, either congenital or 
acquired (it may be necessary to obtain a myelogram and carry out various 
supplementary blood tests).
At any rate, the physician should judge in each individual case whether there 

is any evidence of a genetic variation or one linked to the sex or geographical origin 
of the worker (in particular, heterozygous thalassaemia and African constitutional 
neutropenia do not render a candidate unfit for employment).

If anomalies are found which do not render the worker unfit, the physician 
must decide what kind of surveillance procedures are best suited to each individual 
case, i.e. a decision must be made about the frequency and nature o f the blood tests 
to be performed.

1 .1 .1 .2 . P eriod ica l m ed ica l checks

Throughout working life the worker must undergo repeated medical examina
tions. Their frequency and extent will depend on (1) the nature and seriousness of 
exposure to occupational hazards; (2) the state of health of the worker. As far as the 
first is concerned, the physician’s judgement relies essentially on the category in 
which the worker is classed: working condition A, where the annual exposure might 
exceed three-tenths of the dose equivalent limits, or working condition B, in which 
it is very unlikely that the annual exposure will exceed three-tenths of those limits 
[1,2]. Reference should also be made to the list of occupational hazards (Sections
1.1.2.1, 1.3 and Annex I).

In the first case (category A) the worker must undergo special medical surveil
lance, which, in addition to normal medical examinations, also consists of special 
examinations oriented towards the particular hazards to which the worker is exposed 
and all other health criteria which may be imposed because o f particular types of 
work.

(a) Nature of the examinations

In addition to the clinical examinations, the special examinations are adapted 
to the particular hazards in question and the disorders which might be caused or
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aggravated by them. Thus, for workers in category A, the haematological examina
tion may«be regarded as a useful database and, as such, can be updated periodically. 
Some examinations, such as the lung examination, for example, are regarded as 
essential for certain working conditions. Special examinations relating to a particular 
type of work are outlined below in (c). Otherwise, the physician should apply the 
same criteria as those set out with regard to fitness for work.

(b) Frequency o f  examinations

The clinical examination shall be carried out at least once per year; the 
haematological examination, for Category A workers, once or twice per year. The 
frequency of the ophthalmological examination is governed by the extent o f the haz
ard and the potential damage (not forgetting other hazards, such as the use of cathode 
screens). The frequency of radiological lung examinations is more open to discus
sion. In view of the unreliability of X-ray pictures for the early diagnosis of 
malignant lung disorders and the rareness nowadays of serious infections such as pul
monary tuberculosis in the adult population of many countries, there is some doubt 
as to the value of such an examination. It may therefore be omitted unless regulations 
or health considerations, such as the existence of centres of infection, dictate other
wise. At all events, the type of radiological examination used should be that which 
combines the best personal surveillance with the least degree of exposure. Some 
types of examination, after all, can deliver doses of the same order of magnitude as 
those received by the same individual in the course of an entire year through occupa
tional exposure. The general conditions in which irradiation for medical purposes 
should be performed are set out elsewhere (Ref. [1], paras 601 and 609):

“ Medical exposure shall be subject to the justification and optimization parts 
o f the system o f dose limitation, i.e. the use o f radiation for medical purposes 
shall be avoided unless justified and the protection shall be optimized so that 
the irradiation of the patient is as low as reasonably achievable and consistent 
with the desired results.”

“ Radiological examinations carried out for occupational medical purposes 
shall be justified relative to the health of the individual and that individual’s 
fitness for the work. Such examinations should be performed in a manner con
sistent with optimization of radiation protection.”

(c) Special procedures for specific types of work

The list o f these types of work is not exhaustive. Mention should be made of 
the following: work in uranium mines; work in protective suits; work in noisy condi
tions and work in special conditions from the point of view of eyesight.

11

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



Work in uranium mines

Uranium miners are subject to three main types of exposure, the degree of 
which varies according to whether the miner is working at deep levels underground 
or in an open-cast mine:

— External exposure to radiation emitted by different radionuclides of the 
uranium chain present in the rocks, both before and after extraction, and in the 
air;

— Internal exposure, chiefly of the lungs, through the inhalation of long lived 
radionuclides present in ore dust suspended in the air. It is assumed that these 
various radionuclides are in equilibrium with uranium-238;

— Internal exposure, chiefly of the lungs, through the inhalation of short lived 
daughter products of radon-222, an alpha emitting gas descended from 
radium-226. Its own period is fairly long (3.8 days) but its daughter products
— polonium-218 (3 min), lead-214 (27 min), bismuth-214 (20 min) and 
polonium-214 (164 min) — rapidly attain equilibrium with it in poorly venti
lated atmospheres. These products, especially polonium-214 and -218, conse
quently deliver the highest doses of alpha radiation to the lungs.

Account must also, o f course, be taken of the combined effect of these three 
types of hazard. The surveillance of miners, therefore, includes the monitoring of 
external exposure and lung exposure to this radon. This can be performed by means 
of environmental (area) monitoring of the atmospheric concentration of radon and 
ore dusts or by means of personal monitoring (the use of a dosimeter measuring 
inhaled quantities of the short lived radon daughter products). The means of estab
lishing operational levels is described in Part 2, Chapter 3 (Section 3.3.6). Although 
working conditions in uranium mines are not directly comparable with those of other 
mines, there is nonetheless a common denominator of the hazards associated with 
this kind of work. A serious hazard common to many different types of mine is sili
cosis. Because of the special characteristics of uranium mines and their very high 
ventilation rates and efficient dust laying methods, this has been almost completely 
eliminated. However, the surveillance of miners with respect to pulmonary function 
must be extremely thorough, and this applies to both the ventilatory functions and 
to acute or chronic disorders. Such surveillance should be carried out sufficiently fre
quently to enable any disorders to be detected in good time: six-monthly intervals 
may be regarded as a reasonable minimum. In miners who are suspected of having 
or have already been found to have broncho-pulmonary complaints, samples of 
sputum are taken for cytological examination. For uranium workers, unlike workers 
exposed to conventional sources of contamination, pulmonary radiographs must be 
performed systematically in view o f the vital importance of the early detection of sili
cosis, pathological states of the bronchi and lung cancer — the main hazard
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associated with the inhalation of radon. The physician will, therefore, prefer a large 
format radiogram to be taken rather than any other kind of negative.

In addition to radiation hazards, uranium miners may be exposed to various 
chemical pollutants such as CO, NO, NOz and S 0 2. The physician must, therefore, 
be informed of the levels of these pollutants as well as of those relating to dust and 
radon.

Work in protective suits and at high temperatures

Although these two work situations can well differ from one another, they can 
be classified in the same category for the purposes of medical surveillance, since they 
have a number of points in common: the cardiovascular examination must be com
plete, thorough and repeated at regular intervals, as must the lung examination, 
which must include the appropriate set of functional respiratory tests. Excretion 
functions must also be monitored.

Work in noisy conditions

The worker’s hearing should undergo strict monitoring as soon as the noise 
level exceeds a certain threshold on a more or less constant basis. This threshold may 
be fixed in the region of 80 db. An audiometric examination is then necessary at least 
once a year. Special attention must be given to detecting any impairment of hearing 
in the frequency range around 4000 Hz.

Work in special conditions affecting eyesight

Eyesight may be of particular importance in jobs where it is crucial for reasons 
of safety or where the worker is liable to suffer from a high degree of eye strain, 
as in the case of work with cathode screens, computers, word processors and other 
such equipment. In such cases a full ophthalmological examination should be carried 
out twice a year.

1.1.1.3. Surveillance after actual or suspected overexposure

Whenever the physician suspects that a worker has been exposed beyond the 
reference levels' [1, 2] or derived reference levels (see Part 2, Chapter 3, Sec-

1 The reference levels used in radiation protection are as follows (Ref. [1], para. 406):

1. Recording level is a level defined by the competent authorities for the dose equivalent 
or effective dose equivalent or intake above which the information is o f sufficient 
interest from a radiation protection point o f view to be worth recording and keeping.

Footnote continued on next page
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tion 3.3.5), all the necessary examinations must be carried out in order to evaluate 
the level of exposure.

This abnormal exposure may be detected by the medical service itself during 
a routine radiobiological examination (complete physical measurements, radio- 
toxicological examination of excreta, etc.) or as a result o f special surveillance by 
the employer acting on the suspicion that an incident or accident has taken place 
which might have consequences for the worker, or, alternatively, on the initiative 
of the worker in the course of an operation.

The action to be taken automatically will be different according to whether the 
exposure was external or internal. The procedures are described elsewhere (Ref. [3] 
and revisions).

(a) External exposure

The physician must verify whether the exposure really did take place. If there 
is any doubt, an inquiry must be made in close liaison with the chief of the facility 
and the radiation protection service (or officially approved person). If any doubt 
remains, the most probable dose must be recorded in the worker’s files. In the case 
of exposure above the limits, the worker’s fitness to continue work under radiation 
must be discussed by the physician, the worker and the chief of the facility (Chap
ter 2). The Basic Safety Standards have clearly defined the policy to be adopted with 
regard to a worker’s continued employment under these conditions (Ref. [1], 
para. 515):

“ Taking into account the previous or present exposure conditions to other 
toxic chemicals and other potentially hazardous physical conditions, no 
workers shall be employed or shall continue to be employed in work involving 
exposure to ionizing radiation contrary to qualified medical advice.”

Continuation o f footnote 1

2 . Investigation levels are defined as values of dose equivalent or effective dose equivalent 
or intake above which the results are considered sufficiently important to justify further 
investigations.

3. Intervention levels are usually specified for use in abnormal situations (para. 201.2). 
Such a level is specified in advance by a competent authority or management of an 
installation, so that if the value of a quantity does not exceed or is not predicted to 
exceed the intervention level, then it is highly improbable that intervention will be 
warranted.

4. A reference level may be established for any quantity used in radiation protection, 
whether or not there is a limit for the quantity.
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(b) Internal exposure

If the occupational physician has good reason to suspect contamination or 
exposure to particle fluxes liable to cause activation o f body constituents, whole body 
counts and/or radiotoxicological analyses must be performed in order to estimate the 
nature and extent o f the intake or irradiation. These examinations must be conducted 
in such a way that the following minimum conditions are satisfied:

— The whole body count must be taken after the worker has had a shower and 
changed into clean clothes other than his work clothes; the equipment used 
must be designed to identify the radionuclides involved and to measure them 
at levels well below the values corresponding to the regulatory limits;

— The radiotoxicological examinations must be performed by a specialized 
laboratory.
These examinations must be carried out as often as proves necessary for evalu

ating the committed dose equivalent as precisely as possible.

1.1.1.4. Monitoring after suspension o f  work

By ‘suspension of work’ we mean any interruption of work for a period of time 
due to one or more events affecting the fitness of the worker. Vacations are not 
included under this definition. Work may be suspended for two main reasons: illness 
or overexposure.

(a) Suspension due to illness

The period after which the worker must be systematically examined by the 
occupational physician in order to assess whether the job should be continued is 
determined according to the hazards of that job. It is often easier to lay down a 
general rule for all the workers of a particular facility. When this is done, it is 
reasonable to institute a systematic medical examination for any absence o f one 
month or more, whatever the reason for the absence. O f course, in specific cases 
this period can be reduced.

(b) Suspension due to overexposure

The good health of the worker must be verified and any special examinations 
which prove necessary, in order to evaluate the level of exposure, should be carried 
out (e.g. radiotoxicological examinations and whole body counts). The occupational 
physician must inform the worker fully of the hazards associated with the overex
posure and decide whether the worker should be moved from the post, either provi
sionally or permanently, or kept in that post (Section 1.1.1.3(a) and Chapter 2).
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Post assignments are made only if there is no incompatibility between the post 
and the worker’s state of health. A decision is taken in this regard after both the con
ventional and radiological hazards have been analysed. The physician must avoid 
focusing attention entirely on the latter to the detriment of the former, which, in some 
cases, may be far more important. In order to ascertain the radiological hazard, close 
collaboration is necessary between the medical service as a whole and the radiation 
protection service, i.e. between the physician and the physicist, who is usually on 
the spot in direct contact with potential hazards. Continual collaboration is necessary 
with regard to personnel dosimetry, in particular with respect to inquiries into doses 
received — whether above the permissible limits or simply above the doses normally 
received, the latter being the commoner case.

1.1.2.1. Personal exposure and risk record

In order to assess the risks, radiological and other, to which the worker is 
exposed, the physician must maintain a record of exposures and risks which consti
tutes the worker’s personal job sheet. It includes the following headings:

— Working conditions
— Particular activities
— Radiation hazards:

— External exposure
— Internal exposure

— Sensory, motor, dynamic and neuropsychic demands placed on the worker.
The chief o f the installation, the general safety officer, the radiation protection

officer and the occupational physician work together in the elaboration of this sheet. 
The worker should be informed of its contents and, preferably, should countersign it.

The format of the medical exposure and risk record can vary. However, it is 
recommended that a format amenable to computerization be chosen so that the infor
mation can be processed automatically and used at any time in order to assist 
inquiries.

This record is also an integral part of the medical file (Section 1.3) and obvi
ously needs to be updated to take account of any changes in the worker’s job. An 
example of an exposure and risk record is given in Annex I.

1.1.2.2. Radiological classification o f  workers

Each worker must be classified in a category according to the dose levels liable 
to be received [1 ,2 ]. This classification is intended to facilitate both monitoring and 
surveillance. The compilation of statistics is also facilitated by such a system, which 
has the additional advantage of making it possible to identify groups of different sizes 
subject to different risk levels.

1.1.2. Analysis and management of working post
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It is recommended that a distinction be drawn between two categories of 
exposed workers:

— Category A: workers whose exposure might exceed three-tenths of one of the 
annual dose limits;

— Category B: workers unlikely to receive such a dose.
The International Commission on Radiological Protection (ICRP) has clearly 

defined the choice of the dose value separating the two categories (Ref. [2], 
paras 161-162, 166):

“ The value of three-tenths of the basic limits for occupational exposure is thus 
a reference level used in the organization of protection. It is not a limit. Where 
the exposure is unconnected with the work, and where the work is in premises 
not containing the radiation sources giving rise to the exposure, the working 
condition should be such that the limits applicable to members of the public 
are observed.”
“ The main aim of the definition of Working Condition A is to ensure that wor
kers who might otherwise reach or exceed the dose equivalent limits are sub
ject to individual monitoring so that their exposures can be restricted if 
necessary. In Working Condition B, individual monitoring is not necessary, 
although it may sometimes be carried out as a method of confirmation that con
ditions are satisfactory.”
“ In order to simplify the arrangements for medical supervision and for 
individual monitoring, it is usual to classify individual workers. In principle, 
this can be done in terms of the class of working conditions in which they oper
ate, but in practice it almost always has to be done in terms of the areas where 
they work, the type of work done and, if this can be forecast with sufficient 
reliability, the time to be spent in the area.”

Category A workers must undergo special medical surveillance and individual 
evaluation of the dose equivalent. This evaluation must be made by means of 
individual surveillance of external and internal exposures.

Irrespective of the exposure of the worker and the appropriate category, the 
physician is responsible for monitoring fitness for work according to operational 
criteria. A considerable time must be devoted to keeping abreast of the techniques 
applied in conducting the necessary ergonomic studies. A team must be assigned to 
the task of studying the different jobs. This team has a fundamental role to play in 
developing the spirit of prevention, and the role of ergonomics is especially 
important.

The application of all these criteria determines the worker’s fitness or unfit
ness. The crucial problem lies in borderline cases, in which the physician may decide 
that the worker is fit, with a number of reservations, the results o f further or more 
thorough examinations deciding one way or the other.
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1.2. RADIOLOGICAL SURVEILLANCE

Radiological surveillance can be divided into three sections: routine surveil
lance in the case of operations permanently included in the worker’s programme, 
special surveillance in the event of an abnormal operation or one suspected as such 
and surveillance carried out after an incident.

1.2.1. Routine surveillance

1.2.1.1. Individual dosimetry o f  external exposure

The measurement of external exposure is the responsibility o f the physicist. 
The interpretation and recording o f individual external exposure data are the 
responsibilities of the physician, who is the only person having available all the 
parameters relevant to the radiation risk. These data obviously have to be written in 
the worker’s medical files.

Electromagnetic radiation can be detected and measured by means of film 
badges, dosimeter pens, ionization chambers, radiophotoluminescence dosimeters 
and/or thermoluminescence dosimeters.

The film most commonly used consists o f a photographic emulsion placed in 
a box containing a number of screens. It is used for determining the dose, the nature 
of the radiation (/3-,X- or 7 -rays), the presence of thermal neutrons, average energy 
values in the case of electromagnetic radiation and the orientation of the individual 
in relation to the source (i.e. whether with front or back to the source). If there is 
a risk of exposure to neutron radiation, this system must be supplemented by a 
dosimeter sensitive to neutrons. Exposed persons usually wear a film badge on the 
chest, but may sometimes also be provided with a wrist detector. The precision of 
these instruments is in the region of 10 to 20% and the sensitivity threshold is around 
0.2 mSv. The main purpose of the film badge is to provide a document which can 
be stored for future reference and is not destroyed by reading.

Ionization chambers equipped with electrometers are available in the form of 
dosimetric pens. These pens can be read directly and give an instantaneous measure
ment. The chambers can be equipped with a digital readout system, which the worker 
can check quickly and easily.

Radiophotoluminescent glasses are used for determining the gamma dose. 
They are arranged in specially designed containers between the film badge and the 
criticality dosimeter.

Thermoluminescence dosimeters are usually used for evaluating the X and 7 
dose to the extremities (fingers) and contain alumina, the response of which gives 
the most precise measurement of exposure to neutron radiation.

Neutron radiation presents the most difficult problems with regard to detection 
and measurement. It can be detected by some of the above mentioned instruments,
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if they are fitted with accessory equipment, such as cadmium screens which capture 
thermal neutrons and emit a measurable secondary gamma radiation. Similarly, by 
using boron- 10 in the detectors it is possible to measure the alpha radiation produced 
by nuclear reactions between the neutrons and the boron. Two systems are currently 
used:

— The criticality dosimeter set, which comprises various activation detectors. 
This instrument gives a first approximate measurement of the neutron dose;

— The criticality belt, which comprises photoluminescent glasses along with acti
vation detectors distributed at regular intervals on the belt. Its chief function 
is to determine the orientation of the individual in relation to the radiation 
source and to supplement the observations obtained through the activation of 
the actual organism. This method is reserved for the high doses responsible for 
incidents or accidents (Section 1.2.3).
The thoroughness of the surveillance depends on whether the workers belong 

to Category A or Category B. The former must be monitored individually and a 
monthly frequency is reasonable. For Category B, the dose equivalent need be evalu
ated only for a small number of workers whose exposure is considered representative 
o f the category as a whole. The list of individuals chosen for this purpose is drawn 
up by the chief of the installation after consultation with the physician and other 
bodies or officers responsible for safety. Although individual surveillance cannot be 
required for Category B workers, it is nonetheless necessary to evaluate and record 
the annual collective dose received by the different occupational groups in the estab
lishment in order to estimate the risk for each group.

Surveillance must concern itself with all the types of radiation to which the 
worker is exposed. Whatever the type o f dosimeter used, it must be worn constantly 
by the worker and should not be placed in abnormally high exposure conditions out
side working hours.

In the framework of operational surveillance, the physician should make the 
greatest possible use of reference levels [1, 2] such as those defined in Section 3.3.5. 
The authorities, with the agreement of the physician, must define, for the dose 
equivalent, the values of the recording levels above which the result of the surveil
lance is of sufficient interest to be worth recording and keeping. Values below this 
level may be considered as indicating that the defined recording level has not been 
exceeded and can be taken as zero for purposes of evaluating the worker’s individual 
dose equivalent. The value of the investigation level is chosen so that it represents 
a convenient multiple of the recording level. For example, it may be three times the 
recording level. Particular attention should be given to a coherent relationship 
between the values o f the reference levels used for external exposure and those 
chosen for internal exposure (Section 1.2.1.2).
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1.2 .1 .2 . Surveillance o f  internal exposure

The measurement of incorporated radioactivity and the evaluation of 
committed dose equivalents continue to present great difficulties. The techniques 
used call for highly specialized personnel and equipment. Personnel can be moni
tored periodically at most, the frequency of surveillance depending on the level of 
risk and naturally on the effective half-life of the radionuclide concerned. In routine 
situations the intake route which should be monitored in particular is inhalation. Per
sonnel surveillance requires a good understanding of the retention and excretion of 
the radionuclide likely to be incorporated. By obtaining detailed baseline data [4-6] 
one can evaluate the committed dose equivalent as precisely as possible on the basis 
of radiotoxicological measurements of excreta, whole body counts or readings taken 
for particular organs. The physician must, however, constantly bear in mind the 
uncertainties o f the process o f estimation, especially when comparing the doses due 
to internal exposure with those due to external exposure and/or finding the sum of 
the two in order to evaluate the total risk expressed as the effective dose equivalent.

The reference levels clearly depend on the frequency of the surveillance exami
nations. The physician will find that derived reference levels are of great assistance 
in the daily work (Part 2, Chapter 3, Section 3.3.5). By comparing the measurements 
of the individual’s retention and/or excretion with these levels, the physician is able 
to make a quick estimate of the order of magnitude of the dose.

The recording level can be defined by saying that the sum of the committed 
doses not recorded over one year may not exceed a total o f 3/100 of the intake limit, 
and hence 3/100 of the regulatory dose limit. The rhythm of surveillance, i.e. the 
number of examinations performed at regular intervals during the year, depends on 
the effective half-life of the radionuclide in question. If this number of annual exami
nations is referred to as n, then the recording level is equal, for each surveillance 
period, to 3/100 n of the intake limit.

For the investigation level, the value can be fixed at one-tenth of the intake 
limit, so that the level is exceeded only if the committed dose is equal to or greater 
than one-tenth of the dose limit. For n examinations performed at regular intervals 
during the year, the investigation level is, for each surveillance period, equal to one- 
tenth n of the intake limit.

1.2.2. Special surveillance

When an abnormal situation is suspected, the affected worker becomes subject 
to special surveillance measures in addition to routine surveillance. In the case of 
external exposure, an additional hazard such as neutron radiation may be involved. 
In such cases the worker must o f course be equipped with all the necessary 
dosimeters, and whenever necessary the number of area dosimeters should be 
increased. Where internal exposure is suspected, systematic monitoring should be
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performed to check that there has been no intake of radiation. It is clear that preven
tive therapy must be ruled out altogether and should not be included as part o f the 
general prevention of abnormal exposure.

1.2.3. Special surveillance after an incident

This does not cover accidental situations which might give rise to non
stochastic effects. It concerns the monitoring of personnel after an incident or 
suspected incident.

1.2 .3 .1. External exposure

The physician must carry out a detailed dosimetric analysis. In order to do so, 
it is necessary to collect all the worker’s dosimetric data and check that previous 
exposures were not at such a level that the new exposure due to the incident would 
necessitate medical and administrative action.

1.2.3.2. Internal exposure

The same procedures are necessary. However, the question of the frequency 
of examinations does not arise in connection with defining reference levels, since, 
by definition, the incident is isolated and known. The value of the reference levels 
could be:

— Recording level: 1/100 of the intake limit
— Investigation level: 1/30 of the intake limit.

1.3 SURVEILLANCE FILE

1.3.1. General

Well organized surveillance of workers exposed to ionizing radiation is impos
sible without systematic and accurate recording o f all the data obtained from physical 
measurements and medical examinations. These data are naturally of concern to the 
individual worker. There is no reason to record the results o f environmental monitor
ing in the individual’s file. However, all data relating to the individual’s exposure 
must be recorded in the file, together with the results of the medical examinations 
undergone. These data make up the personal file, which must be kept in compliance 
with the conditions prevailing in each country with regard to medical confidentiality, 
as defined by the competent national authorities.
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The file is comprised of the job sheet and the personal exposure and risk record 
(Section 1.1.2.1), from which it is possible, for each worker, to define the working 
conditions and the irradiation and contamination hazards to possible exposure; the 
medical and radiological files containing all the data obtained through medical 
examinations and physical measurements before, during and after the worker’s 
employment; and finally, if possible, a clear summary of the worker’s occupational 
accidents and illnesses. All abnormal exposures must be recorded together and 
clearly separated from the routine exposures.

This file should not be regarded as anything other than a very general file giv
ing an overview of the worker’s protection against hazards of all kinds. The radiation 
hazard constitutes no more than one element of varying importance. Non-radiation 
hazards must be recorded in as great detail as the radiation hazard. Whenever possi
ble, such hazards must be quantified.

1.3.2. Medical file

1.3.2.1. Composition

The medical file must contain all data relating to the worker’s state of health. 
Before the worker is hired, the file must contain the results of the interview and of 
the medical examination undergone in order to determine fitness for work involving 
exposure hazards.

During employment, the personal file must contain a summary o f medical sur
veillance and, in particular, of the special examinations. Naturally, only salient facts 
and positive findings made in the course of investigations should be included. The 
purpose of comparing these data with those of the radiation file is to establish any 
cause and effect relationships between disorders that arise and occupational 
exposures.

After the cessation o f employment, the file must include a description of the 
worker’s state o f health. It must also include a summary of the medical results 
obtained, both general and special. Special mention should be made of any anomalies 
which have been recorded and which might be associated with an occupational 
exposure. Finally, the worker’s state of health on termination of employment must 
also be indicated. Particular attention should be given to opportunities for long term 
surveillance of retiring workers or any other person whose previous work has 
involved a radiation hazard and who has changed occupation.

When a worker is transferred to a different establishment, it may be helpful 
to draw up, for the use of the medical service of the new establishment, an employ
ment termination sheet containing a brief summary of the file.

Consideration should be given to the establishment of a prolonged follow-up 
programme for retired radiation workers or any other worker who has changed job 
and who was formerly occupationally exposed.
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1.3 .2 .2 . Contents

The medical file must contain, for each worker, the results of the medical 
examination carried out at the time of recruitment, o f routine examinations, and 
results of all clinical, paraclinical, biological and toxicological examinations 
required to deal with conventional and radiological hazards, and an assessment of 
the individual’s fitness for a particular post.

The large number of headings might become confusing and thus lead to 
employment difficulties. This file must therefore be arranged clearly so that it is easy 
to handle and to reproduce and it must be complete, while leaving room for 
supplementary information. The following headings provide an illustration of a 
medical file:

— Recruitment medical file
— Personal history (marital status, previous occupational activities, occupational 

training and career)
— Medical job and hazard sheet
— Medical surveillance file
— Record o f absences due to sickness and occupational accidents
— Recapitulative record of radiological examinations
— Diagnostic radiological record
— Biological record
— Radiotoxicological and spectrometric record
— Exposure record
— Ophthalmological record
— Ear, nose and throat record
— Audiometric record
— Cardiological record
— Special examinations and correspondence with the physician in charge of treat

ment (this information to be kept separate).
A specimen medical file is given in Annex II.
In addition, all accidents occurring in the course of work must be recorded. 

All the doses received during abnormal exposures (for example, exceptional and 
accidental exposures) must be recorded together and shown separately from normal 
exposures.

In the files relating to accidents, it is often useful to group together the data 
obtained from physical measurements and the findings made during medical 
examinations. Indication must be given, in particular, of all the medical examinations 
performed following an accident, their results and the decisions taken.
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1.3.2.3. Preservation o f  the f ile

The medical file must, of course, be preserved during the worker’s entire 
professional life, since the physician may need it at any moment. However, even this 
is not sufficient, for the following two main reasons:

— Medico-legal reason: after the cessation of work involving exposure to radia
tion, either following a radical change in the nature of the worker’s employ
ment or as a result of retirement, it must be possible to consult the file if there 
is any likelihood that a disorder appearing after the cessation of work is 
connected with that work and classifiable as an occupational illness. Depending 
on national legislation, recognition of causality may be automatic or based on 
an assessment of the probability of occurrence. In either case, access to the 
medical file is essential.

— Health reason: it may prove necessary to carry out an epidemiological study 
some time after the commencement of a particular type o f work with regard 
to one or more defined groups of workers. In this case, too, all the baseline 
data must be readily accessible.

For these two reasons a storage time of 30 years or so after the cessation of work 
(or even 50 years, if possible) would seem a reasonable period, where national legis
lation does not impose any definite period.

1.3.2.4. Use o f  computers
Confidentiality

In the course of the years a considerable quantity of data is amassed in the 
medical file which becomes increasingly difficult to classify, store and utilize. The 
computerization of such files is therefore highly recommended. Two pitfalls, 
however, should be avoided, the first being that of excessive conciseness and the 
second being the opposite tendency, that of compiling useless data. The selection of 
data is therefore extremely difficult, especially since the need for particular data may 
not emerge until many years have passed, as in the case of the diagnosis of an illness 
which is presumed to be occupational or for the purposes of an epidemiological 
survey.

One problem which might seem straightforward but should nevertheless not be 
disregarded is the identification of the individual, which is obviously essential. Given 
the confidentiality of the file and the impossibility of knowing at the outset all the 
possible uses of medical files, one must ensure that it is possible to preserve medical 
confidentiality even while identifying the individual. This means that it is necessary 
to use computer ‘keys’, with all the problems which that entails.

In some very special cases in which the physician is allowed considerable dis
cretionary powers, confidentiality may be lifted. This may be so in the case, for
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example, of legal actions carried out with the permission of the interested party (this 
permission being implicit when the interested party has lodged a complaint), 
investigative health measures where an absolute guarantee of anonymity is given, 
police action ordered by the judicial authorities (investigation or prevention of crime) 
or other action necessitated by considerations of public safety or welfare.

1.3.2.5. Notification

The personal files contain information on the exposures undergone by each 
worker and the worker’s state of health. The results entered in the personal files must 
therefore be transmitted to workers requesting them. The worker is entitled to direct 
access to all the medical information of personal interest. The ‘confidential’ notifica
tion of radiological data is nominal in the case of overexposure. The ‘non- 
confidential’ notification of such data must, of necessity, be collective and anony
mous and must relate only to normal cases of exposure in which the prevailing stan
dards are respected.

1.3.3. Radiation file

1.3.3.1. Composition

The radiation file must contain all the available information necessary for 
evaluating the worker’s external and internal exposures. The two types of exposure 
are different, if not in their ultimate effects, then at least in the evaluation methods 
used and the uncertainties associated with them. It is essential, therefore, to keep 
separate baseline data for each type of external and internal exposure. If one merely 
records the hazard indicator represented by the effective dose equivalent as defined 
by the ICRP [1, 2], it would be impossible retrospectively: (1) to make the slightest 
correction if some change occurs at a later stage; (2) to evaluate the dose delivered 
to a specific organ should a particular disorder occur; or (3) to conduct a specific 
study of one type of exposure as part o f an epidemiological survey or just a statistical 
study.

1.3.3.2. Contents

On recruitment, the radiation file should contain all data on previous occupa
tional exposures and any significant non-occupational exposures. During employ
ment, it is important in particular to include a summary of the results o f physical 
measurements in the personal file. The file must be arranged in such a way that it 
is easy to calculate the sum of the doses received from external and internal 
exposures and thus to determine the cumulative dose after three months, six months
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or one year. The file must also make it possible, by graphical representation of the 
information available, to determine at any moment whether or not the dose received 
during the period in question was within the regulatory limits.

After termination of employment, a recapitulation of the exposures undergone 
during employment must be included in the file.

The doses received should be cumulated year by year so that, should the case 
arise, the total dose may be calculated. It should be stressed once more that all abnor
mal exposures must be recorded together and kept clearly separate from normal 
exposures.

1.3.3.3. Preservation o f  the file
Use o f  computers 
Confidentiality 
Notification

For obvious reasons the same rules apply as are applicable to the medical file 
(Sections 1.3.2.3, 1.3.2.4, 1.3.2.5). However, it is quite normal that the radiological 
data should be more readily accessible than the medical data. Although they are con
fidential, they can be transmitted to the health authorities for the purpose, for exam
ple, of building up an overall picture of exposure and how it is evolving.
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Chapter 2

THE ROLE OF THE OCCUPATIONAL PHYSICIAN 
IN THE WORKPLACE

Clearly a large proportion of the occupational physician’s time, if not the 
largest, will be occupied with tasks relating to the subjects discussed in Chapter 1, 
including in particular medical records for the medical supervision of workers, 
whether for their recruitment, their observation or the assessment of their medical 
fitness for employment. However, time must also be devoted to prevention, i.e. the 
physician should watch over the risks of occurrence of occupational illnesses or 
working accidents and make every effort to limit their number and seriousness as 
far as possible. In that connection, questions may often arise about what should be 
the limits of the powers which the physician can and must have with regard to the 
employer and to the workers (both as individuals and as a collective).

2.1. THE PHYSICIAN IN RELATION TO THE WORKER

The preventive role of the physician is usually covered through maintaining the 
normal records, medical or otherwise. The emphasis placed on this preventive role 
may lead the physician to undertake spot actions in direct co-operation with the per
son in charge of the facility and the specialists concerned with safety questions, such 
as the safety engineer and the radiation protection officer.

The physician must keep up to date with knowledge and devote a large propor
tion o f time to further education or to specific study o f particular subjects.

In addition, given the specific nature of the risks of overexposure and the diag
nostic and possibly also therapeutic means which relate to them, the occupational 
physician plays an important role in the case o f incidents, accidents or suspected 
radiological accidents. In fact, and this is true particularly in large nuclear facilities, 
the physician is the first person to see the subject; it is therefore the physician who 
will make the first quick estimate of the magnitude of the exposure and who will take 
the first diagnostic steps (sampling, measurements, etc.), therapeutic measures 
(external decontamination, administration o f chelating agents, etc.) and decisions 
(removal to a specialized centre, etc.). This means that the physician must also keep 
permanently up to date with the most effective and modern medical techniques for 
the diagnosis and treatment of external, whole body or localized overexposures and 
of internal exposures. At the same time, an awareness must be kept of the industrial 
techniques used in the workplace in order to be able to evaluate the potential hazards 
to personnel. In addition to being bound to medical secrecy in professional activities, 
the physician is also bound to industrial secrecy with regard to processes of which
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knowledge is essential to assess the risk level for workers. Both in routine and in 
exceptional situations, the physician must reply to all questions from workers con
cerning the risks incurred (non-stochastic and stochastic risks, basic principles of 
radiation protection, etc.), whether in the course of normal visits or upon special 
request. For example, the physician, when explaining the basis on which risk factors 
have been established [2], will be able to assign a figure to the risk relating either 
to the exposure or to the regulatory dose limits; the physician must take time to 
explain that the risk factors associated with stochastic effects have been chosen for 
the needs of radiation protection on the basis of the hypothesis o f a no-threshold 
linear relationship and therefore constitute an evaluation of the global risk envelope.

2.2. THE PHYSICIAN IN RELATION TO THE WORKERS AS A GROUP

The physician’s role in relation to the exposed workers as a group is threefold: 
training, prevention and health observation.

2.2.1. Informing and training the workers is a keystone of safety at work, whether 
the hazards are classical or radiological. The physician is not the only person of 
responsibility involved in these tasks, but it is an important position. A good 
knowledge by the worker of the risks inherent in the job is an important factor in 
achieving a real reduction in the number of accidents. Moreover, the mastering by 
the worker o f all the radiation protection problems which arise during work is bound 
to help reduce the doses received occupationally. This also is a way of optimizing 
radiation protection.

Such information must naturally be given above all during the recruitment 
medical examination, but also during regular examinations in the form of simple 
reminders, as well as during examinations following incidents or accidents and at the 
request o f the worker concerned. It is also desirable that collective training sessions 
focusing on safety problems should be organized regularly, at the employer’s initia
tive, with the co-operation of the responsible officers concerned, obviously including 
the occupational physician, and possibly in association with the competent national 
specialists.

2 .2 .2 . Prevention is impossible unless basic data are available concerning the situa
tion of the workplace with regard to health. For this reason the physician should keep 
a register of working accidents, occupational illnesses, exposures normally incurred 
by personnel and occupational overexposures. On the basis of such data the physi
cian can establish a health balance, compare it with those of previous years and thus 
ascertain whether working conditions have improved or deteriorated. One important 
element is dosimetric observation of all the personnel; for instance, the use of histo
grams o f doses to personnel and to certain specially exposed groups allows a rapid
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assessment of the entire radiological situation of the workplace and of its develop
ment with time.

2.2.3. In addition to this statistical information, which in fact amounts only to a 
kind of balance sheet, the same data also provide a basis for epidemiological survey 
and must ultimately lead to improved knowledge about certain occupational hazards. 
The occupational physician does not in general have the time and resources necessary 
for carrying out such studies successfully, since they are very demanding and call 
for a wide variety of expertise. The physician must, therefore, work with a profes
sional epidemiology team and hold a position of responsibility in it. Moreover, in 
all cases where the workplace does not have a sufficient number o f workers exposed 
to the hazard which is the subject of the study, it will be necessary to combine data 
on groups of personnel from several workplaces; this is always a difficult undertak
ing, chiefly because of the imperative need for uniform presentation of the basic 
data; any lack of homogeneity would inevitably lead to biases making all interpreta
tion impossible.

2.3. THE PHYSICIAN IN RELATION TO THE EMPLOYER

The employer is responsible for the workers’ health supervision programme. 
Occupational medical services must therefore be set up. Co-operation between the 
employer, the workers and their representatives is an essential element in the organi
zation of the occupational medical service and in other measures relating to it.

The occupational physician must keep the chief of the workplace informed 
about medical and sanitary problems and propose remedies where necessary, and 
follow-up any alterations made as a result of comments, e.g. at working positions. 
A particularly delicate aspect of the relations between the chief o f the installation and 
the occupational physician concerns the latter’s powers within the workplace and 
their limits. Thus, it should not be possible for the employer to question a contra
indication with regard to a working position given for health reasons; on the other 
hand, in view of the serious consequences which such disqualification may have for 
the worker (loss o f employment, reduction in salary, obligation to accept another 
post, etc.), it is desirable that any purely medical decision which would have grave 
consequences for the worker should not be uncontestable. Possible appeal proce
dures should therefore be considered. Such a system must be adapted in accordance 
with the medical and legal customs and regulations prevailing in the country 
concerned.

The physician may also be confronted with safety and/or radiation protection 
problems on the one hand, or with problems of a financial nature on the other. For 
example, the physician may be prevailed on to give an opinion on the monetary 
evaluation of risks from which financial compensation relating to a given risk would 
be calculated. The physician must not fall into this trap; the general principle in radi
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ation protection at the present time is to reduce doses (the optimization principle) and 
not to accept doses in relation to a risk such that compensation will be necessary 
(whether by extra salary payment or any other means). This type of excess exposure 
is not in any case comparable with working conditions involving increased discom
fort or constraint, such as the wearing of individual protection devices, staggered 
working hours, etc., which may indeed be compensated for in various ways. The 
occupational physician must, therefore, focus efforts within the general framework 
of optimization of radiation protection (Ref. [1] Annex IV, para. A .IV .206): “ As 
any exposure to radiation is assumed to involve some degree of risk, all exposures 
should be kept as low as reasonably achievable. This basic requirement may be met 
both in a qualitative way in operational practice and in a more quantitative way in 
choosing design criteria.”

2.4. THE PHYSICIAN AND EDUCATION; THE ADVISORY ROLE

The physician’s role is specified in international [7-9] and in national texts. 
It may be useful, however, to recall some general principles [10]:

— The occupational medical service should take part in the preparation and appli
cation of programmes for the information and education of personnel concern
ing health and hygiene at work;

— The occupational medical service should take part in the regular training of 
first aid personnel and of all workers concerned with safety at work and indus
trial hygiene;

— The occupational medical service should advise the employer, the workers and 
their representatives on problems of industrial hygiene, health and ergonomics, 
with a view to improving the working conditons and environment, or co
operate with the organizations already acting as advisers in these matters;

— The occupational medical service should analyse the results o f the supervision 
of workers and of their working environment, and also, where they exist, the 
results o f biological tests and individual measurements of workers’ exposure 
to occupational hazards, with a view to possible estimates o f a relationship 
between the occupational hazards incurred and any deterioration of health, and 
should then propose measures to improve the working conditions and 
environment;

— The occupational medical service should contribute to research, within the 
limits of its resources, by participating in studies or surveys aimed at collecting 
data for epidemiological purposes, as set forth in Section 2.2.3;

— The occupational medical service should establish a programme of activities 
adapted to the workplace or workplaces which it serves, taking into account 
particularly the occupational hazards of the working environment and the 
problems which are specific to the various branches of the activity concerned.
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Annex I

SPECIMEN PERSONAL EXPOSURE AND RISK RECORD

This record is an integral part of the special medical file and is made up as 
follows:

The recto is divided into three main sections defining the working position. The 
upper section indicates:

— The establishment
— The date o f and reasons for completion o f the form at the time of recruitment 

or transfer are the following:
The worker’s identity with his service card number 
The health code number 
The place of work

— A detailed description of the duties
— The category, clearly indicated in a separate box:

Category A 
Category B.

The middle section describes the working conditions: working hours, any 
movements within or outside the plant areas, protective clothing, temperature and 
lighting.

The bottom section lists special activities, e.g. safety related post, driving of 
vehicles, carpentry,fire fighting, remote handling equipment, decontaminators, etc.

The verso is the personal exposure and risk form proper. Its contents may 
differ from one establishment to another:

— Non-radiological hazards: Physical, chemical or biological, listed in the order 
of the hazards catalogue.

— Radiological hazards: External exposure: depending on the type of radiation; 
internal exposure: the six columns indicate the main radionuclides handled by 
the service.

— Special remarks: For more specific information on the work performed by the 
subject of the form, with boxes for certifications by the unit chief, the safety 
engineer, the radiation protection officer and the staff member.

In order to facilitate completion of this form a publication containing 
‘Recommendations for the completion of post and personal exposure and risk forms’ 
gives help with the proper use o f the weighting code, which is essential for 
personalizing the post form and the personal exposure and risk form and hence also 
for personalized medical supervision: 0 =  none or potential; 1 =  occasional;

31

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



2 =  frequent, habitual or permanent, for all sections except the radiological hazards, 
where the weighting code is: 0 =  none; 1 =  potential; 2 =  occasional;
3 =  frequent, habitual or permanent.

This form should be completed:
— Before the recruitment medical examination of each worker;
— Immediately, whatever the employment status of the worker called upon to be

on the site:
•  for more than three months, if the worker is not assigned to a controlled 

area;
•  for more than one month, if the worker is assigned to work not involving 

particular exposure to radiation in a controlled area;
•  for more than one week, if the worker is assigned to work involving particu

lar exposure to radiation in a controlled area.

In any case, any change in working conditions should lead to the preparation 
of a new form, which should be registered by the chief of the unit in which the 
employee will be working. Duly completed, the form is signed by the responsible 
unit chief, the unit’s safety engineer, the radiation protection officer and the person 
concerned. This form, designed to ensure precise annd regular medical supervision, 
is for the exclusive use of the Occupational Medical Service and no other.
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EXAMPLES OF SPECIMEN PERSONAL EXPOSURE 
AND RISK RECORDS AND MEDICAL FILES 

USED IN ORGANIZATIONS IN VARIOUS MEMBER STATES

Annex II
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SPECIMEN MEDICAL FILE

MEDICAL SUPERVISION FILE

Surname 

Given names 

Date and place of birth 

Social Security No. 

Employer

Card No. Branch

Assignment

MEDICAL INFORMATION File No.

This staff member must be observed particularly with regard to the following clinical points: 

Normally attending physician

VACCINATIONS FIRST AID

Type 
(or reminder)

Dates First aid worker, on

1st
2nd
3rd
4th
5th
6th
7th
8th

recycling, on

39

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



HEADINGS CODE
SYMBOL

BOX HEADINGS CODE
SYMBOL

BOX

Reason fo r visit

ENTRY ON DUTY 
Recruitment 
Re-employment 
Separation

RETURN TO WORK 
Illness 
Maternity 
Working accident 
Occupational illness

SYSTEMATIC MEDICAL SUPERVISION 
Annual

SPECIAL MEDICAL SUPERVISION 
Safety related post. Driving of vehicles 
Risk of occupational illness 
Suffers from deficiency or handicap 
Workers less than 18 years of age 
Migrants. Change of activities 
Post staff
Mother of children. 2 years

OCCASIONAL MEDICAL SUPERVISION 
At the staff member’s request 
At the employer’s request (Titular) 
Emergency 
Other
Special aptitude on file 
At the works doctor’s request

TESTS OF FITNESS FOR
PARTICULAR POST 

Caisson 
Deep diving 
Oxygen tolerance 
Work in extreme temperatures 
Effort test

SUPERVISION BY MEDICAL
SPECIALIST 

Ear, nose and throat 
Eye test 
Cardiology 
Pneumology 
Neurology 
Dermatology 
Other

Minimum examination
protocol

Weight
Height

Blood pressure 
Pulse
Cardiovascular
Locomotor
Respiratory
Haemato-ganglions
Digestive
Endocrine-nutrition
Abdomen
Neurology
Genital-urinary
Skin
Pregnancy
Ear, nose and throat

Other examinations 
Visual acuity, right eye 

(with or without corrections) 
Visual acuity, left eye 

(with or without corrections) 
Eye test 
Smoking 
Alcoholism 
Chest X-ray 
Spirometry 
Electrocardiogram 
Electroencephalogram 
Psychotechnical tests 
Audiogram

Medical balance

ORIGIN OF DISEASE-DISORDER 
Job related condition 
Medical condition 
Surgical condition 
Contagious disease 
Accident during work 
Accident in transit 
Accident during sporting activities 
Accident (miscellaneous) 
Occupational illness 
Handicap 
Pregnancy 
Thermal cure 
Contamination 
Irradiation

DEVELOPMENT STAGE 
Possibility of
Condition discovered by Works 

Medical Service 
Untreated
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HEADINGS CODE SYMBOL
BOX HEADINGS CODE

SYMBOL
BOX

Undergoing treatment 
Stabilized (end)
Relapse 
Sequelae 
Aggravation 
Improvement (better)
Predisposed to
Operated on (surgical treatment)
Deceased

DIAGNOSIS

OCCUPATIONAL CAUSE

ABSENTEEISM -  NUMBER OF DAYS

Professional conclusions 
Fitness for post 
Disqualified
Fitness for work under radiation exposure 
Temporary exclusion from post 
Permanent exclusion from post 
Temporary exclusion from controlled areas 
Permanent exclusion from controlled areas

POSTS OCCUPIED IN THE ENTERPRISE

Obligatory reclassification 
Fitness for reduced activity only 
Part-time fitness 
Fitness under supervision 
Fitness on file 
Deleted from checks

Medical conclusions

ORIENTATION 
Attending doctor 
Specialist doctor 
Hospitalization 
Social service 
Employment service 

Other
Completed by occupational physician 
Completed by attending physician 
Completed by specialist physician

DECLARATION 
Occupational illness entailing compensation 
Job related illness 
Contagious illness

WORKING HOURS AND CONDITIONS

Date Centre Service

Aptitude processes 

Duties Post Form No. Category Decision

SPECIAL ACTIVITIES 

Inaptitude processes

Date Centre Service Decision Reason for Disqualification
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SUR N AM E

FIRST MEDICAL EXAMINATION

I K

DATE:

1st FORENAME &  REM AINING  IN IT IALS

cm
t t i t  r r n

0 .0 .B.

P .O .  N o :

M A R IT A L  S T A T U S | | S E x Q  N .I.N o : I M I M I Ml
N . H . S .  N o : i r o n  n  : i 1 1

AD D R ESS: FAM ILY  DOCTOR:

PROPOSED EM PLO YM ENT: .......................................................................................... RELIGION:

H AZA R D S  HISTORY: Duration 
Yes No Yrs

Duration 
Yes No Yrs

Duration 
Yes No Yrv

1 Radiation ....
2 Asbestos -----

3 Lead ..............

4 Bentene ........

5 Mercury ........

6 N oise..............

7 Vinyl Chloride

8 Mineral Oils ..

9 Amines, Dyes

10 Arsenic ..........

t1 Soot ..............

12 Sunlight ........

13 Leather .............................

14 Wood ...............................

15 Nickel ...............................

16 Chromates .......................

(7 Gas Fumes.......................
18 Isopropyl .........................

19 Epoxy Resins...................

20 Man-Made Mineral Fibres

21 .........................
22 ......................................

23 ..............................................
24 ..............................................

COMPENSATION CLAIM S:.............................................................
REGISTERED DISABLED?..............

YEAR COOE

Yes

□
No

□
NUMBER

I II II l l l l i l  I I I I I I I I
MILITARY SERVICE: NATURE OF DISABILITY:.....................................................................

FA M ILY  HISTORY HEALTH. CAUSE OF DEATH. AGE OF DEATH.
1

FATHER
i

3

MOTHER
4

5

BROTHERS
6

7

SISTERS
0

9

WIFE SPORTS b  HOBBIES:

HUSBANO

CHILDREN
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MEDICAL HISTORY
HOSPITAL AOMISSIONS. SPECIALIST OR O.P. VISITS, RADIOTHERAPY, DIAGNOSTIC X-RAYS, HOME ILLNESS:

DIRECT QUESTIONING:

HEADACHES?

DIZZINESS?

SYNCOPE?

EPILEPSY?

ANXIETY?

DEPRESSION?

RECENT WEIGHT LOSS? 

HERNIA?

PEPTIC ULCER? 

OlARRHOEA?

BRONCHITIS?
DYSPNOEA?

ASTHMA?

HAY FEVER?

SINUSITIS?

OTORRHOEA?

OEAFNESS?

TUBERCULOSIS?

DERMATITIS?

RHEUMATIC FEVER? 

RHEUMATIC HEART DISEASE? 

ANGINA?

PREVIOUS HEART ATTACK?

PSORIASIS?

URINARY INFECTIONS? 

NOCTURIA?

RENAL COLIC? 
HAEMATURIA?

ECZEMA?

ALLERGIES?

OTHER SKIN DISORDERS?

ARTHRITIS?

MUSCULO SKELETAL DISABILITY? 

MUSCULO SKELETAL INJURIES?

DIABETES?

PERSISTENT COUGH?

HAEMOPTYSIS?

SM O KIN G  HISTORY:

NON-SMOKER?

SMOKER?

EX-SMOKER?

AVERAGE SMOKING CONSUMPTION (Smoker* ft Ex-Smok«(»t

NO OF CIGARETTES DAILY? 
gms tobacco/wk - HAND ROLLEO 

gms tobacco/wk • PIPE

AGE STARTED SMOKING. 

AGE STOPPED SMOKING:

UNASSISTED VISION: 

R. L.

6

ASSISTED VISION: 
fi_ L.

6

n
Y tt No HEIGHT:

L.

J

CONTACT LENS?

COLOUR BLIND?

m
Yw Nom 0LOOD

PRESSURE:

URINE 
TEST:-.

1. GLUC?

2. ALB?

3. BLOOD 7

CURRENT MEDICATIONS: SISTER S ADDITIONAL COMMENTS. 
b  AMPLIFICATION OF ABOVE:
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CLINICAL EXAMINATION
MOUTH: PHYSIOUE:

EARS: SPINE:

NOSE: JOINTS:

EYES

Cataract:

LIMBS:

NECK: PERSONALITY:

Thyroid: Glenda:

CHEST:

Breasts:

SKIN:

CARDIOVASCULAR: C.N.S:

ABOOMINAL:

E.C.G: Q

Hemic; Genitalia:
AUDIOGRAM: | \

NOTES IN AMPLIFICATION:

RECOMMENOATIONS:

RECALL ON STARTING: □
M ED ICAL CATEGORY: RESTRICTIONS:

Signature: -  —  ^

Date:--------------  —

4 5
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HAZARDS HISTORY:

M EDICAL HISTORY:

M ED IC ATIO N S:

C LIN IC AL E XA M IN A TIO N . DIAGNOSES:

AGf'»W riAR DURATION COM

CLIN IC AL N AR RATIVE:
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PREVIOUS EMPLOYMENT

EMPLOYER OCCUPATION DATES
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medical history and physician's examination

applicant's
personal
identification
ftob*
com peted
b y  rtc ru iu r !

last name (please print) litst name middle name

address city province

applying for position >is department location

H »e  you ever worked (~1 V®* 
l0 ,!

— where

The following confidential questionnaire to be filled out and signed by Applicant
place & country of birth mother's maiden name social insurance number

date of examination martial status date
of
birth

Your health • check if  you have or have had any o f the following:

□ fit* or I--- 1 heart p - ) high
fainting spells I__ I trouble

» nss
□ difficulty 

hearing

□ painful b»c 
or sciatica

□ high J--1 b o w l problems f ““ ] painful or r* - ! aflaroict
blixxi pressure L I rectal bleeding l.~ I swollen joints I -  I

□  « j  btood probtcim □
please list any other serious illnesses or operations

Are you taking 1— i  ye* 
medicine now? j~~| ^

if yes; please list names of drugs and U ovi

Have you ever worked f---- 1 very dusty r - - 1 loud or I---- 1 . r ~ | __.. .__
where there was: 1___1 atmosphere 1__ 1 continuous noise L _ J  ast5°s,os 1—  1 ‘a , '

explain

unuwal |— ] hoiol, „  |— | „ying |— ] Q  J— j O Ite ,
specify

[ _ J  vw
Do you smoke? . . .

I__ | 00

f yes.
p ta racM ck  □ « ! » «  Q  pip . □ < * • « « »

how many per day if you quit, when

Oo you drink L 1 ye* 
alcoholic beverage^ j— j  n0

if yes.
please check i— i r —i i----- i

1___1 beer 1 1 wine 1 1 spirits
usual consumption per wk.

Oo you or have you ever had a 1 t ve* 
problem with drugs or alcohol? no

if yes. er.plwin

Have you ever hod a 
Workers' Compensation 
accident?

□  W I I n°

If so, give ilat*s. claim numbers ami (vi»; ol injury.

fam ily
physic ian

applicant's
authorization

I, trie undersigned, applying for employment do hereby certify that 
the answers to tho above ouesttons are corrrct iind give prtrnmjion for 
the ohytician's examination, including the drawing of blood for testing
I agree to the examining physician reporting the results of the caamirwriun 
to the Health survices deportment of Permission is
also granted to enquire further obout my ituaith care from physicians, 
hospitals e tc  who have treated me.

signature of applicant
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p h y iic itn 'i 
com  m in ts

on foregoing 
history

physical
examination

to be
completed
by
physician

height weiOM blood pressure

metres cmj ►•J

uncorrected (right)distance (lull)
near vision

(snelten) corrected (right) Hr 10
colour vi»ion

eyas any abnornvaiity pupillary iCQCiion

general ippcafariM mental sutu>

oral cavity [including tonsils! denial hygiene

I I 0°°“ □  []

lungs (do ctvest X-ray, if none (normal) within 3 y c v i

vascular system pulses

musculo-skvtotji system • including buck

«Kircmiiiv*> particularly any Junctional impairment

s system - including limb reflexes

micro or other (il indicated)

doctor's
summary

please comment fu lly  on positive findings on physical cxumututiun

name (fileaJH print) signature
examining
doctor's

restrictions

Stnricas stall physician date Category
D e p t '
usa nnty
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h e a lth  s e rv ic e s  d e p a r t m e n t  

pulm onary function exam ination
sex job title

date of birth 
year I month

social insurance number

J_i

work location (division o r region/station o r projecti

employee number established common cement date feed) 

year | month I day
work location (department o r t re t )

frequency protection worn

□  0 • never 2  • frequently
I • always 3 • occasionally

date of examination 
year I month I

type of examination

 ̂ r |mitral | | repeat

respiratory protection worn 

□«* □ n<’
respiratory h istory

has em p lo yee  ?

previously worked in a  dusty area

had en abnormal chest K-ray

had a chest injury or operation

taken prescription medicine 
for respiratory illness

had tuberculosis

had any allergies

had a  heart condition 
lor which he/she is 
under a doctor's care

sm oking h istory

does employee smoke now?

how many years ago did 
employee stop smoking’

does em p lo yee  ?

usually cough:
first thing in the morning

cough for as much as 3 months 
per year

bring up phlegm when coughing

experience:

shot tncss o! breath

how many packs of cigarettes does/dkJ employee
smoke per day? 
cigars per day?
pipe bowls per day?

how many yr*./mos. ago has 
employee been smoking?

rem ark s: (if  answer ro any o f  the above Question! it yet, please provide appropriate detailsI

respiratory protection 
discussed with employee

□  v« □» nurse's $ii)rvifure

ip iro m e u v  te s t  re su lts 
(attach p rint tape here!
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Health Services Department
audiometric examination
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h e a lth  s e rv ic e s  d e p a rtm e n t

routine health check 
confidential

wqrk localion (division Of rvgion/staiion or proj«c7T 

woik location f<lep-irtmunt w wul - - - —

y»«r •■■Willi way

I I I I I I

' _L ’

social
insurance

I I
ettablitfied 
commencement 
dale lecd)

:_l_

fW  . M'VfUM w«y

I I I  I I □  «« length

health promotion
present health chronk health problems lint)

□  »~i
uncotreeted | Ht 

corrected At _lil_

present diei

CD •®od
diet counselling

|—1 eyeglasses stereo deoth
I | contact lenses

sleep habits list problems or changes

□
protein

1
back fitnesa present itrots lev*) 

0-9

6- low 

□
1 1 work related 
□  other

immunization status tetanus • let-polio- present fitness level activities

polio- other . frequency of 1 __Mvrcise \-*rr "71
Clergies (list) smoking history v « no how many packs of cigarettes does/did employee

has employe* smoked? smoke par day?
ara> hyfliena 

□ *«* □ P®0'
date oi last denial visit does employee tmoka notv? cigars per dev?

how many years ago did P'W bowls per day?
•nedicine: druglsl dot* how many yrt/mos has emp. been smoking?

I 1 spiri

| I WCBcUnr
health problems

| | hox>itaii;*tion* occupational exposures

| | weight gain □  Significant weight Vtm

regular BSE

□»« □  -

surveillance program tat test d

problem list health care plan {and comments on any o f the above)
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history of previous exposure to ionizing radiation

ap p lica n t
nama a<j<j>«a» data ol t/ttih

o ccu pa tion a l
exposure

i f  the applicant 
has worked on 
reactors, tn  e 
n uclear laboratory 
o r w ith  X -r a y  
equipment etc. 
g iv e  details.

1

nama and addiets o' a>npioy«> data Horn oata to

tvpa ol x»pr* aapoftura <ae©<d»

*•* O  (*°

2

nama and add'aaa pi a<*eiovar data lio<n dai* 10

lypa ol woik

3

nama and addrasa oi amplovti data liom data io

ivPa ol woik

D  C J

where may 
exposure records 
be obtained?

h a s applicant ever 
had an overexposure?

□  y e s  □  no 
if y e s . g iv e  d e ta ils

non*
o ccu pa tion a l
exposure

i t  the applicant 
has ha d  radio
therapy treatment 
or stomach, back 
or b o w e l X -r a y  
e tp osu re s g iv e  
d e tails

lendaimg e>oo»u>»

pgiooie ot c«0O»u<*

data anpoaed hospital ate. landanng •ttpottee

Ou'Dosa 0< aaposura

body »*e# atpoaed

re le a s e

fto be correlated  
b y  a pplicant)

I authorize if hired, the 
re le a se  to
of information on my __ 
previous exposure.

employment
category

life
time
do se

(to  be 
completed  by
ontario hydro  
health  
p h y s ic s  
department)

managa< rtaaun pf>v«ic* dept.

d o se
record
entry
c e rt ifie d

U t n t  cede
0  • de lete
1 • in itia l

se t  up
2  • change

employee name

input to 
d o te  record  
system

so c ia l insurance no.

15

life  dose to be entered in c a se  record

whole body 
marital (MRIMt |e*ta>nai IMRCMI

skin
(WREMI

c e rt if ie d  that
above do se  h a s  s«ynatt»o .  

entered into records
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Chapter 1 

BASIC DATA

1.1. PHYSICAL DATA ON IONIZING RADIATION

1.1.1. Radioactivity [11, 12]

— Radioactivity is a nuclear property of an element.
— Radioactivity is in effect non-dependent on the physical and chemical state of 

the element.
— Elements which, having an unstable nucleus, progress towards greater stability 

by emitting energy in the form of radiation are called radionuclides and are 
radioactive.

— A radionuclide is designated by the chemical symbol of the element (X), to 
which there are two corresponding associated numbers £X:
•  The mass number A which is the number of.nucleons: protons (positively 

charged); neutrons (neutral);
•  The charge number Z: this is also called the atomic number and corresponds 

to the number of protons. It is also the number of orbital electrons (nega
tively charged) which balance the atomic charge.

— A radionuclide is the radioactive isotope of a stable element.

It is an isotope because it possesses the same Z number as the latter, but a 
different A number. It is an unstable isotope which undergoes a process of nuclear 
transformation, e.g. hydrogen |H has two isotopes, one of which is stable — 
deuterium ?H — and the other one unstable — tritium ,H. Tritium is unstable 
because its nucleus has an excess of neutrons and decays spontaneously, giving stable 
helium 2He, and emitting one electron. One therefore obtains:

?H - _ ° e  +  iHe +  g* +  Q

The process of nuclear transformation, also known as radioactive decay, is a 
spontaneous nuclear reaction, in which, as in chemistry, there are reaction products, 
namely:

— The electron (A «  0 , Z =  - 1 ) ,  an elementary particle;
— Stable helium;
— The neutrino, another particle which transports the kinetic moment (A =  0, 

Z =  0);
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— Finally, the energy Q shared between the decay products in the form of kinetic 
energy. This energy is expressed in electronvolts (eV); this unit corresponds 
to the energy gained by an electron accelerated by a potential difference of one 
volt.

1.1.2. Ionization [13]

Ionization occurs when a particle, such as an electron, released through the 
decay of tritium passes near an atom and has an electrostatic effect on an orbital elec
tron belonging to the latter with sufficient intensity and time. If the energy imparted 
to the atomic electron is greater than its binding energy, it is ejected and the atom 
becomes a positive ion. The electron may remain free or become attached to a neutral 
atom and form a negative ion; this electron, which is in turn able to cause further 
ionization, is called a secondary particle. The primary particle is the electron initiat
ing the ionization process. Ionization constitutes a physical phenomenon by which 
radioactivity may cause changes in living matter that will be described in greater 
detail in the section on radiobiological data.

1.1.3. Directly ionizing radiation [11, 12]

1 .1.3.1. Electrons 

Origin

This heading groups together electrons in the true sense, which are monoener- 
getic, and beta particles, which are poly energetic. The former may be emitted by an 
accelerator, while the latter are emitted solely by radionuclides. The fact that beta 
particles are not monoenergetic is due, as shown by the example o f tritium, to the 
sharing of the kinetic energy Q among three different particles. The result is a 
continuous spectrum of electronic energies emitted, the maximum energy of the beta 
emission being attained when the neutrino has zero kinetic energy. This energy 
spectrum is typical of a radionuclide.

In order to quantify the problems of radiation protection we take the mean 
value of the spectral energy. This value is equivalent to roughly a third of the 
maximum energy.

Electrons have only a negative charge. Beta particles may be negatively 
charged (negatrons) or positively charged (positrons). In both cases the charge is the 
same and it is only the sign that changes.

Beta radioactivity relates to radionuclides containing an excess of neutrons. 
The neutron is transformed into a proton, which explains the positive charge gained 
by the nucleus in the example of tritium decay and the formation o f helium-3. The
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electron is expelled in order to maintain the electric equilibrium. The energies of the 
known beta emitters range from 18 keV ( |H) to 13 MeV (8Li).

Beta radioactivity relates to radionuclides showing a neutron deficit, which 
results in the equivalent o f the transformation of a proton into a neutron and the 
expulsion of a positron in order to maintain equilibrium. The fate of the positrons 
freed is rather special inasmuch as when their energy falls to a low value (1 eV) they 
encounter the electrons of the medium and a process of dematerialization takes place: 
the two charges cancel out and the masses disappear with the formation of two elec
tromagnetic gamma rays at an angle of 180° with respect to one another, which carry 
an energy of 0.511 MeV, equivalent to the mass of each particle.

Loss of energy in matter

Electrons and beta particles are light particles with a high speed, the latter 
being of an order of 0.70c (c is the speed of light, namely 3 x  108 m s -1) at an 
energy of 0.2 MeV.

The energy loss of these particles stems from their interaction with the 
constituents of the medium — atoms and molecules — namely the action of the radia
tion on the environment and vice versa. The interaction shows up firstly at the level 
of the peripheral electrons of the atomic structure in the form o f ionization, but also 
in the form of excitation which corresponds only to an increase in the internal energy 
o f the atom and is not effective on the biological level.

Secondly, the interaction takes place at the level of the nucleus and the electron 
is attracted by the Coulomb field o f the nucleus, which involves a change in direction 
and the slowing down of the particle. It loses some of its energy in the form of brems- 
strahlung. When subject to these effects, i.e. ionization and deceleration, the particle 
loses speed and all or part o f its kinetic energy is transferred to another particle or 
radiation. The transfer of energy by collision is more important than the transfer of 
energy by bremsstrahlung, since the latter only occurs in the case of highly energetic 
particles with a high Z number.

The path of an electron is influenced by the preceding events. If  the particle 
energy is fairly high, energy transfers by collision are weak and the path is almost 
straight. When the speed decreases, the path becomes wavy, with each bend 
corresponding to an ionization with change in direction of the particle through the 
Coulomb effect. The path length for beta particles from 3H is 6 fim  in water.

1.1.3.2. Positive ions

Origin

These particles are created either during provoked nuclear reactions (H + ion 
or proton; 2H + ion or deuteron) or during spontaneous radioactive decay (^He+ +
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ion or helion known as an alpha particle). When taking the latter as a description, 
we note that the production of it is the result of heavy nuclei containing many protons 
and neutrons. A large number of these nuclei belong to the natural elements 
(uranium, thorium ...). Like other positive ions, alpha particles are monoenergetic. 
The Q-energy freed by the reaction is mostly entrained by the alpha particle and the 
complement by the recoil nucleus forms, e.g.

28286Ra -  jUc + 28262Rn +  Q 

The energies of alpha particles are high and range from 4 to 10 MeV.

Loss of energy in matter

The speed of alpha particles is far below that of electrons (0.0232c at 1 MeV). 
Their mass and energy are high, so that alpha particles and other heavy particles are 
not deflected and their path is straight.

When a heavy particle penetrates a medium, it loses its energy in small 
amounts during collisions with electrons, thereby causing excitation and ionization. 
The energy transfers are weak by virtue of the disparity o f the masses, though they 
are numerous. At the end of its path the alpha particle produces a neutral helium atom 
by recombining with an electron from the medium.

Slowing down power and linear density of ionization

A physical characteristic o f the slowing down of charged particles, that is of 
importance in determining biological effects, is the linear rate of energy loss.

This rate shows the magnitude of the energy transfer o f the ionizing particle 
as it moves along its path; the concept differs from the concept o f  dose which is 
referred to at a later stage; the latter depends on the number of particles and the bulk 
density o f the energy transfer, whereas the linear rate of energy loss depends only 
on the rate at which the particle loses its energy per unit length o f path (keV/jtm).

Mathematically speaking, the rate S is defined by S =  -  dE/dx, where dE is 
the fraction of kinetic energy tranferred per unit of path dx. This rate is called the 
stopping power by physicists and, to some extent, the linear energy transfer by 
radiobiologists.

For electrons and beta particles the stopping power takes into account all the 
components of the deceleration. O ne obtains:

" dE ' ' dE ' ' dE '
+ +

dx
ion

dx
exc

dx

loss of energy by collision loss of energy
by bremsstrahlung
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In fact it is only the first component which is important.
In the case of ions the stopping power is reduced to the first two components.
When an electron causes ionization in a given medium, it loses some of its 

energy, the value of which depends only on the medium. This characteristic value 
is the mean ionization energy W. For water it is 32 eV. For an energy dEcon lost 
by the electron, dEcon/w ionizations are produced in the medium. The mean linear 
ionization density (LID), also known as the specific ionization, shows the number 
o f ionizations (number of pairs of ions formed) per unit length of path, i.e.

1 dEcon 
LID = c

dx W

An example, for the same energy of 4 MeV, the ionization in pairs o f ions per 
centimetre is 5 x  104 for an alpha particle, and 25 for a beta particle. The mean 
LID is a quantity worth considering on the radiobiological level since the probability 
of reaction between the ions produced by the neighbouring ionizations is directly 
associated with it.

1.1.4. Indirectly ionizing radiation  [11, 12]

Radiation o f this type has, first, a probability of travelling through the medium 
without causing ionization, and, second, the possibility of interacting with the 
medium and causing ionization not so much by itself as by the ionizing particles 
which are set in motion. It is, therefore, the associated directly ionizing radiation 
which produces the main part of the ionization.

1.1.4.1. Electromagnetic radiation

Origin

This radiation is an oscillation resulting from the combination of a magnetic 
and electric field, and constitutes the principal mode of energy transport in the 
vacuum, where it propagates in a straight line at the speed c.

It is not deflected either by an electric field or by a magnetic field. A study 
of the propagation of electromagnetic radiation shows that it is wavelike in nature 
and can be summed up by the equation c =  \v ,  which relates the rate of propagation 
to the wavelength and to the frequency v o f the oscillations. Its wavelike nature, 
however, is not enough to explain the energy exchanges between radiation and 
matter since it seems that the energy is either given up or acquired only by the multi
ple o f an elementary quantity known as a quantum: E =  hp, where h is a constant 
(Planck’s constant h =  6.63 X  10—34 J - s). This leads to the conception of the
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existence o f a particle — the photon — the mass of which is basically dynamic and 
defined by Einstein’s relationship m e2 =  hv.

X-rays and photons are situated in the short wavelength part of the spectrum 
o f electromagnetic radiations (X <  0.1 /»m for gamma photons).

The emission of a gamma photon usually follows an alpha or beta disintegra
tion. It corresponds to the return of an excited nucleus to the ground state. This 
change in energy state may occur in one or more stages, thereby giving a spectrum 
containing a certain number of lines. X-ray photons are extranuclear in origin and 
either result from the slowing down of the electrons (bremsstrahlung) or a change 
in the energy levels of the atomic electrons (fluorescent radiation).

Loss of energy in matter

Since the interaction is not obligatory, the energy balance o f a photon beam 
passing through any living matter may be represented by

incident energy =  transmitted energy +  scattered energy +  transferred energy 

no interaction interaction

Photons may interact with electrons or with nuclei:

(a) Interactions with electrons are of two types: interaction with scattering of 
the incident photon radiation, which is known as the Compton effect, and interaction 
with absorption of the photon radiation, or the photoelectric effect.

In the first case the photon encounters a peripheral electron (therefore a weakly 
bound one) in the target atom and projects it in a set direction by imparting to it some 
o f its energy. The incident photon h is deflected from its path and continues on its 
course at an energy hv ' <  hi>. The projected electron, known as the Compton elec
tron, is the ionizing particle. The scattered photon may cause a new Compton effect 
or else be absorbed by the photoelectric effect.

The energy balance for the interaction is simple:

h*< = hv' + Ec

undergoing interaction scattered transferred

The second type of interaction likewise leads to the ejection of an electron, 
known as a photoelectron. But since it occurs with a lower lying orbital electron, 
and therefore one that is more attached, and involves the much weaker energies of

94

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



the incident photon, the photoelectron carries away almost all the latter’s energy to 
the extent that it is absorbed on the spot. An electron located in a more peripheral 
layer than that of the ejected electron occupies the place vacated by the departure 
of the latter. The energy released by this electron rearrangement is carried away by 
an X-ray fluorescent photon. On occasion one o f  these photons is itself able to 
produce a new photoelectric effect on the same atom. Then another electron is 
expelled — this is called the Auger electron.

The energy balance for the interaction is shown as follows:

h*' =  hv' + Eph +  Ek,L

undergoing scattered transferred ionization of
interaction (fluorescence) the atom

(b) The interaction of photon radiation with the atomic nucleus results in a 
process o f materialization by the formation of an electron-positron pair. This 
phenomenon can take place only if the energy o f the incident photon is greater than 
1.022 MeV, this value representing the mass of the electron-positron pair radiated 
in electromagnetic form. These two particles are ionizing. The positron is annihilated 
at the end o f its path.

The energy balance for the interaction is as follows:

hv = 1.022 MeV +  [Ee_ +  Ee+]

undergoing scattered transferred
interaction (2 x 0.511 MeV)

The occurrence of the three previous interaction phenomena depends on the 
photon energy and the density o f the medium. In the case of water, the photoelectric 
effect predominates over the Compton effect up to 50 keV. The reverse happens 
between 50 keV and 20 MeV. Above that, the materialization effect is dominant.

1.1.4.2. Neutrons

Origin

The interaction between neutrons and atoms is essentially an interaction with 
the nuclei o f the latter. Neutrons are produced by the fission of heavy atoms or by 
the bombardment o f atoms by accelerated heavy particles.

Loss o f energy in matter

In the scattering process, the neutron collides with the nucleus and transfers 
to it either all o f its energy in the form of kinetic energy or only some of it, enabling
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the nucleus only to increase its internal energy. The return o f the excited nucleus to 
its initial state occurs through emission of a gamma photon.

The transfer o f energy between the incident neutron and the target nucleus is 
all the more important in that the neutron has a high energy (‘fast’ neutron with 
energy greater than 20 keV) and in that the nucleus is lighter. It is thus with the 
hydrogen nucleus, which has essentially the same mass as the neutron, that the 
slowing down o f the neutron will be greatest. The energy given up by the neutron 
to the hydrogen nucleus yields what are called recoil protons; these are ionizing par
ticles. The recoil protons exhaust their energy in the form of ionizations, and are 
many in number, given the abundance of hydrogen in living matter. The incident 
neutron, when it has lost the bulk o f its energy during collision, is mainly in 
equilibrium with the ‘thermal’ agitation o f the atoms of the medium: the neutron is 
then said to have been ‘thermalized’. At 20°C this corresponds to an energy of 
0.025 eV.

The collision between neutrons and other atomic nuclei in living matter 
(0 ,C ,N ) also produces recoil nuclei, though they are ionizing to a lesser extent than 
the hydrogen nuclei.

In the process of capture the incident neutron enters the potential well of the 
nucleus of the target atom and stays there. An unstable atom is thereby created, caus
ing an emission which is variable according to the type of nuclear reaction involved.

Capture by hydrogen nuclei leads to the formation of deuterium with the 
emission of a 2.2 MeV gamma photon, which then loses its energy at a distance from 
the point o f emission. The probability of this capture diminishes as the neutron 
energy increases.

In the case of nitrogen nuclei the capture of the incident neutron produces 
l4C, which is a beta emitter, and a 0.6 MeV proton is emitted and then dissipates 
its energy locally. The probability of this capture also decreases when the neutron 
energy increases. Capture reactions are basically the result of slow neutrons (energy 
o f the order o f 1 keV).

1.2. RADIOBIOLOGICAL DATA

1.2.1. Transfer of energy to irradiated matter [13]

1.2.1.1. Primary effects: ionization path 

Shape

The shape of the ionization path is different according to the nature o f the 
particle. In the case of a directly ionizing heavy particle, the path is straight and thick 
by virtue o f the ionization density. In the case o f a light particle the path is straight
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to begin with but then becomes wavy, as described in Section 1.1, though it also 
shows special ramifications due to the projection of electrons when the energy 
imparted to them is greater than 100 eV. These electrons are called delta electrons 
and produce interactions of the same type as those of the primary electrons.

The energy loss of a particle along its path is a discontinuous phenomenon. The 
interactions are independent events which show a spatial distribution. A distinction 
can be drawn between an axial distribution and a radial distribution. The coming 
together of ionizations over a short segment of the path constitutes the clustering 
effect. It occurs in water and in not very dense biological tissue when an energy 
transfer of about 100 eV is made in an initial volume 1-2 nm in radius.

1.2.1.2. Linear energy transfer (LET)

LET can be considered a parameter enabling us to gain an idea of the spacing 
of ionizations over part of the path and to judge the local effect. The LET in question 
or instantaneous LET is then something distinct from stopping power. LET therefore 
varies with the instantaneous energy of the electron all the way along the path. For 
LET of 10 keV//im, clusters of 2 /xm in radius are separated only by intervals of three 
times their radius. Such clusters are joined until the LET exceeds 25 keV/ptm. Gener
ally speaking, one tries to evaluate the energy yielded to the medium at a set point 
by the number of particles which have travelled all the path lengths possible before 
reaching that point. As a result one deals with a region of the core of the trajectory 
where one finds ionizations due to primary particles and those o f secondary electrons 
too weak to escape. The multiple segments o f the paths which overlap suggest the 
need to devise a LET spectrum, known as the track length spectrum t(L) with respect 
to the total length at the point considered T. This spectrum t(L) =  dT(L)/dL there
fore corresponds to the proportion of the total track length where the particles have 
LET between L and L +  dL keV/ptm. One defines a mean LET by mathematical 
expectation as:

It is important to point out that if this LET does not take into account the energy 
losses of the primary particles producing delta electrons with an energy higher than 
the cut-off energy A, one then gets a limited LET — LA. One can see that LET, the 
measurement of which is not easy, is only suited to analysis o f the axial structure 
of the trajectories. Nevertheless, it enables us to envisage quantitatively the overlap

Structure

OO

0
Lt(L)dL
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of the ionizations and thereby gain a better understanding of the role played by the 
nature and energy of the radiation, both during the radiolysis of water, which will 
be dealt with further on, and the more complex radiobiological effects. The part 
played by the radial structure of the trajectories necessitates consideration of the 
spectrum for the delta electrons and their own LET.

1.2.2. Energy absorption: local absorbed doses [12]

1.2.2.1. Stochastic nature o f the energy deposit

The last stage in the sequence of processes resulting from interaction between 
ionizing radiation and matter is absorption of the energy transferred to the charged 
particles. Given the random nature of the physical events preceding it, the local 
deposition of energy is also open to statistical fluctuation.

The biophysical quantities which describe the energy deposit are therefore 
divided into two categories:

— Stochastic quantities which vary discretely in space and in time. The existence 
of a particular value is determined by the distribution o f the associated 
probability;

— Non-stochastic quantities which may be considered as the mean of the observed 
values o f the corresponding stochastic quantity.

The imparted energy is the basic stochastic value. It may be defined as:

« =  i
i =  I

where Ae, is the energy imparted in an elementary volume dV by a basic physical 
event i.

In an interaction process Af; is equal to the part of the kinetic energy of the 
incident particle (disregarding energy at rest) that is converted into other forms of 
energy than the kinetic energy o f the ionizing particles or the mass energy at rest 
o f the nuclei and the elementary particles. One obtains:

— înc — ^ E Cm +  Q

where Einc is the kinetic energy of the ionizing particle responsible for an interac
tion just before it (inc is incident);

Eem is the sum of the kinetic energies of all the ionizing particles appearing 
just after the interaction, including the incident particle if it is still capable of ionizing 
(em is emergent);
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Q is the variation (positive or negative) in the mass rest energy of the nuclei 
and the particles resulting from interaction.

In a spontaneous process, such as the radioactive decay of a nucleus, Ae, is 
equal to the part o f the mass rest energy of the particles or nuclei released that is 
not converted into the kinetic energy of ionizing particles. This corresponds, in terms 
of our formulation, to Ejnc =  0.

The associated non-stochastic quantity is the expected value of the energy 
imparted. It takes the form:

j - .  n

where Ae,j is a value of the imparted energy corresponding to process i.

1.2.2.2. Local absorbed dose

The dose absorbed D at a point r (considered as an infinitely small volume) 
due to a type i interaction for an ionizing particle (charged or non-charged) may be 
described by the general expression:

Di(r) =  ( E"“' *i(E,r) i? ,(E ) dE
Jo P(r>

where $j(r) =  dNj(r)/da is the particle flux at point r, namely the number of parti
cles incident on a sphere with diametric section da (dimension L -2); $  (E,r) dE is 
the particle flux for energy between E and E +  dE by virtue of the fact that because 
radiation is more often than not polyenergetic one is dealing with a maximum energy 
spectrum Emax; /Xj(E,r)/|p(r)| is the probability of interaction per unit length of path 
expressed with respect to the density of the medium traversed to the considered point 
(dimension L 2M _I); Ae( (E) is the expected value of the energy imparted in the 
interaction of particle i with kinetic energy E. The integral shows that the whole of 
the spectrum has been taken into account.

In fact this equation, if it is to be completely general, should contain a term 
describing the energy imparted per unit of mass corresponding to the number of 
spontaneous nuclear transformations (radioactive decay and nuclear de-excitation) 
occurring in the environment at the considered point. But the number of nuclear 
transformations is small compared with the number of interactions for the ionizing 
particles that they emit. This contribution to the local absorbed dose can therefore 
be disregarded.

The A«i o f an interaction process is o f the same importance whether it is 
caused by a charged or a non-charged particle. However, the number o f interactions
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for indirectly ionizing particles per unit o f mass is normally much smaller than the 
number for interactions of charged particles. The absorbed dose equation limited to 
interactions of directly ionizing particles alone takes the form:

where [(1/ lp(r) I )/dE/dx]coll is the stopping power expressed in terms of the density 
of the medium (mass stopping power): k ^ E )  is a correction factor needed because 
only part of the kinetic energy lost by the charged particle is imparted at the point 
where it is lost. The 6 particles, Auger electrons and X-rays are in effect ionizing 
particles provided with sufficient energy to escape from the infinitesimal volume in 
which the absorbed dose is determined.

One also disregards Aej for the deceleration process in the Coulomb field of 
an atomic electron even though it is as large as any other ionization process; it is, 
however, a rather infrequent process.

The unit in which the absorbed dose is expressed is J k g -1  or gray (Gy), 
while the older unit, rad, corresponds to a delivered energy of 100 e r g - g _ l .

1.2.3. Primary effects of energy transfer [13]

1.2.3.1. Schematic representation o f damage: notion o f direct and indirect effects 

Occurrence of damage

The physical events caused by the passage of a particle occur during the very 
short time o f its passage; this physical phase does not in effect last longer than 
10“ 13 seconds. The distribution of the energy deposits in the medium exposed to 
radiation is influenced by its constituents. The fraction of energy absorbed by each 
part of the medium is proportional to its concentration and to its probability of inter
action for every component o f the primary and secondary particles of various 
energies present in the medium.

In a solution, which is a uniform medium, the energy deposited on the 
molecules of the solute causes excitation and ionization at their level. These 
molecules have excess energy and are unstable. Their fate constitutes the direct 
effect, since they are going to give up the energy they have acquired either by 
the emission o f fluorescence photons, or by breakage of a covalent bond and scis
sion o f the molecule into two fragments. A covalent bond ( ! )  consists of a pair of 
electrons of which the spins are opposite. During the breakage of the bond each 
fragment carries away with it an uncoupled electron known as a single electron: 
R I R ' -  .R  +  «R' .  The molecular fragment with its single electron constitutes
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a free radical. The radical possesses high chemical reactivity and is very short lived: 
10 ~9 seconds. Indeed, the radicals react among themselves or with other molecules, 
which may be the molecules of the solvent. The latter, which is also ionized, pro
vides the products which may react with the solute molecules; this is the indirect 
effect.

The cell may be considered initially as an aqueous solution, since it contains 
about 1013 molecules of water per 108 large molecules. It is a non-uniform medium 
since it contains structures o f variable dimensions: macromolecules, chromosomes, 
mitochondria, etc. The direct effects are those resulting from the deposition of 
primary energy in one element of a structure of this kind, thereby ionizing one of 
the constituent molecules. The indirect effects will be the consequence o f chemical 
reactions with the radiolytic products of the neighbouring medium, first and foremost 
water.

Chemical alteration of the damage

This results directly from the formation o f free radicals, which may be a fairly 
large number of reactive sites on a macromolecule; it is these which constitute the 
initial damage. In radiochemical terms, the formation of the sites is non-dependent 
on heat, while their later reaction is heat sensitive and totally non-dependent on the 
radiation. At this stage chemical reduction has a protective effect and reduces the 
damage. On the other hand, chemical oxidation tends to increase or to fix the 
damage.

Enzyme repair of the damage

This stage only occurs in the case of certain macromolecules, more especially 
DNA. It appears slowly after all the previous processes are complete.

The description o f the effects in terms o f  the schematic representation that has 
just been given calls for a distinction at cell level between effects on constituents, 
molecules and structures, and true biological lesions, and functional effects incor
porating the foregoing, which are the first to be observed.

1.2.3.2. Effects on the constituents o f the cellular medium

(a) Molecular effects

Radiolysis o f water

The radiolysis of water in liquid form leads, first, to the formation of radical 
products and, second, to the formation o f molecular products that are all very 
reactive.
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The first stage is decomposition of the water into free radicals •OH(oxidant), 
•H and e_aq (reducers). The latter is called a hydrated electron and it comes into 
being through the thermalization of the electron freed by ionization o f the water after 
a certain number of collisions, and through its stabilization by the surrounding polar 
water molecules in which it is trapped.

The second stage is called the diffusion stage and covers two contrary 
processes. The first consists in recombination reactions leading to the formation of 
water molecules, though also the molecular products H2 and H20 2, the latter being 
a powerful oxidant. The second stage is a process in which there is diffusion of the 
radicals in the medium, thereby reducing their probability of recombination.

The third stage is the reaction between those products and the solutes. Two 
particular solutes occur that modify the radiolysis of water Ha+q and 0 2. The former 
is present when the irradiated solution is acidic. The hydrated electrons then cause 
the reaction e ^  +  H + — «H. The latter rapidly oxidizes e^yd and »H producing 
with the former the superoxide ion .O f  and the perhydroxide radical .H 0 2 with 
the latter. The presence of the enzyme dismutase superoxide in most tissues suggests 
that « 0 2-  may be an agent causing considerable biological damage. The radical 
•H 0 2 is a powerful oxidant, the effects of which are added to those of the .O H  
radicals. Furthermore, since this radical results from the capture of «H, it 
increases the amount o f .O H  available while opposing the recombination reaction: 
.O H  +  .H  -  H20 .

Radiolysis o f organic compounds

In a general manner we can observe the following for an organic molecule 
R I H:

With the radical »H, a process involving abstraction of hydrogen:

R I H +  .O H  -  .R  +  H20

and hydroxylation:

.R  +  .O H  — R I OH

in the presence o f oxygen, a chain of peroxidation reactions:

•R +  0 2 —* .R 0 2

.R 0 2 +  RH -  ROOH +  .R
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With the radical .H  a dehydrogenation and additional compounds:

R I H +  »H — »R +  H2

•R +  .R ' -  R I R '

With the hydrated electron, opening of the double bonds accompanied by formation 
of additional compounds.

In the case of biological molecules, the reactions referred to cause alterations 
which may have metabolic or structural consequences that vary in degree.

By reacting with glucides, the free radicals «OH and «H are able to induce 
changes in the molecule that go as far as rupture of the cycle. When the sugar is 
bound to a phosphate group, as in the case of nucleotides and DNA, there may be 
a separation of the two.

Damage to the lipids may have metabolic repercussions, as well as structural 
repercussions, since lipids are one of the major constituents of cell membranes.

Radiolysis of sulphur compounds is of double radiobiological interest: sulphur 
is a constituent o f the important molecules, some of which (cysteine) have a 
radioprotective effect. The «OH radical brings about the formation of R S-SR ' 
disulphide bridges between two molecules RSH and R 'S H .

The hydrated electron may cause de-amination of the amino-acids, and a break
age o f the peptide bonds. The «OH radical extracts the hydrogens and in the case 
of the cyclic amino-acids (phenylalanine) brings about the formation of metabolically 
inactive or toxic dimers.

The irradiated proteins are modified with structural and functional conse
quences. Enzymatic damage will be studied later on under the heading of functional 
damage.

Radiolysis of nucleic acids, more especially DNA, plays a vital role in the 
creation of mutagenic effects and in cell death. The complexity of these molecules 
and the mechanisms by which they are directly and indirectly damaged, with the 
existing uncertainties, compel us to limit their description to the basic facts. The 
damage occurs partly at the level of the purine and pyrimidine bases which undergo 
hydroxylation («OH radical) with formation of hydroperoxide in the presence of 
oxygen and are partially destroyed, and partly at the level o f the sugars with rupture 
of the ribose-phosphate bond, a rupture which can lead to the release of more or less 
degraded sugars, and bases. It is this latter effect which is responsible for the 
breakage of one of the two strands in the DNA molecule. This break may be repaired 
fairly rapidly and efficiently by a complex enzymatic mechanism. Another type of 
damage to DNA is the breakage o f two strands in the molecule. The radiochemical 
mechanism by which this occurs has not been established, since one single radical 
cannot cause a breakage of two strands. In effect, although the *OH radical forms 
a radical with the deoxyribose molecule, it is hardly likely that this radical has suffi
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cient steric significance to react with the opposite strand. Furthermore, it has been 
shown that the rate of production of double breakages is linear with respect to the 
quantity o f radiation delivered. This type of lesion cannot therefore be formed by 
two successive physical events since that would involve, for the rate concerned, a 
dependence which would not be linear, but rather quadratic. It follows that the break
ages o f the targets most likely result from a single physical event in which several 
radicals are formed in a volume corresponding in size to the distance between the 
two strands.

(b) Structural effects

Chromosomes

The damaging of a DNA molecule that is not properly repaired or not repaired 
at all results in a partial loss or an alteration in the sequence o f the bases, i.e. a 
modification of the genetic code and the occurrence of a mutation. These genetic 
mutations do not change the apparent structure of the chromosome. Conversely, the 
structure may be modified as a result of damage to the DNA to the point o f being 
visible under the optical microscope in the form o f chromosome aberrations. These 
morphological anomalies correspond to double breaks followed by random re
arrangement of the fragments. The double rupture of a chromosome arm may thus 
involve the loss of an intermediate fragment (deletion) or a change in the order of 
the distal fragments (inversion). More substantial changes result in chromosome 
abnormalities such as dicentric or annular chromosomes. Chromosome aberrations 
have been studied in the case of both genetic cells and somatic cells. The studies with 
genetic cells have yielded useful data for establishing dose-effect relationships, some 
indication of the induction and possible repair o f aberrations, differences between 
species and so on, but have thrown little light on the nature of the mechanism under
lying them. Studies on somatic cells have given us greater insight into the mecha
nisms involved. Cells in a state o f rest (G2) in the cellular cycle have been exposed 
to X-rays and then treated with an inactivated virus so as to make the cell permeable, 
and with the enzyme endonuclease from Neurospora crassa. It is observed that the 
endonuclease recognizes single breaks and produces breaks on the complementary 
strand. These experiments have thus shown that the conversion of single breaks into 
double breaks is possible. On a more practical level, the use of somatic cells such 
as lymphocytes for biological dosimetry based on the proportion of aberrations 
observed is a way o f evaluating damage that would be of great interest for accidental 
exposure to radiation.

Cell membranes

A lesion in the cell membrane damages its lipid constituents: polyunsaturated 
fatty acids and lipoproteins. Changes in the membrane fluidity after damage by the
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radicals and oxidation reaction products have been observed in the case of bacteria, 
together with an increase in permeability. A relationship with the death of the 
bacteria has been demonstrated. This was not found to be the case in mammalian 
cells, which may contain anti-oxidants, such as vitamin E, preventing the peroxida
tion of the lipids.

1.2.3.3. Cell junction effects 

Enzymatic inactivation

Following irradiation enzymatic activity often seems to increase. This paradox 
may be explained by the fact that in a cell the enzymes are not always situated in 
the same place as their substrate and that translocation from one to the other is 
required. Since the enzymes are located at the internal membrane structure level 
(mitochondria, endoplasmic reticulum), there are grounds for assuming that the 
damage caused by irradiation to the latter could facilitate enzyme-substrate contacts. 
In fact when the enzyme is damaged, enzymatic activity is disrupted. This has been 
shown using acetylcholinesterase extracted from eels and purified so as to isolate the 
membrane proteins. After irradiation the parameters for enzyme kinetics are altered 
and the molecular weight o f the enzyme drops from 315 000 to 233 000 daltons for 
complete inactivation1. The .O H  radical is the radiochemical species responsible 
for inactivation.

Cell transformation

Observed in vitro after irradiation, cell transformation looks like a complex 
process in which different types o f mammalian cells acquire, step by step, the pheno
typic characteristics of the malignancy. One sees, first, morphological changes and, 
second, functional modifications relating to the growth of cells that become non
dependent on their anchorage or lifetime, which continues indefinitely. The order 
and time of appearance of these effects may vary according to the cell types and 
species. The phenomenon of cell transformation is affected by a large number of 
factors; firstly, dose rate: hamster embryo cells exposed to radiation, fractionated 
into two equal amounts separated by five hours, yield a transformation rate twice as 
high as for the same exposure given at one time. This dose rate effect has been found 
up to 1.50 Gy. The second factor is the radiation type and its LET. For radiation 
with high LET (alpha particles and neutrons), the transformation rate is exactly the 
same as for X-rays, except that the effect starts earlier. Finally, the growth rate plays 
a part: after exposure to X-rays mouse cells, kept at a steady growth rate, show 
greater survival and reduced transformation as compared with exponentially growing 
cells.

1 1 dalton =  1 u (unified atomic mass unit)
= 1.66 x 10 ”27 kg.
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Transformed cells implanted in an animal host are capable of producing 
tumours which may spontaneously regress. The mechanism by which cell transfor
mation occurs is not yet properly known. There seem to be two stages: during the 
first, constant modification of the cell prepares for a second stage of the mutational 
type. The DNA is modified during the first stage, but in a non-specific manner.

Action on the cell cycle

The cell cycle represents the events occurring between two mitoses. There is 
successively an expectation phase ‘G[’ of variable duration, a DNA synthesis phase 
‘S’ during which the cell doubles the amount of DNA contained in its nucleus (lasting 
about ten hours), and a rest phase ‘G2’ after mitosis. Certain cells are then evacu
ated towards the population as a whole during a ‘G0’ phase of mitotic rest.

Radiation may cause the following effects:

— A slowdown in DNA synthesis;
— Blockage of the G2 cycle. There is a buildup of cells at this stage with a delay 

in mitosis o f about one hour per gray. At the end of the blockage the cells 
divide simultaneously; synchronization of the cell population has been 
attained. The incapacity of cells to divide, called cytostasis, may show up 
either in the irradiated cell or in the daughter cells. The cells attain an enor
mous size and degenerate. Damage to a stem cell therefore has a considerable 
impact on the descendants, which end up by disappearing altogether. This 
delayed death effect is utilized in tumoral radiotherapy.

Immediate cell death

This occurs after very high doses, varying with the type of cell and correspond
ing to the cessation of all metabolic activity. We observe a process of cell necrosis 
which may have two morphological aspects: liquefaction or coagulation. It is 
accepted that DNA is responsible for cell death on the basis o f the following 
observations:

— DNA is a non-redundant molecule in the cell and controls its activity;
— There is a parallel between the lethal action of radiation and the structural 

damage of DNA;
— Incorporation of tritiated thymidine into DNA may cause cell death;
— Irradiation of the cell nucleus by microbeams o f X-rays has proved much more 

effective than that of cytoplasm;
— The sensitivity of a cell to irradiation depends on its DNA content.

Nevertheless, DNA lesions are not sufficient to explain all the facts observed. 
Cessation of cell metabolism may be determined by selective destruction of regula

106

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



tory enzyme molecules occurring at an exact point in the biochemical reaction chain. 
Other mechanisms have also been put forward: the lesion of internal membrane 
structure such as the mitochondria responsible for the cell energy content and lyso- 
somes, o f which the proteolytic enzymes are then released and destroy the cell.

Cell survival

The study, for example in a cell culture, of the number o f cells killed by 
irradiation is expressed by the number o f cells remaining alive N in relation to the 
initial number N0. This ratio is called cell survival rate S. If we express S on a 
semilogarithmic scale as a function of the absorbed dose D (Gy), we obtain for 
certain types of cells (bacterial populations, but also lymphocytes, spermatogonia 
and cells exposed to radiation with strong LET) a straight line with a negative slope, 
namely:

log S =  log =  - k D  
N0

which reflects an exponential effect of the dose since S =  e -kD, where k is defined 
tentatively as an inactivation constant. By expressing the dose D relative to the dose 
D0 which gives 37% survival, i.e. S =  exp ( —D0/D0) =  e -1, one can normalize 
the formulation o f S with respect to D0. One then obtains k =  1/D0. D0 defines the 
radiosensitivity o f the cells; the more sensitive the cells, the lower D0. Cells and 
tissues have been classified according to their radiosensitivity.

Radiosensitivity

This classification is based on the observation that the action of radiation on 
cells and tissues is all the greater when their reproductive activity is higher and when 
their differentiation is less advanced (Bergoni6 and Tribondeau law). Three 
categories can be distinguished:

— The first includes the most radiosensitive types, for example, lymphoid tissue, 
bone marrow, germ cells of both sexes, intestinal epithelial cells and so on. 
All these tissues are permanently being renewed. It should be noted, however, 
that the stem cells of the above lines are more resistant and permit regeneration 
after irradiation;

— The second category includes tissues radiosensitive to a varying degree, such 
as unstriped or striped muscle tissue, vascular and lymphatic endothelium, 
growing bone cartilage, etc.;
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— The last group covers cells and tissues described as radioresistant, namely the 
central nervous system, adult cartilage and bone, glandular tissue, etc. These 
tissues may in fact be damaged as an effect secondary to alterations of the 
supporting connective and vascular connective tissue.

1.2.4. Search for quantitative relationships between primary effects of energy 
transfer and cellular effects [13]

1.2.4.1. Introduction; cell model

The structural and functional cell effects described are more often observable 
at high doses. Normally the doses involved are the opposite — small amounts of 
radiation delivered to workers and to the public at large. These doses correspond on 
the radiobiological level to the passage through cells of isolated tracks (primary 
particles and delta electrons) without intertrack interaction. To describe the response 
of biological systems, first and foremost the cell, throughout the range of doses, it 
is advisable to formulate an explanatory model by which we can extrapolate from 
one dose range to another. A model of this kind does not claim to reflect reality, but 
is only intended to provide a conceptual background for the relationships that appear 
in the experimental results. The point of departure in this approach is the interpreta
tion of the exponential cell survival curves. The first interpretation and the simplest 
one that has been made represents the application of quantum physical concepts to 
biological observations. It is based on two physical observations and a postulate:

— Absorption o f ionizing radiation energy by the irradiated medium is discon
tinuous and o f the quantum type;

— Interactions or ‘hits’ are not dependent on each other and their probability of 
occurrence is a Poisson distribution;

— A sensitive constituent or ‘target’ is present in the cells and the damaging of 
it by a certain number of ‘hits’ results in cell death.

Under these conditions we can apply the following probabilistic argument: for 
a dose D the mean number of hits received by the sensitive volume is fl =  kD, where 
k is the probability of new damage to the target for the dose D. Poisson’s law thus 
gives the probability of the sensitive volume receiving exact n hits if n remains small.

The probability o f not receiving any hit at all, in other words ‘survival’, is 
obtained by taking the sum of all the elements which have received no hits, or:

S =  ------  =  V  —  e -"  =  e -"
Nn A  i!

j - o
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Consequently, in the same model with one lethal target, one finds an expres
sion for survival:

N kD
D

S e e  d ,
N0

The complementary probability P(D) =  1 -  ex p (-D /D 0) is one where at least one- 
hit is received. It represents the probability of cell inactivation, hence the response 
of the biological system to exposure.

1.2.4.2. Study using a physical medium

The idea of studying the above model, which is a model of the response o f a 
one-hit detector medium, with media other than biological systems stems from the 
fact that physical media enable us to understand the effects better and to describe the 
behaviour of a particle track. This is the case with nuclear emulsions permitting 
quantitative study by controlling the numerous parameters. This type of medium has 
been studied for a track generated by the passage of a positive ion. Among the 
parameters to be considered we have to know, first of all, the radial distribution of 
the local mean dose D a(x) due to the delta electrons around the principal ion track. 
The distance x is the distance perpendicular to the track of cylinders coaxial with the 
latter and on the surface of which one understands that the doses D 5 are statistically 
distributed. Second, we have to know the reference dose D0 at which there is an 
average of one hit per target and the density in terms o f the number of targets N0. 
Substituting D s(x) for D and D 7 for D0 in the one-hit dose-response relationship, 
one gets the possibility of calculating the linear density of the developed grains and 
the width of the track, and of preparing a realistic model. As a result, the tracks 
formed by the charged particles in one-hit detector media are easily understood and 
the effects o f low doses are well represented by them, in particular the linear extra
polation is correct.

1.2.4.3. Study using a biological medium

(a) Simple biological structures

Using the model of the one-hit physical detector one obtains a good description 
of the inactivation cross-section o f the molecules (enzymes in the dry state and 
viruses) bombarded by ions with different LET, in other words, situations where the 
effects are basically direct. The cross-section for inactivation of the targets through 
the passage of one single ion integrated over the radial distance xmax is:
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Particle tracks in biological molecules corresponding to one-hit look the same, 
except for the scale, as the particle tracks in one-hit emulsions.

(b) Complex biological structures

Radiobiological effects such as the death of mammalian cells, chromosome 
aberrations and mutations result in supralinear dose-response functions, i.e. rela
tionships where the effect per unit dose increases with the dose. This is shown more 
particularly in the case of survival curves for mammalian cells by an initial segment 
showing concave curvature lower down, known as a ‘shoulder’, followed by a 
straight segment (exponential). This shows that an interpretation limited to the 
physics o f the structure of the track and to early interaction phenomena is inadequate. 
It is no longer possible to accept that cell death is due only to the damage, even if 
preferential, to a target, but rather that it results from the damage to a certain number 
of targets known as sublethal targets. The problem is that the size, localization and 
number of targets to be damaged are not known. Furthermore, biological response 
is likely to be modified by repair phenomena, for which there are no quantitative 
data. Finally, the effect o f the nature of the radiation has to be taken into account, 
since the survival curves with a shoulder for low LET radiation tend to become 
exponential when the LET increases. The value of multitarget models is the assump
tion that the effectiveness of high LET radiation is due to an increase in the probabil
ity of inactivation o f more than one target by the passage of a single particle.

Multitarget models are intended to link the high LET exponential kinetics 
of a one-hit target with the kinetics o f m one-hit targets for low LET radiation. 
The latter expresses the probability as P(D) =  [1 — e x p (-k D )]m and survival as 
S =  1 -  ( l - e -kD) m. One obtains a model with two components, the formulation 
o f which for the dose-response relationship is P(D) =  ( l - e x p ( - k D ) )  
(1—ex p (-k D )) and survival S =  ex p (-k D )[l -  (1 - e x p ( -k D ) )m], The constant 
k, corresponds to the damage component not requiring an accumulation of sublethal 
lesions for its production. In this model the cell contains one lethal target and m 
sublethal targets at the same time. In fact this notion loses ground in face of the con
cept contributed by LET spectra, which leads us to recombine the first term with the 
higher LET part o f the spectrum (higher than 12 keV/^m) and the second term with 
the weaker LET part of the spectrum (below 12 keV/^m).

Another expression for survival has been derived from the polynomial fitting 
o f experimental data. The relationship:

log S =  AD +  BD2 +  C D 3 +  ...

limited to the first two terms gives us an exponential survival model with two 
parameters containing a quadratic component S =  e _(“D+(3D2) in which the 
parameter alpha is interpreted as being attached to a one-hit mechanism, while the
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parameter beta is attached to a two-hit mechanism. This survival function shows an 
initial shoulder, after which the slope increases continuously with dose. The result 
is a good description in the low dose region and not such a good one for higher doses.

This type of survival curve, initially obtained on an empirical basis, has been 
plotted a second time on different bases in two radiobiological theories — the 
Chadwick and Leenhouts molecular theory and the Kellerer and Rossi dual-action 
theory.

The first theory posits that most of the biological effects of radiation are due 
to rupture of the two strands of the DNA helix. This double break requires a con
siderable concentration of energy at the sensitive site. Wherever it is not adequate 
there is a break in one single strand and rapid repair, except in the case where two 
single breaks come close enough together to rejoin without repair. The mean number 
per cell of double breaks induced by a single interaction is N2 =  a 2D, where the 
subscript 2 symbolizes the fact of two breaks for one ionizing event. The parameter 
alpha stands for the number of sites liable to be broken, their volume and the ioniza
tion number per unit dose. The mean number per cell o f double breaks per joining 
of two breaks is associated with the joint probability of two independent events, i .e .:

N, =  (k|D) (k,D) =  k?D2 =  /3D2 

from which one obtains the total:

N =  N, +  N2 =  aD  +  0D 2

This linear quadratic relationship gives us the survival expression mentioned earlier. 
In this case there is no longer proportionality between the dose and the cell death 
except when the energy distribution is such that the linear component removes it. 
This important distinction is particularly clear-cut in the second theory.

Kellerer and Rossi base their theory on a relationship between the relative 
biological effectiveness (RBE) and the dose. The RBE is the ratio of the reference 
X-ray dose (X-rays of 250 kV and 2 keV//xm of mean LET) needed to produce a 
given effect at the studied radiation dose yielding the same effect. In the case of high 
LET particles, the RBE is proportional to the reciprocal of the square root of the 
dose. As a result, if this proposition is to be verified, the effect of the X- or 7 -ray 
reference radiation with low LET should vary as a function of the square of the dose. 
These effects would then be the result of two sublesions (hence the term ‘dual’), the 
production of which is independent of the energy concentration and which are effec
tive only when the effects take place at an interaction distance below or equal to a 
threshold value. It is also assumed that there is a linear dose component when the 
ionization caused by a single charged particle is sufficiently dense to bring about the 
interaction of two sublesions. Then one obtains a quadratic linear relationship for the 
elementary effects and a survival curve of the same type as in the previous theory.
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It should be pointed out that the two theories do not offer any hypothesis regarding 
the nature of the lesions or their physico-chemical origin.

Other models have been put forward that take into account the phenomena of 
energy concentration with a critical energy threshold (300 eV) for the repair of 
lesions, as well as phenomena involving saturation of the repair system. These 
models, which call on several mechanisms and contain numerous parameters, are 
only better in explaining certain points associated with the time factor in the kinetics 
o f lesion repair.

(c) Factors modifying the cell response 

Fractionation of the delivered dose

The existence of repair phenomena means that survival is usually enhanced by 
fractionation of the exposure to radiation according to the ratio between the constants 
alpha and beta. To make this point clearer, it is possible, for example, to compare 
survival for a dose 2D, S(2D), with survival obtained with two doses D administered 
in succession. In the first case one obtains:

S(2D) =  e _(2“D+40D2) 

and in the second:

S(D) x  S(D) =  e ~(2“D+2(3D2)

The effect of fractionation is reflected only by a decrease in the quadratic term, 
which shows the influence of the repair o f the sublesions.

Effect o f the oxygen content o f the medium

When the partial oxygen pressure of the medium falls below 2 or 3%, cell 
radiosensitivity is considerably decreased. Some o f the lethal damage nevertheless 
remains, even in the absence of oxygen. The dose necessary to reach a given survival 
rate is multiplied by a factor of three in the absence of oxygen. This factor is called 
the ‘oxygen sensitization factor’. The sensitizing effect of oxygen is of value in 
tumoral radiotherapy where the cancer cells are often in a state o f hypoxia through 
their anarchic vascularization. Attempts have therefore been made to reoxygenate 
tumoral cells.
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Effect of hyperthermia

Hyperthermia increases the radiosensitivity o f cells. The dose necessary to 
attain a given survival rate is reduced by a factor of three for an exposure of one 
hour at 43 °C.

Effects o f radiosensitizing substances and radioprotection

Radiosensitizing substances normally act as stabilizers of the damage caused 
by the freed radicals. Special study has been made of nitroimidazole derivatives. 
Other substances may act as repair inhibitors. The second category with radioprotec
tive effect is represented by organic compounds containing the SH group. This group 
reacts rapidly with «OH radicals and the possibility of blocking the action of this 
type of free radical is deduced therefrom. In fact, use of substances of this type in 
tumoral radiotherapy in order to sensitize the malignant cells or to protect the healthy 
cells is limited by their toxicity. The same applies to the prevention of occupational 
accidents involving radiation.

1.3. METABOLISM OF RADIOACTIVE SUBSTANCES

1.3.1. Concept of radioactive decay of a radionuclide [II]

In the preceding sections radioactivity has been studied mainly from the 
descriptive standpoint o f a property of certain atomic nuclei to become unstable and 
to seek stability by nuclear transformation accompanied by the emission of ionizing 
radiation.

1.3.1.1. Law o f  radioactive decay

The instability of the nucleus is due to an unequal distribution of the binding 
energy of the nucleons (protons and neutrons). This inequality of distribution is in 
a state of constant flux with time and leads, according to the number and proportion 
of protons and neutrons, to different energy arrangements, only some of which are 
compatible with cohesion of the nucleus. The occurrence of an unstable energy con
figuration is therefore a random effect that can be approached quantitatively. One 
assumes there is an unstable and ‘isolated’ nucleus waiting for an energy configura
tion bringing about its transformation. It is not known when the transformation will 
occur, but it is reasonable to believe that the probability of its occurring at the brief 
instant of time t is t -I- dt and is proportional to dt, i.e. equal to XRdt, where XR is 
a proportionality constant. By considering now a large number of atoms one finds 
that the law of large numbers enables one to write down that the relative frequency 
of the radioactive event, i.e. the ratio of the number n of atoms being transformed
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during dt to the total number N of atoms present at the moment t, is equal to its prob
ability, i.e. n/N =  XRdt. Since this ratio is by definition dimensionless, the constant 
XR has as a result the dimensionality of the reciprocal o f time. This is a typical 
parameter of each radioactive atom, non-dependent on the physical and chemical 
conditions, and it is called the radioactive decay constant o f a nuclide.

As in the preceding equation, n also represents the decrease - d N  of the 
number N and one can write dN/N =  -X Rdt, which is a conventional differential 
equation that can be solved immediately by integration:

M(t) d N  f '
( —Xr) dt — —XRt

N ( t  =  0 )  N  j o

[log N]W»=0) = log N(t) -  log N (t=0) =  - X Rt

which the properties of logarithms enable one to transform into:

N(t)  ̂  ̂ j  N(t) _XbI
lo g -------------  =  —x t and -------------  =  e *

N (t=0) N (t=0)

N(t) =  N0 e"*"'

The radioactive decay of a radionuclide ultimately obeys an exponential law and 
therefore works in accordance with a geometrical progression when the time varies 
as an arithmetic progression.

1.3.1.2. Radioactive half-life o f  a radionuclide

Utilized to a greater extent than the constant XR to describe decay, the half-life 
Tr is the time by the end o f which half the atoms have been transformed. The half- 
life is related to the decay constant XR by the relationship:

, N(t) , x r  L ^  log 2 0.693
lo g ------  =  log 1/2 =  —XrT r from where Tr =  ---------- =  -------------

N0 Xr Xr

The radioactive half-life is also the time over which each atom has the half
probability of being transformed. In effect, the probability of the atom in question 
existing at the time t is e _xR'  and the probability that only one out o f two exists is 
e _xR ‘ =  1/2. The probability of the atom being transformed at the end of time t is 
the complementary probability 1 -  e _xRt. We see that we have here the same type 
of probability law as for cell survival after irradiation, i.e. Poisson’s law.
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1.3.1.3. Activity of a radionuclide

This corresponds to the number of disintegrations per unit time and is 
expressed by the quantity

dN
A = XRN = —  

dt

The first unit of activity used is the curie (Ci), which is based on the transfor
mation of 1 g o f radium. It is numerically equal to 3.7 x 1010 transformations per 
second. At the present time the legal unit (International System of Units) is the 
becquerel (Bq), which is equal to one transformation per second. The two units are 
related in the following way:

1 Ci =  3.7 X 10'° Bq 
1 Bq =  2.7 X 1 0 " "  Ci

The activity obeys a decreasing exponential law with time: by multiplying the two 
terms of the decay law by XR one obtains:

A(t) =  XR N(t) =  Xr N0 e - xR' =  Ao e ^ '

1.3.2. General data on penetration of the organism by radionuclides 
[4, 14, 15]

1.3.2.1. Concept o f incorporation (intake)

Intake means the initial activity of the radionuclide entering the organism 
through the digestive tract, the respiratory tract, or the skin, or else through a
wound. These sites at which the radionuclides enter are called ‘routes of entry’. In
the case o f  workers, the normal pathway, i.e. the one entailed in routine work, is 
inhalation. Nevertheless, the other pathways should not be disregarded in terms of 
accidental exposure.

1.3.2.2. Penetration through ingestion

Penetration of the radionuclide through the digestive system has two aspects:

— It leads to the irradiation o f the gastro-intestinal tract (GIT) during the transit 
o f the food bolus;

— Through intestinal absorption the radionuclide enters the blood and is spread 
to other organs.
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Transit o f radioactive substances: digestive system model; retention

The radionuclide present in the contents of the GIT is not part of the systemic 
burden and in this sense it may even seem wrong to speak of internal contamination. 
However, it may irradiate tissues other than those of the GIT; for that reason and 
also because it may be detected by total gamma counting it is considered to be part 
o f the body burden.

When the radionuclide is in transit through the digestive system the transit 
tissue varies in different segments o f the GIT. It also varies from one individual to 
another and for the same individual in the course of time; it is therefore necessary 
to devise a model with which to make dosimetric evaluations. The model is intended 
to represent the GIT by means of a system with parameters that are quantified by 
mean values reasonably applicable to any occupationally exposed person. The 
system selected by the ICRP [4] is a set o f four compartments in a line, each 
representing one section o f the GIT (Fig. 1), i.e. stomach (S), small intestine (SI), 
upper large intestine (ULI) and lower large intestine (LLI).

FIG. 1. Lung and gastro-intestinal tract models.
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TABLE I. RADIATION IN OCCUPATIONAL HEALTH

Section of GI tract (day)
T|

Mean residence time 
(day)

ti
(time of occupation) 

(day)

Stomach (S) 24 1/24 6/24

Small intestine (SI) 6 4/24 14/24

Upper large intestine (ULI) 1.8 13/24 18/24

Lower large intestine (LLI) 1 24/24 22/24

In functional terms the activity is assumed to be distributed uniformly in the 
food bolus. As it progresses from segment to segment, each one is filled from the 
preceding one by mechanisms that differ from one end o f the GIT to the other 
(peristalsis, gravity flow, propulsive movement). The variability and the complexity 
o f the mechanisms have made it necessary to standardize the representation of 
transit. It is assumed that the material contained in a section i of the GIT leaves it 
according to an exponential time function with a transfer constant \  linked to the 
mean residence time T; in the segment in the fraction of a day, i.e.

The parameters Xj, Ti and t, (time of entry into segment i) are shown in Table I.
When there is ingestion at zero time t =  0, a certain amount o f substance 

Qs(0) (non-radioactive) enters the stomach. At a later time t the quantity Qs(t) 
present in the stomach will be a function of the time of residence in that segment, 
and therefore of the transfer constant Xs , obtaining:

Qs(0 =  Qs(0) e ~ xs<

By relating the quantity Qs(t) to the initial quantity Qs(0) one defines the fractional 
biological retention of the substance in the compartment S (stomach) of the model,
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In the case of the intake of a radionuclide, radioactive decay and the combination 
o f biological and physical phenomena also play a part; one then defines the effective 
retention as:

rs(t) =  e -XRl =  e _(>'s+x")1
Qs(0)

where the sum Xs +  XR =  Xeff is the effective transfer constant for the radionuclide. 
Retention in the compartment SI depends, first, on the exponential kinetics for exit 
from the compartment S, which becomes the kinetics of entry for SI, and, second, 
on the exponential kinetics for exit from the latter. Since the site o f intestinal absorp
tion for this model is the compartment SI, these kinetics are of particular 
significance. Consequently, the constant \ S1 is associated at this level with an 
absorption constant Xab which is discussed at a later stage.

The quantity of substance present at time t in compartment SI is given by the 
expression:

q  ( t> =  — —  [e -Xsl -  e -< xsi+x*)tj 
(Xs,+X ab-X s)

Effective retention for the radionuclide is then provided on the same principle as for 
the compartment S as follows:

r.  (t) =  -------- -----------re-Xst -  e “ (Xsi+Xlh),l e ~ XRl
(Xsi+Xab- X s)

This retention equation, the sum o f two decreasing exponential functions (a positive 
and a negative) and the same initial conditions, is known as the Bateman function. 
It gives the retention curve the shape of a somewhat flattened-out dome, depending 
on the constants \ s , XSI and Xab. Formulation of the effective retention for the other 
two compartments ULI and LLI of the model give expressions o f the same type. 
They are not o f dosimetric interest unless the intestinal absorption is less than 50% 
and the half-life o f the radionuclide is greater than 48 hours.

Intestinal absorption; fraction transferred to extracellular fluids

The constant X^ which presupposes a constant absorption rate during transit 
through segment SI is deduced from the quantity f! introduced by the ICRP in 
Publication 2 [16]. One is concerned here with the fraction of radionuclide ingested 
that passes into the extracellular fluids, i.e.

f i =  Kb [ e _(Xsi+Xah)t dt
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from which one obtains after algebraic treatment:

The values of fj are also given for each radionuclide in ICRP Publication 30 [4]. 
They are determined as a function of the physico-chemical characteristics o f the 
radionuclide compounds, the latter governing their capacity for diffusion through the 
intestinal barrier. These values range from 0 to 1, the unit value corresponding to 
total passage of the substance into the extracellular fluids. This unit value was 
adopted for purposes of simplification and has two drawbacks, one of which is 
mathematical — it makes the expression of Xab indeterminate — while the other has 
a physiological disadvantage due to the fact that substances (even the most soluble) 
which do not burden the intestinal wall, the site o f active transport systems used by 
mineral elements and which are subject to saturation, are rare. As a result, a ceiling 
value o f 0.95 for f| is more satisfactory.

The fraction transferred per unit time to the extracellular fluids may be 
obtained as the product o f the absorption constant Xab and the effective retention 
rSi(t). Integrating the latter over an infinite time, one obtains the total fraction 
transferred:

This fraction is referred to 1 Bq ingested.

1.3.2.3. Penetration through inhalation [4, 14, 15]

The penetration of radionuclides into the respiratory system, as in the case of 
penetration of the digestive system, causes irradiation of the system and the transfer 
of them to the extracellular fluids accompanied by spreading through the organism.

Model for the deposition process [17]

The deposition o f inhaled particles occurs through the action of physical 
effects. Three phenomena take part in the deposition o f particles: impaction, 
sedimentation by gravity, and, to a lesser degree, diffusion.

Impaction, which is when the particle collides with and is fixed on a wall 
inevitably encountered during its passage through the respiratory organs, increases 
with the particle size and the air speed. Impaction is important in the nose, trachea 
and bronchi, where the speed of the air current is higher. Sedimentation by gravity 
also increases with particle size and decreases with air speed; its effect is felt

119

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



FIG. 2. Deposition and retention models in the respiratory tract.

principally in the air passages with small diameter and in the alveoli. Diffusion only 
applies to particles of very small size (less than 1/10  p.m).

We see that the particle size is an important parameter for deposition and the 
value of granulometric measurements is clear. A deposition model has been adopted 
by the ICRP in order to make possible a quantitative evaluation of the phenomena 
and avoid complex or impossible measurements in persons occupationally exposed. 
In the model the respiratory system is subdivided into three independent compart
ments representing the nasopharyngeal (NP), tracheobronchial (TB) and pulmonary 
(P) regions (see Fig. 2).

Radionuclide aerosols encountered in the nuclear industry show a statistical 
distribution o f the particle size: they are therefore described as polydispersed. It has 
been found that fractions deposited in each of the regions DNP, DTB and DP are a 
function of the aerodynamic diameter o f the median of the statistical activity distribu
tion for particle size — activity median aerodynamic diameter. The aerodynamic 
diameter of a particle is the diameter of a hypothetical sphere of unit density with 
the same deposition rate as the particle under consideration. The diameter of the 
activity median is a diameter such that the cumulated activity o f the most active parti
cles is equal to the cumulative activity o f the least active particles. The deposited 
fractions DNP and DP are a strong function of the particle parameter. Conversely, 
Dtb is hardly influenced and remains close to 0.08.

Clearance o f inhaled particles; clearance model; retention

The deposited particles are mobilized by two clearance systems, the first 
corresponding to the ciliated regions of the respiratory tree (compartments NP and
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TB), while the second relates to the non-ciliated regions (compartment P). The TB 
clearance system consists of a mucociliary device. The cilia agitated by regular 
motion immerse themselves in a film of mucus and propel it in the direction of the 
pharynx, carrying along the deposited particles which are finally unstuck and passed 
through the digestive system. In addition, some of the particulate matter passes 
directly into the blood in the nasal and tracheobronchial mucus membranes.

The alveolar clearance system calls on a number of mechanisms: direct passage 
into the blood, as in the previous case, though also passage into the lymphatics 
followed by slow migration to the right heart. The particles may in the end be 
engulfed by macrophages and carried by those cells to the ciliated region where they 
are taken up by the bronchial clearance system.

The clearance model is an extension of the deposition model. The latter is 
supplemented by the addition o f a compartment representing the pulmonary 
lymphatics and surrounded by two non-respiratory compartments, one of which 
includes the digestive tract and the other the blood and extracellular fluids. The 
compartments NP, TB, P and lymph (L) are divided into subcompartments as a func
tion of the clearance pathways a, b, c . . .i which start from them. Fractions of deposits 
corresponding to these pathways and the kinetics involved are exponential with 
constants X defined by:

where Ta b f is the biological half-life (see Fig. 2).
Radionuclides and their chemical compounds have been classified as a function 

of their rate of elimination from compartment P. Three classes o f ‘transferability’ 
have been determined in terms o f the length o f the biological half-life TP common 
to the pathways e, g, h used as a clearance model for the ‘deep lung’:

Class D: half-life TP =  0.5 day; rapid clearance of transferable compounds; 
Class W: half-life TP =  50 days; clearance of compounds with average 

transferability;
Class Y: half-life TP =  500 days; clearance of compounds not readily transferable.

This classification is given in ICRP Publication 30 [4] for each radionuclide. 
The effective retention of a radionuclide in the respiratory system is defined 

in the same manner as for the digestive model:

rresp(t) =  Qre p̂(t) e _XrI =  Rresp(t) e - * '

with I being the quantity inhaled (incorporated).
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This retention is the sum of the retentions formulated for each respiratory 
compartment of the model and, in the case of the latter, o f the retentions associated 
with the subcompartments or clearance pathways a ,b ,...i. Schematically:

r resp(t) =  rTB(t) +  r p(t) +  r L(t)

The compartment NP is not taken into account by virtue of the very short biological 
half-lives associated with pathways a and b.

Generally speaking, for any pathway k cleared directly in the blood or diges
tive system compartment one obtains:

rk(t) =  Dkfk e _(Xk+XR)l

where Dk is the deposit in the respiratory compartment on which this pathway 
depends.

In the case of subcompartment ( entering the blood or the digestive track at a 
constant but in which the material comes from an adjacent subcompartment k 
(associated with a constant Xk), the retention takes the form of a Bateman function:

t( (t) =  XkDkfk [e^ 1 -  e _Xfl] e - x*'
Xr Xk

These basic formulations for effective retention are modified when the internal 
structure of the model takes into consideration the constraints contributed by the class 
of transferability considered. In particular, in class D and W, where the kinetics for 
the entry into or the exit from compartment L have the same value (Xh =  Xj), effec
tive retention takes the form:

rKt) =  XkDkfkt e ~ (X'+xR)t

Passage o f inhaled particles into the blood

The model describes the absorption by the blood o f inhaled particles using 
absorption functions which have the dimension of a flow rate. These functions are 
used in conjunction with the retention equations for radionuclides in the organs for 
determining reference levels. In the case of a direct blood transfer the blood absorp
tion function is obtained immediately by an expression of the following type:

Fk(0 =  Xkrk(t) j - l
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Indirect blood transfers are made by means of the lymphatics and the digestive 
tract. The passage through the lymphatics is formulated from the general expression:

FKO =  V<0 ) j ” 1

Passage through the digestive tract brings intestinal absorption into action. The 
latter may be taken into account either by using the digestive model with the constant 
Xab or by means of the factor f,. Using the latter, apart from considerably simplify
ing the notation, is justified whenever the clearance of the respiratory system is slow 
as compared with the duration of the gastro-intestinal transit. Thus a compartment 
transferring its own deposit is:

Fk(0 =  Xkf,rk(t) j _1 

and a compartment fed by another compartment is:

m  =  Xff , r^t) j “1

These blood absorption functions can be integrated, i.e.

Fk =  I Fk(t) dt and Ff =  i Ff (t) dt
J o  Jo

They are used to calculate the dose commitment to organs after incorporation 
through inhalation.

The model for deposition and respiratory clearance, like the digestive model, 
gives an outline of the physiological processes so that one can then proceed to quan
titative evaluations. It needs to be improved in certain respects at the cost of 
increased complexity. On the deposit level, it does not describe properly the 
behaviour of very small particles. At the clearance level, although it conveniently 
takes into account the long term retention of poorly transferable particles, it does not 
describe a clearance phase intermediate between the rapid and slow phenomena in 
which there is burdening of the bronchial walls by particulate matter.

1.3.2.4. Penetration through the skin [15]

This takes two forms: penetration through the skin in the true sense, or 
percutaneous penetration, and penetration with alteration of the skin.

Percutaneous penetration

The skin represents a surface area of 1.7 m 2. This surface constitutes a 
pathway of penetration which may be fairly considerable by virtue of its extent.
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Although one assumes that only the uncovered parts are exposed, the fact should not 
be forgotten that there is possibility of penetration through the clothing.

The mechanism governing the transfer of radionuclides through the skin is one 
of passive diffusion via the epidermal cells, which constitute 99% of the surface. 
Before reaching the cells of the bottom epidermal layer, radioactive substances have 
to cross a keratinized layer rich in triglycerides, cholesterol esters and lipoproteins 
which limit the penetration of polar and non-lipoid substances. On arrival at the derm 
there is systemic absorption. The permeability o f the skin for cations decreases in 
the following order: potassium, sodium, lithium, calcium, aluminium. The anionic 
permeability decreases in the following order: iodide, chloride, nitrate, sulphate, 
citrate, salicylate. Penetration through the hair follicles and sebaceous glands is 
observed in the case of tritiated water, iodides and heavy metals such as mercury 
and lead. This penetration occurs in the latter case through the formation of lipo- 
soluble complexes with fatty acids of the sebum. The penetration of tritiated water 
in the vapour phase occurs at a mean rate o f 0.018 m g c m ~ 2-min_ l , and in the 
liquid phase at a mean rate of 0.05 mg cm _2-min_l . The absorption is the same 
as that obtained by inhalation. As regards radioiodine, penetration through the skin 
in the form of iodide results in a local concentration of the radionuclide at the iodized 
protein level.

Penetration with alteration of the skin

This involves all forms of cutaneous effraction: cuts, perforation, erosion, or 
abrasion. The associated vascular effraction results in an almost instantaneous inva
sion of blood without kinetics. When the radionuclide is in the poorly transferable 
form or becomes such as a result of local conditions, then one sees the slow passage 
o f the deposit formed. It is impossible to predict the quantity that will migrate in the 
organism; it depends on localization, depth and degree of attrition. There is no true 
experimental model and the best thing, since it is reproducible, is intravascular injec
tion. One of the obstacles in the way of modelling this process is the fact that the 
fraction entering the blood does not do so at a constant rate.

1.3.3. D ata on metabolisms specific to  radionuclides

1.3.3.1. General characteristics o f  the metabolism o f  radionuclides

Definition and a survey of the different processes [14, 15]

The term metabolism covers processes of absorption, distribution, biotrans
formation and elimination of substances introduced into the organism which play or 
do not play a physiological role.
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Absorption process

The absorption process in the case of radionuclides has been dealt with in 
connection with intestinal absorption and passage into the blood at lung level.

Models are based on the principle of a passive diffusion mechanism which is 
reflected by linear kinetics, of the first order, with exponential relationships. 
However, active transport mechanisms exist in the case of radionuclides and their 
compounds when they show analogies with the food or cell constituents (Ca, K, 
Na, Fe). This type of mechanism does not lead to first-order kinetics unless the 
absorption is slow and there is no saturation of the carrier.

Distribution process

The radionuclide, or compounds of it, reaching the blood are carried rapidly 
to organs and tissues by the vascularization of the latter. The vascularization is fairly 
important and by virtue of the blood flow rate influences distribution in the organs. 
In the blood the radionuclide may become bound to certain constituents (red cells, 
proteins). The fraction bound to macromolecular or cellular constituents does not 
diffuse through the walls o f the capillaries and it is only the free fraction that is liable 
to penetrate into the cells. Binding to blood constituents is reversible and as a result 
o f  the penetration into cells the equilibrium between the two fractions is changed in 
favour of the free fraction. Interaction phenomena may occur with other molecules 
carried by the blood in the case of binding to proteins as well as for diffusion and 
penetration into the cells.

The preferential localization of radionuclides in certain organs or tissues 
depends on a number of factors. Apart from the role played by vascularization there 
is the influence of the tissue composition in terms o f stable elements, the affinity of 
a tissue component for the radionuclide, and the pH when the latter promotes further 
polarity of the radionuclides, making it easier to cross the cell membrane. Finally, 
there is the more exceptional occurrence of endocytosis, which permits entry into 
a cell by the radionuclide bound to a macromolecule.

Biotransformation process

This involves biochemical reactions of the redox, hydrolysis and conjugation 
type. The kinetics of these reactions are the enzymatic non-linear type. The reactions 
may occur in the gastro-intestinal epithelial cells, or alveoli cells, but first and fore
most in the plasma and in the liver, which are traversed by all the radionuclides 
absorbed by the gastro-intestinal pathway, having been brought there by the entero- 
hepatic blood circulation. Hence a radionuclide may undergo biotransformation prior 
to its appearance in the overall circulation (systemic) and its deposition in a particular 
organ.
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Elimination process

Biotransformations speed up or slow down the deposition of radionuclides in 
the organs. Deposition is followed either by a physiological utilization of the struc
tural type (Ca) or metabolic type (Ca, iodine, iron), or else by temporary storage 
(liver, bone) when the radionuclide is not physiological (uranium, plutonium).

In all cases the radionuclide is subject to natural elimination, the speed of 
which depends on its behaviour in the organ. Distribution between the organs results 
in elimination rates that differ between the organs. Each organ T represents one or 
more compartments, for which an attempt is made to determine the retention. In 
numerous cases the retention, determined from a direct and single contribution by 
the blood, takes the form of a bi-exponential relationship describing a compartment 
with rapid renewal and a compartment with slow renewal, i.e.

R t(0  =  — t ( ~  =  C, e ~X|1 +  C2 e ~ X;'
Qt(0)

and

rT(t) =  [C, e _X|t +  C2 e “ x’-'] e _x«‘

with

X, ^  X2 and C | ■+■ C2 =  1

Retention in the entire organism, which is also determined from a direct blood 
distribution of the radionuclide, is the sum of the retentions in the various organs, i.e.

rW B (t) =  D  rT(t)
T

where i.v. stands for ‘intravenous’ and stresses the uniform and systemic nature of 
this retention.

ICRP Publication 30 [4] gives for each element the different organs concerned 
and the values of the fractions Q  (i =  1.2) and the half-lives T| =  0.693/Xj.

Elimination o f the radionuclide from the organ is described starting from reten
tion in the same way as the blood absorption functions described for the respiratory 
pathway. One obtains an expression for effective elimination:

yT =  Y(t) e~ XRT =  [X A  e -X|t +  X2C2 e “ Xjt] e “ XRt 

as the blood absorption functions; yT(t) has the dimension o f a flow rate ( d _l).
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When the radionuclide is inhaled, the blood contribution is dependent on the 
blood absorption function, the general expression for which in the case of any slow 
clearance pathway I o f the respiratory model is:

F,<t) =  XfrKt)

The spread of the absorption by the blood can be represented by a break-up 
of Ffl(t) as a function of very small time intervals At. The small successive absorp
tions Ff(At) are followed, each one independently, by a retention and an elimination 
by the organ T described by the quantities rT(t) and yT(t).

At a time t subsequent to the period of each absorption F,<At) the correspond
ing elimination is given by:

y-r(t-A t) =  F(<At) yT(t-A t)  

and for the set o f intervals:

y-r(t) =  Ff (At) -  yT( t—At)

By making the number of intervals At tend to infinity, the expression between 
brackets tends to an integral known as the convolution integral, i.e.

This elimination occurs after intake by inhalation.

Excretion process

The radionuclide eliminated from organs in which it was deposited is taken up 
again by the blood circulation and directed towards the kidney, which is the main

By considering the complete set o f absorption pathways I one obtains:

y f sp(t) =  £  E  Ff (At)-y-r(t-At)
f  L  At

Total elimination for all the organs T concerned is therefore given by:
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pathway for excretion. Elimination via the bile also occurs in the case of a certain 
number of radionuclides (Cs,Co,Sr) and leads to faecal excretion. For a radionuclide 
the proportions of urinary and faecal excretion are considered as constants when the 
elimination has attained the steady state. Formulation of the urinary and faecal excre
tion functions for a single systematic contribution takes these proportions into 
account by applying two coefficients fu and ff to the overall effective elimination 
equation:

y„(t) =  fu 

yf (t) =  ff

£  y-r(t)
T

£  yr(t) J

In a case where one of these exponential terms for the retention corresponds to 
immediate elimination of a fraction of the radionuclide in the blood through the 
urinary pathway, the coefficient fu only applies to the other terms.

Following intake by inhalation the two previous equations take the form:

yuresp(t) =  fu £  y f sp(t) - i

y fesp(t) =  ff D  y f sp(t)

The faecal excretion formulated above should be distinguished for monitoring 
purposes from the one for rapid clearance of a tracheobronchial deposit, and espe
cially from the protracted and therefore concomitant alveolar clearance. For the 
latter one obtains the expression:

f(t) =  X a D p O - f , )
Xfff

Xd-Xf
(e “ x* -  e _Xjl)

(e \it\

1.3.3.2. Metabolic classification o f  radionuclides [15]

In order to classify radionuclides one can apply two criteria o f a physico
chemical nature in relation to the stable element. The first of them is the distinction 
between metal and metalloid, and the second is the influence of the electronic struc
ture of the element on its metabolic behaviour; it is important for metals.
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Metalloids

These are encountered either alone or incorporated into organic molecules. 
Their metabolism is in the latter case linked with that of the molecule and will be 
dealt with in the section on labelled molecules.

The metalloids most significant for radiation protection are tritium and iodine 
isotopes, and specific models have been devised that take into account the biotrans
formations to which they are subject. Incorporation into organic molecules of the 
tritium absorbed in the organism in the form of tritiated water is hardly important 
quantitatively, but it is important because of the half-lives which may be very long. 
The production of hormonal organic iodine by the thyroid with recycling of the 
iodine released during degradation of the hormone is much more relevant.

Metals

A distinction can be drawn in this connection between two major types of 
metabolism which are linked to the valence of the element. The first category groups 
the radionuclides whose valence does not change in a biological medium. In the 
second category the state of valence is modified.

In the biological medium the metals with constant valence are, first, alkaline 
metals (of the potassium and caesium type) and, second, alkaline-earth metals as 
well as lanthanides and actinides. The former with valence +1 spread rapidly 
through the blood starting from the point of entry (class D of the respiratory model). 
They circulate and are concentrated inside the medium and in the muscle tissue as 
dissociated ions. The alkaline-earth metals (strontium, radium) with valence + 2  are 
less transferable and in the blood plasma they yield a free ion fraction and a protein 
bound fraction. They are bone seekers and those with a half-life greater than 15 days 
are distributed inside the mineral compartment of the bone. They are ‘compartment 
bone seekers’. The lanthanides (cerium) and the actinides (plutonium) also have 
a stable valence in the biological medium, but the possibility of multiple valence 
states existing (from + 3  to + 7  for plutonium) means that their biology is complex 
and that all aspects of it, despite the large number of studies made, are not yet 
known. Plutonium in solution (non-chelating acid medium) exhibits four principal 
degrees of valence corresponding to the ions Pu3+, Pu4+, P u 0 2+ of degree 5, and 
PuO f+ of degree 6. All these ions cause hydrolytic and chelation phenomena which 
are of importance in the biological medium. As far as hydrolysis is concerned, it is 
the Pu4+ ion which is the most sensitive one, and it forms polymers that are not 
reversible. Complexes are formed with numerous substances, ranging from the 
carbonate ion (which is the complexing agent for plutonium in the bile), organic 
acids of the Krebs cycle, especially the citrate ion (which is an important form of

129

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



biological transport for Pu4+ and according to certain authors the urinary form), up 
to polyaminopolycarboxylic acids (EDTA, DTPA), which are of importance in ther
apy. In the blood Pu4+ and Puf + which have not been hydrolized are fixed in the 
transferrin. Finally, there is no free form and the result is that the plutonium is hardly 
transferable (class W and Y of the respiratory model). Two storage organs receive 
the plutonium — the liver and the skeleton. In the latter there is deposition on the 
endosteum surfaces. This lack of penetration by the radionuclide into the mineral 
compartment has resulted in its being described as a surface bone seeker.

The metals which change their valence in a biological medium are iron, 
uranium, protactinium and ruthenium, which have complex physico-chemistry. The 
change in valence may occur at the point of entry or inside the medium. Uranium 
compounds with valence + 4  are either averagely transferable (UC14), slightly trans
ferable, or not transferable at all (U30 8). Compounds with valence +6  are transfer
able (UF6). The change in valence in the biological medium goes from the state + 4  
to the state +6  and is accompanied by the formation of uranyl ions U O |+. In the 
blood this ion is bound partly to the bicarbonates and partly to the proteins. The 
complex with bicarbonates is broken in the kidneys. The organ is burdened at the 
level o f the cells of the proximal tube despite the fact that most o f it is excreted. As 
a secondary effect, the tubular cells eliminate uranium in the form of uranyl 
phosphate. The protein bound fraction concentrates in the bone tissue of the mineral 
compartment.

1.3.4. Metabolism o f labelled molecules [15, 18]

1.3.4.]. Introduction

Labelled molecules are used both in medicine and in research and industry.
In nuclear medicine labelled molecules are employed mainly for diagnostic 

purposes by permitting functional explorations or visualization o f morphological 
anomalies in a particular organ. In this case the radionuclide plays the part of a tracer 
and the molecule carrier is studied when it is fixed more or less exclusively in the 
organ to be examined, where it is or is not metabolized. Metabolic radiotherapy con
sists in using a labelled molecule which concentrates selectively in an organ so as 
to destroy a cell line affected by serious functional disturbance or by a tumoral 
process. In this case the radionuclide plays the part o f a source of ionizing radiation.

In research and industry labelled molecules, used as tracers, enable us to throw 
light on biological processes (photosynthesis), to study potential medication 
(bio-availability, pharmacodynamics), and to trace physical effects (wear and tear of 
mechanical parts, etc.). In all these applications of labelled molecules, and also 
during their preparation, there is a risk of their intake by workers.
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1.3.4.2. Characteristics o f  labelled molecules in connection with radiation 
protection

The tracer and its emissions

As far as human applications are concerned, the radionuclides used are prefer
ably pure gamma emitters and therefore emitters o f low LET radiation which can 
be detected externally. A typical example is metastable technetium-99. The gamma 
energy has to be such that we can obtain a compromise, namely a satisfactory degree 
of detection without the energy being uselessly absorbed by the patient’s organism. 
For this purpose gamma radionuclides with energy below or equal to 0.7 MeV are 
indicated. The risk to workers is also reduced. In the diagnostic field beta plus 
emitters (68Ga, n C) have also been used. With the electrons encountered at the end 
of their path, these positrons in the studied material give rise to two annihilation 
gammas of 0.511 MeV, which are emitted in two opposite directions and can be 
detected either by means of conventional instrumentation or using a special camera. 
All the radionuclides employed in diagnostics are short lived (6 h for " T c m) and 
even more so for positron emitters (20 min for MC), which means that the equip
ment for generating them (cyclotron) and for detecting them has to be set up at the 
same place. Conversely, in metabolic radiotherapy pure beta emitters (32P) or 
mixed beta gamma emitters ( l3lI) with varying half-lives are used.

In the research field and in industrial applications we resort to beta, gamma 
and even alpha emitters with a long half-life, which enables us to conduct long term 
experiments without a correction for decay. Carbon-14 and tritium with respective 
half-lives of 5730 years and 12.3 years are the two most important radionuclides in 
this category.

Carrier molecules and their targets 

(a) Human applications

Among the numerous organic molecules which have been synthesized only a 
few examples connected with examination o f the liver, kidney and bone tissue are 
given. The case of the thyroid will not be considered since the iodine compounds 
used are close to physiological molecules, the metabolism of which is one of the best 
known.

The liver can be studied on a functional .level, or else morphologically. In the 
former case the capacity of the organ to metabolize and eliminate foreign molecules 
is a good indication of the functional quality of the polygonal cell. Dyes such as 
fluorescein derivatives (Rose Bengal) meet these needs.

Since Rose Bengal is an iodine derivative of fluorescein, the tracer is an iodine. 
Labelled with short lived (13 h) l23I, Rose Bengal is rapidly eliminated by the bile.
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The biological half-lives are 0.67 h for the liver, 0.36 h for the small intestine, 
0.11 h for the upper large intestine and 0.06 h for the lower large intestine. For 
imaging purposes, a substance such as the sulphur colloid trapped by the reticulo
endothelial system permits viewing of the organ when it is labelled with " T c m. As 
distinct from Rose Bengal catabolized and eliminated in the glycuro- or sulpho- 
conjugate form, the sulphur colloid is assimilated with an infinite biological half-life 
both in the case of the 85% retained by the Kupfer cells and the 15% spread to other 
localizations o f the reticulo-endothelial tissue.

In the case of the kidney, iodo-hippuric acid labelled with l23I is a sensitive 
indicator of tubular functional anomalies at the level at which it is secreted. Being 
non-assimilated and non-metabolized, this acid when injected is retained to the extent 
o f 50% by the kidney. Mathematical analysis of the trend in the activity in the organ 
enables us to find the following four-component function or biological retention:

0.693 t 0.693 I

R(t) = 0.34 e 2 +  0.10 e 10

0.693 t 0.693 I

+  0.05 e 50 +  0.01 e 720

where the time is given in minutes.
Bone scans are obtained using methyl diphosphonate labelled with " T c m.

This compound, which is deposited by a diffusion mechanism at the level o f the 
hydroxyapatite crystal, shows a biological half-life of 11.3 h corresponding to 
renewal of the phosphate compounds.

The brevity of the biological half-lives in the case of the examples of molecules 
given above, in association with the short lived radionuclides labelling them, can 
only give us effective half-lives that are likewise short. Under these circumstances 
the risk to the technician can only stem from the repeated handling of the high 
radioactivities required for satisfactory detection of transient phenomena.

Research and industrial applications 

Molecules labelled with 3H

The first of the molecules to be considered is tri'ciated water (HTO). Com
pletely absorbed when ingested or inhaled, it mixed with the body water and all 
secretions and excretions show the same bulk activity. Sixty per cent has been found 
in urine and 40% in stools. A very small percentage of HTO tritium is fixed in 
organic molecules. The biological half-life of HTO is 10 days. Other tritiated 
molecules may be classed in three groups. Non-assimilated and non-metabolized 
molecules are represented by two substances (for instance 3H creatinine used in
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physiology and excreted rapidly in urine without change). Molecules that are non
assimilated but catabolized in tritiated water are numerous. Their biological half-life 
is either unique and close to that of HTO (for example, substances as different as 
3H methanol, 3H cyclopropylamine or 3H LSD) or non-unique and associated with 
two components (for instance dinitrofluorobenzene, which is eliminated with a half- 
life of 0.3 days (90%) and 5 days (10%)).

Fixed and catabolized molecules are those which play either a structural role 
or a special role as precursors of DNA or RNA. The labelled amino-acids making 
up the composition of the proteins come from a pool and the DNA and RNA precur
sors play both a structural and functional role. Among the tritiated DNA precursors, 
tritiated thymidine has been thoroughly studied. This pyrimidine nucleoside, by 
being specifically fixed in the DNA molecule, is used to measure the kinetics of cell 
proliferation. After ingestion, thymidine is highly degraded in the stomach and only 
one-eighth passes into the blood. In inhalation it is thought that the molecule passes 
rapidly and completely into the blood without its physico-chemical nature being 
altered. The thymidine then leaves the blood very rapidly (two plasma retention 
components with half-lives of 0.2 and one minute) and penetrates into the cells at 
the DNA synthesis phase. Fifty per cent of the initial quantity in the blood is utilized 
for this purpose. The number o f cells involved in synthesis is 10l2, of which 
0.5 x 1012 d _l are for the bone marrow, which is the quickest to fix the molecule. 
Once it is inside the DNA the molecule stays there for the rest of the cell’s life. There 
is only a dilution on the occasion o f mitosis. When the cell dies, the molecule 
is released and to some extent incorporated into the DNA units and 40% of it is 
approximately reused. The 50% not reaching the DNA is rapidly catabolized into 
HTO (99%) and beta amino isobutyric acid (1%) (Baiba), which are then found in 
the urine. The distribution of thymidine fixed in the triphosphate form in rapidly 
renewing tissues is as follows: bone marrow 20%, GIT 50%, skin 5%, spleen 3%, 
lymphatic ganglions 2 %, and the remaining 20% is divided up among the wet 
tissues. The result is the irradiation of a considerable number of cell nuclei and the 
risk of damage at that level is high in the case of cells with a long lifetime.

RNA precursors labelled with tritium are numerous. They are either pyrimi
dine nucleosides (3H-cytidine) or pyrimidines ( 3H-adenosine), or purine basis 
(3H-guanine). The fixation of these substances in RNA is less of a risk for the cell 
than tritiated thymidine, partly because of the presence of RNA outside the nucleus 
and partly because o f more extensive renewal o f RNA, which is infinitely less 
metabolically stable than DNA.

Molecules labelled with 14C

These molecules result in a variety of physico-chemical forms, such as organic 
and inorganic compounds, radiocarbon, labelled gases, etc.
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In the case of ingestion, the physiological compounds are absorbed easily and 
in their entirety. The others are absorbed in varying ways. In the case of inhalation, 
the fact that many compounds are not very volatile should have an adverse effect on 
that route of entry, but the rapid and complete passage into the blood of numerous 
compounds without physico-chemical change does occur.

The gases are two in number: carbon monoxide ( l4CO) and carbon dioxide 
( i4C 0 2). Forty per cent of the former is immediately bound to the haemoglobin and 
the 60% remaining is exhaled. The biological half-life for the tissues as a whole is 
10 h. The second gas diffuses into the blood 30 times more rapidly than oxygen and 
assumes the anionic bicarbonate form. Its retention in the organism is given by the 
expression:

0.693 I 0.693 I 0.693 I

R(t) =  0.17 e 0 08 +  0.81 e 1 +  0.02 e 1000

with t in hours.
The 0.02 fraction is the one involved in the biosynthesis or exchange of 

carbonate with the bone. The half-life of 1000 h (42 d) associated with this fraction 
is the one corresponding to the renewal of the carbon originating from food.

The biological half-lives of the other molecules labelled with carbon-14 are 
influenced by the fact that they are or are not assimilated and catabolized. DPTA 
labelled with l4C is a chelating agent which is neither assimilated nor catabolized. 
Excreted mainly in the urine, its time of clearance from the plasma to the urine is 
19 minutes. Other substances when catabolized have longer half-lives and more 
complex excretion mechanisms. Methanol labelled with l4C has a biological half- 
life o f two hours in the organism and is 75% excreted in the stools, 20% in the urine 
and 5% in the carbon dioxide exhaled. The molecules assimilated and catabolized 
are mainly the amino-acids and the DNA and RNA precursors. Uniform distribution 
of the former throughout the cells and tissues results in greater irradiation than in 
the case of l4C-thymidine, which acts more as a point source. However, in the case 
o f the latter there is a particular risk in its localization in DNA in a position where 
the carbon-14 could have a mutational effect. But the probability of such an effect 
remains low inasmuch as the range of the beta rays from carbon-14 is considerably 
longer (33 /xm) than for the beta rays from 3H (1 jim), with only 20% of the energy 
o f the particle being absorbed in the nucleus.
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Chapter 2

RADIOLOGICAL DAMAGE

2.1. IRRADIATION SOURCES

The population as a whole is exposed to irradiation from various sources which 
can be classified into two categories:

— Those from which the whole body dose is of the order of 1 mSv per year, as 
with natural irradiation and irradiation for medical purposes. This, o f course, 
is an order of magnitude, since the variations can be quite large;

— Those from which the dose varies from a few millisieverts per year to several 
tens of a millisievert per year. Here the fluctuations are far less than in the case 
o f natural and medical irradiation.

2.1.1. Natural irradiaton

The human being is and always has been exposed to natural irradiation, which 
has a number of sources (see Table II) [19].

2.1.1.1. Cosmic component

When primary cosmic rays of high energy penetrate the earth’s atmosphere 
they react with the atoms of the air to produce secondary particles; low energy cos
mic rays give up their energy through ionization. These interactions end with the for
mation of particles (protons, neutrons, electrons, pi-mesons) and photons. The 
principal radionuclides formed by the action of cosmic radiation on the elements 
composing the air are carbon-14 and tritium. Altogether, the dose due to cosmic radi
ation averages about 0.3 mSv per year. It varies with latitude and above all with alti
tude, being three times greater at 3000 m than at sea level.

2.1.1.2. Terrestrial component

This consists either of isotopes with very long half-lives (such as potassium-40, 
uranium-238 and thorium-232) and their descendants or o f radionuclides produced 
by the action of cosmic rays. Depending on the content of radionuclides in the soil 
and other soil characteristics, there are substantial variations in the terrestrial compo
nent of natural radiation; thus in granitic zones, for example, irradiation can be four 
times as great as in sedimentary zones. On average, the exposure thus produced is 
at least 0.45 mSv per year. External irradiation due to construction materials also 
varies as a function of the nature o f the material. In some regions o f the globe
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TABLE II. EVALUATION OF THE ANNUAL EFFECTIVE DOSE 
EQUIVALENT DUE TO NATURAL SOURCES OF IRRADIATION 
(AVERAGE IRRADIATION ZONES) [19]

Annual effective dose equivalent (mSv)

Sources External
irradiation

Internal
irradiation

Total

Cosmic rays:
Ionizing component 0.28 0.28
Neutron component 0.02 0.02

Nuclides of cosmic origin 0.015 0.015

Potassium-40 0.12 0.18 0.40

Rubidium-87 0.006 0.006

Uranium-238 family 0.09 0.95 1.04

Thorium-232 family 0.14 0.19 0.33

Rounded-off total 0.65 1.34 2.0

TABLE III. ANNUAL INDIVIDUAL DOSES DUE TO NORMAL 
EXPOSURE TO NATURAL RADIATION SOURCES (in mGy) [19]

Gonads Lungs
(total)

Bone lining 
cells

Red bone 
marrow

External irradiation

Cosmic rays 0.28 0.28 0.28 0.28
Terrestrial radiation 0.32 0.32 0.32 0.32

Internal radiation

Potassium-40 0.15 0.17 0.15 0.27
Radon-222 (and

daughters) 0.0002 0.30 0.0003 0.0003

Other radionuclides 0.02 0.055 0.091 0.04

Total 0.78 1.10 0.84 0.92
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exposure to radiation can reach much higher levels, normally because of the presence 
of thorium or uranium in the soil.

In addition to this external irradiation, there is internal irradiation from:
— Potassium-40 and tritiated water in foodstuffs or drinking water (40K is a 

major cause of internal exposure for all organs except the lung: the concentra
tion of potassium in the body is between 1.5 and 2.2 g - k g 1, and 1 g of 
natural potassium contains about 40 Bq of % );  and especially

— Radon (thoron) descendants o f uranium (thorium) which when inhaled cause 
a significant irradiation o f the lungs: of the order of 1 mSv per year (Table III) 
delivered to the bronchial epithelium.

If natural irradiation is evaluated in effective dose equivalent terms, the 
contribution of internal sources is twice as great as that of external sources and 
the short lived daughters of radon-222 would seem to account for 60% of the 
total effective dose equivalent.

2.1.2. Medical irradiation

This is, after natural irradiation, the second large exposure source.

2.1.2.1. Sources of medical irradiation

The sources used in medical radiology can be classified as external or internal 
sources depending on whether their action occurs on the outside of the human body 
or within.

External sources

External sources include radiation generators and sealed radionuclide sources.

(a) Radiation generators

The radiation generators used in medical radiology are practically all based on 
the same principle: acceleration o f electrons projected onto a target or extracted from 
the machine. In the first case the generator provides an X-ray beam, in the second 
an electron beam. X-ray generators consist of three main elements: (a) an electron 
generator; (b) an acceleration device; and (c) a target. Electron generators are based 
on the thermoelectric effect. A metal raised to high temperature releases electrons 
which are able to leave the metal when subjected to electric forces. The acceleration 
of the electrons is brought about by electrical or magnetic forces. Electrical accelera
tion o f electrons is the phenomenon relied on in the standard X-ray generators used 
for radiodiagnostic purposes and conventional radiotherapy. The differences of elec
tric potential in these machines are between 50 000 and 400 000 V.
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The electrons can also be accelerated by strong magnetic forces. Devices of 
the betatron type make it possible to obtain circular acceleration of electrons in a 
magnetic field whose lines of force are perpendicular to the plane in which the elec
trons are moving.

The accelerated electrons are projected onto a target of a metal which is 
particularly resistant to heating. Interaction between the electron radiation and the 
atoms of the target results in the production of X-rays, and it is these X-rays which 
are used in medical radiology. The X-ray beam thus produced is defined by three 
main characteristics: quantity, quality and direction.

Electron generators are based on the same principles as the X-ray generators 
but involve only two main elements — the electron generator as such and the electron 
accelerator. Instead of being projected onto a target, the electron beam is extracted 
from the machine for direct utilization. Only electron generators capable of 
imparting sufficient acceleration to the electrons are utilized for practical purposes. 
Electron radiation is o f interest for therapeutic purposes only if the electrons have 
sufficient enfergy to penetrate fairly deeply into human tissue. The generators used 
for this purpose are essentially linear accelerators and betatrons. The electron radia
tion used in this way is also characterized by quantity, quality and direction.

(b) Sealed radionuclide sources

Sealed sources of radionuclides are used in medical radiobiology for external 
irradiation; for this purpose they must emit gamma or beta rays of appropriate inten
sity and quality.

Gamma sources rely normally on three radionuclides: radium-226, cobalt-60 
and caesium-137. Their characteristics depend on the half-life of the radionuclide, 
the radiation flux emitted per unit of activity and the energy of the radiation. The 
half-lives of radium-226, cobalt-60 and caesium-137 are 1600, 5 and 30 years, 
respectively. The dose rate from a 1 curie source at 1 metre distance (per minute) 
is 0.84 R for radium-226, 1.35 R for cobalt-60 and 0.39 R for caesium-1372. The 
energies of the gamma rays are 0.2-2.2 MeV for radium-226, 1.17-1.33 MeV for 
cobalt-60 and 0.662 MeV for caesium-137.

2 The dose rates are expressed in rontgen per minute at 1 metre for a 1 curie source 
because our equipment is customarily calibrated in these units. For conversion to the SI sys
tem, use the following factors:

1 R = 2.58 x 10" C kg ■'
1 Ci = 3.7 x 1010 Bq.

138

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



Beta radiation sources are used for superficial external irradiation. These are 
essentially phosphorus-32 and strontium/yttrium-90. The characteristics of these 
sources are related essentially to the quantity of radionuclide present, the quality of 
the beta radiation emitted and the maximum energy of the beta rays, which is 
1.710 MeV for phosphorus-32 and 0.544 MeV for strontium/yttrium-90. The elec
trons thus emitted penetrate only a short distance into the body, characterized by the 
half-absorption layer which is 0.7  cm for phosphorus-32 and 0.9 cm for 
strontium/yttrium-90.

Internal sources

Internal sources of irradiation are invariably radionuclide sources; they may 
be either sealed or unsealed sources.

Sealed sources are so designed that the radioactive material cannot diffuse 
through the body and be metabolized. They are available in the form of applicators, 
needles, wires and so on containing the radioactive material within a hermetically 
sealed envelope. The radionuclides used are gamma emitters or beta plus gamma 
emitters, but the protective envelope which prevents dispersion o f the radioactive 
material also acts as a filter and allows only the gamma radiation to pass. The most 
short lived sources are radium-226, radon-222, cobalt-60, gold-198 and 
tantalum-182. The characteristics o f these sources are a function of the quantity of 
radionuclide contained in them, the energy of the gamma rays emitted, the half-life 
of the radionuclide and the geometric form of the source. Thus, sources containing 
radionuclides with very short half-lives (such as radon-222 or gold-198) can be left 
within the body whereas the others must be removed.

Unsealed sources, once introduced into the body, spread through the system 
and participate in metabolism. Obviously, only radionuclides having appropriate 
physical, physico-chemical and chemical characteristics can be used in this way. 
Among them are colloids based on gold-198 or chromium phosphate. Other 
substances that can be used are products in ionic form with known metabolic proper
ties, such as phosphorus-32 and iodine-131. The characteristics of these sources are 
defined by the quantity of radionuclide introduced, the nature and energy o f the beta 
or gamma radiation emitted and the half-life.

2.1.2.2. Modalities of medical irradiation

Depending on their properties, the sources described above can be used in 
medical radiology for either diagnostic or therapeutic purposes.

Diagnostic purposes

Diagnostic applications may involve either X-rays or radionuclide sources, but 
the use o f X-rays is far more frequent. The machines utilized are conventional X-ray
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generators operated at 50-100 kV. The use of radionuclides for diagnostic purposes 
is limited essentially to unsealed sources whose distribution in the body allows 
anatomical or functional studies to be performed.

Therapeutic applications

The therapeutic applications of these sources are extremely varied and may be 
classified as teletherapy or remote radiotherapy, and may have superficial or intersti
tial applications. The sources used for teletherapy are essentially high energy X-ray 
generators (200 kV machines including the Van de Graaff accelerator, linear 
accelerators and betatrons), electron radiation generators (linear accelerators and 
betatrons) and gamma ray generators (radium, cobalt and caesium units).

For superficial radiotherapy one can use very low energy X-ray generators; 
sealed gamma radiation sources (radium-226 and cobalt-60 applicators); and sealed 
sources of beta radiation (phosphorus-32 and strontium/yttrium-90 applicators). For 
interstitial radiotherapy one may use sealed sources of gamma radiation 
(radium-226, cobalt-60, gold-198) and some unsealed sources such as gold-198, 
phosphorus-32 and iodine-131.

2.1.2.3. Summary of medical irradiation

Medical irradiation has three main elements:
— Radiotherapy: here the doses are often very high (several tens of grays) and 

subject to rigorous measurements. The irradiations are normally partial and the 
number o f persons thus irradiated is comparatively small;

— Radiopharmaceutical products, used for diagnostic and therapeutic purposes; 
and

— Radiodiagnostic techniques, which are responsible for most of the medical 
dose received by the population. In countries with well developed medical 
services, a large part of the population is subjected to radiological examina
tions and ‘radiological consumption’ is at present increasing by about 10% 
every year. This does not mean that there is an exactly parallel increase in the 
overall exposure o f the population because the development of our technology 
(use o f amplifiers, fast films, screens, restriction o f field and of exposure time, 
etc.) is making it possible to reduce the doses involved in each individual 
examination. Non-radiation techniques, moreover, are replacing certain radio
logical examinations; these include ultrasound for example. However, one 
must be cautious in making estimates because the exposure due to radiodiag
nostic techniques is still not accurately known: it is not subject to strict dosi
metry, the dose can be highly variable for a given type of examination, and 
we are not very sure what share each of these examinations has in the overall 
‘radiological consumption’. Moreover, these are exposures with limited fields 
and high dose rates.
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The doses ascribable to medical irradiation vary from 10 to 50% of those 
due to natural irradiation, depending on the medical development of the 
country. It is estimated to be 0.50-1 mSv per year per inhabitant in the medi
cally advanced countries [19].

2.1.3. Exposure due to fallout from nuclear explosions [19]

The fallout from experimental explosions above ground affects populations all 
over the globe, causing both external and internal irradiation. Various isotopes are 
involved, including carbon-14, iodine-131, caesium-137, strontium-90 and 95, 
plutonium and the transplutonics and so on. The quantity of plutonium thus formed 
and released in the stratosphere is estimated at more than 5 tonnes.

Several hundred atmospheric explosions have been detonated since the Second 
World War, most of them before 1963 and mainly in the northern hemisphere. The 
time between the explosion and the effect produced on the human being by the resul
tant radionuclides can be very long: it is a function of the time they remain in the 
stratosphere and in the soil. The doses due to these explosions are tending to decline 
and by the year 2000 — provided atmospheric testing is not resumed — the doses 
received will be very slight and due essentially to carbon-14 which has a very long 
half-life (5600 years). At present the effective dose equivalent for the northern 
hemisphere is evaluated at around 10 /*Sv per year.

2.1.4. Exposure due to other artificial sources [19]

The other artificial sources o f exposure to radiation encountered in daily life 
are in fact quite numerous, but the levels of exposure incurred are very low. In par
ticular one is talking about the luminous dials o f watches and measuring instruments 
(painted formerly with radium, then with promethium-147, and now with tritium), 
cathode tubes (television screens, multipurpose screens used in professional life) and 
generally all radioluminescent products as well as some electrical and electronic 
devices and certain glasses and ceramics. For an average individual member of the 
population the dose received from all these artificial sources is o f the order o f one 
to a few fiSv.

On the other hand, the irradiation due to human modifications of certain 
natural radiation sources can be more significant for certain groups. This applies, 
for example, to phosphates used as construction materials (phosphogypsum) or as 
fertilizers, which contain admittedly very small quantities of uranium but quantities 
nevertheless sufficient to justify their use. It also applies to exposure to cosmic rays 
during high altitude flights (40-50 #tSv for a flight lasting 12 hours).

Finally, and perhaps most important, we have the problem o f radon irradiation 
within certain rooms of buildings. Studies carried out in certain countries (Italy, 
Sweden, the United States o f America and the United Kingdom) have shown that 
radon concentrations can be very large in certain houses owing to the nature of the 
soil on which they were constructed, the nature o f the construction materials and the 
insulation required to ensure satisfactory and economical heating.
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2.1.5. Occupational exposure [19]

Some members of the active population are exposed to radiations through their 
occupation or profession; the main professional groups involved are [19]:

— The medical and paramedical professions, which alone account for about 75% 
of exposed persons (physicians, in particular electroradiologists, dentists, 
manipulators ...);

— The staff of research centres;
— Users of radioactive sources for industrial purposes; and
— Workers in the nuclear industry, not only those in the power plants but also 

those engaged in work at all stages of the fuel cycle.

2.1.5.1. Exposure of the medical profession

The doses received by users of radiation in medicine vary a great deal and are 
often characterized by a non-uniform distribution in the body. Although radiodiag
nostic techniques constitute the most widespread source o f professional medical 
exposure, the data on such exposures are often uncertain; on average, individual 
doses are of the order of 1 mSv per year with values usually a bit higher for radio
logists [19]. Dentists also constitute an important class o f exposed individuals; the 
individual doses are smaller than those indicated above, lying within the 0-0 .5  mSv 
per year range. Nuclear medicine is a category by itself: the problem o f controlling 
doses normally consists in providing protection against ingestion or inhalation of a 
radiopharmaceutical product during its preparation, analysis and administration. In 
some cases there can also be external exposure, as with 99Tcm, which can deliver 
very high dose rates to the hands of the operator if no protection is provided. 
Average doses here are of the order o f 1-2 mSv per individual per year.

Radiotherapy does not represent a special risk. The doses vary only as a func
tion of the device used, and treatments with neutron beams do not cause any 
appreciable exposure of the servicing personnel.

The use of sealed sources implanted in certain organs can expose the hands and 
faces of operators such as surgeons, gynaecologists and nurses in view of the 
difficulty of providing shielding or using screens.

2.1.5.2. Exposure in research

Many research workers use radiation as a research tool. Quite a few research 
centres are somehow related to the production of nuclear energy, but many other 
laboratories pursue research on, or with the help of, radiation and radionuclides. On 
average, research workers receive low annual doses, of the order of 1 mSv, with the 
exception of certain special categories: accelerator operating personnel (4-5 mSv) 
and staff utilizing unsealed sources, for example. However, doses above 10 mSv are 
exceptional.
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2.1.5.3. Exposure in industry

Radiation is being used more and more frequently in industry. Normally it 
comes from sealed sources which deliver such small doses that their users need not 
be considered as working in a radiation environment. Examples o f these sources are 
smoke or fire detectors, or thickness gauges. There are other uses, however, which 
can result in exposure o f personnel, such as industrial radiography, radioisotope 
production and the production of luminous products.

Industrial radiography affects two quite distinct categories of persons who are 
usually exposed at different levels: first, personnel working in fixed, regularly moni
tored installations, and, secondly, personnel who have to handle mobile sources in 
what are sometimes difficult conditions — on building sites, for example. Workers 
in this second category are most frequently overexposed or subjected to relatively 
high doses. Users of industrial radiography equipment receive doses of the order of 
a few millisieverts per annum, but taken over several thousand individuals this 
average does not reflect the true range o f individual doses. It is an accepted fact that 
users of industrial radiography are one o f the groups liable to receive the highest 
occupational exposures and who run the greatest risk of overexposure.

Industrial production of radioisotopes also gives rise to a certain degree of 
occupational exposure. Individual doses are generally low: a few millisieverts for 
production staff and less than a mSv for those engaged in transport.

Despite the fact that radium has almost everywhere been abandoned in favour 
of tritium and l47Pm, the manufacture of luminescent products remains a source of 
exposure. Tritium is used both as a paint and in gaseous form, and its incorporation 
is responsible for some fairly significant individual doses of around 15 mSv per 
annum, some exposures in fact rising to as much as 50 mSv per annum.

2.1.5.4. Exposure in the nuclear industry

Occupational exposures vary a great deal from one stage of the nuclear fuel 
cycle to another. The stages to be distinguished are ore extraction and treatment, fuel 
fabrication, reactor operation and fuel reprocessing.

(a) Ore extraction and treatment

The main sources o f exposure among uranium miners are inhalation o f radon 
and its daughter products and external exposure. On average, miners are exposed 
for about 1.5 WLM (Working Level Month), which, if one uses a conversion factor 
of 8.4 mSv/WLM, would mean an effective dose equivalent o f about 13 mSv. To 
this value one must add the external exposure, which averages about 10 mSv per 
year. Obviously there are very large deviations from this mean, depending on the 
richness o f the ore, ventilation conditions, and the working arrangements in general 
(miners in surface workings are much less exposed to radon than miners in under
ground galleries). In general, one may say that uranium miners are a group which — 
for all the variations in individual doses — receives significant doses of radiation.

Ore treatment results in exposures of the order o f 1 to 5 mSv per annum.
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(b) Fuel fabrication

This includes, apart from fuel enrichment, the fabrication o f enriched uranium 
fuel, natural uranium fuel and fast reactor fuel.

Fuel enrichment operations are responsible for individual doses of less than
1 mSv. Fuel fabrication, if we take all types o f fuel together, gives slightly larger 
doses — o f the order of a few millisieverts. These doses have tended to drop in recent 
years, as the industry has developed, and this is reflected in a very marked reduction 
of the collective dose per unit of energy produced.

(c) Power reactors

The degree of exposure o f personnel working in this sector depends on the type 
of reactor, the date of first criticality, the age of the plant, the number o f persons 
involved in relation to the power produced and so on. Light water reactors represent 
one common type o f plant. The present tendency, related to the number of reactors 
in service, is for the number o f workers per reactor who have measurable doses to 
increase and for the average individual dose to diminish. The result is a collective 
dose which remains more or less constant. Average individual doses are around 
5 mSv per annum, corresponding to collective dose equivalents per unit of energy 
produced of about 10 man-Sv per GW(e) a.

Heavy water reactors of the Canadian deuterium-uranium (CANDU) type 
deliver higher individual doses, of the order of 10 mSv. The collective dose is of 
the same order of magnitude, an average taken over several years giving 7 man- Sv 
per GW(e) a.

Graphite-gas reactors result in lower exposures than the two foregoing, 
namely 2-3 mSv per annum with a collective dose of about 5 man-Sv per GW(e)-a.

The breeder reactors are particularly economical in the doses they deliver; 
while experience is no doubt still too limited to allow a broad extrapolation, the 
average annual doses appear to lie in the 0.1 mSv range, giving a collective dose 
of 0.3 man-Sv per GW(e)-a.

The reactors used for propelling ships expose the shipyard personnel responsi
ble for repairs and maintenance to individual doses o f about 5 mSv per year. 
Personnel on the ships fitted with these reactors receive much lower doses, of the 
order o f 1 mSv.

The workers in nuclear power plants are not exposed homogeneously, and the 
dose distribution depends on many factors, notably the particular types of work done 
by different subgroups of workers. A distinction must be drawn between (1) normal 
operation, (2) maintenance, (3) surveillance and (4) administration. Maintenance 
and repair operations make a very large contribution to the collective dose because 
of the relatively high individual doses received, even though they are received by 
comparatively small groups of workers.

(d) Fuel reprocessing

The reprocessing o f nuclear fuel is responsible for significant doses, which 
are, however, generally below 5 mSv per individual per year. Here, too, certain sub
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groups are more exposed than others: this applies especially to the decontamination 
teams, which often go above 5 mSv but on average remain below 10 mSv. The col
lective dose per unit of energy is around 10 man-Sv per GW(e) a.

To sum up, the impact of reprocessing, as regards exposure, is of the same 
order as that due to power reactor operation.

2.2. RISK

2.2.1. Biological damage [20]

2.2.1.1. Introduction: the biological effects of radiation and its impact on health

The biological effects dealt with in Section 1.2.3 derive from the direct or 
indirect action of radiation on the constituents of the cellular environment. The 
consequences o f  this action vary depending on the type o f molecule affected and on 
the location of the effect: cell nucleus or cytoplasm. The cellular alterations resulting 
from it may be structural or functional or both, and may extend as far as the death 
o f the cell. The functional failure or death o f a cell in an organ or a tissue need not 
have any palpable consequences for the latter, and it is only through an accumulation 
of cellular deficits that a morphological or functional anomaly can appear and create 
a pathological condition. When this occurs there is a health effect.

The health effects appearing in an irradiated individual are somatic effects, 
whether the organ affected is a reproductive organ or not.

The variety o f the effects observed makes it important to identify criteria by 
which they can be classified:

— The time o f their appearance in relation to the exposure, which allows us to 
distinguish between early and late effects;

— The position of the radiation source with respect to the organ involved, which 
leads us to the distinction between internal exposure (presence of the source 
in the affected organ itself or in a neighbouring organ) and external exposure, 
where the source is outside the body;

— The question whether one organ is affected in isolation or several together, 
since in the second case a syndrome resulting from the combined failure of 
different organs could occur (this criterion is linked with the duration and the 
intensity of the irradiation).
With the somatic effects it is customary to contrast effects that appear only in 

the progeny of the irradiated individual. These, entailing an impairment of the germi
nal cell lines in the exposed person, are called genetic effects.

2.2.1.2. Early somatic effects

These are the effects encountered after a serious irradiation delivered in a short 
period of time. Attacks on specified zones o f the body can lead to the following 
medical consequences:
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— Irradiation o f the skin produces a precocious erythema which may be followed 
by irreversible lesions o f the basal layer o f the epidermis within an overall pic
ture of acute radiation dermatitis with phlyctena, oedema, ulceration and some
times even tissue necrosis;

— Irradiation o f the haematopoietic tissues brings about a reduction of blood cells 
belonging to the myeloid, lymphoid, erythrocytic and platelet series, first by 
cell death and then as a consequence of the absence o f any replacement from 
the bone marrow if the latter is in a state of aplasia. This pathological state may 
be spontaneously reversible but, if it is not, the result is death by haemorrhage 
and infection;

— Acute exposure of the digestive tract (of which the mucous membrane of the 
small intestine is the most sensitive part) gives rise to vomiting, diarrhoea, hae
morrhages, perforations and septicaemia;

— Reduced fertility due to oligospermia is found when the male genital organs 
are irradiated. In serious cases sterility is complete and endocrine function is 
disturbed. In women sterility is exceptional, but endocrine function is more 
frequently altered;

— The nervous system is not very sensitive to radiation, but exposure is neverthe
less reflected in electrical perturbations of the EEG which enable a specialist 
to evaluate the level of the irradiation. Neurological disorders of a convulsive 
or comatose type are a consequence of very severe irradiations in which lesions 
of the glial and vascular conjunctive tissue play an important role.
Whole body irradiation, rarely homogeneous, produces an acute radiation syn

drome combining the foregoing effects, in which difficulties with the blood and 
digestive systems largely determine the prognosis.

2.2.1.3. Late somatic effects

These result from repeated individual irradiations or from chronic irradiations 
over long periods of time. Depending on the level o f exposure, these effects appear 
after the early effects have ceased or failed to show up at all.

Two types of effects were distinguished: those which are not marked by 
tumour formation, and those which are characterized by the formation of malignant 
tumours.

Non-tumoral effects are very diverse in nature. Radiation induced cataract 
shows up several years after one or more exposures of the eyes to channelled radia
tion (most often an X-ray generator). Lesions o f the lung tissue such as fibrosis can 
appear after a large external dose of radiation which provokes an inflammatory reac
tion or as a consequence of inhaling radioactive particles which are not easily trans
ferred from the site of deposition. After fixation in the bone of large quantities of 
bone seeking radionuclides such as radium, the formation of foci o f osteonecrosis 
has been observed. In this context the shortening of human life should be mentioned, 
but this is a subject of debate because, though observed in radiologists, it has not 
been confirmed in the survivors of the atomic blasts at Hiroshima and Nagasaki.
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Turning to the formation of malignant tumours, we must note that the capacity 
o f ionizing radiation to induce such tumours is not a recent discovery: in the seven 
years which followed the first utilization of X-rays, skin cancers appeared in persons 
who had exposed themselves to the radiation without taking any precautions. Other 
types of cancer which appeared, largely in medical circles, were forms of leukaemia: 
enhanced mortality from such applications was detected in US radiologists during the 
years after 1945.

Studies carried out on the Hiroshima and Nagasaki survivors have also 
revealed an unmistakable increase in leukaemia since 1952, the enhancement being 
clearly linked with the distance separating the exposed persons from the epicentre 
of the explosion. Since 1960 this leukaemia excess has given way to a growth in other 
types of cancer, principally of the breast, the lungs and the stomach. However, in 
these persons, just as in the radiologists, it is impossible even now to determine with 
any certainty the levels of radiation delivered to the various organs and tissues, and 
even the nature and the relative proportions of the radiation received (the gamma and 
neutron spectra) are still subject to doubt.

Other groups exposed for medical reasons have shown an excess of mortality 
from cancer. Observations have shown for example:

— Leukaemia in subjects irradiated for ankylosing spondylarthritis, but also solid 
tumours in organs located in the radiation field. In patients treated by 
intravenous injection of 224Ra, sarcomas of bone tissue have been observed;

— Cancers of the breast in women irradiated for acute mastitis and in tuberculosis 
patients subjected to frequent fluoroscopy;

— Cancers of the thyroid in children irradiated for thymic hypertrophy;
— Cancers o f the liver induced by alpha irradiation from thorotrast (colloidal 

Th02) used as a contrast medium in radiology.
Among occupationally exposed workers, excess lung cancers in uranium 

miners are also due to exposure to alpha rays from the solid daughters of inhaled 
radon gas which are deposited in the bronchial epithelium. In this case we also have 
to take account of other associated carcinogenic factors such as tobacco, diesel fumes 
and explosives.

Studies carried out on groups in which malignant tumours have appeared after 
irradiation — usually at fairly large doses — and experiments on animals have indi
cated a certain number of characteristics common to all these radiation induced 
illnesses:

— All appear after a period of latency which is invariably long. It is shortest for 
leukaemia — between 2 and 25 years with a maximum frequency between 
5 and 9 years after exposure;

— They appear randomly in the irradiated group with a frequency in excess of 
the natural frequency. The higher the level of irradiation, the greater is the 
probability of their appearing. Since the natural frequency is itself high (around 
23%) and the irradiated groups are never large, it is virtually impossible to 
demonstrate the existence o f an irradiation threshold for their appearance. 
Given the fact that occupational exposure occurs at moderate to slight levels, 
this important point can be elucidated with the help of statistical considerations.
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Let us postulate a group of P exposed persons who have been under surveil
lance for N years. This constitutes an observation o f N-P man-years subject to the 
risk of developing a cancer of type c. We know that the natural frequency of this 
cancer is Tc cases/man-year. It follows that the expected number of new cases in the 
absence of irradiation is equal to the product N • P • Tc. If the rate o f cancer induction 
by radiations is t<. cases/unit of exposure and per person, then the number of cases 
resulting from an irradiation D per year and the total number of cases observed will 
be, respectively, N P tc-D and NP(TC -I- V D ).

Within the total number o f cases observed, the cancer excess will be esti
mated with a standard error of approximately VNP(TC +  t<.-D) or else VTC N-P, 
since the number o f radiation induced cancers is normally low by comparison with 
those that occur spontaneously. It follows that the rate of induction can be determined 
only at the cost o f a standard error V(Tc/N • P) (1/D) which increases rapidly as 
D becomes smaller. The number of man-years of observation, NP, needed to 
evaluate tc at a certain confidence level increases in proportion to the reciprocal 
square of the irradiation D to which the group was exposed. For low exposures, 
therefore, we cannot specify the level at which a cancer excess is significant, because 
it vanishes within the statistical fluctuations o f natural induction. The different atti
tudes which have been adopted in dealing with this problem will be discussed when 
we come to examine the concept of risk.

A final point about radiation induced malignancies is that they cannot be distin
guished, clinically, from those occurring spontaneously or for any other reason and 
that their seriousness is completely independent o f the level of irradiation o f the tis
sues in which they develop.

In view of all the above facts, radiation induced cancers are placed in the 
category of stochastic effects. In contrast to this, early somatic effects and late non- 
tumoral somatic effects which are to a certain extent reversible and which exhibit
— beginning from a threshold which is fairly easy to establish — a relatively 
continuous scale of seriousness in proportion to the level of irradiation, are called 
non-stochastic.

2.2.1.4. Genetic effects [21]

These are stochastic in nature, just like radiation induced cancers. Conse
quently, there is nothing to distinguish radiation induced mutations from 
spontaneously occurring mutations, and the threshold concept is replaced by that of 
a probability of occurrence which varies with the level o f irradiation.

Experimental research

Experiments on mice have provided information on the frequency with which 
anomalies are transmitted hereditarily following even low radiation exposures. These 
anomalies are attributable either to gene mutations which affect portions of the DNA
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molecule and are identifiable only by their consequences, or to chromosomic muta
tions resulting from very extensive damage to the chromosomes.

Observations on human beings

In human beings we also know the frequency with which radiation causes chro
mosomal aberrations visible under the microscope, particularly in the blood lympho
cytes. The fact that these aberrations have been observed after irradiation in vitro 
and in vivo shows for one thing that the response is specifically cellular and also that 
there is no difference in response, as far as the chromosomes are concerned, between 
the human being and other species. However, it has not been possible to establish 
any correlation between the frequency of these chromosomal aberrations identified 
under the microscope and the frequency of genetically transmitted damage. An 
important research effort has been undertaken among survivors of Hiroshima and 
Nagasaki. Pregnant women were kept under surveillance and their children were 
given repeated examinations. The study relied on four main indicators: chromosomal 
aberrations, a census of pregnancies with abnormal issue, survival of offspring in 
the course of childhood and the identification of electrophoretic mutations (alteration 
of specific proteins). The data gathered for these four indicators were compared with 
the data on exposure o f the parents’ gonads (with confidence levels based on the 
available information) and with other factors which might diminish the significance 
of the indicators (sex of child, birth weight, consanguinity, age of parents and so on). 
For none of the indicators did statistical methods make it possible to detect a signifi
cant tendency by comparison with the children o f unexposed parents.

Discussion

Despite their negativity, however, the results must not lead us to conclude that 
there was no production of mutations in the Japanese survivors. We cannot dismiss 
them, given the chromosome damage that occurred and the increased incidence of 
leukaemia and solid tumours found in these subjects, knowing as we do the relation
ships that exist between mutagenesis and carcinogenesis. The mutated genes may be 
of either the dominant or recessive type. Dominance is, however, a very rare 
phenomenon; generally the gene which has undergone mutation is of the recessive 
type and does not show up. A recessive gene may eventually be externalized, 
however, either because it has become homozygotic in one of the descendants (which 
supposes, as each gene, paternal and maternal, is double, that the gene coming from 
the other parent has also undergone mutation in the same way) or because it has 
become dominant. As ten or more generations at least are necessary for the gene to 
manifest itself, there is a dilution in the genome of the population which normally 
contains a large number of recessive genes produced by spontaneous mutations or 
due to mutagenic agents other than radiation. The consequence o f this situation — 
the genetic burden of a population — is that we have to consider the totality of the 
individuals composing the population and the totality of the radiation doses they have 
received to the gonads which might increase the genetic burden.
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At the low doses received in the course of occupational exposure, the damage 
represented by the possibility of stochastic effects occurring is potential damage. The 
existence of these effects is a probability function of the quantity of mass energy 
absorbed from the radiation field. Quantification is possible only through physical 
quantities which are always present but cannot be observed because living matter 
expresses itself in detectable form only through the biological response. One must 
accordingly proceed indirectly.

The quantities available to us are, on the one hand, the characteristics of the 
source and, on the other, the volume, mass and composition of the tissue. The 
source-tissue combination gives us the absorbed dose, which is defined in bio
physical terms in Section 1.2.2 and which we are now going to consider from a 
different angle. Indirect measurement of the absorbed dose implies the introduction 
of a radiation detector into the tissue at the point where the absorbed dose is to be 
determined. One would then have the relations:

S ■(■ T Dt and D-j- =  kjF

where T is the tissue, F the quantity measured by the detector and kT the conversion 
factor. For obvious reasons, however, the detector can only be situated at the surface 
of the body. This means that, with the exception of surface organs such as the skin, 
gonads and perhaps the thyroid, indirect measurement is not possible and we have 
to have recourse to exposure models.

2.2.2. Quantitative expression of damage

2.2.2.1. Exposure models

These models help us to establish a relationship between the components of the 
radiation field and the quantity of energy absorbed by exposed organs or tissues. 
They involve, on the one hand, modelling of the human body and, on the other hand, 
appropriate allowance for the conditions in which the irradiation takes place. Human 
body models simulate the structure o f the body through a combination of morpholog
ical, physical and chemical data. The simplifications and standardizations required 
lead to two basic concepts: anthropomorphic physical phantoms, homogeneous or 
heterogeneous, which are used in appropriate experiments; or anthropomorphic 
mathematical models using calculation codes based on the Monte Carlo method. The 
irradiation conditions should reflect as closely as possible the situations normally 
encountered in radiation protection work. Schematically, three modes of exposure 
to electromagnetic radiations (X- and 7 -ray photons) are utilized:

— A broad, parallel, monodirectional beam irradiating the whole body from the 
front, from the side, from the back or in 360° rotation;

— A divergent beam at variable source-skin distances irradiating the body from 
the front; and

— An isotropic radiation field irradiating the whole body.
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These conversion factors are used to quantify the relationship between 
absorbed dose within the radiation field or at the surface o f the body and the absorbed 
dose within the body. These are the absorbed dose rates Dair, b surf and DT. Thus 
one gets the ratios DT/ Dair and DT/ Dsurf, but also other ratios which depend more 
directly on the characteristics of the radiation field itself such as particle fluence 
<t>(cm'2), viz. DT/$ . The quantity of energy absorbed in the organs or tissues is then 
expressed as the average absorbed dose for a certain volume. This procedure for 
determining an average dose of course does not allow for the fact that energy is not 
uniformly absorbed in the tissues, which are rarely homogeneous media. Neverthe
less, it is a quantity which seems to be adequate for radiation protection purposes 
as a physical basis for establishing a link with health related effects. The calculations 
depend on the nature of the incident radiation.

2 .2 .2 .2 . Conversion factors and absorbed dose

Electromagnetic radiation (photons)

In this case the calculation relies first on an evaluation of local doses at each 
point in the body, taking account of attenuation by the tissues traversed in relation 
to both incident radiation and scattered radiation. The basic formula (which 
expresses a dose rate) is:

DT(x) =  *(x ) 1.602 x  10“10 G y -s_1

where ^ (x), in MeV/(cm2-s), is the density of the energy flux at distance x, or 
¥(x ) =  Sx (e _'iX/47rx2), the product of the source intensity and the attenuation 
factor. The irradiated volume figures in the calculation (through its geometry) when 
we have to obtain the average dose. The factor 1.602 x  10“10 is used to convert 
energy to dose with the dimensions (g-Gy/MeV), and (/xen/p)T is the energy mass 
absorption coefficient (cm2/g).

Particulate radiation

The basic formula for particulate radiation, essentially electrons, is:

DT(x) =  i  — 
P t

dE

dx
X 1.602 x  10“ 10 Gy-s

where \(/ is the particle fluence rate in disintegrations/(Bq • cm2 • s), pT the density of 
the medium and [dE/dx] the restricted linear energy transfer (MeV/cm).
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The quantities HT and DT do not allow for the fact that different types of 
radiation produce different biological and health effects for a given value of the 
physical absorbed dose. This led to the concept of dose equivalent, HT, which is 
defined as:

Ht =  Dt QN

The unit is always J/kg, but it has received the name of sievert. The factors Q and 
N have a different role to play. The factor N, which at present has the value of one, 
is introduced to allow when necessary for dose distribution, fractionation and so on. 
The quality factor Q took the place o f the old relative biological efficiency (RBE) 
which was associated with the physical absorbed dose in the 1950s. The RBE is based 
on the differences in the effects obtained with a given (usually simply organized) bio
logical system at rather high doses. It was thus not possible to retain it for radiation 
protection work where the biological systems involved are complex systems with 
many organs and where different effects can occur even in the low dose range. What 
was sought was a dose weighting factor linked to a specific parameter. The 
parameter in question is LET as defined in Section 1.2.1.2. This is the unlimited 
LET L" in water, which is thus equivalent to stopping power per collision. The 
ICRP [1] gives comparative figures for Q and LET (see Table IV):

2 .2 .2 .3 . Absorbed dose equivalent and radiation quality factor

TABLE IV. COMPARATIVE FIGURES FOR Q AND LET

LET in water 
(keV-^im-1) Q Type of radiation

3.5 and less 1 X- and 7-rays, electrons

7 2 Thermal neutrons

23 5 Epithermal neutrons

53 10 Neutrons, protons and particles of single 
charge and rest mass greater than 1 unit 
of atomic mass, and of unspecified energy

175 20 Alpha particles and multiply charged parti
cles of unspecified energy
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Note that a single value o f  LET is appropriate only for monoenergetic ionizing 
radiations. In the case of mixed radiation fields we have a range of Q values and use 
an average value weighted for the absorbed dose. This can be calculated provided 
the spectrum of the absorbed dose is known:

where DL°° dL” is the absorbed dose delivered by a radiation with a LET between 
L°° and L" +  dL*. When the spectrum is not known, the above values are used 
as approximate values. These values are valid for both external and internal 
exposure.

2.2.3. The concept of risk [20]

Up until the 1960s all health effects were considered to have a threshold; 
accordingly, if one was on the lower side of the threshold with a certain margin, one 
was supposed, in theory, to have absolute protection. The concept adopted in ICRP 
Publication 26 [2], which postulates the existence of stochastic effects for which 
there is no threshold, leads to the conclusion that there is no such thing as absolute 
protection and that there is always some risk, however small. In order to secure 
acceptance of this inevitable risk by society and by individuals, some sort of quantifi
cation is needed which will enable one to assess its size and make comparisons. It 
is probably useful therefore to attempt a precise definition o f the term of quantifying 
risk.

2.2.3.1. Definition of risk

The idea o f risk can be approached first qualitatively and then quantitatively.
Qualitatively, risk contains an uncertainty and a potential damage. This poten

tial damage is linked with the existence o f a source of damage. Risk entails the proba
bility of this source being converted into real damage. Another important aspect of 
risk is that of its perception: there is a link between the risk and the observer through 
the perceived risk which suggests the presence of an absolute risk independent of the 
observer. Risk therefore appears as a complex idea which is not readily quantifiable.

Quantitatively, risk can be presented as a list of the possible outcomes o f an 
exposure situation, whereby each outcome involves the following elements:

— An aleatory event, the induction o f a certain cancer c,
N types of possible malignant disease;

— The probability of this event, p(; and
— The consequence of this event: death or sequelae Xj.
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Risk is thus probability and consequence, and less than the first step in 
representing this is to establish a relation f(Pj,Xi) where p, is the cumulative proba
bility. However, in the case of irradiation one has to go further than this and ask what 
the significance of the probability is. This is a number which should enable us to 
communicate a non-measurable result by the usual means. If the observer does not 
know the result, it can be approached only by experience. This leads to the introduc
tion o f two measurable quantities, frequency and absorbed dose D  (or dose equiva
lent H). Like any quantity derived from a measurement, frequency is affected by an 
uncertainty which in theory cannot be disregarded and which can only be obtained 
by repetition o f experiments. Allowance for the uncertainty is made by expressing 
a confidence degree for the frequency o f occurrence of the event through p[<£j(D)]. 
In the case o f non-fatal cancers, the extended uncertainty leads to p[$j(D), x j. All 
in all, the risk can be formulated as the following complex quantity:

R =  £  {Cif pWKD)],
I

The study of a particular event begins, in the light of the foregoing expression, 
with an examination of the relationship between frequency and absorbed dose, 
improperly referred to as the dose-effect relationship.

2.2.3.2. Dose-effect relationship [13, 22]

Because of the numerous unknowns that still persist in our understanding of 
the mechanisms by which stochastic effects are induced, we have to consider dose- 
effect relationships from two different points of view. The first is that of the radio
biologists, for whom these relationships represent an extension o f their research into 
mechanisms. This research has been discussed in Section 1.2.4, and the various the
ories concerning cell survival that have been put forward in connection with our 
present hypotheses involve dose-effect relationships of a highly specialized kind.

From the second point of view, that o f radiation protection, the dose-effect 
relationships found through animal experiments and available observations on human 
beings are bound to have no more than a predictive character.

(1) Results of experimental research

The dose-effect relationship in simple biological systems

The supposed relationship between the mechanisms of mutagenesis and 
carcinogenesis has awakened interest in the dose-effect relationship and its connec
tion with the production of chromosome damage in the human being. This relation
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ship, obtained by exposing lymphocytes to X-rays at doses of 0.05 and 8 Gy, has 
two components, one linear and one quadratic:

1(D) =  aD  +  /3D2, I being the frequency

At low doses the linear component predominates; there is proportionality 
between the dose and the effects, but the probability of the effect occurring is 
extremely slight.

At high doses the quadratic component becomes more important. A relation
ship of this type has been found with a flower — tradescantia — in which irradiation 
causes mutants o f different colours to appear. One interesting finding which has 
come to light in these simple biological systems is the dose rate effect. A given dose 
delivered at lower and lower dose rates shows a consistently increasing linearity of 
the 1(D) curve, while the slope (the a  coefficient or the effect per gray) diminishes. 
This confirms the stochastic nature of the effect, since at low doses and dose rates 
a definite effect exists: there is no threshold and the effect per gray is equal to that 
of the alpha component.

The dose-effect relationship in mammals

In the higher animals, the complexity of biological systems and the interference 
they introduce (the immune system, hormones and so on) make it much more 
difficult to reach any definite conclusions about the effect we are studying, tumour 
induction and its relation to dose. A dose rate effect has been observed, but the curve 
is not always linear at low dose rates. In the case of lung tumours, the relationship 
appears to be purely linear whereas for leukaemia and uterine tumours it seems to 
be both linear and quadratic. For certain tumours (ovaries, thymus, skin), the linear 
term no longer seems to be detectable and the existence of a threshold is possible. 
It is accordingly difficult to generalize, and the data on cancers induced by low LET 
radiations give either quadratic relationships or linear relationships. Heavy, high 
LET particles however seem rather to yield linear relationships.

(2) Results o f human observations

Observations on human beings supplement the information obtained on dose- 
effect relationships from cellular studies, animal experiments and theoretical analysis 
o f mechanisms. These human observations, however, apart from the fact that they 
are limited in number, do not cover the range o f absorbed doses necessary to estab
lish a dose-effect relationship, especially in the low dose region which is of interest 
in connection with occupational exposure. Two categories of studies have to be dis
tinguished, those where the populations concerned have been exposed to high doses, 
as with the Japanese survivors of Hiroshima and Nagasaki, and other groups exposed 
to moderate to low doses.
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The Japanese survivors of the nuclear explosions at Hiroshima and Nagasaki 
constitute not only the largest human group affected in this way (109 000 persons), 
but also the most thoroughly studied. Among them, mortality due to non-cancerous 
disease over a period of 30 years shows no significant increase. This finding, which 
enables us to call in question the theory o f non-specific premature ageing, stands in 
contradiction with the results found in follow-up studies on ankylosing spondylar
thritis patients irradiated with comparable doses. In fact, the excess mortality among 
these sufferers is due to the consequences of the disease itself.

The successive occurrence o f leukaemia and solid tumours was referred to in 
Section 2.2.1.3 above. Fitting a dose-effect curve to the data is complicated by the 
fact of mixed exposure to gamma rays and neutrons, though the importance of the 
neutron irradiation, particularly at Hiroshima, is now being called in question again. 
Accordingly, several mathematical models obtained from the linear quadratic rela
tionship have been tried, incorporating a linear component to describe the variation 
between the effect and the neutron dose. In its most complete form, this model is 
reflected in the expression

1(D) = Iq + a t D7 + D2 + a2 Dn

where 1(D) is the frequency of occurrence as a function of dose, Iq is the spontane
ous incidence, D7  is the gamma ray dose, and Dn the neutron dose. The coefficients 
01, a2 are associated with the linear components and the coefficient 0 , with the 
quadratic component. The other models are obtained by eliminating either the linear 
term or the quadratic term for the gamma radiation.

As far as leukaemia is concerned, these models have been tested on data for 
the only two types encountered — acute myeloid leukaemia and chronic myeloid leu
kaemia, since no lymphoid leukaemia was detected. The model which works best 
with the data on acute leukaemia is the complete model, which for Nagasaki has the 
value:

Epidemiological study of the effects of high doses

1(D) =  Io +  0.99 D7 +  0.0085 D 2 +  27.5 Dn

where Dn and D7 are the doses to the bone marrow. Taking the ratio of (dimen
sions 1/D2) to of| (dimensions 1/D), we obtain a value of 0.0086 rad'1 correspond
ing to the dose for which the effect o f the quadratic term is equal to the effect of 
the linear term, viz. 116 rad (1.16 Gy). Thus, for gamma radiation one obtains:

I(D7) =  ck|D7 +  j3,D2 = a |D r 1 + —  D 
“ i
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For D7 =  a |//3 |, the foregoing expression becomes:

I(D7) =  a ,D 7 1 +
<*\

=  « iD 7 +  « |D 7

Thus, below 116 rad the dose-effect relationship becomes linear, and this is impor
tant because it is in the low dose region.

For chronic leukaemia, no model has given us a satisfactory fit. The above 
model and the values taken for its parameters are associated with dosimetric work 
which appears to have overestimated the neutron contribution to Hiroshima doses 
and the gamma contribution to doses in Nagasaki. As a consequence, the more 
pronounced linearity noticed in Hiroshima no longer holds, and, since the biological 
effect due to neutrons becomes less important, the contribution of the linear compo
nent to the relationship is also greatly reduced.

With regard to other types of cancer, mortality appears higher at Hiroshima 
than at Nagasaki. Since the reason earlier suggested for this, namely a large neutron 
component, is probably no longer valid, there is for the time being no satisfactory 
explanation. The effects made to fit models of the dose-effect relationship have not 
given convincing results. Finally, it should be noted that, the number o f leukaemia 
cases (about 50) is no longer rising it is justifiable to look for a dose-effect relation
ship. The situation is not the same for other cancers, two of which — cancer of the 
colon and multiple myeloma — have appeared only quite recently.

Epidemiological studies of the effect of low doses

Since all the efforts made in this area have failed, one is entitled to ask whether 
the conditions required for such studies can actually be realized. The difficulty of 
detecting an excess when the probability of occurrence of the radiation induced 
affliction lies within the fluctuations of spontaneous occurrence, and where there 
may be a threshold, was touched on in statistical terms in Section 2.2.1.3; neverthe
less, there are other points to be recalled. For this kind of study, given the fact that 
one is dealing with exposed groups and control groups, it is essential to identify fac
tors that could potentially confuse the findings (use of tobacco for example) and that 
have a perturbing effect on the variable under study (incidence of, or mortality due 
to, cancer). Therefore, whatever the type of study undertaken — comparison of 
groups, studies on standard reference cases, follow-up analysis of a particular group
— reasons for the variability o f incidence or of mortality should be looked for in fac
tors other than radiation before reaching the conclusion that there is a residual varia
bility and attempting to explain it as a consequence of exposure to radiation.
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2 .2 .3 .3 . Classification and synthesis

From all our sources of information on dose-effect relationships one can glean 
a few general ideas. In the first place, the effects of low LET radiation from the 
effects o f high LET radiation have to be distinguished. With regard to the former, 
in cases where fits are possible (usually for high doses) the curves exhibit a positive 
curvature which, beyond the fitting zone, gives us three possibilities of extrapolation 
to low doses:

— The curve consists entirely of the sum of a linear component and a quadratic
component;

— The curve is a parabola; or
— There is a threshold.

The first o f these theories has the most adherents at present. The influence of 
the dose rate on the curve manifests itself above all in a reduced effect when the dose 
rate itself is reduced. However, fractionation of exposure has no protective effect.

For high LET radiation, the fit is usually linear and extrapolation to the origin 
presents no problems. However, it appears that the quality factor of these radiations 
is a function of both dose and dose rate. As a result, one finds greater effectiveness 
at low doses and dose rates, and this in turn means that linear extrapolation results 
in a low estimate of the effect. The curve would in fact be supralinear and a single 
quality factor value would appear to be an over-simplification. For the purposes of 
radiation protection, the ICRP has accepted the theory of a linear relationship with 
no threshold over the whole dose range, for all types of radiation. In the case of low 
LET radiations, the effect is overestimated and the curve gives us the upper limit; 
the situation is probably different for high LET radiations.

2.2.3.4. Estimation o f  risk [20, 23]

Risk of genetic effects

Present conclusions are based on experiments on rodents and on human cell 
cultures. Since the dose-effect relationship for the induction of mutations can have 
the same shape in the two species, the direct method of estimating risk utilizes the 
frequencies o f various mutations in mice with appropriate corrections to assess the 
rate at which these same mutations are induced in human beings. This method has 
the defect o f being usable for only a few types of genetic damage. The second method 
is that of the doubling dose. Experimental data are used to calculate the dose required 
to double the rate of spontaneous mutations in mice. Here, too, an extrapolation to 
humans is made on the basis o f genetic defects which arise spontaneously in human 
beings. The doubling dose appears to be o f the order of 1 Sv. The expectation of 
radiation induced effects over all generations would be of the order of
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2 x  10‘2 S v 1, half o f which would be expressed in the first two generations. With 
regard to the distribution of genetic damage per man -cGy over a working population 
between 20 and 65 years of age, as 60% of the man-cGy affect individuals who will 
have no children, only 40% of the man • cGy delivered would be genetically 
significant.

The average risk of genetic defects in these circumstances is of the order of
0.4 x  10'2 S v '1, which is the figure used by the ICRP.

Risk of somatic effects: risks for single exposure [20, 23]

The risk is distributed over time as a function of localization and type of malig
nant affliction. The initial risk is a risk o f leukaemia, followed later by the risk o f 
solid tumours. For leukaemia, the risk increases over a period o f 6-8 years and 
returns to zero at 30 years following exposure. An initial period free of risk is evalu
ated at two years. For an average absorbed dose o f 1 cGy, the mean risk during the 
period from 25 to 30 years is 0.8 x  10 6 per year x  25 years =  2 x  10 5 cG y '1, 
and this is the figure used by the ICRP.

In the case of solid tumours, there is an uncertainty in the evolution of the risk; 
it begins at around ten years after exposure, increases for 30 years and then evolves 
further in accordance with one of three theories: a further increase parallel to the 
natural risk, a plateau, or a diminution. If we accept the theory of a diminution, we 
would have a risk of 2 x  10'6 per year x  40 years =  8 x  10'5 cGy "1 over a 
lifetime — in other words 4-5  times the leukaemia risk. In different individuals 
periods of latency can vary with personal characteristics and with age.

The foregoing estimates are for absolute risk over a lifetime. They are derived 
from the slopes of the no-threshold linear dose-effect relationships adopted by the 
ICRP on the basis o f all available information. The slope is then the risk coefficient, 
definable as the proportionality factor o f the probability of a stochastic effect occur
ring. As one is dealing with absolute risk, it is a risk in excess of the spontaneous 
incidence, which has the dimension:

-  X -  NP Tc
“  "  NP x  106 x  D

where Tc is the spontaneous incidence, NP the number of man-years, 106 a unit of 
population and X the number of deaths.

The ICRP gives the following values (probabilities expressed as the number 
of potential cases per million persons receiving 1 cSv to the whole body):
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Leukaemia 20
Thyroid 5
Heart 25
Lung 20
Bone 5
Other 50

125

If we add to the foregoing sum the contribution of genetic risk (40 x  106 
cS v '1), the total risk rises to 165 x  10‘6 cSv'1 over a whole lifetime. In this sum
ming, the risks due to irradiation of different organs are assumed to be additive, 
which is impossible unless the dose-effect relationships is assumed to be linear.

Risk in the case o f continuous exposure

An exposure of 1 cGy per year increases the risk from year to year in a com
plex way. The increase could reach a value of 10-4 a ' 1.

Uncertainties in evaluations

These are due, first of all, to the small number of events, and then to other 
factors which we shall discuss briefly:

— The influence which the evolution o f the data on Japanese survivors is having 
on the factor 5 between leukaemia and solid tumour. By now about 90 leukae
mia cases and 160 solid tumours have been observed, giving a ratio of 1 .8, but 
the solid tumours are continuing to appear. The value of 5 is better supported 
by observations on patients irradiated for spondylarthritis;

— The influence of revised dosimetry from Hiroshima and Nagasaki;
— The influence o f the risk model: along with the absolute risk model from which 

the above evaluations were derived, a relative risk model has been used in 
which the increase per unit dose is a percentage of the spontaneous incidence 
in the population. This model gives results 2 to 3 times higher than the cor
responding absolute risk and is thought by some authors to be a better 
predictor;

— The influence of the effect description criterion: incidence or mortality. So far 
the mortality data seem more confidence inspiring than the incidence data. The 
latter, however, are improving at present and are more directly applicable to 
the dose-effect models.
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2.2 .3 .5 . Risk weighted dose [2]

Uniform exposure

In this exposure mode, where all tissues receive the same dose, the total risk,
i.e. to the whole body, is expressed by the proportionality factor a (risk coeffient 
between the dose equivalent to the whole body (WB) HWB and the total probability 
of effects P. For an individual k consisting of n radiosensitive organs and a stochastic 
effect o f type i, we have

n n

P k.n =  £  P i.k =  £  “ i.k H WB.k 

i= l i=1
\

Non-uniform exposure

In the case where exposure affects only m organs (m <  n) receiving different 
doses, the risk becomes:

m m
Pk.m = £  Pi.k =  £  « i.k H i k 

i= l i= l

where Hj k is the dose equivalent for an effect of type i.
The principle applied by the ICRP is that the risk must be the same as for a 

uniform exposure. This leads to the equality:

m n

£  “ i.k H i,k =  £  Oi.k H WB.k =  «k  H WB.k 

i= l i = 1

From this one obtains the expression for the risk weighted dose:

2.2.4. The concept of detriment [2]

In the discussion of the concept of risk it is said that risk is ‘probability and 
consequence’. In this spirit, the ICRP has introduced the idea of detriment, which 
takes into account the severity o f the stochastic effects. In connection with malignant 
disease we then distinguish between fatal cancers and those on which therapeutic 
measures have a favourable effect. To quantify this concept we can introduce a
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gravity factor g; k such that gik =  1 for fatal cancers and gik ^  1 for non-fatal 
cancers. Thus one obtains:

m  /  a  \  m

Hwe.k =  £  ) Hi.k =  T. WjHj kSv
£  V “ kSk /  f t

which is the expression for the effective dose where the coefficient w( represents the 
proportion of the stochastic risk linked with effect i in relation to the total risk from 
homogeneous irradiation. As the effect i depends in general on an organ having some 
specific tissue T, the above expression is usually written in the form:

H e =  £  W tH tSv

T

The quantity:

m

G k =  S* ) H i,k
i = l

represents the individual detriment.
The coefficient WT given by the ICRP is calculated with a gravity factor equal 

to unity. For example, in the case of the lungs WT it is given by:

0.20 x  1(T2 S V 1 „
W f — j r — 0.12

1.65 x  10' 2 S v - 1

The following values apply for other organs:

WT

Gonads 0.25

Breast 0.15

Bone marrow 0.12

Thyroid 0.03

Endostea 0.03

Other 0.30
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Chapter 3

RADIATION PROTECTION SYSTEM

3.1. BASIC CONSIDERATIONS FOR DEVISING A RADIATION
PROTECTION SYSTEM

In order to limit the damaging effects that a practice can involve to acceptable 
levels, one has to be able to make an accurate assessment of those effects. Since the 
effects are themselves the consequence of a hazard, one has to consider ( 1) the radio
logical hazards that exist, and then (2) the effects attributable to these hazards. These 
latter have been described in Section 2.2. Radiological hazards cover a very broad 
spectrum, whether one is dealing with occupationally exposed workers, members of 
the population exposed to different artificial sources of radiation, or the population 
at large exposed to the various sources of natural radiation. Among the problems 
presented by exposure to radiation one should mention the nature o f  the exposure 
and the modes of distribution — temporal and spatial, individual and collective.

3.1.1. Nature of exposure

The radiation to which an individual may be exposed is o f different kinds, so 
it follows that the hazard corresponding to a given absorbed dose varies in accor
dance with the type of radiation producing it. Penetrating power, for example, 
depends directly on the energy o f the radiation. To illustrate this, alpha particles 
penetrate only a few microns into tissue, beta rays from a few millimetres to a few 
centimetres, and gamma rays tens of centimetres or more. Thus, only X-rays, 
gamma rays, hard beta radiation and neutrons need to be considered for external 
exposure, whereas all types of radiation and especially alpha and beta particles are 
important in the case o f internal exposure. From these ideas one derives the concept 
of dose equivalent, which enables one to establish an equivalence between exposures 
to different types o f radiation (see Section 2.2.2).

3.1.2. Modes of exposure

Modes o f exposure are quite different depending on whether the radiation 
source is located outside the body or actually within the exposed organs or tissues, 
as happens when radioactive nuclides are incorporated in the body. Also, an 
exposure may affect the entire body, in which case it is termed whole body exposure, 
or only certain organs and tissues, in which case it is described as partial exposure. 
It may also be distributed more or less homogeneously through the body. In view 
of the fact that different organs and tissues have different sensitivities to radiation,
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the question of spatial distribution is quite important. The ICRP has, moreover, 
established a new concept — effective dose equivalent — which makes it possible 
to define partial irradiation in terms of equivalent whole body irradiation [1 ,2 ]. The 
details o f this concept are given in Section 2.2.4 of Chapter 2, Part 2 above.

Another question connected with the mode o f exposure is distribution over 
time. In the case of external irradiation, the duration of the exposure is directly 
proportional to the time during which the source is present: it may be very short, 
as for example in cases of accidental irradiation, or it may be permanent. When 
radioactive materials are incorporated, internal irradiation goes on as long as all, or 
any part, of the radioactive substance remains within the body. The concept o f 
committed dose equivalent expresses the dose equivalent accumulated during the 
50 years following the incorporation of a radioactive substance. The concept o f dose 
commitment was also devised to deal with any event which, by releasing radioactive 
materials in the environment, can be the source o f exposures arising at some time 
in the future — often a very long time after the initiating event.

3.1.3. Distribution of exposure in a given population

As long as cases of exposure concern only a limited occupational group, or are 
accidental, only the individual aspect is taken into account. However, when there are 
groups of individuals who may be professionally exposed, one has to allow for the 
distribution of doses within the population and represent it not on an individual basis 
but by groups o f individuals whose characteristics are statistically representative of 
a particular situation. Here, then, one goes over to the notion of a group, and in par
ticular to the concept o f critical group [1, 2]. A procedure based solely on the protec
tion o f each individual and on the most exposed groups is sometimes inadequate; to 
the extent that a large number of persons may be concerned, we have to take into 
account the totality of all exposures. From this we derive the concept o f collective 
dose. One can thus conceive of situations where a reduction of individual exposures 
would be accompanied by an increase in the collective dose if larger numbers of per
sons were exposed, and from this there would follow an increase in the health detri
ment. It is essential therefore to consider collective protection.

3.1.4. Acceptability criteria

An important problem in radiological protection is to define those conditions 
which are acceptable for human beings in relation to radiological hazards — in other 
words, the choice of acceptability criteria.

For non-stochastic effects, the probability o f damage appearing is zero when 
the doses are below the thresholds specified for a particular effect in a given organ 
or tissue. Accordingly, it is possible to have such a thing as absolute acceptability 
in cases where no damage is possible.
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For stochastic effects, the absence of a threshold entails, even at low doses, 
a non-zero risk; it seems logical then to consider the idea of relative acceptability 
based on a comparison of radiological risks with the other risks occurring in profes
sional or public life. The acceptability criteria chosen are then simple: they take as 
their point of departure the fact that risks exist for humanity, some of them natural 
and some of them created by man, in both the professional domain and in public life.

If  we consider mortality — a major risk — we can see that, supervening as a 
result of work, accidents or occupationally incurred illness, it is not at all the same 
in the different professions. As far as radiations are concerned, the recommendations 
have been established by ICRP to take into account an acceptable risk which has been 
fixed, on average, at a level corresponding to that found in reputable, safe industries 
(1 0 "  deaths per year). In fact, if we consider a particular category of workers, 
certain individuals run more risks than others in a given profession because the risks 
are not uniformly distributed through the profession as a whole. There may be a 
factor o f the order of ten between the average and those who are most exposed, and 
this must be considered as acceptable. However, it is important to bear in mind that 
when we apply the annual dose equivalent limit o f 50 mSv, the distribution of annual 
dose equivalents in large professional groups is, in general, fitted to a log normal 
function with an arithmetic mean o f 5 mSv and with very few values approaching 
the limit [2], If a sizeable fraction of the workers in a profession were to receive 
doses close to the annual limits and if this exposure were of long duration, the prac
tice would be acceptable only if  a thorough cost-benefit analysis showed that the 
greater risk was in fact justified.

3.2. FUNDAMENTAL PRINCIPLES OF A RADIATION PROTECTION 
SYSTEM

In the light o f the information set out above, a radiation protection system is 
based on three fundamental principles [ 1 , 2]:

(1) No practice must be adopted unless its introduction brings a net benefit;
(2) All exposures must be kept at the lowest level reasonably achievable, account 

being taken of economic and social factors; and
(3) The dose equivalent for individuals must not exceed the limits recommended 

for the given circumstances.

These three principles correspond to the principles of justification o f opera
tions, optimization of protection and limitation o f individual exposures.

It should be noted that the two principles o f justification and optimization are 
the most essential. The third principle, that o f limitation, is in fact an individual 
guarantee because the distribution throughout the population o f benefits and costs is 
not uniform.

165

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



3.2.1. Justification

In principle, when one considers an operation or a practice involving exposure 
to irradiation, one should determine whether it is acceptable or not by taking into 
account the advantages and disadvantages in order to be sure that the total detriment 
will be sufficiently slight by comparison with the advantages resulting from the 
activity envisaged. Ideally a cost-benefit analysis could be used for this purpose.

In the cost-benefit analysis, the benefits to be taken into consideration include 
all those which accrue to society whether quantifiable or not. Similarly, it is consi
dered that the costs encompass the sum total of all the negative aspects of an opera
tion, including monetary costs and all damage to the health o f  human beings or to 
the environment.

For the justification, the cost-benefit analysis is global and corresponds to the 
formula B =  V — (P +  X +  Y) where B is the net benefit, V the gross benefit, 
P the base production cost, X the cost of a specified level o f protection and Y the 
cost of the detriment associated with the operation. The cost, in this context, includes 
both social and economic costs.

Furthermore, a comparison of practices following optimization has to be made, 
and the final choice will depend on many factors only some of which are associated 
with radiation protection.

3.2.2. Optimization

Optimization is also an essential element of applied radiation protection. In 
order to determine whether an exposure could ‘reasonably’ be reduced, one has to 
consider the increase in benefits obtained through that reduction and the increase in 
costs which it involves. For optimization, the cost-benefit analysis is differential and 
corresponds to a cost effectiveness analysis. In the formula used in the cost-benefit 
analysis to maximize the net benefit, the independent variable is the collective dose 
equivalent, S, resulting from the operation. The optimum net benefit will then be 
reached for:

dV /  dP dX dY \------  — ( ------  ■+• ------  ■+- ------ ) = 0
dS V dS dS dS J

Since V and P can be considered as constants with S for a given practice, it follows 
that the optimization condition is dX/dS =  dY/dS. Evaluations based on the above 
equation can be made easier by assigning a monetary value to the unit of collective 
dose equivalent. The use of cost-benefit analyses for justification and optimization 
does not always guarantee sufficient protection o f individuals, for example, when the 
benefits and costs are not distributed throughout the population in an identical 
manner, and it then becomes necessary to limit individual exposures.
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3.2.3. Limitation

Limitation o f exposures supplements the use of the justification and optimiza
tion procedures. The dose equivalent limits are designed to prevent non-stochastic 
effects and to limit the occurrence o f stochastic effects to an appropriately low level 
(see Section 3.1.4 above). The dose equivalent limits are based on the total risk 
associated with irradiation of all the exposed tissues. In principle, the detriment 
resulting from a whole year o f practice should be limited to a value independent of 
the dose equivalent distribution in the body. The dose equivalent limits should thus 
be applied to the committed dose equivalent resulting from one year of practice.

When evaluating the risks in order to specify dose equivalent limits for 
individuals, the hereditary detriment which could appear in the first two generations 
following the irradiation should be added to the total somatic detriment. However, 
in any evaluation of hereditary effects as a whole, the damage sustained by all subse
quent generations must be taken into account.

3.3. RECOMMENDED LIMITS

3.3 .1 . P rim ary  limits

These are designed to prevent both non-stochastic and stochastic effects.

3.3.1.1. Prevention o f non-stochastic effects

The dose equivalent limit considered to achieve this prevention for all tissues 
T apart from the crystalline lens in HT,L is 0.5 S v-a '1 (for the crystalline lens
0.15 S v - a 1). This limit is applied whether the exposure involves only one or 
several organs or tissues.

3.3.1.2. Prevention o f stochastic effects

This relies on three elements:
— The linear, no threshold dose-effect relationship for carcinogenic and muta

genic effects, with a lifetime risk coefficient o f 1.65 X  10 -2  S v -1;
— An acceptable risk level, determined by comparison with the risk incurred in 

professions statistically recognized as having a good safety record. The 
reference risk adopted for this purpose is an annual average mortality risk: 
10"4 a '1. The average annual exposure o f workers is 0.005 S v - a 1, whence we 
get an average annual observed risk o f 0.8 x  10 ~4, which compares favoura
bly with the reference risk; and
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— A straight horizontal equal risk line, whatever the type o f radiation. This line 
is linked with the quality factor Q which enables us to convert an absorbed dose 
of high LET radiation into its equivalent (in terms of effect) o f low LET radia
tion, taken as the reference radiation. To the additivity of the risks we can then 
associate the additivity of dose increment from radiations of different types.

A

------------ linear dose-effect relationship

limit

From the association o f the foregoing elements one obtains the annual dose 
limit to the whole body for stochastic risks (see the diagram above), viz.

^w b.l =  0.05 Sv-a 1

and to satisfy the condition established earlier that the risk must be equal whether 
the irradiation o f the whole body is uniform or not, one must have:

H e .l =  E  ~  H w b.l
T

3.3 .2 . Secondary limits [24]

3.3.2.1. External irradiation

The dose equivalent index is a quantity based on a simplified exposure model. 
The model in question is a sphere of tissue equivalent material 30 cm in diameter 
with a density of 1 g -cm '3.

The purpose is to determine, in a complex radiation field, what should be 
regarded as superficial or shallow irradiation and what as deep irradiation when 
highly penetrating radiation (X-rays, 7 -rays, neutrons) and weakly penetrating radia
tion (electrons) are present together. Two indices allow this distinction to be made:

— The shallow dose equivalent index, HI S, which reflects irradiation of the skin 
and is associated, in the model, with an external layer of 0.07 mm representing 
the basal layer o f the epidermis, and

— The deep dose equivalent index, Ht P, reflecting the exposure of organs 
which, in the sphere, are contained within the 28 cm diameter core, i.e. at a 
depth of 1 cm or more.

Acceptable risk
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A special index has been defined for the crystalline lens, the depth specified 
in this case being 0.30 mm. The interpretation o f these indices in relation to the limits 
consists in considering H] P representative o f the limit HE L in a conservative 
approach which implies

tjmax IJ  -v* ijm ax u  ^  u
I.p ^  trunk’ H l.p ^  cm’ “ l.p ^

and, similarly,

H..s >

which means that the maximum value of the dose received is representative of the 
exposure o f the tissues.

The application o f these indices is rendered difficult by the fact that they 
assume a stationary field, since the sphere has no system of co-ordinates which 
would make it possible to define an orientation in space.

3.3.2.2. Internal irradiation [14]

Incorporation of radionuclides as defined in Part 2, Chapter 1, Section 1.3.2.1 
results in their retention first at the route of entry (digestive tract or respiratory 
system) and then in other organs after they have been absorbed through the blood. 
Retention is a concept which describes the evolution — in a particular organ or tissue 
T — of the ratio between the quantity of radionuclide present at any given time and 
the initial quantity. This evolution, resulting from the combined effects o f biological 
elimination and radioactive decay, entails a parallel change in the dose-equivalent 
rate within the organ. The dose-equivalent rate is accordingly a function of time 
through the effective retention, which can be formulated as:

H ?ESP(t) =  S(fT) rTRESP(t) Sv • j  - '

where r f  ESP(t) is effective retention following incorporation, and S(eT) is a dosimet
ric factor combining the biophysical parameters of the exposure. This factor can be 
broken down into a product of two groups of terms. The first group gives us the con
version o f energy into dose; the second, called specific effective energy, combines, 
in addition to the actual energy of the radionuclide under consideration, two impor
tant quantities: the radiation quality factor and the absorbed fraction. The quality 
factor we have defined earlier; the existence o f the absorbed fraction is due to the
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fact that the organs which concentrate a radionuclide then constitute sources — with 
respect to themselves in the first place, and also with respect to other organs if the 
radionuclide in question emits penetrating radiation. In this case the absorbed frac
tions, symbolized by AF(T — S), have been tabulated as a function of the energy 
of the primary photons, and take — as a function of reciprocal geometry o f the source 
S and of the target T  — a value between 0 and 1. The calculation requires the use 
of an energy absorption model. Depending on the source-target configuration, in the 
case o f non-penetrating radiation one obtains:

S =  T AF(T — T) =  1

S ^ T  AF(T -  S) =  0

The concept o f committed dose

The evolution of the dose rate H fESP(t) continues to the point o f total effective 
decay, which for, some radionuclides (for example the actinides) requires a very long 
time. For workers, therefore, the integration of the dose rate must be performed over 
a time corresponding to the period of employment, i.e. a maximum of 50 years. In 
these circumstances the absorbed dose resulting from the integration is called the 
committed dose. The committed dose per unit o f incorporated activity is a constant 
quantity applicable to every incorporation. It is given by the formula:

’ to+50 years c v

H5RoEt P=  1 H RESP(t)d t
®qinhaled

The effective committed dose in cases of internal exposure, an expression of 
potential detriment, is given by:

HE =  £  w t h 50TRESP
•y B^linhaled

Annual limit on intake

Since the committed doses are neither directly nor indirectly measurable, we 
have to define a secondary limit related to them, and this is maximum annual intake. 
If f is annual intake by inhalation, the limit will be defined as the largest value of 
( which simultaneously satisfies the two inequalities:
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I x  Hso6! 1*^ Ht l for prevention o f  non- stochastic risk, and

I x  HE <  HE L for prevention o f stochastic risk. The limit
(ALI) is intake in B q - a 1.

3.3.2.3. Association o f external and internal irradiation 

The appropriate limitation is given by the conditions

J iL £ _  +  y  — ii—  <  i
H w b .l  j A L I j

where the summation is performed over all the radionuclides j.

3.3.3. Derived limits

These are related to the foregoing by a quantitative model o f the situation to 
which they apply, namely the working environment. For external irradiation the 
situation is simple: the derived limit is represented by the dose equivalent rate H in 
G y -s '1. For internal irradiation, a limit derived from atmospheric concentration can 
be obtained by using the expression:

ALI (Bq a -1) „  ,
DACL =  ---------------------------------  --------------r------- —  Bq-m 3

2000 (h-a ) x  60 (m in -h  ) x  0.02 (m3-min )

3.3.4. Authorized limits

“ Limits for any quantity may be specified by the competent authority or by 
the management o f an installation and are called authorized limits. These should 
generally be lower than the primary or derived limits. When authorized limits are 
specified by the management, they are designated as operational lim its.”  (Ref. [1], 
para. 405(4)).

On the whole the authorized limits should be lower than the derived limits, but, 
exceptionally, they may be the same. The optimization process can be used in estab
lishing the authorized limits. These limits apply only in a limited number of circum
stances, and it is important that any limitation of this kind should be clearly specified. 
An authorized limit, wherever it exists will always take priority over a derived limit.
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3.3.5. Reference levels

These are not limits but guide values which allow us to determine what action 
should be taken in response to individual monitoring results. It seems essential to 
classify these results in accordance with some scale of importance that allows a 
standard response to the effects o f different radionuclides. The reference levels are 
designed to facilitate this standard response by indicating the same level of 
committed dose — the same fraction o f the annual limit on intake — no matter what 
the radionuclide under consideration.

We distinguish on the one hand between recording levels and investigation 
levels, on the other hand between primary levels and derived levels. Definitions of 
the different levels are to be found in Chapter 1 of Part 1, Section 1.1.1.3, together 
with indications regarding the action to be taken if they are exceeded.

3.3.5.1. Primary levels

The primary recording level is a level above which it is necessary to translate 
monitoring results into incorporated activity or committed dose.

The primary investigation level is a level above which the monitoring results 
translated into incorporated radioactivity correspond to a committed dose high 
enough to justify further investigations.

The ICRP has established, for the recording level, one-tenth as the fraction of 
the secondary limit and three-tenths for the investigation level. By definition the two 
levels must be referred to one measurement only; therefore they must correspond as 
well to the fraction 1/n of the year in which n measures are distributed. Therefore 
one obtains:

RL =  0.1 ALI X  1/n

IL =  0.3 ALI x  1/n

These levels are defined in Chapter 1 of Part 1, Section 1.1.1.3, and their prac
tical utilization is spelled out in Sections 1.2.1.2 and 1.2.3.

Since the primary levels are expressed in terms of incorporated radioactivity, 
they are not directly measurable. Derived levels expressed in measured activity have 
accordingly been defined.

3.3.5.2. Derived levels

These levels are obtained from the primary levels by introducing the functions 
of retention and excretion following intake. Retention functions are linked with 
measurements made by whole body counting, excretion functions with radiotoxico-
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logical analyses of urine and faeces. For the latter, the derived recording and investi
gation limits (DRL and DIL) are:

In the case o f urine analysis:

DRL =  RL x  y RESP (t); DIL =  IL x  y RESP (t)

In the case o f  faecal analysis:

DRL =  RL X [yfRESP (t) -I- f(t)]

DIL =  IL X [y RESP (t) +  f(t)]

where f(t) corresponds to faecal excretion due to slow purification of alveolar origin 
(see Section 1.3.3.1).

These levels are established for routine monitoring purposes. Post-accident 
levels can be obtained.

3.3.6. A particular case: the exposure of uranium miners [25, 26]

Uranium miners are subject to three simultaneous risks:

— External irradiation by gamma and beta rays originating in the uranium ore;
— Internal irradiation resulting from the inhalation of uranium ore dust; and
— Internal irradiation resulting from the inhalation of radon, a radioactive gas 

which is continuously released from the ore and which in decaying gives rise 
to solid radioactive daughter products that deposit as ultrafine particles on the 
bronchial and alveolar walls.

The elements contained in the ore dust and in the solid deposits o f radon daugh
ters are largely beta and alpha emitters (especially alpha emitters).

External exposure

Irradiation o f the skin is about 20% higher than the deep dose. If the stochastic 
limit to deep tissue of 0.05 S v-a '1 is respected, then the skin is protected because 
the non-stochastic limit for this tissue is 0.5 S v -a '1.

Inhalation of ore dust

It is accepted that the ore dust contains all the descendants of 238U having 
secular equilibrium without radon and its short lived daughter products. The values
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specified in these circumstances for the annual limit on intake (ALI) and the derived 
atmospheric concentration limit (DACL) are respectively:

ALI =  2.9 X 10‘3 Bq DACL =  1.2 B q n T 3

The elements o f the 235U chain are not taken into account in these evaluations. 

Inhalation of the short lived daughter products of radon

The solid daughter products of radon which are deposited in the respiratory 
tract are 2l8Po (RaA), 2l4Pb (RaB), 2l4Bi (RaC) and 2l4Po (RaC’). Only the alpha 
energy of these deposits has quantitative importance. In order to get a value for this 
alpha energy which is independent of radon and the variable equilibrium of its 
daughter products, a special physical quantity called potential alpha energy has been 
defined as the sum o f the energies o f the alpha particles from 218Po and 2l4Po which 
will have been emitted when all the short lived daughter products (whatever their 
proportions) contained at a given instant in a certain volume of air (taken as unity) 
have decayed. This energy has the dimensions of energy per unit volume and is 
expressed in joules per cubic metre. For the descendants o f 222Rn it is 
8.3 x  10"6 J -m ‘3.

Operational working level (working level - WL)

This is a special unit o f concentration associated with the foregoing quantity 
which, like it, has the dimensions o f  energy per unit volume. It is the concentration, 
in potential alpha energy, o f a mixture o f daughter products in radioactive 
equilibrium with 100 pC i-L '1 (3.7 B q -L '1) o f radon gas.

1 WL =  2.08 x  10-6 J -nT3

In order to evaluate exposure in terms of intake, one has to introduce the rate 
of respiration (1.25 m 3-h ') and the time which the worker spends in the contami
nated atmosphere (170 hours per month on average over the year). Given these con
ditions, one obtains the following value for the working level month (WLM):

1 WLM =  4.40 x  10'3 J 

Annual limits on intake and derived atmospheric concentration limits

For the descendants of 222Rn, we have

ALI =  3.6 X 106 Bq a '1
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The limitation for the combined risk is given by the condition:

Hj.d lore Irii ^  j

Hwb.l ALIore ALIRn

DACL =  1.5 X 103 Bq nT3

where i =  dose-equivalent index; d =  dose; I =  incorporation.
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