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FOREWORD

In 1960 the International Atomic Energy Agency published a 
manual, No. 3 in its Safety Series, entitled "Safe Handling of Radio
isotopes: Medical Addendum". It contained information necessary 
to medical officers concerned with the implementation 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 radi
ation worker under normal working conditions, that is, accident situ
ations should be excluded.

The three organizations asked Dr.H. Jammet (Saclay Nuclear 
Research Centre, France) and the late D r.F . HerCik (Institute of 
Biophysics, Czechoslovak Academy of Sciences, Brno), who had 
collaborated in writing the original edition, to undertake this re 
vision, with the help of Drs. H. T. Daw (IAEA), J. V. Nehemias (ILO) 
and H. Parker (WHO). The views expressed are those of the authors 
and do not necessarily represent the decisions, the scientific opinion 
or the stated policy of the three co-sponsoring organizations.
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INTRODUCTION

Exposure to ionizing radiation can give rise to lesions both in 
the exposed individual and in his descendants, i. e. somatic lesions 
and genetic lesions.

With the increasing use .of ionizing radiation by man, an in
creasing number of persons incur the hazard of exposure to ionizing 
radiations. It is obvious, however, that man derives great benefits 
from the use of ionizing radiations. In principle the. problem consists 
of keeping the radiation dose within limits such that the risk is not 
excessive either for the individual or the population as a whole. This 
has led to the notion of 'permissible dose1'. The aims of radiological 
protection are to ensure that nobody is exposed unduly to radiation, 
and thus to prevent or reduce to a minimum .somatic lesions and un
favourable modifications of hereditary genetic features.

To ensure the radiological protection of workers exposed to 
ionizing radiation, it is necessary to set up a strict system of sur
veillance, including both procedures for the individual physical de
tection of absorbed radiation and medical supervision of,the workers' 
health. As medical examination methods at present are not suf
ficiently sensitive to detect the effects of the low radiation doses that 
correspond to the maximum permissible doses to which workers may 
be occupationally exposed, it is sometimes concluded that medical 
supervision is only of secondary importance and may even be aban
doned if there is adequate physical monitoring. In fact, however, 
medical supervision and physical monitoring are not only compatible 
but even complementary: physical monitoring is essential for evalu
ating the radiation doses received and preventing over-exposure, 
while medical examinations are necessary to follow trends in the 
individual's health. The methods of surveillance needed depend on 
the particular nature of the radiation hazards to which workers may 
be exposed. These hazards have two main forms: exposure to 
external radiation, and internal contamination by radioactive sub
stances. Either of them can cause irradiation of the organism and 
this irradiation may occur either regularly, under normal working 
conditions, or in an unforeseen manner following an accident.

The first part of this volume is concerned wich the basic radio
biological phenomena, since understanding the problems connected 
with the medical supervision of workers exposed to ionizing radi
ations calls for an adequate knowledge of their biological effects. 
Basic data on ionizing radiation are followed by descriptions of 
radiobiological phenomena and the main radiopathological distur-

1
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bances. Special attention is given to essential information on 
metabolism and the toxicity of radioactive substances.

The second part deals with radiological exposure from various 
sources and forms of irradiation -  natural, medical and occupational.

The third part provides data on radiological protection standards, 
since it is essential to determine the health standards capable of 
ensuring acceptable working conditions. General comments on the 
criteria used in establishing the radiological protection standards 
are followed by an examination of the basic standards and the practi
cal standards.

The fourth part deals with the health supervision of workers 
exposed to ionizing radiation and covers both physical and medical 
control. Physical control is necessary to keep track of radiological 
injury. Its main purpose is to provide an estimate of the doses ab
sorbed by workers due to exposure to external irradiation or to 
radioactive contamination. Medical control is designed to provide 
all necessary information on the health of workers before, during 
and after employment. Special attention is given to medical records 
in view of their importance from the legal standpoint.

2
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1. BASIC CONCEPTS

1.1. BASIC INFORMATION ON IONIZING RADIATION

1.1.1.  Types of ionizing radiation

Human beings are exposed to many sources of radiation. Some 
of them are natural, others are man-made. In this volume we are 
interested in the medical aspects of ionizing radiation.1 Ionizing 
radiation is any radiation consisting of directly or indirectly ionizing 
particles or a mixture of both. The directly ionizing particles are 
electrons, protons, alpha particles etc. which transfer their kinetic 
energy and produce ionization by collision. The indirectly ionizing 
particles are, forexample, uncharged photons of X-rays, gamma rays 
or neutrons. They are able to liberate directly ionizing electrons 
(X- and gamma rays) or can initiate a nuclear transformation (neutrons).

X-rays are electromagnetic radiations produced by retardation 
of accelerated electrons in the anode of an X-ray tube. The energy 
of their photons and, therefore, their penetrating power depends on 
the voltage (kV) applied to the tube. Increasing voltage increases 
the penetrating power and the energy of the photons (expressed in 
keV or MeV). To high-energy photons correspond X-rays of very 
short wave length. This dependence is illustrated in Fig. 1, where 
the different electromagnetic radiations are shown according to wave 
length.

Gamma rays are electromagnetic radiations emitted by radio
active nuclides. Gamma and X-ray energy is dissipated through the 
interaction of the photons with the matter in which they are absorbed. 
During these processes high-speed electrons are ejected to a con
siderable depth in tissue. These electrons collide with atoms in the 
absorbing matter and give rise to secondary electrons with low velo
cities. Their energy is dissipated within a short distance of the point 
of origin of secondary electrons. There is no substantial difference 
in the action of X- and gamma rays.

Neutrons are present in the atomic nuclei and are ejected from 
the atom, e .g ., in the process of fission. Neutrons have a mass 
slightly greater than that of the proton. They carry no charge but

1 Ionization is the process by which an atom or molecule acquires either a positive or a negative 
charge. Since the energy required to produce such an ion pair is 34 eV, only these radiations 
possessing energy higher than 34 eV are ionizing. Light, radio, infrared aiid ultraviolet radiations 
are therefore not considered here.
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ionize matter indirectly. Fast neutrons with energies between 20 keV 
and 10 MeV are able to set in motion nuclei of atoms with which they 
collide. Protons that are very densely ionizing arise in this way 
on their tracks in hydrogenous matter. Slow neutrons with energies of 
up to 0. 1 eV and thermal neutrons (with energies of about 0. 025 eV) 
enter into nuclear reactions with atoms with which they collide, not 
only causing indirect ionization but also producing radioactive nuclides 
which in turn induces the production of new nuclides, some which 
may be radioactive.
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FIG. 1. The electromagnetic spectrum [1 ],
Angstrom unit -  a physical unit o f length equal to 1/108 cm ; electron volt -  the amount of 
energy acquired by an electron falling through a potential difference o f one volt; electron voltage 
(V) is related to the wave-length o f radiation (X), in Angstrom units, approximately thus:
V = 12 420 /X ; wave-length and frequency are related By c = \v, where c is the velocity of 
electromagnetic waves = 3 x lO10 cm /se c ; v = frequency = cycles/sec = vibrations per second, and 
X = wave-length in cm ; visible spectrum limits = 4000-8000. A, 7 .5  X 1014- 3.7 X1014 cycles/sec.

Alpha particles are positively charged helium nuclei emitted 
during disintegration of some radioactive nuclides (e. g. polonium-210). 
They have a definite range in living tissue, generally less than 40 
microns. This is because of their low velocity, and as they are 
charged, they produce along their path a column of dense ionization.

Beta particles are electrons emitted with a continuous spectrum 
of energy by certain radioactive nuclides. They are also produced 
artificially in betatrons or in synchrotons and have a homogenous 
spectrum of energy. Their range in living matter is greater than 
alpha particles because of their much greater speed. Generally it 
amounts to a few centimetres in water or living matter.
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Protons are hydrogen nuclei and therefore have a positive charge. 
They are produced in accelerators of different types (linear accele
rator, cyclotrons, synchrocyclotrons) and may attain energies of 
several thousands of MeV. Protons are also emitted in nuclear re
actions. These protons may result from collision of the fast neutrons 
with hydrogen atoms in water or in other hydrogenous material. 
Protons produce ionization in their paths in a manner sim ilar to 
alpha rays. This phenomenon is used for the detection of fast 
neutrons.

1.1.2.  Energy of radiations

The energy of radiation is expressed in electron volts (eV). One 
electron volt is the energy equal to that gained by an electron when 
it is accelerated through a potential difference of one volt. Generally 
multiple units are used, e. g. one thousand eV (keV) or one million 
eV (MeV).

1.1.3.  Interaction of radiation and matter

The main physical features of some charged-particle radiations 
are summarized in Table I.

When radiation passes through matter, it is reduced in intensity 
through complex interactions between the radiation and the atoms 
of the material traversed.

Particulate ionizing radiations (alpha or beta particles) interact 
with orbital electrons of the atoms and lose energy. Through this 
interaction the atom concerned is either excited (i.e . an electron 
is brought to a higher energy level) or ionized (i.e. the outer orbital 
electron is ejected and an ion pair is formed).

Neutrons carry no charge and therefore they cannot produce 
ionization directly. Fast neutrons collide in the body mostly with 
nuclei of light atoms (e.g . hydrogen). These nuclei produce ions 
during the dissipation of energy transferred from the neutron. The 
slow neutrons react with matter by nuclear reactions during which 
charged particles or gamma rays are produced.

The photons of electromagnetic ionizing radiations (X- and gamma 
rays) interact also with orbital electrons and lose energy. There 
are different ways of interaction between photons and atoms. The 
most common are the photoelectric effect, the Compton effect and 
pair production.

5
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TABLE I. CHARACTERISTICS OF VARIOUS RADIATIONS

Type Nature Source Energy Penetration

Alpha helium  nuclei radioactive 
nuclides (zl0Po) 
cyclotron

a few MeV up to hundreds 
o f M eV

25 pm  (4 M eV) in water

Beta electrons radioactive 
nuclides (210RaE) 
betatron

a few keV to several M eV 
up to 100 MeV

1 .5  cm  (Em ax 3 M eV) in 
water

Protons hydrogen nuclei cyclotron 5 -  400 MeV 8 -  23 X 104 cm  in air 
(proton beams)
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The photoelectric effect is predominant for photons of relatively 
low energy (0. 01 - 0. 1 MeV), the Compton effect becomes important 
in the range of 0.1 - 5 MeV and pair production occurs at energies 
exceeding 1.02 MeV and predominates at 50 MeV. In Fig. 2 the 
relative importance of these three processes is schematically 
illustrated.

EN ER GY OF PHOTONS ( M e V )

FIG. 2. Percentual participation o f photoelectric effect (1), Compton effect (2) and pair produc
tion (3) by absorption o f  photons o f different energy [2 ].

The photoelectric effect consists of the ejection of an orbital 
electron after the collision of a low-energy photon with the atom. 
The ejected photoelectron collides in turn with other atoms and is 
scattered; its track is therefore rather tortuous. When the energy 
of the incident photon is not sufficient to eject the electron, an exci
tation takes place.

In the Compton effect, the incident photon makes an inelastic 
collision with a free or loosely bound.electron but loses only part of 
its energy. The result of this collision is the ejection of a photo
electron. The rest of the energy of the photon travels in the form 
of a photon with reduced energy (and a correspondingly greater wave 
length) which may again undergo Compton scattering or photoelectric 
effect.

When the energy of photons exceeds 1.02 MeV, a positron- 
electron pair may be formed. The kinetic energy of the two particles 
corresponds to any energy of the photon in excess of 1. 02 MeV.

7
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It should be borne in mind that the above-mentioned elementary 
reactions occupy a very short period of time, 10~17 - 10‘ 15 seconds. 
The excited or ionized atoms or molecules are very unstable and 
extremely reactive. As we shall see later, they undergo chemical 
reactions with the formation of free, radicals or stable and unstable 
molecules.

It may be stated in general that, as a result of ionizing radi
ation, matter is permeated by electrons of various velocities and 
simultaneously a considerable number of atoms are excited, i .e .  
become more reactive with respect to other atoms or molecules.

1.1.4.  Radioactivity and radioactive decay

At the present time there are over forty radioactive elements 
with high atomic weight which occur in nature. Besides that, a few 
of the lighter elements, as for example potassium, rubidium and 
some others, possess radioactive properties.

The nuclei of radioactive nuclides as distinct from those of 
inactive nuclides undergo spontaneous disintegration with the emis
sion of alpha, beta or gamma rays. Unstable nuclei are turned into 
stable nuclei after one or more such disintegrations. For a given 
element various nuclides, characterized by the different mass of 
their nucleus (due to the different number Of neutrons) or isotopes, 
may be recognized. Intermediate nuclides in a radioactive series 
of disintegrations are called radioactive daughters. The naturally 
occurring series are the uranium, thorium and actinium series.

The disintegration of an unstable isotope is a random event 
appearing with a certain probability per unit time. A half-life of a 
radioactive nuclide is the time required for a given amount of element 
to decay to half its initial value. The half-life is a constant for a 
nuclide and may vary according to the characteristic of the nuclide, 
from a small fraction of a second to several thousand million years. 
The activity of a radioactive sample is determined by the number of 
disintegrations occurring per unit time (see section 1.1.5).

1.1.5.  Units

The question of radiological units is under continuous consider
ation by the International Commission on Radiological Units and 
Measurements (ICRU). This commission has stated that the addition 
of further units in the field of radiation dosimetry is undesirable and
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has recommended that the use of each special unit be restricted to 
one quantity as follows:

rad for absorbed dose
rCntgen for exposure
curie for activity
rem for dose equivalent

The unit for absorbed dose -  the rad -  is defined as the amount 
of energy imparted to matter by ionizing particles per unit mass of 
irradiated material at the place of interest. One rad corresponds to 
100 ergs per gram.

The former term 'exposure dose' has been replaced by the term 
'exposure', expressed in rCntgens (R). The unit rCntgen (R) is that 
quantity of ionizing radiation which will produce one electrostatic 
unit of charge in one cm3 of air (or 0. 001293 g of air).

Another important aspect of irradiation is the dose rate, which 
is the dose delivered per unit time. For the biological end-effect 
it is important to consider not only the total dose but also the dose 
rate.

The curie (Ci) is the unit of activity of radioactive nuclides and 
is defined as the activity of that amount of a substance which under
goes 3. 7 X 1010 disintegrations per second.

It is important always to make a distinction between activity 
measured in curies and dose measured in rtfntgens or rads and evalu
ated in rems. Activity is equivalent to number of disintegrations per 
unit of time, dose is a measure of energy absorbed at some point in 
tissue.

From the point of view of radiation protection it is important to 
take into consideration "LET -  dependent factor by which absorbed
doses are to be multiplied to obtain..........  A quantity that expresses
on a common scale for all ionizing radiations the irradiation incurred 
by exposed persons. The name recommended for this factor is the 
quality factor (QF). Provisions for other factors are also made. 
Thus a distribution factor (DF) may be used to express the modifi
cation of biological effect due to non-uniform distribution of inter
nally deposited isotopes. The product of absorbed dose and modi
fying factors is termed the dose equivalent (DE)..........  The unit of
dose equivalent is the 'rem '. The dose equivalent is numerically 
equal to the dose in rads multiplied by the appropriate modifying 
factors" (ICRU [3]).

9
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1.2. BASIC INFORMATION ABOUT RADIOBIOLOGY

1.2. 1. Action of ionizing radiation

1.2. 1. 1. Primary physical events in living matter

As has already been stated, the absorption of ionizing radiation 
by living matter is followed by the formation of ionizations and exci
tations; matter is permeated by electrons of different velocities. A 
considerable number of atoms and molecules become more reactive 
with respect to other atoms or molecules. Rearrangements in the 
excited atoms and molecules lead to primary products in the form 
of stable or unstable molecules or free radicals. New chemical re
actions with adjacent molecules take place and this marks the end 
of the physical primary reactions and the beginning of secondary 
reactions, more chemical in nature. At this point the biologically 
important macro-molecules are affected and the result may be some 
injury of cellular function(s) and structure(s). This is the biological 
stage of the radiation reaction.

1 .2 .1 .2 . Direct and indirect effects of radiation

The absorption of a quantum of radiation may result in a direct 
modification of the structure of a biologically important molecule, a 
process which may then lead to further changes that can become 
apparent. The direct effect is readily observed in dry material. 
The indirect effect may occur, taking the form of the decomposition 
of water or of organic molecules occurring in living matter, with 
the result that either short-lived radicals (e .g . H\ OH*, HOj) or 
long-lived organic radicals, which may survive up to weeks or 
months, are produced. OH* radicals can combine to H2Os and H* to 
H2 . The yields of these reactions depend on LET because higher 
LET gives rise to greater amounts of free radicals. Oxygen reacts 
with H’ and forms the radical HOj which in turn combines in HgOg 
and Os . The technique of the electron spin resonance enables the 
study of free-radical formation in living cells.

In both direct and indirect effects, a chain of chemical reactions 
is induced which may result in a significant biological effect.

It is not yet possible to evaluate the relative importance of direct 
and indirect effects. It seems probable that they may be com ple
mentary. Generally speaking, it is accepted that the indirect effect

1 0
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is due to chemical reactions'outside the sensitive molecule -  the 
'target1. The damage to the target is secondary and therefore could 
be influenced by oxygen or protective agents. The presence of oxygen 
may give rise to very active free radicals and may enhance the radi
ation effect. On the other hand, the protective substances are sca
vengers of free radicals and their resulting action is therefore 
restorative.

With incorporated radioactive nuclides another effect besides 
the radiation effect may be important. The emission of radiation is 
often accompanied by recoil effects or transmutation into an atom 
having new chemical properties. For example, incorporated radio
active phosphorus 32P is transmutated to 32S and this chemical change 
in an important place in a macro-molecule may have serious conse
quences for the vitality of the cell.

If the transmutation takes place in a critical molecule such as 
the molecule of desoxyribonucleic acid, important biological effects 
may follow, as was observed with 32P incorporated into the genetic 
material. Transmutation should be considered as a factor in the 
toxicity of internal emitters.

1.2. 1.3. Relative biological effectiveness of different kinds of 
radiation

The distribution of the ionizations in the tissue is of importance 
for an understanding of the biological effect of ionizing radiation. 
As the ultimate transfer of energy is carried by a charged particle, 
the loss of energy along its path is proportional to the square of the 
charge and inversely proportional to the velocity. Linear energy 
transfer (LET) is equivalent to the linear loss of energy and is 
measured in keV//jm. We shall see that at a given dose the.biological 
effect may vary according to the quality of radiation used. In other 
words, radiations producing different ion densities may have dif
ferent biological effectiveness (RBE).

We have observed that different kinds of radiations have different 
spatial distributions. If one ionization in a biological structure is 
sufficient to cause change, then a radiation with low ion density will 
be more effective (produce more damage per unit of absorbed dose) 
than radiation with high density (e.g . alpha rays) because in the latter 
case many ions will be wasted. We say that the relative biological 
effectiveness (RBE) of radiations depends on their linear energy 
transfer (LET).

11
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In reality the state of matters is not so simple and many other 
factors are involved which change the final result.

It should be borne in mind that RBE is a radiobiological concept 
and that in protection work quality factors are used (see section 1.1.5). 
Recommended values for the relationship between QF and LET are 
given in Table II.

TABLE II. RECOMMENDED VALUES FOR THE 
RELATIONSHIP BETWEEN QF AND LET

LET

k eV /fim  in water

3 . 5 or less 1

3 .5  -  7 1 - 2

7 - 2 3 2 - 5

23 -  53 5 ' 10

53 -  175 10 - 20

1. 2. 1. 4. Phenomena of radiation injury

Radiation injury is a complex process. The living cell is a very 
complex entity of intricate structure where a complicated series of 
events continually takes place. Radiation acts randomly on different 
parts of this system. The relative importance of the part impaired 
by the radiation determines whether or not the cell is injured or 
destroyed. For this reason the first apparent stage of radiation 
injury must be sought in changes of the important macro-molecules.

1 .2 .1 .4 .1 . Effects on m acro-m olecules of proteins and nucleic 
acids. A whole range of. biologically important substances, such as 
enzymes, proteins and nucleic acids, are decomposed in vitro 
by relatively large doses of radiation. In certain cases direct action 
is exerted on the intra-molecular bonds; in others, however, the 
action is indirect through the medium of radicals. In this latter way

12
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some enzymes are inactivated. In the case of nucleic acids, modi
fications have been observed to occur in certain characteristics, 
viscosity for example, even after the radiation has ceased. The 
majority of macro-molecules forming important cellular constituents 
are, however, quite resistant in vivo. This is particularly true of 
proteins and of some enzymes, which at the same time are quite 
sensitive in dilute solution in vitro. On the other hand, the nucleo- 
protein metabolism in the cell seems to be modified even by small 
radiation doses. The end effect of radiation, it should be borne in 
mind, is a highly complex event as altered individual components 
interact, causing new qualitative changes.

1.2. 1 .4 .2 . Bacteriophage as models for understanding radiation 
effects. Bacteriophage are in essence macro-molecules of protein 
and nucleic acid. They have a complicated structure but are able to 
multiply only in the presence of a living bacterial cell. Outside the 
cell they have no metabolism of their own. Their genetic apparatus 
is very complicated. They are able to multiply inside the host cell 
and may be used as a model for the replication of some sub-cellular 
structures, e .g . the chromosomes, ribosomes etc. All these c ir 
cumstances suggest the possibility of using phage as models of the 
fundamental biological action of radiations.

When phage are irradiated either outside or inside the bacterial 
cell, they are inactivated to a degree which depends on the size of 
the dose. Generally the mean inactivation dose is in the range of 
105 rads. If host cells are heavily irradiated and then infected with 
non-irradiated phage, they are still able to support phage growth. 
The nucleoprotein of the phage itself must be affected by the radiation 
in order to stop effectively the multiplication of the phage. A very 
interestingfact can be observed when several inactivated phage infect 
the same cell. Under such conditions, the phage can recombine their 
intact parts within the host cell and form a new phage capable of 
replication. This is a remarkable way of repair of radiation injury 
on the molecular level.

1. 2 . 1. 4. 3. Morphological changes in the cell. After irradiation a 
characteristic change may occur both in-the cell nucleus and in the 
cytoplasm. In the dividing nucleus, chromosome breaks occur fo l
lowed by normal or abnormal recombination of the broken ends 
(aberrations). If these changes take place in gonadal cells, heredi
tary changes simulating mutations may ensue. Sometimes after ir-
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radiation the chromosomes stick together and are afterwards un
evenly distributed during subsequent cell division. The quantitative 
study of chromosomal aberrations in man, using new techniques for 
their identification, is of considerable importance for studies of 
dose-effect relationships.

In many cases the nucleus and the cytoplasm increase in volume, 
vacuoles are formed, and, after large doses of radiation (several 
hundred rads), collapse of the entire cell structure ensues. Of the 
variety of particular structures, the mitochondria are very important 
for cellular respiration which releases a substantial part of energy 
used in biochemical reactions. Mitochondria are also connected 
with lipid metabolism. After irradiation the mitochondria increase 
in volume and show an alteration in staining qualities.

1.2. 1 .4 .4 . Functional changes in the cell (division). A sensitive 
indicator of post-irradiation change is a delay in cell division. This 
is particularly the case when the cells are irradiated before division 
commences. There is a critical point during cell division when the 
chromosomes become visible and the nuclear membrane and nucleolus 
disappear. Mitosis is stopped when the cells are irradiated before 
this critical point, but is relatively less affected after this stage has 
passed. The final outcome depends on the dose delivered. Some 
variations of this scheme are observed when different types of cells 
are studied.

The delay of cell division may be due to the inhibition of 
desoxyribonucleic acid synthesis, but interference with other factors 
must also be taken into consideration. In some cases cell division v 
may be more sensitive than DNA synthesis.

The growth rate of cell cultures is affected under chronic irradi
ation. Giant cells appear with increased volume and ploidy. The 
growth rate of Phycomyces sporangiophores is slowed down by ex
tremely low doses (0.001 rad).

In conclusion it may be said that rapidly dividing cells are more 
sensitive to radiation than are non-dividing cells (with the exception 
of non-dividing lymphocytes).

1 .2 .1 .4 . 5. Occurrence of mutations . Irradiation of the nuclear 
structure of sexual cells induces mutations which manifest them
selves in subsequent generations and are generally deleterious.

It is now a generally accepted hypothesis that genetic information 
is carried in the chains of the macro-molecules of desoxyribonucleic
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acid which are integrated into the complicated structure of the 
chromosomes. According to this hypothesis, genes, the determi
nants of inheritable characters, are more or less identical with a 
sequence of nucleotide pairs in the chain of desoxyribonucleic acid. 
A change in the sequence of nucleotide pairs constitutes a point mu
tation. On the other hand, when a whole part of a chromosome is 
changed through breakage of chromosomes or abnormal reunions, a 
chromosome mutation takes place.

To a very small degree mutations occur spontaneously, i .e . 
from unknown reasons. The overall frequency of mutations is in
creased by irradiation of the germ cells. Many factors influence 
the final result.. Of primary importance is the absorbed dose of 
radiation and the rate of dose delivery. The stage in the develop
ment of the germ cells is also decisive. The increase of the fre 
quency of mutations for any site (locus) of a chromosome pair is 
always small, even when the highest sub-lethal doses in experimental 
animals are used.

Some studies with Drosophila indicated that the frequency of 
mutations is directly proportional to the dose absorbed by the gonads. 
In later studies it was observed that the proportionality factor varies 
with the stage of the irradiated germ cells and with the delivery rate 
of radiation. When the same total dose is given at low dose rate, 
fewer mutations are induced than when a high delivery rate is used. 
These facts, which were substantiated by irradiation of large popu
lations of mice, point to the presence of a repair process. On the 
basis of experiments with unicellular organisms, it is believed that 
after the primary physical event there is some time lapse during 
which the process of mutation is not definitively established and may 
be interfered with by repair action. When fully established, the 
mutation can be reversed only by back mutation (reverse mutation). 
This may occur spontaneously or by irradiation of the mutant. In 
any case it is a rare event and is not a practical recovery process.

The present evidence suggests that ionizing radiation may pro
duce hereditary damage even at the lowest doses and dose rates 
which have been investigated. As regards man it should be borne 
in mind that up to the present there is little data on hereditary 
damage after irradiation. On the other hand, all the experimental 
evidence with other organisms proves a dose dependency. It is dif
ficult to believe that man is an exception to this. On the other hand, 
animals of different species show variation in their sensitivity to the 
mutagenic action of radiation. Further careful studies are necessary 
to establish the sensitivity of man in this respect.
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1.2. 1.4. 6. Effects on embryonic development. Ionizing radiation 
has a deleterious effect on developing embryos. The consequences 
of damage in the developing embryonal system are amplified in the 
later stages of the development and may result in malformation in 
the adult stage. If the embryo is irradiated during early develop
ment, such malformations may occur in eyes, brain, medulla and 
also in kidney and liver. During later embryonic development the 
irradiation causes abnormalities of the skeleton. When higher doses 
are applied, prenatal death ensues. In man the first three months 
of pregnancy during which organogenesis occurs are most important 
for the development of malformations due to irradiation.

1.2. 1.4. 7. Lethal effects. Different types of organism have very 
different radiosensitivities. For mammals the radiosensitivity, 
expressed as LD50/30 (survival of 50% of the animals 30 days after 
whole-body irradiation), varies from 400 rads for the guinea pig 
to 800 rads for the rat. The best estimate for man is around 500 rads 
after whole-body irradiation. The individual parts of the human body 
are able to withstand comparatively high radiation doses, a circum
stance of which advantage is taken in therapy.

Cold-blooded animals are generally more radioresistant, as 
can be seen from Table III. The 50% survival dose for the snail is 
about 2 0 000 rads; for bacteria the dose ranges from several thousand 
rads up to 50 000 and more. Phage, viruses and some protozoa are 
even more radioresistant.

There are several possible explanations for this phenomenon. 
The generally accepted hypothesis of Bergonie and Tribondeau is 
that rapidly dividing tissues are generally more sensitive than tissues 
in which the mitotic rate is slow. To a certain degree genetic factors 
play a role. For example, different strains of mice have different 
radiosensitivity (about ± 30% of the mean quoted above). The same 
holds true for bacteria and other m icro-organism s. Lately some 
experiments have been performed to prove that certain radio
resistant bacteria contain in their cells radioprotectors, while the 
radiosensitive strains are devoid of them.

Another explanation of different radiosensitivity may lie in the 
circumstance that some organisms have in their tissue a low oxygen 
tension and that this could account for their higher radiosensitivity 
(see also section 1.2. 2. 2, role of oxygen).

Up to now we have discussed radiosensitivity to whole-body ir 
radiation. Quite another result is obtained if the radiosensitivity of
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TABLE III. RADIOSENSITIVITY OF DIFFERENT 
ORGANISMS TO X-RAYS (LDrJ

V 5 0 '

A bsorbed dose (rad)

T o m a to  bushy stu n t virus 4 5 0  0 0 0

B a c te r io p h a g e  T 2 4 0  0 00

E s c h e r ic h ia  c o l i  B 4 0 0 0

D ip lo c o c c u s  p n e u m o n ia e 3 0  0 0 0

A m o eb a 100 000,

Wasp 1 00  0 0 0

S n a il 20 0 0 0

G o ld fish 850

Frog 7 0 0

B a t 15 0 0 0

M ouse 5 6 0

Rat 8 00

G u in ea  p ig 4 0 0

R ab b it 7 0 0

H a m ster 8 00

D og 2 6 0

Burro 3 0 0  (y -r a y s )

Sw in e 2 50

G o a t 2 4 0

M o n k ey 5 4 0

M an 4 0 0  (y -ra y s )

different tissues is compared. Normal human lymphocytes show 
about 15% lethality after a dose of 2 rads. Most human cell lines 
cultivated in tissue cultures have a mean lethal dose of about 50-
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100 rads. In Fig. 3 the ranges of doses for different biological effects 
in experimental animals are indicated. It is apparent that, among 
mammals a great variety of responses exists for different functions 
and different tissues.

------------------1— — --------r— i— i— ' ' ' |-------------------1---------- --------1 . , . . . j ---------1............................................

IMPAIRED FOETAL DEVELOPMENT -  IN TR A UTER IN E DEATH
■ * ---------------■*------------------------------------------------------------------------------------------------  HIGHER DOSES LETHAL TO MOTHER

CATARACT PRODUCTION

HAEMATOPOIETIC DAMAGE f ANIMAL DIES 
--------------- ------------------------------------------------------------------------------------------------------------------------------------------------ ► < BEFORE

S TER ILITY  U ê 15 °E‘

DECREASE IN LIFE-SP A N  A F TE R  SINGLE EXF
-------------------- ----------------------------------------------------------------------»  ani

SPLEEN AND THYMUS, WEIGHT LOSS

OSURE
MALS FAIL TO SURVIVE 

ACUTE EXPOSURE
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E
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RAT INTESTINE. WEIGHT LOSS 
—  m »  .
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"" D a m a g e
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RONTGENS

FIG. 3. Sensitivities o f different organs and functions to ionizing radiation. The dotted lines 
indicate that an effect at smaller doses is possible [5 ] ,

1.2. 1 .4 .8 . Shortening of life- span (see also sections 1. 2. 1. 5. 3, 
1. 3 .2 .2 , 1.3. 2. 3). Experiments with animals have convincingly 
shown that even relatively low acute doses of radiation, which do 
not produce typical radiation sickness, may lead to a reduced life 
expectancy. The median survival time is shortened with increased 
exposure (e.g. life-shortening effect in the mouse varies from about
0.5 to 2% of the mean life expectancy for a dose of 100 rads [4]). 
Practically nothing is known about the lesions shortening life-span 
in organisms. Different strains of mice differ in their life-tim e 
shortenings. There have been attempts made to explain radiation
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li fe -sh o rte n in g  as a m utational p r o c e s s  in som atic  c e l l s .  At the 
present tim e it is  d ifficu lt to prov ide  a sa tis fa ctory  explanation o f  
this phenomenon as it is always c lo se ly  connected with prob lem s o f 
sen escen ce  which are not w ell understood. Irradiated anim als d e 
velop som e o f the diseases prevalent in the species ea rlie r  than non
irradiated ones and show signs o f general early senescence.

L ife -sh orten in g  e ffects  o f radiation in man have not up to now 
been dem onstrated. There is con flicting  evidence among m ortality 
studies o f US and B ritish  ra d io log is ts , the m orta lity  ra tes in the 
fo r m e r  being sligh tly  h igher than in the gen era l m ale population, 
probably due to different rad io log ica l p ra ctices . D oses higher than 
200 rads o f w h ole -bod y  irrad ia tion  m ay cause a life -sh orten in g  in 
man, but the effects  o f long-term , low -leve l irradiations are in this 
sense uncertain.

1 .2 . 1 .4 . 9. Induction o f  tum ours. It has been estab lished  beyond 
doubt that malignant tum ours may be induced by radiation  in m ost 
t issu es  a fter what m ay be a co n s id e ra b le  latent p er iod . F o r  this 
reason , i f  the average period  fo r  the m anifestation  o f  the tum our 
generally exceeds the life -span  o f the animal, no effect is observable, 
because there is  no tim e fo r  the developm ent o f the tumour.

R adiation m ay induce m alignant growth a lso  through in d irect 
m echanism s. Pituitary tumours may be induced through the ir ra d i
ation o f the thyroid.

In som e experim ents on the induction o f tum ours in rats the 
d o s e -e f fe c t  rela tion sh ip  can be lin ea rly  extrapolated  to v e ry  low 
d oses , assum ing p ra ctica lly  no th resh old . In oth er exp erim en ts , 
there are indications that som e kind o f threshold dose exists below 
which tum ours are not induced during the existing life -sp a n .

1. 2. 1. 5. R elation between dose and e ffect

1. 2. 1. 5. 1. The problem  o f threshold dose. In estim ating probable 
radiation injury, it is  important to consider the d ose -e ffe ct relation
ship at low d oses . It is o f in terest to know whether it is feasib le to 
extrapolate from  a lin ea r re la tion sh ip  to the reg ion  o f ex trem e ly  
low doses, i . e .  indicating that any dose, how ever sm all, p roduces 
a proportional e ffe ct. In such a ca se , no threshold ex ists  and it is 
to be expected  that natural radiation  m ay produce a p rop ortion a l 
effect. The linear relationship between dose and effect is valid over 
a wide range fo r  v iru ses , bacteria  and other unicellu lar organ ism s.
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The available data indicate that esp ecia lly  the amount o f genetic 
damage is  linearly  related to the dose.

The dose dependence o f the frequency o f sex -lin k ed  lethals in 
the sperm atozoa in D rosophila  is dem onstrated in F ig . 4. The 
relationship  is linear and it appears that the mutation frequency is 
d irect ly  p roportion a l to the absorbed  dose in the germ  c e lls .

EXPOSURE ( R )

FIG.4. Dose dependence of the frequency o f sex-linked lethals in the spermatozoa in Drosophila
[2].

F or these reasons it is prudent to assume that "b io log ica l effects 
w ill fo llow  irrad ia tion , h ow ever sm a ll its am ount" (UN S cien tific  
C om m ittee on the E ffe cts  o f A tom ic R adiation, 1962).

In som e som atic e ffects , e .g .  the incidence o f leukaem ia after 
w hole-body irradiation , present-day  investigations on human cases  
cannot definitely  answ er the question  as to the nature o f the d o se - 
e ffect relationsh ips nor can they answ er the further question  as to 
whether the associa tion  between radiation and leukaem ia o ccu rs  
below  a certain  dose. W hatever the dose response at higher doses, 
it is im possib le  either to establish  o r  to exclude the possib ility  that 
a cr it ica l dose might be required before irradiation brings about the 
m orphological and functional derangem ents responsible fo r  inducing 
leukaem ia.

In general it is  accepted that, at the m olecu lar level, a th resh 
old  ex ists  w henever m ore  than one p rim a ry  event ( i . e .  c lu s te r  o f
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ionizations and excitations) is needed to produce an e ffe ct. In such 
a case , the d o se -e ffe c t  curve takes the sigm oidal form  (see  F ig . 5). 
On the other hand, from  purely th eoretica l considerations it is p os 
sib le  to assum e that at the m o lecu la r  lev e l the p ro ce s s  is  induced 
by one prim ary  event, i . e .  without a threshold, but the subsequent 
recovery  actions m odify the final outcom e and the d ose -e ffe ct  curve 
appears with a threshold. The chain o f events between the prim ary 
action o f radiation and the final observable  b io log ica l e ffect is  very  
com plex and is influenced by many modifying factors. In such cases 
a real threshold, if it exists, may be masked by these com pensatory 
factors.

R A D I A T I O N  D O S E

FIG. 5. Sigmoidal curves showing relation between dose and inactivation of cells requiring numbers 
of hits for inactivation. Cells represented by curve 1 require 1 hit, those represented by curve 2 
require 2 hits etc.

Although the re la tive  num ber o f individuals a ffected  by sm all 
doses o f radiations may be extrem ely  sm all, the final consequences 
are important fo r  such individuals.

The problem  o f a threshold dose fo r  the radiation effects in man 
is  very  con trov ers ia l and it is  always n ecessa ry  to con sid er  every  
single effect separately. This is  especia lly  important in stating the 
perm issib le  doses fo r  individuals (see part 3).
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1 .2 .1 .5 . 2. D ose -e ffe ct relationship fo r  early  e ffe c ts . Doses greater 
than 10 000 rads cause in m am m als severe  brain in juries, follow ed 
by death in minutes o r  hours. The relationship between high expo
sure and median survival tim e in irradiated  m ice is  exponential 
(F ig . 6).

D O S E  (103 R)

FIG. 6. Relationship between high exposure and median survival time in irradiated m ice [6 ], 

•  250-kVp X-rays O fission neutrons X thermal column radiation

F o r  the exposure range 1200- 10000 R death is caused by injury 
to the intestines ('in testinal syn drom e'). In this range there seem s 
to be no dependence o f survival tim e on exposure (see F ig. 7). With 
low er  d oses  the su rv iva l tim e is  con s id era b ly  in cre a se d . In this 
range o f exp osu res (<  1000 R) death is  caused  by in ju ry  to the 
h aem opoietic  system  (e sp e c ia lly  to bone m arrow ) with an a c c o m 
panying secon dary  in fection .

F igure 7 dem onstrates quite c lea r ly  that it w ill be futile to look 
fo r  a sim ple d o s e -e f fe c t  relationsh ip  in the dose ranges tested . 
D ifferent doses develop different m orphologica l and functional changes 
in irrad ia ted  an im als. The final d o s e -e f fe c t  cu rve  (F ig . 7) is  the 
resu lt o f a ll these com p lex  re la tion sh ip s .
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On the other hand, in a few instances sim ple d o se -e ffe c t  r e la 
tionsh ips are found. F o r  exam ple the atrophy o f  d ifferen t organ s 
is  m anifested in lo s s  o f body weight. The dependence is linear not 
only fo r  external irrad iation  but in som e ca se s  a lso  fo r  in ternally  
deposited rad ion u clides. L inear dependency is valid also fo r  intestinal 
atrophy.

1 HAEMATOPOIETIC 
DEPRESSION

G I - TRACT 
DENUDATION

1 CENTRAL NERVOUS 
SYSTEM DISRUPTION

DOSE (rads)

FIG. 7. Relationship between acute whole-body dose o f  ionizing radiation and median survival 
time o f m ice , rats, monkeys and presumably o f  man [4 ] ,

■  man •  monkeys O rats and m ice

In som e ca se s  (weight o f spleen and thymus) the lo s s  o f  weight 
is  linearly  related to the log o f dose. In other ca ses  the final curve 
is  com posed of two com ponents, one linear and the other exponential 
(the sensitivity o f  lymphatic tissue).

V ery  com p lex  resp on ses  m ay be ob serv ed  in su p p ress ion  o f 
m itotic activ ity  a fter  irra d ia tion . If the reappearan ce  o f  m itos is  
a fter irradiation  is  taken as an index o f the e ffect, then a very  com 
plicated relationship ensues (F ig . 8).
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1. 2 . 1. 5. 3. D ose e ffe c t  re la tion sh ip  fo r  late e f f e c t s . One o f  the
best-know n late e ffe c ts  is  ca ta ra ct fo rm a tion . A fte r  irra d ia tion , 
abnorm al ce lls  arise  which rem ain inside the lens and form  centres 
o f opacity . Neutrons are ex trem ely  e ffe ctiv e  in this sen se  and an 
exposure o f 5 - 15 rads o f neutrons was sufficient to cause radiation 
cataract among Japanese bomb su rv ivors. The relationship between 
exposure and degree of lens opacity in the rat is illustrated in F ig. 9.

DURATION OF IR RAD IATION ( h )

FIG. 8. Changes in m itotic index ( i .e .  proportion o f cells in mitosis) o f chick fibroblasts in tissue 
culture cells following irradiation [6 ] ,

A nother late e ffe ct o f  irra d ia tion  is  life -sh orten in g . E x p e r i
m ental anim als exposed  to continuous irrad ia tion  throughout th eir  
life -sp a n  gen era lly  show a life -sh o rte n in g . A lin ea r rela tion sh ip  
(F ig . 10) is obtained i f  the p er -cen t reduction o f life -sp a n  is  plotted 
against dose rate (ra d /d ) . It is  in teresting  that irrad ia tion  with 
neutrons is  apparently e ffectiv e  at very  sm all dose ra tes .

The data fo r  leukaem ia induction am ong the H irosh im a and 
Nagasaki su rv ivors indicate that in the range between 100 and 
900 rads the average rate o f in crease  o f the incidence with dose was
1. 1 cases  per m illion  per yea r per rad at H iroshim a and 1 .6  ca ses
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per m illion  p er yea r per rad at Nagasaki. The relation  o f average 
incidence o f confirm ed leukaemia to dose in rads is plotted in F ig . l l .  
The relationsh ip  is  roughly lin ea r fo r  both c it ie s  but the range 
o f e r r o r s  is con siderab le . Between 10 and 100 rads the in cidences 
fo r  the two c it ie s  do not d iffer  sign ificantly .

NEUTRONS: NEUTRONS: NEUTRONS:

D O S E  ( r a d s )

FIG. 9. Relationship between exposure and degree o f lens opacity [6 ],

1. 2. 1. 5. 4. The im portan ce  o f dose  rate . A given dose, m ay be 
delivered over different tim e in tervals, i . e .  at different intensities. 
The exponential d o s e -e f fe c t  cu rve  is  in m ost ca ses  not a ffected  by 
applying the sam e dose with different dose rates, because separate 
p rim ary  events act independently. If, on the other hand, sfeveral 
events are needed in a very  short tim e interval to produce an effect, 
a given dose becom es le ss  e ffective  when p rotracted . The reason  
fo r  the diminution o f the final e ffect lies  in the re cov ery  p ro ce sse s  
which take place at low radiation intensities. In the case o f the 
induction o f certa in  ch rom osom e aberrations, fo r  exam ple -  like 
ch rom osom e exchanges which need two sim ultaneous ch rom osom e
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breaks -  m ore  exchanges p er unit d ose  are obtained with h igher 
radiation  in ten sities .

Another fa cto r  co m e s  in play when the ra d iosen sitiv ity  o f  the 
irradiated  ob ject changes rapidly with tim e, as in the m itotic cy c le . 
The irradiation  effect is  different accord ing to whether the m ore 
sensitive o r  the m ost resistant stage o f the cycle  is affected.

100

80

60

40

20

0

© □

0.1 1 10

DOSE RATE (rad /d )

100

FIG. 10. Reduction o f  median survival time in m ice exposed daily to X- and gamma radiation 
(solid symbols) and to fast neutrons (open symbols) [7 ],

•  Henshaw; ▲ Henshaw et k l . ; ▼ Lorenz; ■  Upton et a l . ; © Evans; O Neary eta l.;
□  Upton et a l . ; A Henshaw. (For references see original paper.)

The im portant d iscovery  was made that low dose rates are less  
e ffe ctiv e  p er  rad in producing m utations in m ouse sperm atogon ia  
and odJcytes than high dose rates. It is  probable that som e kind o f 
rep a ir  in prem utational dam age is  involved at low dose ra tes .

D ose rate is  a fa cto r  o f great im portance in  radiotherapy. 
F igure 12 dem onstrates that fo r  a given clin ica l effect a much higher 
total accum ulated dose is  n ecessa ry  i f  the period  o f irrad ia tion  is  
p rotracted .
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FIG. 11. Average incidence o f  leukaemia in relation to dose [ 8 ].
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FIG. 12. Relationship between increasing dose o f  radiation and increasing period o f  irradiation to 
obtain the same clin ica l effect [ 9 ].
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1.2 . 1 .5 . 5. Whole-body and partial-body irradiation. Lethal doses
fo r  w h ole-body  irrad ia tion  (e .g .  LD 50 values) are  gen era lly  much 
low er than fo r  p a rtia l-b od y  irra d ia tion . S u ccessfu l rad iotherapy  
is based on this circum stance. But there are exceptions to this rule 
sin ce  som e organs are  re la tiv e ly  m ore  sen sitive  and resp on s ib le  
fo r  radiation dam age ( e .g .  intestine and haem opoietic  apparatus; 
and therefore shielding o f bowel and bone m arrow prolongs survival).

Table IV shows the e ffects  and significance of various radiation 
d oses. It can be seen that there is a considerable  d ifference in the 
resu lts  o f lo ca l o r  w h ole -bod y  exp osu re . This is  becau se  during 
w hole-body exposure slight in juries ind ifferent organs are integrated 
and the acute radiation syndrom e resu lts.

F o r  v ery  sm all d oses  o f  natural radiation  (c o s m ic  ra y s , the 
radiation from  radioactive substances contained in the earth 's crust 
o r  present in the human body), it is  not d ifficu lt to show that the 
probability o f observable  e ffects  at the level o f natural radiation is  
very  low and it w ill be n ecessary  to study an extrem ely large popu
lation to dem onstrate any significant e ffe c ts . Other fa cto rs  o f the 
human environment com e into play and may produce s im ilar effects 
(ch em ica ls, heat etc).

T A B L E  IV . E F F E C T S  AND SIGN IFICANCE OF VARIOUS 
R AD IATIO N  DOSES IN MAN

Dose o f  single exposure to 
X - or gam m a-radiation 

(rad)

Expected e ffe ct  or 
b io log ica l significance

Local exposure

3000 Tumour dose in radiotherapy
3000 Skin necrosis

500 -  1000 Skin erythema
300 -  600 Epilation

W hole-body exposure

400 50°]o m ortality (y-rays)
75 -  150 Blood changes and possible acute injury
25 -  75 Blood changes but normally no severe

acute injury
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1. 2 . 2 .  Factors governing the biological effects of radiation

F rom  the prim ary p rocess  occu rrin g  after the absorption o f 
radiation a com plicated  reaction  develops which may finally em erge 
as a v is ib le  reaction  to radiation. As might be expected, this chain 
o f reactions can be influenced in various ways, particularly in m ore 
com plex  organ ism s. Among the agents which thus govern  the final 
rea ction  to radiation  are  p h y s ico -ch e m ica l con d ition s, including 
tem perature and d eg ree  o f hydration , oxygen and the va riou s  s o - 
ca lled  p ro tectiv e  substances.

1 .2 .2 . 1. P h y s ico -ch e m ica l conditions (tem perature, degree  o f 
hydration)

In general it may be said that a lowering of tem perature reduces 
the e ffect o f rad iation . H ow ever, in som e ca se s  (b a cter ia ) there 
exists a certa in  optimum tem perature fo r  the reduction of the rad i
ation effect. A lso in the case o f som e animals it has been ascertained 
that storage at a low tem perature after irradiation retards the effect 
which appears only when the tem perature again r ise s  to the norm al 
level. The ultim ate radiation in jury rem ains the sam e.

S im ilarly , it may be said that the leve l o f hydration o f the 
organism , sp ores, seeds etc. influences the effect of radiation. The 
e ffect o f radiation is increased  under conditions of increased  hydration. 
This is evidently connected with the production o f rad ica ls.

1. 2. 2. 2. Role o f oxygen

It has a lready  been m entioned that in w ater solu tion  H2O2 o r  
rad ica l O2H are form ed  in the p resen ce  o f  oxygen a fter irrad iation  
with X - o r  gamma rays. In densely ionizing alpha particles the local 
concentration o f H2O2 may attain high values. It is therefore  under
standable that the p resen ce  o f oxygen  during irrad ia tion  may be o f 
im portance although the inactivation o f desoxyribon u cleic acid o r  of 
bacteriophage (both in dried state) seem s to be governed by a m echa
nism independent o f oxygen tension.

Quantitative relationsh ips betw een rad iosen sitiv ity  and oxygen 
e ffect have been studied by se v e ra l authors. It was found that the 
relation  between radiosensitivity  and oxygen tension in a suspension 
o f bacteria  p roceed s  accord in g  to a sim ple relation , higher con cen 
trations o f oxygen in the m edium sen sitize  bacteria  to the action of
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X -r a y s . S im ilar relationsh ips w ere  found fo r  other sy stem s, fo r  
example ascites tumour ce lls , chrom osom e aberrations, and mitotic 
delay in plant tissues and isolated mammalian ce lls .

The oxygen e ffect is  usually le ss  with highly ion izing radiation, 
such as alpha p a rtic les  o r  slow e lectron s .

A very  marked effect o f  hypoxia has been observed  with ir ra d i
ated rats. The LD5o/3c>for rats irradiated  in 5% oxygen is twice that 
fo r  animals exposed in a ir. In a s im ilar way hypothermia has a 
protective effect, probably due to decreased blood flow with resulting 
low er oxygen tension. On the other hand, oxygenation may increase 
the radiosensitivity . E xperim ents with increasing oxygen pressu re  
are being perform ed  in radiotherapy o f tum ours.

The oxygen e ffect during irrad iation  must not be confused with 
the application o f oxygen after irrad iation . In this case  the oxygen 
influences som e stages in the developm ent o f radiation injury which 
are sensitive to the presen ce  o f oxygen.

F o r  the understanding o f different a fter -e ffe cts  the form ation of 
organ ic perox id es is  im portant. Inactivation o f  phage p a rtic le s  
irradiated in broth is  enhanced by the presence o f organic peroxides 
form ed  in the broth during irrad ia tion . This action may be observab le  
fo r  severa l days after the irradiation  has stopped. If inorganic p er
ox ides are added b e fo re  irrad iation , the sensitivity  o f  phage o r  
bacteria  is  in crea sed .

1 .2 . 2. 3. P rotective  substances

The fact that it is  possib le to decrease the radiosensitivity o f the 
organism  by outside intervention has led to a search  fo r  substances 
which would provide a m easure o f protection  against radiation. The 
range o f p rotective substances o f this kind is  very  large , including 
substances o f different chem ical and physical properties . The most 
important are sulphur-containing compounds (cysteam ine, cystam ine, 
am inoethyl-isothiouronium  (A E T), glutathione, e t c . )  Some enzym e 
inhibitors (sodium cyanide), a lcohols, certain  m etabolites (gluconate, 
A TP, pyruvate) have a s im ilar action. Anoxia-producing chem icals 
like PAPP (p-am inopropriophenone) which induces methemoglobinemia 
enable 72% survival in m ice after a lethal exposure.

The p ra ctica l applicability  o f ch em ica l p rotection  in man up to 
now is  slight, because m ost o f the active rad iop rotectors  are toxic 
in  concentrations needed fo r  sign ificant p rotection . The above- 
m entioned ch em ica l p ro te c to rs  are o f  p ra ctica lly  no value against
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ch ron ic  exp osu re . A cute and ch ron ic  radiation  in jury  involve d if 
ferent organs or  organ groups and they do not receive equal chem ical 
protection . A ll these factors dim inish considerably the practicality  
o f use o f different drugs in prevention o f radiation injury.

1 .2 .2 .4 .  R ecovery

Radiation injury is  a p ro ce ss  com posed  o f many stages, ending 
in the expression  o f the prim ary  dam age. Some o f these stages 
are only tem porary and, in the p resen ce  o f inhibitory fa ctors , they 
can be restored . It is  possib le  that organ ism s have very  varied  r e 
covery  possib ilities  which are at present not w ell known.

It is , however, possib le to prom ote recovery  by giving recovery  
agents o f two types after irradiation.

(1) A gents which destroy  som e in term ediate com pound in the 
chain o f  events a fter irrad iation . The e ffect o f u ltrav io let rays in 
bacteria  con sists  in form ation o f thymine d im ers in the m olecule o f 
desoxyribon u cle ic acid . In radioresistant bacteria  an enzym e is 
present which is  able to ex c ise  the d im er and re s to re  the integrity 
o f  the DNA m olecu le . In som e ca ses  changes in tem perature may 
inhibit the ex p ress ion  o f  radiation  in jury.

(2) Agents which are  able to rep lace  a dam aged com pound o r  
ce ll. This mode o f recovery  occu rs  som etim es when irradiated and 
non-irradiated bacteriophages in fect bacteria l ce lls  and the damaged 
parts o f the phage genome are subsequently replaced by the 'healthy1 
ones from  non-irradiated  phages.

E xperim ents with large m ultinucleate am oeba have shown that 
in lethally irradiated  individuals vitality could be restored  by fusion 
with fragm ents o f non-irradiated  individuals.

On a la rg e r  sca le , whole populations o f damaged bon e-m arrow  
ce lls  may be rep laced  by in jecting intact bon e-m arrow  c e lls  from , a 
n on -irrad iated  donor. T hese experim en ts su cceed  only when the 
in jected  b on e -m a rrow  c e lls  are iso log ou s . A fter a hom ologous o r  
heterogous in jection  an important im m unological reaction takes place 
due to incom patibility  between the donor ce lls  and the re cep tor  anim al. 
This 'secon d ary  d isea se ' may lead to the death o f the anim al. F o r  
this reason autologous bone-m arrow  transplants may be used in man 
to induce m ore rapid repopulation of m arrow sites, although homologous 
transplants in a few instances have been tolerated.
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1 .2 . 2. 5. Adaptation

T here is at present no convincing evidence that organ ism s can 
adapt them selves to high levels o f radiation. Experim ents perform ed 
with D rosophila and yeasts in a high radiation background have not 
yielded m ore resistant strains. In som e instances, a higher rad io 
resistan ce  was observed  in tum ours treated with a sub-lethal dose . 
T h is  fa ct m ay be attributed to a d e cre a se d  le v e l o f  oxygen  in  the 
tum our tissu e , due to p a th o log ica l changes in the b lood  v e s s e ls .

It is , how ever, not im p oss ib le  that som e rad iation -adapted  
organism s w ill be found in geographic regions where a high level of 
natural radioactivity ex ists . Certain densely populated areas o f the 
g lobe (parts o f India and B ra z il) have an unusually high content o f 
radioactive substances in the environm ent. H ow ever, even if  such 
adaptation occu rs in the population, it is always necessary  to bear in 
mind the influence o f selection , in which the m ore resistant organism  
survives.

1. 2. 2. 6. Relative radiosensitivity

It has been observed that the radioresistance of certain bacterial 
ce lls  is substantially increased  by mutation. C linical experience in 
radiotherapy also indicates that som e individuals are probably m ore 
resistan t to radiation than oth ers . Since this exp erien ce  is  based 
la rge ly  on the e ffects  o f partia l irrad ia tion , the sign ifican ce  o f the 
observation  cannot be extended to the whole body. F o r  the present, 
we can only say that there is a wide variation  in the degree  o f 
sensitivity o f various organ ism s, since a few rads are sufficient to 
k ill lym phocytes, w hereas som e hundreds o f thousands o f rads are 
requ ired  to k ill an adult in sect and o v e r  a m illion  rads to d estroy  
v iru se s  and bacteria  com p lete ly .

The various organs d iffer considerably in their radioresistance. 
Although it is  not p oss ib le  to construct an exact sca le  o f ra d io 
resistance fo r  the organs, it may be roughly concluded that the b lood- 
form ing organs, gonads and lenses o f the eyes are among the m ost 
sen s it iv e . M u scle , con nective  tissu e  and adult bone have a r e la 
tively  high resistan ce  to radiation. The skin, in testines and endo
crine glands fall into an interm ediate category . This c la ss ifica tion  
cannot, h ow ever, be exact, becau se  sen sitiv ity  depends on m any 
factors (physiological state, oxygen content, tem perature, etc. ) and 
on the method o f observation, i . e .  whether m orphologica l o r  ph ysi
o log ica l changes are reg istered .

32

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



1 . 2 . 3 .  C onclusions

It should be em phasized that today 's knowledge o f the e ffects  o f 
radiation on living organ ism s is incom plete, p rim arily  because the 
p resent knowledge o f  b iology  is  not sufficient to establish  sound 
cr ite r ia  for  distinguishing injury from  the norm al state o f the o rg a 
n ism . N everth eless , our knowledge o f radiation in jury  from  both 
human ex p erien ce  and anim al experim en t is  su ffic ien t to m ake it 
p oss ib le  to establish  maximum p erm issib le  doses o f  radiation with 
a con sid era b le  degree  o f  con fiden ce  that adequate p rotection  is  
p rov ided .

1.3.  RADIOPATHOLOGY

1. 3. 1. Acute radiation effects

1.3.  1.1.  Acute syndrom e

A fter irrad ia tion  o f the g rea ter  part o f the body, a s e r ie s  of 
pathologica l sym ptom s ensue, which orig in a lly  w ere d escr ib ed  as 
1 rOntgen s ick n e ss '. Only after the experience gained at H iroshim a 
and Nagasaki has our knowledge of the aspects and the sym ptom s of 
a typical radiation d isease  been em phasized and in creased .

B asica lly , this d isea se  can o ccu r  as the acute radiation 
syndrom e, resu lting  from  w h ole-body  irrad ia tion  by a dose  above 
about 100 rads delivered at relatively high dose rates (several rad/h) 
and showing signs and symptoms within minutes to 30 to 60 days sub
sequent to exposure.

Radiation d isease is caused principally by irradiation with gamma 
rays, X -ra y s  and neutrons. Alpha and beta rays ex erc ise  an effect 
when rad io isotopes in large quantities have been taken into exp eri
mental anim als and deposited lo ca lly .

Acute radiation d isease is ch aracterized  by a latent period , which 
supervenes after in itial sym ptom s of m ala ise , lo ss  o f appetite and 
fatigue, during which the su fferer feels  no other untoward symptoms 
and the length of which is roughly inversely  proportional to the radi
ation dose received . At the end of the latent period, the onset of the 
illness o ccu rs : early lethality, destruction of bone m arrow , damage 
to the gastro-intestinal tract associated with diarrhoea and haem orr
hage, dam age to the central nervous system , epilation, ra d iod er
m atitis, drop in sperm  count and ster ility .
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Among the early signs of acute radiation disease may be vom it
ing which appears in about 50% of exposed patients after a whole-body 
exposure of 200 R (psychogenic factors must be considered ). Such 
vom iting may be a sufficient reason for hospitalization of the patient.

E arly  lethality  (ex p ressed  as L D 50) m ay appear within 30 to 
60 days after a dose between 300 and 500 rads. There are not enough 
data available to establish an exact d ose -e ffe ct  relationship for man. 
An approximate relationship is demonstrated in F ig. 13 based on d if
ferent estimates of three well-known radiation Com m ittees. A ccord 
ing to this figure the LD50 d ose  o f acutely  de livered  radiation  fo r  
man lies  in the range o f 400 to 500 rads.
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FIG. 13. Probability of early death in man as a function o f acute whole-body dose [4 ] ,

The relationship between survival time and whole-body exposure 
of m ice, rats and monkeys for doses between 400 and 40 000 rads is 
dem onstrated in F ig . 7. The data points are averages fo r  sev era l 
anim als. F or an individual animal the uncertainty factor may be as 
much as 3. The dotted curve is a rough estim ate for  man based on 
the few data available.

The figure shows clearly  the three regions corresponding to the 
haem atopoietic depression , to the gastro-in testinal tract denudation 
(a plateau in the su rv iva l curve) and the d isruption  o f the cen tra l 
nervous system . One must always bear in mind that the cu rve  is 
schem atic and that the designation of the three ranges does not imply 
that damage to other tissues does not contribute to death.
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We have already m entioned that d ifferen t parts of the anim al 
body are not equally sensitive to irradiation . This is true a lso for 
man. It is generally accepted that the trunk is relatively m ore sen
sitive , e sp ecia lly  in the ep iga stric  reg ion , than is the head o r  the 
reg ion  o f the thighs.

In F ig . 14 the probab ility  o f an individual show ing p rod rom a l 
sym ptom s of radiation  sick n ess a fter a w hole-body  exposu re  is 
plotted against dose in rads. It is assumed that 99. 9% of all subjects 
exposed to 300 R w ill show acute radiation syndrom e. A lso  in this 
case  the hypothetical nature of the assum ptions and the inadequacy 
of pertinent data must be taken into consideration .

PR O B A B IL IT Y  (%»)

FIG. 14. Conjectural dose-response probability relationship for prodromal response to acute radi
ation exposure [4 ] ,

1.3.  1 . 1 . 1 .  Lym phatic and haem atopoietic t is s u e s . Lym phatic 
tissues are among the highly radiosensitive system s. It is here that 
the lym phocytes, which pass into the blood and b ecom e part o f the 
white corpuscle  group, are form ed. Even after sm all radiation doses 
the num ber o f lym phocytes tem porarily  fa lls in som e ca se s . A fter 
high doses, the lymphatic tissue ceases to be active and the lym pho
cyte count in the peripheral blood fa lls im m ediately, the degree and 
duration  o f the d rop  depending upon the rad iation  d o se  r e c e iv e d .

The bone m arrow , where the red corpuscles and leukocytes are 
form ed, is highly radiosensitive. P articu larly  liable to damage are 
the im m ature blood ce lls  in the p ro ce ss  o f form ation ; the e a r lie r
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their stage of developm ent, the g rea ter is their sensitiv ity . A fter 
sm all radiation d oses , a m oderate m ultip lication  o f the young red 
and white ce lls  occu rs, but after large doses an overwhelming effect 
upon the m arrow  is observed , leading to the com plete depopulation 
of the m arrow  tissue. The m arrow  begins to resum e activity in the 
first or second week after irradiation and the duration of the process 
is governed d irectly by the radiation dose. During the p rocess itself, 
recovery  of white-cell production is m ore rapid than erythrocytopoiesis.

It may be said, v ery  broad ly  speaking, that reactions to ra d i
ation as m anifested in the peripheral blood depend on the radiation 
dose, species specific ity , the life -span  of the different corpuscular 
elem ents, their sensitiv ity  and pow ers o f renew al and the state of 
the organ ism  at the tim e.

Im m ediately  a fter irrad iation , a short period  o f leu k ocy tos is  
ensues, occasioned by the re lease  of leukocytes from  the bone 
m arrow . Then follow s a drop in the total leukocyte count, the 
sev erity  and duration o f which are p rop ortion a l to the d eg ree  and 
length o f radiation exposure. A fa ll in the lym phocyte count is 
ch a ra cte r is t ic  and r e c o v e r y  from  neutropenia may be taken as a 
good prognostic sign. The eosinophil count drops only after a larger 
d ose . The num ber o f re ticu lo cy tes  is a lso  reduced and early  r e -  
ticu locytosis  is a favourable indication of recov ery . The re d - 
corp u sc le  count drops only very  slow ly a fter irrad iation . Marked 
anaem ia does not o ccu r  until two to four weeks after a large  ra d i
ation dose. In cases of severe damage this turns to aplastic anaemia.

A fter irradiation, the b lood-platelet count also falls, the rad io
sensitiv ity  of the p latelets being g reater than that o f e ry th rocy tes . 
The lack of blood platelets leads to a tendency to bleeding. The r e 
covery  of the blood-platelet count is generally very slow. The mono
cytes behave in the sam e m anner as eosinophils and an in crease  in 
their num ber is a favourable indication o f re cov ery .

1 . 3 .  1 . 1 .  2. G a stro -in tes tin a l s y s te m . Sm all d o se s  o f ion izin g  
radiation a ffect the m otility  o f the intestine and enzym e secre tion , 
whereas large doses lead to u lceration of the intestinal m ucosa. The 
intestinal bacteria  penetrate the damaged intestinal tract, enter the 
blood system  and are ca rr ied  throughout the body, causing seriou s  
sep tic  conditions. Changes in the g a stro -in testin a l tract a re  f r e 
quently d e c is iv e  in the outcom e o f radiation  d ise a se . N aturally, 
d ire ct  irrad iation  from  con s id era b le  quantities o f ingested ra d io 
active substances in experim ental animals may severely  damage the 
intestinal wall in a s im ilar manner.
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1 . 3 .  1 . 2 .  Skin

Since radiation entering the body from  external sou rces has a l
m ost invariab ly  to pass fir s t  through the skin, the rea ction  o f the 
skin to ion izing  radiation  has been studied in great deta il. B efore  
the developm ent o f accurate d osim eters , erythem a of the skin fo l 
lowing external irrad iation  by X -ra y s  was taken as the basis o f the 
b io log ica l unit o f d ose . A fter la rg er  d oses this erythem a changes 
to pigmentation, and after still greater doses, various types of radio
derm atitis appear, which m ay lead to n ecros is  and u lcerations and 
may finally becom e malignant growths. This latter case applies par
ticu larly  to the form s of derm atitis resulting from  chronic low -dose 
X -ra y  irradiation .

T hree  d eg rees  o f acute rad iod erm atitis  can be distinguished:

(1) R adioderm atitis erythem atosa. This m anifests itse lf in a 
reddening of the skin beginning on the fourth to the seventh day. Only 
in the third to fourth week does the skin regain  its norm al ap p earan ce . 
Hair from  head and beard may fa ll from  the areas of reddened skin 
within two or three w eeks. The skin rem ains tem porarily  coloured, 
peels easily , and is  dry . Epilation is one o f  the m ost conspicuous 
events even after a dose of 200 rads of soft radiation. It begins 13 to 
17 days after irradiation  and m ay be replaced by a regrow th of hair 
after several months depending on the dose delivered. A dose higher 
than 2000 rads leads to com plete and permanent epilation.

(2) R adioderm atitis bu llosa . This occu rs  after la rg e r  doses, 
and between the second and fifth days after exposure the skin becom es 
dark violet in colou r and water b listers , s im ilar to those occurring 
in se con d -d eg ree  burns, are fo rm ed . The skin itches, burns and 
is painful. Within two or three weeks, the hair falls out and the loss 
is  largely  perm anent. Healing is slow , and the skin thereafter r e 
m ains d ry , w hitish  and c r o s s e d  with b r ig h t -r e d  b lood  v e s s e ls .

(3) R adioderm atitis esch arotica . The skin reddening appears 
as early as the second or third day after a high radiation dose. Deep 
and painful u lce rs  and a lso  a b sce sse s  appear on the skin, healing 
is slow, and sca rs , interwoven with large blood v esse ls , rem ain on 
the damaged areas. The skin is dry, since the sebaceous and sweat 
glands have been com pletely destroyed.
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Chronic derm atitis occurs after sm all doses (considerably m ore 
than the m axim um  p erm iss ib le  d oses) when person s w orking with 
ion izing radiations re ce iv e  dam age to the skin, p articu larly  o f  the 
hands, which becom es dry and of v io le t-red  colou r. Numerous te l
angiectatic areas are observed . Hair fa lls from  the body, head and 
beard, the skin becom es thin, k era toses  are subsequently form ed, 
together with w arts, betw een which the skin easily  cra ck s . In ad
vanced stages u lce rs  o ccu r  and in som e ca ses  even ep itheliom ata.

1.3.  1 .3.  Gonads

The sexual glands are highly rad iosen sitive , the m ale organs 
being considerably  m ore  sensitive than the fem ale. With a dose as 
low as 25 rads to the te st ic le s , either loca lly  or as w hole-body ex 
posure, detectable decrease  in sperm  count o ccu rs . A dose of about 
250 rads m ay produ ce  tem p ora ry  s te r ility  fo r  1 to 2 y e a r s . The 
dose required to produce permanent sterility  in men is approxim ate
ly 600 rads delivered acutely. In women this dose amounts to about 
800 rads.

1.3.  1.4.  E m bryonic developm ent

Developm ental abnorm alities may also occu r when the em bryo 
or foetus is irradiated. Particularly in the early stages of embryonic 
development a dose of a few tens of rads may be sufficient to produce 
serious abnorm alities. This fact is especia lly  important when women 
are irradiated during the first days of pregnancy. A number of cases 
o f m icrocep h a ly  with con gen ita l im p lica tion s  have been o b serv ed  
am ong ch ildren  who w ere  irrad ia ted  in the uterus during the atom  
bom bin gs .

It may be mentioned that rad ioactive substances can reach  the 
em bryo and the developing foetus during the period  o f nourishm ent, 
via the placenta. P articu larly  in the early  stages of em bryonic de
velopm ent, radionuclides absorbed in this manner resu lt in what is 
effective ly  a w hole-body irradiation  o f the em bryo.

1.3.  1.5.  Skeleton

Bone changes have long been observed  in human beings and in 
experim ental anim als as a resu lt o f ion izing rad iations. In young 
individuals these changes range from  cessa tion  o f the p r o c e s s  o f
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oss ifica tio n  and growth (on exposu re  to d oses  o f the o r d e r  o f 
100 rem s) to com plete  n e cro s is  of the bone, observed  a fter doses  
of severa l thousands o f rem s. The m ajority  o f these bone in juries 
o ccu r  as a resu lt of in correct radiotherapeutic treatm ent or  o f in 
corporation  of radioactive substances into the bone. In both circu m 
stances, an increased incidence of bone tumours has been observed. 
However, the only bone tumours observed in man have resulted from  
the in corp ora tion  o f radium  into the bone. It is estim ated that an 
individual retaining 0. 1 iug 226Ra after 30 years would have probably 
in itially absorbed 10 ng, the greater part of this amount being e lim 
inated. In general it may be said that radionuclides deposited in the 
bones display a particular tendency to becom e loca lized  in the grow 
ing parts of the bone (epiphyses). With regard to malignant tumours, 
it has been shown that they m ost frequently  develop  in the m eta - 
p h yses o f the long bon es and m any m ay o c c u r  in one in d iv id u a l.

1 . 3 .  1 . 6 .  N ervous tissu e

F or a long time nervous tissue was thought to be highly resistant 
to irrad iation , This was due to the fact that a fter irrad iation  only 
m orphological changes were sought, which require considerable doses 
to becom e apparent. Recently, functional changes have been elicited 
with m uch sm a lle r  and often  v ery  low  d o s e s . A m ong such m od i
fications, mention may be made of d ecrea ses  in excitability  and 
changes in conditioned re fle x e s . Irrad iation  o f anim als with 
300 - 400  R produces changes in the electroencephalogram  which may 
persist for  about one week.

1. 3. 1. 7 . M odification of the immune status

D isturbances of the im m unological m echanism  can be produced 
by external and internal irradiation. In the latter case, disturbances 
may occu r when the ce lls  of the reticulo-endothelial system  have in
corporated radioactive m aterial which may inhibit their im m unologi
cal function.

In experim en ts with m onkeys, a w h o le -b od y  irra d ia tion  with 
450 R resulted in a tem porary  suppression  o f the antibody response 
when the irradiation  was perform ed 24 hours before the beginning of 
im m unization. This effect did not develop fully after irradiation  in 
p reviously  im m unized anim als.
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1 . 3 . 1 . 8 .  Other organs

M odifications to the vascu lar system  after irradiation  take the 
form  of changed perm eability  o f the v e sse ls , and m orph olog ica l 
changes in the walls with circu latory disturbances (n ecroses). These 
vascular changes are of particular significance for the skin.

The lens of the eye is sensitive to irradiation. D oses of 15 -  30 rads 
X -r a y s  and p ossib ly  1 rad o f fast neutrons cause m inim al lens 
opacity in the m ouse. Several hundreds of rads initiate tem porary  
conjunctivitis in man, but exposure to 2000 R destroys rods in retina 
of monkeys and 30 000 R affects all retinal elements m orphologically.

Endocrine glands in adult animals are considerably radioresistant 
(thyroid gland). H istologica l changes in dog thyroid w ere observed 
a fter an exposure o f 10 000 R.

Radiation can a lso  produce certa in  n o n -sp e c ific  e ffe cts  which 
are mediated through the adrenal gland and which are identical with 
those produced by other s tresses . This em phasizes the n on-specific 
ch aracter o f som e e ffects  o f radiation. E ffects o f this type can be 
obtained with a few hundred rOntgens o f X -r a y s , and it is  p o ss ib le  
that other endocrine p ro ce sse s  concerned with regulating functions 
in the body can be affected  by such exposu res.

T A B L E  V . D ECREASE IN L IF E -S P A N  A F T E R  P A R T IA L - 
AND W H O L E -B O D Y  X -R A Y  EXPO SU RE C O M PAR ED  IN THE 
MOUSE a

Region exposed
Exposure

(R)

Median
survival

tim e
(d)

Significantly 
different 

from control 
(P g  0 .05 )

C o n t r o l 0 676 -

Entire animal 530 582 yes

Entire chest 720 646 no

O n e-half chest 570 654 no

and caudal 1140 591 yes

2 cm  o f  trunk 1700 525 yes

a Fem ale m ice , 170 days when irradiated; with the doses em ployed there, were no acute 
deaths [10, p. 156].
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1 . 3 . 2 .  Chronic and delayed  radiation e f fe c ts

1.3.  2 . 1 .  G eneral ch a ra cte r is t ics

Late radiation e ffects  are  gen era lly  con sid ered  as those that 
appear many months or years after irradiation. They may be rough
ly divided into two ca teg or ies : effects which are caused by chronic 
irradiation  with sm all dose rate and e ffects  follow ing acute ir ra d i
ation after a certa in  tim e -la p se .

It is usually d ifficu lt to distinguish betw een a late e ffect and a 
d isease induced by other causes, som e of which may be entirely un
known. When populations irradiated fo r  m edica l reasons are con 
sidered, it should be borne in mind that the treated disease itself may 
simulate a radiation effect.

Late effects may be caused by loca l irradiation  of tissues or by 
w h ole -b od y  irra d ia tion  a fter a certa in  p eriod  o f t im e . The m ost 
im portant late e ffe ct is  the induction o f tu m ou rs.

1. 3. 2. 2. Late e ffe c ts  a fter lo c a l irra d ia tion

One ch a ra cter ist ic  late effect is the d ecrea se  in life -sp a n . It 
is  known that partia l-body irradiation  d ecrea ses  the life -sp an  much 
le ss  than w hole-body irradiation  (see Table V).

Induction o f lens op acity  (see  a lso  se ction  1. 3. 1.8)  through 
cataract form ation may be the outcom e o f l o c a l  irradiation . C lin ic
ally significant cataracts in man may be produced by an X -ra y  dose 
of 600 -  1000 rads. The p rogress  o f the developm ent of the lens 
opacity  is  dependent on the s ize  o f the d ose . The fraction ation  o f 
the d ose  d e cre a se s  the in ciden ce  o f ca taract and a lso  re ta rd s  its 
onset. G enerally  the lens opacity  p ro g re s s e s  slow ly  and in som e 
ca ses  a slight r e co v e ry  has been ob serv ed .

Among im portant late e ffects are in juries to the skin: derm atitis , 
atrophy, epilation, hyperkeratosis, vascular sc leros is , telangiectasia, 
etc. These changes may p rog ress  in a rythm ic way changing from  
sta ges  o f r e la t iv e  a m e lio ra tio n  to d e te r io ra t io n  and v ic e  v e r s a .

N eph rosclerosis  and related hypertension may appear as a late 
effect after over-exposure of the kidney region. Similarly, intensive 
irradiation of the lungs may cause p rogressive  fibrosis  with a rterio 
s c le ro t ic  changes. It m ay be said that degenerative changes in the 
blood vesse ls  together with destruction of parenchym atous ce lls  are 
ch aracteristic of the late effects of irradiation .
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1. 3. 2. 3. Late effects after whole-body irradiation

Under continuous w hole-body irradiation  at dose rates as high 
as 0. 5 rad /d , no d ifference in life -span  between irradiated and con
tro l animals was observed (F ig. 10).

Delayed in juries have been observed  in b lood -form in g  organs. 
They m anifest them selves in the form  o f aplastic anaemia or 
pancytopenia. E xact re la tion sh ips betw een dose  and e ffe c t  a re  
lack ing. Am ong the su rv ivors  at Nagasaki and H iroshim a delayed 
in juries (with the exception of leukaemia) are generally rare . Some 
irradiated  persons died from  cachexy connected with d isturbances 
in the haem atopoietic apparatus.

1.3.  2. 4. Genetic e ffects

Irradiation o f the germ  tissues may cause mutations which ap
pear in later generations. The following features are characteristic 
of mutations:

(a) Mutations having once occurred  are permanent. The mutant 
genes may be restored  only by a rev erse  mutation and this has only 
a slight probability o f o ccu rrin g . In the p rocess  of se lection  som e 
o f the mutant genes may be elim inated.

•(b) The great m a jority  of observed  mutations are d e le teriou s .
(c) It has not thus fa r  been proved  whether a th resh old  d ose  

ex ists  fo r  m utations. This m eans that every  ion izing radiation  
located in a germ  ce ll should be assumed to have a sm all statistical 
probability of causing a mutation.

(d) Sm all doses may be cum ulative and the end resu lt may not 
appear until many generations la ter .

(e) The genetic d ose  requ ired  to double the m utation ra te  in 
man is o f the order o f 10 to 100 rads. It cannot be less  than 3 rads 
since this level is attained in a human generation of 30 years as the 
resu lt of natural radiation. However, recent work may indicate that 
at low dose rates the d ose  requ ired  to double the m utation -rate in 
man m ay be la rg er  than indicated h ere .

A whole range o f ch a ra cte r is t ics  m ay be influenced by genetic 
dam age, including variou s m orp h olog ica l and b iom etr ica l ch a ra c 
te r is t ic s  (life -span , weight at birth, in telligence, fe rt ility , lethal 
e ffects , et c . ) .  Owing to the uncertainty of som e of the genetic m e
chanism s involved, it is safest to assum e that approxim ately 4% of 
children born are at present burdened with hereditary disturbances.
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An increase  in the level of radiation could lead to an increase  in this 
genetic load.

1.3.  2. 5. Radiation carcinogenesis

The data on radiation carcin ogen esis  was recently  surveyed by 
the UN S cien tific  C om m ittee on the e ffects  o f atom ic radiation  and 
published in its report issued-in  1964.

One o f the first significant late effects o f irradiation  was the de
velopm ent o f skin ca n cers  am ong ra d io log is ts . It was established 
later on that there is a causal link between irradiation and incidence 
of leukaem ia.

It was not easy to show a relationship between radiation exposure 
and leukaem ia. C onsistent data are available m ainly fo r  the su r 
v ivors  of the explosions at H iroshim a and Nagasaki. The survivors 
have been divided into groups a ccord in g  to the estim ated dose they 
re ce iv e d . The estim ates o f the d oses  are a lm ost certa in ly  not in 
e r r o r  by a fa ctor  g rea ter than two or three. An approxim ate p ro 
portiona lity  o f the average  y e a r ly  in ciden ce  o f rad iation -in du ced  
leukaem ia fo r  the period  from  1950 to 1958 was found in the range 
from  about 100 to 900 rads. The probable rate o f in crea se  o f in c i
dence with dose is  between 1 and 2 cases per year per rad per 
m illion  exposed individuals. This estimate is also valid in the range 
between 300 and 1500 rads for  induction of leukaemia among patients 
irradiated therapeutically for ankylosing spondylitis.

Important are the resu lts o f a survey o f induction o f leukaemia 
am ong ch ildren  irrad ia ted  in u tero . Under certa in  cond itions, 
radiation doses of the ord er o f a few rads can induce malignant 
growth. The highest risk  was with m others exposed fo r  diagnostic 
X -ra y  pelv im etry  during the first three months of pregnancy.

The incidence o f thyroid carcinom a as a result o f irradiation  o f the 
thyroid region for therapeutic purposes during childhood is also propor
tional in a range o f doses between 100 and 300 rads and leads to a sim ilar 
risk  estim ate as in the case o f leukaemia of the atom ic bomb su rv iv ors .

A ll these resu lts indicate the possib ility  that ionizing radiation 
may in crea se  the probability  o f induction m alignancies in man and 
that in som e ca se s , p articu larly  among young individuals, the ne
ce ssa ry  d ose  m ay be very  low .

It should be always borne in mind that many types o f tum ours 
o ccu rr in g  in man are, as far as we know, not induced by ion izing  
radiation  ( e . g .  the tum ours o f g a stro -in testin a l tract, o f  uterus, 
m am m ary tum ours e t c . ) .
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1.4.  M ETABOLISM  AND TO XIC ITY OF RADIOACTIVE 
M ATERIALS

1 . 4 . 1 .  General
R adionuclides can enter the human body by various paths and 

cause internal irradiation , the im portance of which is particu larly  
emphasized by the fact that certain radionuclides are deposited m ore 
or less permanently in the body, leading to contamination which may 
have seriou s  consequences fo r  the affected  individual. F o r  this 
reason  it is n e ce ssa ry  to have a detailed  know ledge o f a ll the 
channels through which rad ioactive  m ateria ls  can be absorbed , of 
the factors which accelerate this absorption, of the manner and sites 
o f deposition  in the body, and o f the rates o f elim ination . Much 
valuable inform ation in this respect is contained in the ICRP reports [11].

The physical and chem ical properties of the absorbed m aterials 
are o f great im portan ce . The length of exposure is  in fluenced by 
the physical h a lf-life  and other b iologica l param eters, and the pattern 
o f in jury depends on the nature of the emitted radiation. Alpha and 
beta rays are absorbed loca lly  and d e liv er  the dose to sm all areas 
o f tissu e , while gam m a rays in fluence la rg e  portions o f the body 
or may even escape the body. As already stated, the chem ical nature 
of the absorbed m aterial plays an important role  in defining the ulti
mate b io log ica l e ffect. Radioisotopes of.elem ents norm ally present 
in the body (phosphorus, carbon, calcium , sulphur, iron, strontium) 
participate in the m etabolic p rocess  and behave in the body like stable 
isotopes of the same elem ents. They may be incorporated into im 
portant b io log ica l compounds and changed during disintegration into 
other elem ents which are foreign  to the compound.

D ifferen ces  betw een loca lized  and d iffused internal radiation  
may be o f extrem e im portance. Some radionuclides may be depo
sited and aggregated in to 'h ot s p o ts '. The lo ca l doses and dose rates 
in such cases may attain high values. Hot spots com plicate a lso the 
concept of Relative B iolog ica l E fficiency  (RBE) fo r  internally depo
sited bone-seeking m aterials in the sense that not only linear energy 
transfer (LET) but also factors like dose, dose rate, biological end
point etc. must be considered.

1.4.2.  Absorption of radionuclides

1. 4. 2. 1. Absorption from  the gastro-intestinal tract

Ingestion is im portant m ainly fo r  m ateria ls soluble in body 
flu ids. Some soluble compounds m ay be converted to insoluble hy
droxides at the pH of body fluids and v ice  versa .
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The ingestion  o f rad ioactive  m ateria ls  by man can take p la ce  
either with drinking water, with food, by swallowing of inhaled par
t ic le s , o r  by accidental penetration into the mouth cavity .

F ood-chains are of great im portance in evaluating potential con 
tam ination o f the body by ra d ioa ctive  m ateria ls  p resent in the en
vironm ent. One o f the m ost com m on routes to man fo r  rad ioactive 
fa ll-ou t is as fo llow s:

F a ll-ou t ---------* plant ---------* cattle ---------* meat (m ilk) -------- > man

Milk is a very  im portant food -chain  path, especia lly  fo r  radioactive 
strontium  and iodine.

1.4.  2. 2. A bsorption  through inhalation

In the atom ic industry the m ost usual entry o f rad ioactive  m a
te r ia ls  in the human body during routine op era tion s is  that o f in 
halation. The inhaled radioactive p articles  may be transferred  into 
the circu lation  and deposited in a c r it ica l organ . They may in jure 
d ire ct ly  the re sp ira to ry  su rfa ces  o f the lungs o r  be absorbed  by 
bronchial lymph nodes. The depth of penetration into the respiratory 
system  depends on p artic le  s iz e . Sm all p a rtic les  fr e e ly  enter the 
low er portions o f the lungs; la rge  p a rtic le s  are deposited  m ainly 
in the upper re sp ira to ry  tract and are ea sily  c le a re d .

Usually particles are heterogeneous in s ize . V ery often rad io
active m ateria l is attached to p articles  of inert m ateria l.

The further fate o f inhaled p a rtic le s  depends upon th e ir  so lu 
bility in body flu ids. It determ ines to a large extent their deposition 
and subsequent excretion  (see F ig . 15).

1.4.  2. 3. Absorption through the skin ^

The intact skin absorbs very  little radioactive m aterial. Tritium , 
how ever, and som e others can be so absorbed . The perm eab ility  
o f skin which has been  in jured  even by su rfa ce  ab ra sion s  is  v e ry  
con siderab ly  in crea sed . Wounds perm it open entry of rad ioactive  
m a teria l. The p re se n ce  o f organ ic solvents on the su r fa ce  o f the 
sk in  a ls o  a c c e le r a t e s  the p en etra tion  o f ra d io a c t iv e  m a t e r ia ls .

When large  quantities o f rad ioactive m ateria l com es in contact 
with the skin, e . g .  during an industrial accident, the skin absorption 
should be taken into consideration.
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FIG. 15. Distribution o f  radioisotopes in experimental animals after inhalation [1 1 ].
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1 . 4 . 3 .  Deposition of absorbed radionuclides

The effects o f absorbed  rad ioactive m ateria l d iffe r  from  those 
o f external radiation as they are m ostly  unevenly distributed within 
the body and their presen ce  constitutes a continuous sou rce  o f rad i
ation. When the rad ioactive  m ateria l fo rm s a 'point s o u r c e 1, the 
ce lls  in the vicinity rece ive  a substantially higher dose than the cells  
which are situated fa r  away. In such ca ses  it is v e ry  d ifficu lt to 
determ ine the real radiation dose. F or this reason also the use o f the 
RBE factor m eets with many difficu lties.

The distribution  o f rad ioactive substances entering the body is 
influenced by their ch em ica l ch a ra cte r is t ics  and by their ch em ica l 
in teractions with body constituents; they concentrate in particu lar 
organs which are designated 'c r it ic a l  org a n s '. The ICRP has c a l
culated for  different c r it ica l organs 'm axim um  p erm issib le  concen 
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trations’ fo r  about 250 radionuclides based on radioactive charac
teristics  of these nuclides and their m etabolism  in the 'standard man' 
(see part 3).

The deposition  o f internal em itters has been extensively studied 
on experim ental animals and also in man whenever adequate data has 
been available.

Alkaline earths like strontium  and radium are m etabolized like 
ca lc iu m . They are deposited  and retained in the bones. They are 
not evenly d istribu ted , but m ay fo rm  sm a ll fo c i  o f  unusually high 
lo ca l con cen tration .

The tox icity  o f radium  fo r  man is  quite w ell established and it 
has been used fo r  estimating the potential toxicity of other osteotropic 
nuclides. The sym ptom s o f radium  poisoning appear 20 -  30 years 
after exposure to radium. An individual having 0.1 ng 226Ra 30 years 
a fter a single exposure must have absorbed  much m ore  radium  
in itia lly .

Strontium -90 form s a part o f the b iosph ere  and it fo llow s c a l
cium in ca lc iu m -r ich  foods, esp ecia lly  m ilk . It is deposited inten
sively  in the bones of infants, together with ca lcium . A fter the 
nuclear tests great quantities o f strontium -90 w ere introduced into 
the food -chains and as a resu lt a con siderab le  in crease  in the ratio 
90S r /C a  has been ob serv ed . As dem onstrated  in F ig . 16, this in 
c re a se  is  great, e sp ec ia lly  in infants.

AGE (yr)

FIG. 16. Age distribution o f 90Sr/Ca ratio in human bones [7 ] ,  

O 1961 ■  1962
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On the other hand caesiu m -137 , produced a lso  by the nuclear 
tests , is  m ore  u n iform ly  d istributed  in the body, the la rg est part 
(about 60%) being deposited in m u scles  and the rest in v is ce ra l o r 
gans, brain, blood, bones and teeth in that ord er .

Iodine-131 is se lective ly  deposited in the thyroid. A fter inhal
ation about 15% is retained and 20% after ingestion. Radioactive iodine 
is  a lso  dep osited  to a sligh t d e g re e  in m u s c le s , b on es and sk in .

Iodine-131 m ay be a hazard if its concentration  in the thyroid  
gland is  in crea sed . A fter  the W in dsca le  r e a c to r  incident in 1957 
large  quantities o f 131I escaped to the environm ent. The ch ild 's  
thyroid is very  sensitive to irradiation  . A dose of 200 rads of X -ra y s  
to the neck may induce carcinom a in the thyroid in about 3% of cases . 
As the milk after W indscale incident contained m ore than 1 /jCi 1311/litre 
(this corresponds to an integrated dose of about 130 rads to the ch ild 's  
thyroid) much o f the m ilk produced in the area had to be d iscarded  
fo r  six  w eeks.

R adioactive carbon , im portant becau se  o f its long h a lf- life  
(5700 years), is produced by the interaction  of neutrons with atm o
sph eric  nitrogen. It is in corporated  in many im portant vita l c o m 
pounds where it can act as a sou rce  of soft beta radiation or chem i
ca lly  through its transmutation to nitrogen.

Polonium  and plutonium belong to the m ost toxic alpha sou rces. 
The tox ic ity  o f 210Po is about 120 tim es g rea ter  than that o f 226Ra. 
P olon ium  is  distributed quite u n iform ly  in the body, plutonium  is 
concentrated  predom inantly  in bones, liv e r  and ova ry .

1 . 4 . 4 .  Elimination o f radionuclides

Radioactive nuclides introduced into the body may be eliminated 
by kidneys, lungs through the gut, by sweat glands etc. Substances 
d isso lved  in body fluids are excreted  predom inantly in urine. The 
bow els elim inate isotopes which have been partly absorbed and also 
those which have passed without absorption through the digestive tract 
owing to their low so lubility . R adioelem ents are m ost read ily  r e 
m oved from  nerve and m u scle  tissu e, m uch m ore  slow ly  from  the 
kidneys and the c e lls  o f the reticu lo -en d oth e lia l system , and m ost 
slow ly  o f a ll from  the bon es. In the lym ph nodes ra d ioa ctive  e le 
m ents are retained fo r  a com paratively  long period . G aseous is o 
topes such as radon are  elim inated m ost rapid ly  by the lungs.

The elim ination rate is governed by the age o f the organism , by 
its ph ysiolog ica l condition, nature o f the radionuclide, by the quan
tity of isotopes in the whole body and other fa ctors . The elimination
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of caesium -137 by m ice  is  dem onstrated in F ig . 17. It must be r e 
m em bered that the exponential relation  is  not com m on. In m ost cases 
the elim ination curve has a com plex character and only in restricted  
tim e-in terv a ls  has an exponential ch a ra cter . The b io lo g ica l h a lf- 
life  Tb m ay be d ire c t ly  determ ined  from  the graph in F ig .,17 (T =
7 days). It can be exp ressed  as fo llow s :

= ln_2 = 0. 693 
b " Xb “ Xb

w here Ab is  constant o f b io lo g ica l e lim ination . If Ar is  the d is in teg 
ration  constant o f the rad io isotop e , then the e ffe ctiv e  constant Xeff is

X eff = X r +  X b 

and T eff , the e ffe ctiv e  h a lf- life , is

In 2 _ 0 . 693 _ Th T r
e f f ‘ X + X b Xt + X„ T b + T r '

w here Tr is  the ra d io log ica l h a lf- life .
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The e ffective  h a lf- life  is the p rop er  m eans o f ex p ress in g  the 
duration o f contam ination by a certa in  radionuclide. The physica l 
h a lf-life  fo r  caesium -137 is 33 years, and this circum stance might 
seem  to designate caesiu m -137  as a dangerous radionuclide. But 
since it is v ery  rapidly excreted , its e ffective  h a lf- life  is only 
25 days and th e re fo re  it is  c la s s if ie d  as m od era te ly  d a n g erou s .

E ffective h a lf-life  is only one factor for  the evaluation of m axi
mum perm issib le dose. Among others, the critica l organ is of prime 
im p ortan ce . H ere the concentration  o f the rad ionuclide, the rate 
of elimination, the im portance of the organ or tissue fo r  the function 
o f the organ ism , its rad iosen sitiv ity  etc. are fa ctors  which should 
be co n s id e re d .

1 . 4 . 5 .  Factors modifying the absorption and elimination of 
radionuclides

The therapy for radioactive poisoning is basica lly  a pharm aco
log ica l problem  which is in many resp ects  s im ilar to acute p o ison 
ing with som e m etals. It su ffices here to mention only som e general 
prin cip les of decontam ination. It is vital to lim it the deposit of 
rad ioactive substances in the cr it ica l organs by rapid and properly  
d irected  m easures o f assistance.

In ca ses  w here a rad ioactive  substance has a lready  been  in 
corp ora ted  in the organ ism , it is even m ore  n ecessa ry  than in the 
ca se  o f f ir s t  aid to take into account the nature o f the ra d ioa ctiv e  
m a ter ia l absorbed  and to treat the patient a ccord in g ly .

The aim  of internal decontam ination is to a cce lera te  the e lim 
ination o f rad ioactive m ateria l at the stage o f acute o r  ch ron ic 
poisoning, as the case may be. It is to be rem em bered that the great 
m ajority  of radioactive elem ents, when once absorbed, are elim in 
ated only gradually by natural p ro ce s s e s . It is, for example, practica l
ly im p ossib le  to rem ove radium  from  the body once sev era l weeks 
have elapsed follow ing ingestion . A ll attem pts to bring about a 
sp eed ier  elim ination  o f an absorbed  ra d ioa ctive  m a teria l m ay be 
regard ed  as based on the fo llow ing p r in c ip le s :

(1) Taking advantage o f the correspon dence  o f the m etabolism  
o f the radioelem ent with a related  elem ent in the patient ( e . g .  
strontium  and ca lciu m );

(2) Taking advantage of the discrim ination made by the organism  
betw een a ra d ioa ctive  elem ent and a ch e m ica lly  re la ted  but non
ra d ioa ctiv e  elem ent; and
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(3) The u tiliza tion  o f  c o m p le x -fo rm in g  su b sta n ces .
EDTA is  re la tive ly  tox ic  and in sm all d oses  induces h y p oca l- 

caem ia. It is  th erefore  adm inistered in the form  o f CaEDTA which 
is  not m etabolized  and is rap id ly  elim inated in the urine, w hereas 
the ca lc iu m  is  to a certa in  d eg ree  exchanged fo r  other m eta b o lic  
ions. F or  som e elem ents like plutonium, thorium, yttrium  and the 
r a r e  earths the chelating agent d ie th y len e -tr ia m in e -p en toa ce ta te  
(DTPA) has proved superior to the CaEDTA. Prolonged treatment 
with DTPA effectively  rem oves part o f deposited plutonium.

1. 4 . 6 .  Effects of absorbed radionuclides

The radiotoxic effect of radioisotopes on the organism  is a com 
plex function which depends on a variety  o f physical fa ctors , one of 
the m ost im portant o f which is the physical h a lf-life  of, and the 
strength and type o f radiation emitted by, the isotope. The chem ical 
tox icity  o f the isotope is  a lso  som etim es im portant. F o r  uranium 
its toxicity as an element must be considered in relation to its radio
active p roperties . With regard to the organism , too, a whole series 
o f b io log ica l fa ctors  are involved, such as the m ode o f entry o f the 
rad ioactive  m ateria l, the site  o f its deposition  and the rate o f its 
elim ination. A nother im portant fa ctor  is the age and the assum ed 
rem aining life -sp a n  o f the organ ism .

E arly  e ffects

In experim ental animals early  effects have been observed  after 
adm inistration o f lethal d oses o f rad ioactive m ateria ls . They ap
peared 7 - 1 0  days after exposure and included m ostly haematopoietic 
symptom s o f acute radiation d isease. There have been observations 
o f early  effects in man after accidental intake of radioactive material 
( e . g .  the accidental exposure o f 103 lum inous-dial painters to 90Sr 
involved urinary excretion  and early  haem atological e ffects as w e ll).

Late effects

L ong-term  effects following ingestion of sm all amounts of inter
nal em itters m ay be a seriou s prob lem . The incidence o f lung 
can cer among Schneeberg and Jachym ov uranium m iners is at least 
50% higher than that in the gen era l population. Other data from  
C olorado Plateau and the St. Law rence region  also strongly suggest
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the possib le  induction o f lung can cer by radon and its daughters 
p resent in the m ines. The average latent period  fo r  the induction 
of lung ca n cer  is ~  17 y ea rs  and a ccord in g  to approxim ate ca lcu 
la tion s  the d o se  d e liv e re d  during  th is  t im e  is  h un dreds o f  r a d s .

Radium is a bon e-seek in g  elem ent and its deposition  in the 
m ineral part of the bone induces bone m alignancy (osteogen ic s a r 
com as and carcinom as o f the paranasal sinuses and m astoids). No 
c lin ica lly  sign ificant signs have been  ob served  with res id u a l body 
burdens of < 0 .5  juCi Ra. With increasing  quantity of incorporated  
m ateria l the incidence o f these tum ours in crea ses .

E xperim ents with anim als have elucidated to a certa in  degree  
the m echanism  of the damage caused by bone-seek ing (osteotrop ic) 
elem ents. Bone damage appears in two fo rm s. F irst, bone is in
jured through d estru ction  o f b lood  v e s s e ls  and by d ire ct  action  on 
the osteocytes. Secondly, the radiation of the internal em itter causes 
abnorm al activity in osteogenic connective tissue, leading to marked 
term inal fib ros is . With sm all doses there is a possib ility  of repair 
in bone. It is  in terestin g  that the form a tion  o f tum ours m ust not 
n e ce s s a r ily  be p reced ed  by se v e re  dam age to the bone.

The in ciden ce  o f tum ours in experim en ta l an im als in cre a se s  
with accum ulated dose  and at h igher dose  ra tes . D ose ra tes  vary  
w idely  in experim ents with in ternal em itte rs . This com p lica tes , 
among other fa ctors , the determ ination of the co r re c t  relationsh ip  
between tumour induction and absorbed dose .

The fa r  g rea ter  induction of bone tum ours in experim enta l 
anim als overshadow s the incidence o f other types o f tum ours, e . g .  
of leukaem ia. This d isea se  has been reported  in radium  patients, 
but only in those who w ere exposed at the sam e tim e to high doses  
o f external gamma radiation.
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2. RADIOLOGICAL HAZARDS

F rom  the p6int of view  of m onitoring and protection , a d istin c
tion must be m ade, accord in g  to the way in which radiation  en ters 
the organ ism , betw een:

(a) E xternal irradiation  from  a d istance, and
(b) R adioactive contam ination.
External irradiation originates from  sources at a distance from  

the body which emit radiations o f such nature and energy as to reach 
it, X - and gamma rays, beta p articles , n eutrons.-

R adioactive contam ination occu rs  when radioactive substances 
are brought into contact with the body, either superficia lly  (external 
or skin contam ination) o r  within the body (internal contam inations).

2.1.  EXPOSURE TO NATURAL RADIATION

B efore d iscussing occupational exposure, we should re ca ll that 
w ork ers , like any other p erson s , are  sub ject to natural radiation .

Studies devoted to natural radioactiv ity  have thrown light on its 
o r ig in s , the average dose resu ltin g  in the m ost den sely  inhabited 
p arts  o f the w orld  and its p e r io d ic  fluctuations.

C osm ic rays originate in in terste llar spaces and deliver to the 
human body a dose estim ated at 30 m illirem s a year in the Parisian 
area.

The so il and building m aterials around us contain traces of ura
nium  and th oriu m , som e daughter p rodu cts  o f w hich  em it gam m a 
rays; the resulting dose varies greatly from  place to p lace. Among 
the daughter products o f uranium, radon is a gas which diffuses into 
the a ir ; it causes external irradiation  because o f its active deposit, 
in which som e o f its daughter products are gam m a em itters . It is 
a lso inhaled, thus bringing about internal (alpha, beta, gamma) con 
tam ination o f the body, which is  accentuated by the ingestion  o f tra ces  
o f  uranium  contained in w ater. The dose resu ltin g  fro m  this en 
v iron m en ta l exp osu re  is  estim ated  at 50 m illir e m s  a y e a r  in the 
P aris ian  area .

A ccount must a lso  be taken o f the natural rad ionuclides which 
en ter the com p osition  o f the body and are  reg u la r ly  renew ed by a 
food -ch a in : p otassiu m -40  and ca rb on -1 4  d e liv er  an average dose
to the body o f som e 20 m illire m s  a yea r.
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A s a w hole then natural rad ioactiv ity  resu lts  in an exposu re  
which averages about 100 m illire m s  a y e a r  in sedim entary a rea s .

C osm ic radiation in creases with altitude, being three tim es as 
much at 3000 m etres as at sea level. There is little variation with 
latitude.

The dose d e livered  to the body by the natural rad ion u clides it 
contains does not vary  as the body content o f and 14C is stable. 
On the other hand the abundance o f radioactivity in the so il may result 
in wide variations in external dose. In som e parts o f the w orld , in 
B ra z il o r  India fo r  exam ple, the corresponding dose is as much as 
1500 m illirem s a yea r . These a re  exceptional ca s e s , but in v ery  
m any ca se s  the dose  is  betw een 150 and 400 m illir e m s  a y e a r , 
e sp ecia lly  fo r  populations liv ing in gran itic  d is tr ic ts  w here houses 
a re  built with m ateria ls  drawn from  the so il .

2 . 2 .  M EDICAL EXPOSURE

2. 2. 1. Sources o f  m edical exposure

The radiation sources used for m edical purposes may be c la ss i
fied  as external s o u rce s  o r  internal s o u rce s  a ccord in g  to whether 
they are applied outside or  inside the human body.

2. 2. 1. 1. E xternal sou rces

E xtern al s o u rce s  include ra d ia tion -p rod u cin g  equipm ent and 
sea led  rad ion u clide  s o u rce s .

2. 2. 1. 1. 1. Radiation-producing equipment. The radiation-producing 
equipment used in m edical radiology is , in practice , all based on the 
sam e p rin c ip le . A cce le ra te d  e le ctro n s  a re  p ro je cte d  on a target 
o r  em itted  from  the apparatus. In the fo rm e r  ca se  a beam  o f  X -  
ra ys  is generated , in the la tter  a beam  o f  e le c tro n s .

(1) X -ra y  equipment com prises three separate parts: (a) an e le c 
tron generator; (b) an accelerating device; and (c) a target.

E lectron  gen era tors  are based  on the th e rm o -io n ic  em iss ion . 
A m etal heated to a high tem perature em its e lectron s which can be 
sca ttered  from  the m eta l if  they a re  su b jected  to e le c t r ic  fo r c e s .
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E lectron  acce lera tion  may be obtained either by e le c tr ic  or by 
m agnetic fo r c e s . E le c tr ic  a cce le ra t io n  o f  e le c tro n s  is  u sed  in 
c la s s ic a l  X -r a y  equipm ent, fo r  rad iod ia gn ostic  and con vention a l 
radiotherapy purposes. The e le c tr ic  potential d ifferen ces used are 
in the range o f 50 000 to 400 000 V.

E lectron s  can a lso  be a cce lera ted  by m eans o f pow erfu l m ag
n etic fo r c e s . Equipm ent o f the betatron  type p rod u ces  a c ir cu la r  
a cceleration  o f the electrons situated in a magnetic field the lines of 
fo rce  o f which are perpendicular to the plane on which the electrons 
m ove.

The acce lera ted  e lectron s are p ro jected  on a target made o f a 
particularly heat-resistant metal. The interaction between the e le c 
tron  radiation  and the target atom s g iv es  r is e  to X -ra d ia tio n  and 
it is this X -ra d ia tion  which is  used fo r  the purpose o f m ed ica l 
rad io logy .

The X -r a y  beam  thus obtained is ch a ra cte r ize d  p r im a r ily  by 
its quantity, quality and d irection .

(2) E lectron  radiation generators are based on the same principles 
as the foregoing ; they com p rise  two parts only, an e lectron  gene
ra tor  and an e lectron  a cce le ra to r . The e lectron  beam , instead of 
im pinging on a target, is used as it com es from  the apparatus. 
Am ong the gen era tors  studied above, on ly those capable o f giving 
e lectron s sufficient a cce lera tion  are used, e lectron  radiation being 
o f  no in terest fo r  therapeutic p u rp oses  excep t when the e le c tro n  
energy is high enough to enter fa irly  deeply into human tissue. Ge
nerators  used fo r  this purpose are  m ainly lin ear a cce le ra to rs  and 
betatrons. H ere again, the e le c tron  beam  is ch a ra cte r ized  by its 
quantity, quality and d irection .

2. 2. 1.1.  2. Sealed radionuclide s o u rce s . Sealed radionuclide sour
ces  are used in m edical radiology for external irradiation when they 
em it gam m a o r  beta  rad ia tion  o f  su ita b le  in ten sity  and q u a lity .

(1) G am m a-ray  sou rces  a re  m ainly p rov ided  by three ra d io 
nuclides, radium -226, cobalt-60  and ca e s iu m -137. The ch aracter
is t ics  o f such sou rces  are dependent on the h a lf-life  o f the ra d io 
nuclide, tne radiation  output p er  unit o f activ ity  and the radiation  
energy. The h a lf-liv e s  o f 226Ra, 60Co and 137Cs are 1600, 5, and 
30 years  resp ectiv e ly . The output o f a o n e -cu r ie  sou rce  at one 
m etre per hour is 0.84 R for radium -226; 1.35 R for cobalt-60 ; and
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0.39 R for ca e s iu m -137. The gam m a-ray energies are 0 .2 -2 .2  meV 
for radium -226; 1.17-1.33 meV for coba lt-60 ; and 0.662 meV for 
caesium -137.

(2) B eta-ray sou rces are used for  superficia l external irrad ia 
tion. The sou rces mainly used are 32P or 90Sr/9°Y sou rces. They 
a re  ch a ra cte r ized  m ainly by the amount o f m a teria l p resen t, the 
quality of the beta radiation emitted and the maximum energy o f the 
beta radiation. This is 1.710 meV for phosphorus-32 and 0.544 meV 
for strontium -90/yttrium -90. The beta particles thus emitted filter 
less well into the organism , and the range isO. 7cm for phosphorus-32 
and 0.9 cm for strontium -90/yttrium -90.

2. 2. 1.2.  Internal sources

A ll internal radiation sources are radionuclide sou rces, either 
sealed or unsealed.

Sealed sources are designed to prevent the radioactive m aterial 
from  being diffused into the body and m etabolized . The sou rces  in 
question are  ap p lica tors , needles o r  thread containing the ra d io 
active m ateria l within a tight en clo su re . The ra d io iso top es  used  
are gamma or beta plus gamma em itters but the protective enclosure 
w hich prevents rad ioactive  lo s s  a lso  acts as a fi lte r  and only lets 
out the gamma radiation. The sm allest sou rces (in term s o f length) 
are made o f radium -226, radon-222, cob a lt-6 0 , go ld -198  and tan- 
ta lum -182. T heir ch a ra cte r is t ics  a re  dependent on the amount o f 
radionuclide they contain, the energy o f the gamma radiation em it
ted, the h a lf-life  o f the radionuclide and the g eom etr ica l shape o f 
the sou rce . There are sou rces  containing very  sh ort-liv ed  ra d io 
nuclides (222Ra, 198Au) which can be left within the body, w hereas 
the others must be withdrawn.

Unsealed sources are so made that once introduced into the body 
they diffuse and can participate in the m etabolic p ro c e s s . T h e re 
fo re  only rad ion u clides with su itable p h ysica l, p h y s ic o -c h e m ic a l 
and chem ica l ch a ra cteristics  should be used. F or exam ple, use is 
made o f 198Au or chrom ium  phosphate ra d ioco llo id s , as w ell as of 
m ateria ls in ionic fo rm  with known m etabolism  (32P, 1311). These 
sou rces are characterized  by the amount o f radionuclide introduced, 
the nature and energy o f the beta or  gam m a radiation em itted and 
the h a lf-life  o f  the rad ionuclide con cern ed .
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2. 2. 2. F orm s o f  m edical exposu re

A ccord in g  to their ch a ra cte r is t ics , the foregoing sou rces may
be used in m ed ica l ra d io logy  fo r  e ith er d iagnostic o r  therapeutic 
pu rp oses .

2. 2. 2. 1. D iagnostic u ses

F or diagnostic purposes X -ra y  or radionuclide sou rces  can be 
used.

X -ra y s  a re  by far the m ost w idely used. The apparatus e m 
ployed  fo r  the purpose is the conventional type o f g en era tor  with 
voltage betw een 50 and 100 kV.

The use o f radionuclides for  diagnostic purposes is in the main 
lim ited  to unsealed so u rce s , w hose d istribution  in the body can be 
u sed  fo r  a n a tom ica l (scann ing) o r  fu n ction a l (tu rn ov er ) s tu d ies .

2. 2. 2. 2. T h era p eu tic  u ses

The foregoing sou rces  have a great variety o f therapeutic uses 
which can be divided into teletherapy (or rem ote radiotherapy), super
fic ia l therapy and interstitia l therapy.

The main sou rces  used in teletherapy  are h igh -en ergy  X -r a y  
apparatus (in the 200-kV  range — Van de G raaff m ach in es, lin ear 
a cce le ra to rs  and betatrons), e lectron  radiation gen era tors  (linear 
a c c e le r a to r s  and beta tron s) and g a m m a -ra y  g e n e ra to rs  (radium , 
coba lt o r  ca esiu m  units).

F or su p er fic ia l rad iotherapy the fo llow ing types o f apparatus 
can  be u sed : v e r y - lo w -e n e r g y  X -r a y  apparatus; sea led  gam m a
so u rce s  (rad ium -226  and co b a lt -6 0  a p p lica to rs ); and sea led  beta 
sou rces  (phosphorus-3 2 and stron tiu m -9 0 /y ttr iu m -9 0  app lica tors).

In terstitia l rad iotherapy  can u se : sea led  gam m a s o u rce s
(radium -226, coba lt-60  or  g o ld -198); and u n sea led 'sou rces  (gold- 
198, phosphorus-32 or  iod ine-131).

2. 2. 3. Results of medical exposure

In con sid erin g  the resu lts  o f  m ed ica l ex p osu re , a d istinction  
should be m ade betw een the irrad ia tion  o f  sta ff engaged in ra d io 
log ica l exam inations and treatm ent, and the irradiation  o f patients. 
As the irradiation  o f staff is dealt with in the next section , only i r 
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radiation o f the public for diagnostic or therapeutic purposes should 
be taken into account.

M ed ica l irrad ia tion  o f  the public in a lm ost a ll ca se s  in volves 
partia l irrad iation  o f  the body. T h ere  a re  only a few excep tion a l 
kinds o f treatm ent, including certain  types o f treatment with rad io
isotop es  which are  d istributed gen era lly  (such as p h osp h oru s-32 ), 
which involve w hole-body exposure. In all other cases the exposure 
m ust be view ed with reg a rd  to the ra d iosen sitiv ity  o f  the t is su e s . 
On this basis a m ajor distinction can be drawn between irradiation of 
the bone m arrow  (for som atic e ffects) and irradiation o f the gonads 
(for  genetic e ffe c ts ). It should be borne in mind that not a ll types 
o f  ra d io lo g ica l exam ination  and treatm ent are equally im portant. 
T hose involving the use o f unsealed radionuclide sou rces  a re  only 
a sm all percentage o f those which em ploy radiation gen era tors  or  
sealed radionuclide sou rces . M oreover, cases o f radiotherapy r e 
p resen t only a sm a ll percen tage  o f ra d iod iagn ostic  exam inations. 
Finally, certain examinations contribute m ore especially to irrad ia 
tion o f the bone m arrow  or  the gonads. F or exam ple, examinations 
o f the p e lv is  and the low er  part o f the g a stro -in tes tin a l tra ct a re  
responsible for the greater part of irradiation of the gonads.

2. 3 .  OCCUPATIONAL EXPOSURE

2 . 3 . 1 .  A tom ic energy

To study these hazards it is easiest to follow  the route o f radio
nuclides in the atom ic industry.

(1) The p rocess in g  o f fuels to be used in rea ctors  includes ore 
mining, ore  enrichm ent and final p rocess in g  o f the fuel.

Uranium mines are always subject to regular hazards. Gamma 
exposu re  is  usually  low . T here  is  a r isk  o f  extern a l irra d ia tion , 
but it is o f lim ited  extent and only encountered in exceptional cases 
when concentrations are o f the ord er  o f 1% and where there is su f
ficient ore in the working gallery. However, the risk o f the air becoming 
contaminated by radon and daughters or  radioactive dusts and aeroso ls  
is  con siderab le . P rim ary  radioactive dusts (uranium p a rtic le s ) are 
to be distinguished from  secondary rad ioactive dusts (inert dust on 
which so lid  daughter products of radon are deposited). Radon a lso  
d isso lves in a eroso ls  resulting from  work with water sprays; these 
a e r o s o ls  fo rm  a m ist in the m ine. The a tm osph eric  r is k  is  tw o-
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fo ld : it can  entail skin contam ination  and in ternal contam ination
follow ing inhalation. The pollution o f mine waters is only a secon 
dary danger.

Ore m illing plants are subject to the sam e hazards from  gamma 
radiation and a ir  contam ination. W ork ers handling ore  at 20% are 
exp osed  to s ign ificant quantities o f gam m a radiation . A ir  con ta 
m ination  resu lts  from  the radon g iven  o ff  and the dust sca ttered  
during cru sh in g  and grinding op era tion s .

In plants p rocess in g  m eta llic  uranium  o r  thorium  a ll daughter 
products o f uranium  o r  thorium  which are contained in the o re  are 
separated and treated as waste. This considerably reduces the risk  
o f irrad iation , but contam ination r isk s  rem ain , a ris in g  e sp ecia lly  
from  w ork on oxides and flu orid es .

In isotope separation plants there are risks o f accidental conta
mination from  gases or  dust.

(2) At nuclear re a c to rs  the prim ary  radiation hazards to w orkers 
are either by exposure to gamma rays or  neutrons leaking d irectly  
from  the re a c to r  through the channels when these are  open o r  e x 
posu re  to beta o r  gam m a radiation  from  the activated  m ateria l 
taken out o f the re a c to r .

During norm al operation  the r isk  o f rad ioactive contam ination 
is alm ost entirely confined to the cooling  fluid, slight leakage being 
alw ays a p oss ib ility  in c lo sed  c ir cu its . M oreov er , such incidents 
as a burst pipe are alw ays p oss ib le .

The m ost se r iou s  acciden t resu lts  from  the con s id e ra b le  in 
c re a se  in tem perature which takes p lace  when there is insufficient 
cooling  inside the re a c to r . Dusts from  p rim ary  (U) o r  secondary  
(Pu) fuel and gaseous fission  products w ill then be released  through 
the bursting o f the fuel cladding and may entail seriou s  contam ina
tion o f the a ir.

(3) W orkers in chem ical or m etallurgical plants which reprocess 
m ateria l from  rea cto rs  o r  by -produ cts may be subjected to s ign ifi
cant irradiation .

;For instance when Pu is ex tracted , fis s io n  produ cts a re  to be 
found together with the fuel and storage is requ ired  to allow  sh ort
lived  fiss ion  products to decay. P erson n e l engaged in p ro ce ss in g  
chem istry are subjected to beta irradiation  from  the large  amounts 
o f 32P and 90Sr they have to handle.

In m etallurgical plants, only the processing of som e specia l m a
te r ia ls  such as coba lt and yttrium  entails the r isk  o f  ex p osu re  to 
gamma or beta radiation. In the course of routine operation of these 
plants there is a risk  o f two types of contamination:
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(a) Superficial contamination o f the skin, m ainly due to liquids;
and

(b) A ir contamination. This is in fact the ch ief hazard in m ills  
handling uranium  and plutonium  m etal. These products which are 
alpha em itters rank am ongst the m ost dangerous that ex ist and 
sp ecia l m easu res must be taken to con tro l a ir  contam ination.

A ccidents may a lso  o ccu r : the bursting o f a tank o r  p ipe in a
ch em ica l extraction  fa cility  may resu lt in exceed ingly  ser iou s  a ir  
contamination owing to the quantity o f radioactive m aterials handled.

In m eta llurgica l plants fire s  are frequent as m eta llic uranium 
and plutonium becom e v ery  easily  oxid ized. This may give r ise  to 
atm ospheric pollution, subjecting nearby w orkers to seriou s a c c i 
dental hazards.

2. 3. 2. Industrial use o f ionizing radiation

2. 3. 2. 1. Use o f radionuclide sou rces

Nowadays m ost sou rces, whether used in m edicine, agriculture, 
industry o r  scien tific  research , are m an-m ade and have a short or 
m edium  h a lf-life  Usually they are beta or gamma em itters , le ss  
dangerous in the event o f contamination than alpha em itters. From  
both the qualitative and quantitative points o f view the risks are much 
sm a ller  than in nuclear fa c ilit ie s . Two types o f use can be 
distinguished:

(1) Use o f sealed  sou rces  (gamma radiography), which entails 
only risks of exposure to gamma or som etim es beta radiation. There 
is the p ossib ility  o f the shielding being accidentally  damaged in the 
event o f fire  or a fall;

(2) Use o f unsealed sou rces . The handling o f either pow dered, 
liqu id  o r  gaseous rad ioactive  m a ter ia ls  m ay involve a r is k  o f e x 
tern a l irrad iation  and a th reefo ld  r isk  o f contam ination:

(a) Superficial contamination o f the skin or  clothing or contam i
nation of p rem ises

(b) A ir  contam ination , resu ltin g  in internal contam ination  of 
the individual through inhalation when v o la tile  su bstan ces 
are  form ed

(c) Internal contam ination  by the liqu ids th em se lv es  ( e . g .  by 
acciden ta l intake).

P ossib le  accidents a re  ruptures, sp illing  o f la rge  am ounts or  
uncontrolled  d isposa l. In the event o f  f ir e , a tm osph eric  pollution  
is m ore  seriou s  than in the p rev iou s  ca se .
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One o f the m ost striking exam ples in this connection is the use 
o f unsealed sou rces  fo r  painting lum inous d ials, etc.

2. 3. 2. 2. Use o f  radiation generators

R adiation -generating  apparatus (X -ra y  tubes and p a rtic le  a c 
ce le ra to rs  such as Van de G raaff m ach ines, betatrons and c o sm o - 
trons) may involve w orkers in exposure to: the direct particle beam 
(instances of occupational cataracts resulting from  a cyclo tron  par
t ic le  beam  are w ell known); o r  the secondary  radiation em itted by 
the targets , usually X -r a y s  o r  neutron beam s. The dangers vary 
a ccord in g  to the m ode o f operation  o f the apparatus (the neutron e -  
m iss ion  o ccu rs  in the Van de G raaff a cce le ra to r  at a very  high 
voltage), and a lso  a ccord in g  to the target m ateria l.

Som e o f this apparatus is  o cca s ion a lly  used  to p rodu ce  ra d io 
nuclides, so som e contamination hazards are a lso  encountered. How
ever, the main hazard by far is external irradiation.

2. 3. 3. Transport o f radioactive materials

T ra n sported  m a ter ia l can be d iv ided  into: ra d ioa ctiv e  o r e s ,
typ ified  by th eir  v e ry  grea t w eight and th e ir  low  s p e c if ic  a ctiv ity ; 
irradiated  fuels, typified by their sm all bulk and v ery  high sp ec ific  
activ ity ; and activation  and fiss ion  products used as so u rce s , a lso 
typified  by their sm all bulk and high sp ec ific  activity .

T h ere  a re  tw o kinds o f hazard  a r is in g  fro m  the tra n sp ort o f 
th ese  m a ter ia ls  by road , ra il , ship o r  a ir , e tc . : the r isk  o f e x 
ternal irradiation  when the radioactive m ateria ls are gam m a em it
te rs  or  en ergetic beta em itters ; and the r isk  o f  rad ioactive conta
mination only in case of damage to the container or package, due for 
instance to a tra ffic  a cciden t. The se r io u sn e ss  o f  the a ccid en ta l 
hazards depends on the nature and the amount o f the m a ter ia ls  
tran sp orted .

2 .4 .  CONCLUSIONS

In sum m ing up the resu lts  o f occu pation a l ex p osu re  h azard s, 
tw o types o f c ircu m s ta n ce s  a re  to be d istinguished.

The fir s t  type co rre sp o n d s  to n orm al w orking con d ition s . It 
entails the r isk  o f external irradiation  or  radioactive contamination
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accord in g  to the ca ses  con sidered  above. Such irradiation  o r  con 
tam ination must be kept within lim its  com patib le  with the r e c o m 
m endations o f  the International C om m ission  on R a d io log ica l P r o 
tection , and m ust th e re fo re  in any ca se  be as low  as p ra c tica b le . 
It should be pointed out that adm in istratively  d ifferen t lim its  m ay 
apply to w ork ers  engaged in radiation w ork  depending on the co n 
ditions o f work (see section  3. 2. 1). F or exam ple, in a m eta llurgi
c a l  plant the team  engaged in in du stria l rad iograph y w ork  under 
condition  (i) while the other w ork ers w ork  under condition  (ii) (see 
section  3. 2. 1).

Other types o f occu pation a l exp osu re  m ay o c c u r  in abn orm al 
circum stances arising in connection with incidents or accidents. The 
le v e ls  reached  in the event o f  external irrad ia tion  and rad ioactive  
contamination may d iffer and may reach very  high values. The like
lihood and the magnitude o f exceptional exposures depend on the type 
o f  w ork  p erform ed . It is not a se r iou s  r isk  in uranium  m ines and 
is  ra re ly  significant in m edica l o r  laboratory  w ork but can becom e 
o f im portance fo r  w ork  done in the v icin ity  o f n uclear re a c to rs  o r  
p a rtic le  a cce le ra to rs .
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3. RADIATION PROTECTION STANDARDS

3 . 1 .  GENERAL

By 'rad iation  protection  standards' is meant the whole system  
o f lim its  which can be set to external irrad iation  and internal con 
tam ination  o f human beings so that no ap p recia b le  dam age should 
resu lt e ith er fo r  individuals o r  fo r  the population at la rg e .

The standards recom m ended by the International C om m ission  
on R ad io log ica l P ro tection  (ICRP) [13] and the IAEA B a sic  Safety 
Standards fo r  R adiation  P ro te ction  [14] include both lim its  to the 
irra d ia tion  o f  the w hole body o r  va r iou s  organ s -  th ese  fo rm  the 
b a s ic  standards -  and p ra ctica l lim its  o r  standards derived  from  
the fo r m e r  and rela tin g  to va lues d ire c t ly  m ea su ra b le  o r  ea sy  to 
estim ate, nam ely the dose from  exposure to the d ifferent types o f 
rad iation  and the m axim um  p e rm is s ib le  con cen tra tion s o f r a d io 
n uclides in w ater and a ir .

3 . 1 . 1 .  B asic fa c to rs  in the establishm ent o f  radiation  
p rotection  standards

T o determ ine what irra d ia tion  le v e ls  can be rega rd ed  as a c 
ceptable account must be taken of : (a) the fact that man has always 
been exposed to natural radioactivity; (b) the results o f experim ents 
m ade on an im als; and (c) fin a lly , data d er iv ed  fro m  human 
ob serv a tion .

3. 1 . 1 . 1 .  E xp osu re  to natural ra d ioa ctiv ity

Exposure to natural radioactivity can be broken down as follow s:

external irrad iation : co sm ic  radiation, radiation present
in the so il , radiation present in the 
atm osphere 

internal contam ination: 40K; 14C; Rn; Ra.

This amounts to a total value o f 100 m r e m /y r  fo r  the gonads, 
about 100 for  the bone m arrow  and 130 for  the osteocytes. Thus the 
average annual amount o f natural radioactivity rece ived  by the indi
vidual is  o f the ord er  o f 0.1  rem .
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It is  a lso o f in terest to know the fluctuations in these amounts, 
which m ay easily  be as much as 200 to 300%.

The amount o f natural radioactiv ity  rece ived  is low  fo r  people 
living in brick  houses, but the figure can be m ultiplied by two, three, 
four or  even five for  people living in granite houses, owing to gamma 
em iss ion  and the fact that granite d iffuses radon into a ir  and water 
when uncoated. In som e parts, such as India, th is m ultip lication  
fa ctor  may be as high as 10, 12 o r  15. Thus it can be seen that 
populations have developed in areas where they have been subjected 
to exposu res ranging betw een 0. 1 and 1 rem  per y e a r  without any 
extraord in ary  e ffe cts  appearing.

If the natural radiation dose is taken as 5 rem s o v e r  a period  
o f 30 years, one should not forget that actual doses received by indi
viduals (over  a 3 0 -y r  period) v a ry  betw een 3 and 50 rem s and that 
m ost of the population living in sedim entary areas are exposed near 
the m inim um  value, i . e .  about 5 rem s o v e r  30 y e a r s . With such 
d oses there is no risk  o f known threshold  e ffects  and th is perm its  
us to estim ate an upper lim it fo r  e ffe cts  without a th resh old , e . g .  
in ciden ce  o f m utations.

3 .1 . 1. 2. A nim al experim ents
A second type o f inform ation is provided by the extensive animal 

experim en ts that have been  m ade p r e c is e ly  in o r d e r  to esta b lish  
ca u sa l re la tion sh ips betw een dose  and e ffe c t . The lite ra tu re  
cov er in g  p ra ctica lly  a ll th resh old  e ffe c ts  is  v e ry  substantial, but 
it is thinner fo r  effects without a threshold which, as has been seen, 
a re  m uch m ore  d ifficu lt to study. F rom  the genetic point o f  v iew  
fo r  instance, the literature covers  only som e sp ecies , som e m ic r o 
o rga n ism s, som e in sects  and, above a ll, the fru it fly  D rosoph ila . 
R ecent literature bears  on  m ice .

A very  large amount o f inform ation is available which m akes it 
possib le  on the one hand to com pare various species  from  the point 
o f view  o f radiobiology and derive threshold values and on the other 
to plot d ose -e ffe ct  curves in the case o f genetic mutations.

H ow ever, there are always uncertainties in extrapolating from  
animal to man, so that the above inform ation must be supplemented 
by data concerning human observations.

3 .1.  1. 3. Human observations
. T hese observations relate fir s t ly  to people exposed  fo r  th era 

peutic purposes. In these cases it is no longer the beneficial effects
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o f the radiation that are studied but the possib le hazards. Radiation 
m ay, fo r  instance, resu lt in skin  m od ifica tion s , lung tro u b le s , 
som etim es the in ciden ce  o f  ca n ce rs , e tc .

Human ob serv a tion s  a lso  com e  from  peop le  who have under
gone occupational exposure. As far as radium is concerned they are 
o f the utm ost value, s in ce  a whole s e r ie s  o f au topsies have m ade 
it p oss ib le  to determ ine the amount o f radium  inside the body and 
the varying dose  lev e ls  and d egrees  o f dam age.

There is finally a third category  o f data, namely those relating 
to atom bom b v ict im s , fo r  whom causality  relationships have been 
established, esp ecia lly  fo r  leukaem ia, skin and blood changes, etc.

In the fie ld  o f  gen etics  th ere  are p ra c tica lly  no data o f  va lue. 
As a human generation  is o f the o r d e r  o f  30 y ea rs  and becau se  o f 
the relative novelty o f the subject, it is c lea r  that little inform ation 
is yet available.

A whole a rray  o f m ateria l is  th ere fore  to hand. P hysica l data 
a re  m ainly useful to determ ine what steps it is  reason ab le  to take 
in the case o f effects without a threshold. B iologica l data, fo r  their 
part, throw  a great deal o f light on th resh old  e ffe c ts  and so m ake 
it p oss ib le  to determ ine the appropriate  le v e ls .

3 . 1 . 2 .  C ategories o f  exposure

B efore  turning to a p re c ise  definition o f p erm iss ib le  le v e ls , it 
is  desirable to indicate the general concepts underlying the standards, 
in particular those o f ca tegories  o f exposure and the maximum p er
m iss ib le  dose.

A ll radiation can be c la ss ified  in two ca tegories , natural back 
ground radiation and m an-m ade radiation.

3. 1 .  2 .1 .  Natural background radiation

When standards are drawn up, whether for  radiation w orkers or 
fo r  the population at large, no account is taken o f natural radio
activ ity . This general tenet is o f  the utm ost im portan ce . Natural 
rad ioactiv ity  can be used as a basis  o f re fe ren ce  in drawing up 
standards, but it is  not taken into account subsequently as it is sub
ject to fluctuations and the ICRP has pointed out that it ya r ies  con 
s id erab ly  from  lo ca lity  to lo ca lity . T h ere fore  the resu lting  doses 
to various organs are not w ell known.
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"If maximum p erm issib le  levels  included background radiation, 
the allowable contribution from  m an-m ade sou rces -  which are the 
only ones that can be controlled -  would be uncertain and would have 
to be different for  different lo ca lities . A ccordingly, doses resulting 
from  natural background radiation are excluded from  all m aximum 
p erm issib le  doses recom m ended" by the ICRP.

3. 1 .  2. 2. M an-m ade radiation

In the fie ld  o f  m an-m ade radiation  two types o f exposu re  are 
now distinguished, i . e .  m ed ica l and non -m ed ica l. This distinction 
is  made partly because m edical sou rces o f radiation contribute s ig 
nificantly to the radiation exposure o f the population as a whole, and 
partly because o f their specia l aspect. In the fie ld  o f m ed ica l e x 
posure, it is obvious that any radio log ica l examination or  treatment 
is  p erform ed  fo r  good rea son s , i . e .  becau se  it is  supposed  to be 
needed. Even so , duplication  m ay happen ow ing to d e fects  in 
adm inistrative organ ization , and abuses do o c c u r .

R adiological exam ination o r  treatm ent undertaken deliberately  
has the specia l ch a ra cteristic  o f being designed to ensure the indi
v idual's health. T herefore , though it does to som e extent constitute 
a hazard, it cannot be regarded as im p erm iss ib le  p ra ctice . F rom  
the health point o f view the choice is between carrying out the exam i
nation o r  treatm ent fo r  the sake o f the in d iv idua l's  health and not 
doing so in ord er  not to expose him to radiation. Obviously the d is 
advantage is  triflin g  com pared  to that involved in not perform in g  a 
d iagnosis o r  treatm ent.

As far as the standards are concerned, all types o f m edical ex 
posure are accordingly excluded too, so as to prevent w orkers from  
being discrim inated  against and assigned to another job  m ere ly  b e 
cause they have undergone rad io log ica l exam ination o r  radiotherapy.

3.1. 3.  Concept o f  maximum perm issible dose

In defining the concept o f  m axim um  p e rm iss ib le  dose  the 
ICRP em phasizes that any m an-m ade radiation involves r isk s . Here 
are the very  words used:

"Any departure from  the environm ental conditions in which man 
has evolved m ay entail a risk  o f deleterious effects . It is therefore 
assum ed that long continued exposure to ionizing radiation additional 
to that due to natural radiation background involves som e r is k ."  No
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radiation dose in ex cess  o f what resu lts from  natural radiation can 
be con sid ered  as innocuous. "H ow ever, m an cannot en tire ly  d is 
pense with the use o f ionizing radiations, and th erefore  the problem  
in practice is to lim it the radiation dose to that which involves a risk 
that is  not unacceptable to the individual and to the population at 
la rg e . This is  ca lled  a p e rm iss ib le  d o s e . "

T h ere fo re  " it  is em phasized  that the m axim um  p e rm iss ib le  
doses recom m ended are m axim um  values; the C om m ission  r e 
com m ends that all doses be kept as low  as practicable, and that any 
unnecessary exposure be avoided ."

Depending on whether the concept o f perm issib le  dose is applied 
to an individual o r  to the population at la rg e , the em phasis should 
be put on the prevention  o f  som atic  o r  o f  genetic e ffe c ts .

3 . 1 . 4 .  Categories o f  person s exposed

Human beings liab le  to radiation exposu re  are c la ss ifie d  into 
two ca teg or ie s :

(1) Individuals who a re  o ccu p a tion a lly  ex p osed  to rad iation ;
(2) Individual m em bers o f the public (including person s living 

in the v icin ity  o f con tro lled  a rea s ).
F o r  each ca tegory , international organ izations have sp ecified  

the values of the maximum perm issib le  doses (these maximum values 
apply neither to exposu re  due to natural background radiation  nor 
to exposu re  fo r  m ed ica l p u rp oses ).

3 . 2 .  BASIC STANDARDS

3 . 2 . 1 .  General

The b a s ic  standards constitute the c o r n e r -s to n e  o f  the w hole 
system  o f regulations in the fie ld  o f rad io log ica l protection . They 
are supplem ented by pa rticu la r  p rov is ion s  relating  to the variou s 
types o f exposu re , which constitute what m ay be ca lled  derived  
standards.

The firs t  ca tegory  o f persons exposed is  what m ainly con cern s 
u s. T hese are w ork ers  who are sub jected  to regu lar occupational 
exposure in the cou rse  o f their w ork. A dm ittedly, it is  d ifficu lt to 
determ ine p re c ise ly  what is meant by 're g u la r1, yet it would be ap
propriate to give here a convenient adm inistrative c la ss ifica tion  o f 
w ork ers, depending on the conditions o f w ork.
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A dm inistrative c la ss ifica tion  o f w orkers

F o r  adm in istrative pu rposes it is  convenient to co n s id e r  two 
conditions under which w ork ers  are exposed  to radiation  in the 
cou rse  o f their w ork. This distinction depends on the possib ility  o f 
a certain  leve l o f dose being exceeded , rather than the actual leve l 
observed, and will have an influence on arrangements for health su r
veillance and radiation protection  as w ell as on the design and op er
ation of an installation.

The two conditions are:

(i) Conditions such that the resulting doses might exceed three 
tenths o f the annual maximum perm issib le  doses. This working con
d ition  shall req u ire  that the w ork ers  be su b ject to s p e c ia l health 
supervision  and personnel m onitoring. F or  these w orkers the dose 
a ssessm en t w ill usually  be ach ieved  by individual m on itorin g  fo r  
external radiation o r  internal contamination as appropriate, although 
they may som etim es be made by indirect methods.

(ii) Conditions such that the resulting doses are m ost unlikely 
to exceed  three tenths o f the annual m axim um  p erm iss ib le  d ose . 
W orkers working under this condition  would not requ ire individual 
m onitoring and special health supervision. F or these w orkers m oni
torin g  o f the w orking environm ent w ill usually  be su fficien t, even  
though in som e cases  individual m onitoring may be desirab le , e . g .  
to obtain statistica l inform ation on the exposure.

3 . 2 . 2 .  Standards applying to w orkers engaged in radiation work

3. 2. 2. 1. E xposure o f the whole body, gonads o r  red bone m arrow

The m axim um  p erm iss ib le  dose  to the whole body, gonads o r  
red bone m arrow  o f an individual shall be five rem s in any one year. 
A lso  sin ce  it is  now estim ated  that a w ork er  should not r e c e iv e  a 
dose in ex cess  o f 200 - 300 rem s fo r  the whole span o f his w orking 
li fe , the follow ing form ula  has been established:

D = 5 ( N -  18) rem  

where D is  the dose and N the w o rk e r 's  age.
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Eighteen has been  ch osen  sin ce  people do not n orm a lly  begin  
w orking b e fo re  18. This form ula  sets an upper lim it fo r  the in d i
v idual's accum ulated dose at a given age. The radiation protection  
standards m ake use o f th is fo rm u la  to p rov id e  flex ib ility  to m eet 
som e p ra ctica l situations (these ca se s , how ever, are felt to be in 
frequent). In such ca s e s , the total accum ulated dose to the whole 
body, gonads o r  red  bone m arrow  of an individual shall not exceed  
the maximum perm issib le  doses derived from  the form ula. In other 
w ords, the dose can exceed , if  the form ula allow s, the yearly  lim it 
o f  five  r e m s . H ow ever, the form ula  m ight lead to a bu ses. F o r  
instance, a w orker starting at the age o f 50 years -  o r , in extrem e 
cases , 58 years -  would reckon 40 years o f working life  without any 
exposure. Consequently, if he had started work at 18 years old , he 
could be exposed to 40 X 5 = 200 rem s and thus, without contradicting 
the form ula, he could be subjected to 200 rem s during the first year, 
even during the firs t  week. As such a state o f a ffa irs cannot be 
allow ed, the ru le established  by m eans o f the above form ula  is 
supplem ented by another specify in g  that exposure shall in no ca se  
exceed  three rem s in any consecutive 13 w eeks. This is an im 
portant lim itation  as it m eans fo r  instance that exposu re shall not 
exceed  12 rem s in any one year, whatever the w ork er 's  age and the 
tim e when he was firs t  engaged in radiation work.

S evera l sp e c ia l p rob lem s m ay a r ise  when an in d iv idua l's  
prev iou s exposu re  is not known. In such a ca se  the individual is  
assum ed to have rece ived  the maximum dose; thus a person  having 
been engaged in radiation work at the age o f 28 years but whose 
previous exposure h istory  is not known, w ill be con sidered  to have 
rece ived  a total dose o f  50 rem s.

T hese standards have varied  with tim e. There are people who 
have been m onitored and have rece ived  higher exposures than those 
now perm itted. In this ca se , as the w ork er has been exposed  in a 
manner conform ing to previous recom m endations, no breach  o f the 
regulations is regarded as having o ccu rre d . When new regulations 
are brought into fo rce , it is therefore  supposed that people have a c 
cumulated the maximum dose.

It should be noted, how ever, that in the ca se  o f  wom en o f  r e 
productive capacity o r  pregnant wom en specia l p rov isions are indi
cated as w ill be m entioned la ter (see  section  3. 2. 2. 8). A lso under 
sp ecia l conditions (see  planned sp ecia l exposure, section  3. 2. 2. 3) 
an exposure o f  up to 10 rem s fo r  ca re fu lly  scru tin ized  individuals 
m ay be allow ed in one exp osu re .
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3. 2. 2. 2. Partial exposure

In the case of partial exposure, the first point to be considered 
is  the exposure o f  p a rticu la r  organ s due, fo r  exam ple , to r a d io 
active contam ination. P artia l exposure being le s s  se r iou s  than 
w h ole-body  exposu re , an average value o f 15 rem s a year is p e r 
m itted with a m axim um  value o f  8 rem s a qu arter.

F or three particular organs, the skin, thyroid and bone, a dose 
o f 30 rem s a year and 15 rem s a quarter is perm itted.

F in a lly  fo r  ex trem ities  -  hands in p a rticu la r  -  the exp osu re  
m ay be higher because o f the proxim ity  o f the hands to the sou rces , 
so a still higher value equal to 75 rem s a year and 40 rem s a quarter 
is  permitted.

It should be em phasized that the yea rly  values are the p rim ary  
lim its . The quarterly lim its fo r  any organ can be up to half the 
yearly  lim it provided that the latter is not exceeded.

Gonad exposu re  is  included in w h ole -bod y  ex p osu re . P a rtia l 
exposure involving gonad exposure must be regarded as w hole-body 
exposure.

A s fa r  as the b o n e -m a rro w  is  con cern ed , the exp osu re  m ust 
affect it all. This is important in the case o f a bone-seeking nuclide 
as it will irradiate the whole bone-m arrow .

3 . 2 . 2 . 3 .  Planned specia l exposure

R adiation p rotection  standards p rov id e  sp e c ia l gu idance fo r  
situations which m ay o c c u r  infrequently during n orm al operations 
when it may be necessary  to allow a few workers to receive exposure 
in e x ce ss  o f the recom m ended qu arterly  lim it. In such c ir c u m 
stances, exposure o r  intakes o f radioactive m aterial may be allowed, 
provided the dose com m itm ents do not exceed tw ice the annual dose 
lim it  in any s in g le  event and fiv e  t im e s  th is  lim it  in  a l i fe t im e .

It is emphasized that doses o r  intakes o f this magnitude are only 
justified  when alternative techniques which do not involve such e x 
posures of w orkers are either unavailable o r  im practicable.

Planned sp e c ia l exp osu re  should not be a llow ed under the 
fo llow in g  con d itions:

(a) If the addition o f the intended dose to the w ork er 's  accum u
lated dose exceeds the amount determ ined by the form ula

(b) If the worker has received in the previous 12 months a single 
exposure o r  intake o f radioactive m ateria l with a dose com m itm ent 
in excess  o f the quarterly quota
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(o) If the w orker has previously received  an em ergency exposure 
o r  intake or  an accidental exposure in excess o f five tim es the annual 
dose limit

(d) In the case of women of reproductive capacity.
Doses resulting from  planned special exposure shall be recorded 

with those from  usual exposures but any excess over the recom m ended 
lim its  should not constitute a reason  fo r  excluding a w ork er  from  
his usual occu pation .

3. 2. 2. 4. E m ergen cy  exposu re

Even during em ergency work, every  step w ill be taken to keep 
exposure to a m inim um .

Doses higher than those indicated in sections 3.2.2.1 and 3.2.2.2 
are acceptable when perform ing em ergency tasks during o r  im m edi
ately after an accident; they w ill be in curred  only a fter com petent 
advice  has been  obtained and w ill be con sid ered  ju stified  w here it 
is  n ecessa ry  to bring aid to individuals, to prevent the exposure of 
a large number o f  persons o r  to safeguard an im portant plant. It is 
not p oss ib le  to indicate dose lim its  fo r  such ex p osu res , s in ce  the 
acceptability  o f the dose w ill depend on the im portance o f the pur
p ose . Insofar as p oss ib le , w ork ers  should be in form ed  o f  the 
hazards involved b e fo re  they accept such ex p osu res .

If the dose exceeds tw ice the appropriate annual lim it (sections 
3.2.2.1 and 3.2 .2 .2), the situation w ill be examined by the competent 
m edical authorities. The w orker may be authorized to continue with 
routine work if there is no m edical ob jection  and bearing in mind his 
previous exposures, his health, age, special qualifications and social 
and econom ic responsibilities.

3. 2. 2. 5. E m ergency exposure to radioactive material

Even during em ergency  w ork, every  step w ill be taken to keep 
the intake o f rad ioactive substances to a m inim um .

During em ergen cy  exposure, it is im p ossib le  to fo re se e  the 
sca le  o f contamination and it would therefore be illog ica l to indicate 
a lim it o f intake. Such exposure w ill be considered  justified where 
it is n ecessa ry  to bring aid to individuals, to prevent the exposure 
o f  a la rge  num ber o f  p erson s  o r  to sa feguard  an im portant plant.

Intake w ill be evaluated as fa r  as p o ss ib le , and if  it ex ceed s  
tw ice the annual lim it the situation w ill be examined by the competent 
authorities . The w orker may be authorized to continue with routine

7 1

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



work if there is no m edical ob jection  and bearing in mind his previous 
exp osu res , h is health, age, sp ec ia l qualifica tion s and s o c ia l  and 
econ om ic  re sp o n s ib ilit ie s .

3. 2. 2. 6. A ccid en ta l exposu re

A ccidental exposure exceeding the lim its established for  norm al 
w orking conditions d iffe rs  from  em erg en cy  exp osu re  in  that it is  
inevitable and unforeseen . W orkers w ill be re fe rred  to the com p e
tent m edical authorities and d ecis ions concern ing any further work 
w ill be taken in the sam e way as provided in the case  o f em ergency  
exposure (section  3 . 2. 2. 4).

3. 2. 2. 7. A ccidental intakes

A ccidental intake d iffers  from  em ergency  intake only in that it 
is  inevitable and u n foreseen . W ork ers w ill be r e fe r re d  to the 
competent m edical authorities and decisions concerning any further 
w ork w ill be taken in the sam e way as p rov ided  in the ca se  o f  d e 
liberate em ergency exposure to radioactive m aterial (section  3.2.2.5).

3. 2. 2. 8. Exposure of fem ale workers

In the case  o f fem ale w ork ers regard  m ust be had to potential 
o r  actual pregnancy and m axim um  p erm iss ib le  d oses  fo r  w om en 
o f  rep rod u cib le  age and pregnant w om en m ust be estab lish ed  
a ccord in g ly .

W om en o f reprodu ctive  age should be assigned job s  w here e x 
p osu re  o f  the abdom en is  lim ited  to 1. 3 rem s o v e r  a p eriod  o f  13 
w eeks, which co rresp on d s  to 5 rem s a yea r  d e liv e red  at an even  
rate . Under these conditions, the dose d elivered  to the em bryo 
during the fir s t  two m onths o f  pregnancy would n orm ally  be under 
1 rem , which is  con sid ered  accep tab le .

When pregnancy has been diagnosed, steps must be taken to a s 
certa in  that the exposu re to which the wom an is  su b jected  is  such 
that the average dose to the foetus during the rem ainder o f pregnancy 
w ill not exceed  1 rem . In ca ses  w here the dose to the foetus m ay 
be a lm ost equal to the dose to the m other -  fo r  instance when the 
abdom en is  su b jected  to penetrating radiation  -  th is requ irem en t 
is usually ensured if the m other is not subjected to dose rates higher 
than 1.5 rem s a year.
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In the case o f a person  whose occupational exposure begins b e 
low  18 y e a rs  o f  age, the dose  m ust not ex ceed  5 rem s in any one 
year below  18 years o f age, and the dose accum ulated by the age o f 
30 must not exceed  60 rem s. The ILO recom m ends that no w orker 
shall be engaged in radiation work below  the age o f 16 which is also 
adopted by the IAEA.

3.3.  SECONDARY STANDARDS (DERIVED STANDARDS)

3.3.1.  General

It w ill be re ca lle d  that the b a s ic  standards a re  e x p re sse d  in 
rem s per unit o f  t im e . H ow ever, as d oses cannot be d irect ly  
m easu red  in re m s , the s o -c a l le d  's e co n d a ry ' standards are 
expressed in practical units of measurem ent, i . e .  rontgens, particle 
fluxes and curies.

The gen era l ru les lay  down average values; consequently  the 
ex p osu re  to  w hich individuals o r  groups o f  individuals have been  
subjected can only be estimated on the basis of m easurem ents either 
o f the environment o r  o f the individuals them selves.

A ll the 'se con d a ry  standards' are a rrived  at independently o f 
each oth er, fo r  one particu lar  type o f  exposu re  is con s id ered  and 
a relationship is established between it and the basic standards, a s 
sum ing it to be the on ly  type o f  exposu re . Thus, to take the v ery  
sim ple case o f X - o r  gam m a-radiation, where the quality factor (QF) 
is equal to 1, an occupationally exposed w orker m ay not rece ive  on 
the average m ore than five rontgens a year, on the understanding that 
he is not also exposed to neutrons o r  radio nuclide sou rces.

As far as radionuclides are concerned, a value is set fo r  each, 
fo r  example the maximum p erm issib le  body burden o r  the maximum 
p e rm iss ib le  intake o r  the m axim um  p e rm iss ib le  concen tration  in 
air. This value is established in such a way that the type of exposure 
w ill involve a m axim um  exposure of, fo r  instance, 15 rem s a year 
fo r  a particular organ, assuming the individual is not exposed to any 
other external o r  internal radiation.

When all types o f exposure are con sid ered , weighting fa ctors  
must be taken into account; in other w ords, when sev era l hazards 
are present at the same tim e, each contributes to the total exposure, 
which must not exceed  the lim its  laid down in the ba sic  standards.

3. 2. 2. 9. Exposure of workers below .18 years of age
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The follow ing considerations are th ere fore  va lid / taking the 
various hazards into account separately . The secondary standards 
are drawn up for  the two main types o f irradiation , external ir ra d i
ation and rad ioactive  contam ination. E xposures are exp ressed  in 
rontgens w hereas absorbed  d oses are ex p ressed  in rads and dose 
equivalents are ex p ressed  in rem s.

Maximum perm issib le  exposure means a single external exposure 
which, distributed in tim e and in space through the body, d e livers  
the maximum p erm issib le  dose to the individual. Maximum p e r 
m issib le-concentration  means a contamination such that the quantities 
o f radionuclides present in the air and inhaled, o r  present in drinking 
w ater, leads to the m axim um  p erm issib le  body burdens and that 
these maximum p erm issib le  body burdens deliver exactly the basic  
maximum perm issib le dose. In practice , the maximum perm issib le 
concentrations fo r  drinking water are not used in the health su p er
v is ion  o f w ork ers.

.3. 3. 2. Secondary standards (derived limits) foy external irradiation

Maximum p erm issib le  exposures are easy enough to define for  
exposure to electrom agnetic radiation (X and gamma rays). A ll that 
has been said regarding the basic standards can be applied d irectly  
by replacing the rem  unit by the rontgen unit. The resulting slight 
e r r o r  o f 6% is quite acceptable .

Beta radiation is m easured  in ion ization  cham bers which are 
used for  both beta and gamma radiation; and the m easurem ents can 
be in terpreted  in rads. The quality fa cto r  (QF) fo r  beta p a rtic les  
is assum ed to be equal to one. That being so the dose in rads c o r 
responds to the dose in rem s and the basic standards can be applied 
d irectly  to beta radiation by expressing them in rads.

This cannot be done with neutrons; rem s m ust be con verted  
into term s o f maximum perm issib le  flux. In determining the m axi
mum p e rm iss ib le  neutron flux the fo llow in g  co rresp on d en ce  is 
estab lish ed .

F o r  therm al neutrons with en erg ies  of the o rd e r  o f 0. 025 eV, 
a flux o f 670 n cm"2 s e c '1 is perm itted. The exposure resulting from  
such a neutron flux is exactly equal to 5 rem s a year for whole-body 
irrad ia tion . F o r  partial exposu res corresp on d in g  lim its  must be 
applied. The values given below  corresp on d  to 5 rem s a yea r fo r  
an occupationally  exposed w orker.
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F o r  neutrons other than therm al neutrons the p erm issib le  flux 
will vary inversely  with the energy of the particles; thus for neutrons 
o f 100 000 eV the perm itted flux falls to about one tenth o f 670, i . e .  
80 n cm '2 sec"1 . F or  neutrons of 1 MeV the value is 18 n cm"2 sec"1 
and fo r  neutrons above 3 MeV the value could fa ll from  18 to 
1.0 n cm -2 s e c -1 at 1000 MeV.

When m easurem ents are made, it is found that it is not possible 
in p ractice  to establish  the neutron spectrum  to which a w orker is 
exposed. F or this purpose threshold detectors are required, which 
involves com plications. Consequently neutrons are usually divided 
into two o r  m ore  categories  depending on their energy range.

Therm al neutrons are m easured by methods which enable them 
to be m easured independently.

F or fast neutrons, m easured independently, the value adopted 
is that which is m ost favourable from  the point of.v iew  o f protection: 
all neutrons are assum ed to have the m axim um  en erg ies . The r e 
sulting e r r o r  is  on the safe side.

3. 3. 3. 'Secondary standards' for radioactive contamination

The correspond ing  values fo r  maximum p erm iss ib le  contam i
nations ( e . g .  m axim um  p erm iss ib le  body burdens, m axim um  p e r 
m issib le  concentrations, etc . )  are m ore difficult to arrive  at. The 
basic  standards lay down that the average annual dose delivered  to 
the whole body, the gonads and the red  m arrow  should not exceed  
5 rem s. F or other organs, in a general manner, a value three tim es 
as high, i . e .  15 rem s a year, is allowed. F or the skin, where some 
substances such as arsenic get fixed, the thyroid, and bone the ICRP 
specifies a lim it of 30 rem s a year.

The following pages contain explanations with regard to determ i
nation of the m axim um  p erm iss ib le  body burden and the m axim um  
p erm issib le  con centrations. The only purpose o f including this 
inform ation is to elucidate these con cepts. In p ractice  there is no 
need to use the form ulas given as the ICRP tables contain c o r r e s 
ponding values fo r  all the m axim um  p erm iss ib le  body burdens and 
concentrations that have been calcu lated .

3. 3. 3 . 1 .  M axim um p erm issib le  body burdens

What m ust be determ ined then is  the quantity o f  rad ionuclides 
which, permanently retained in the body at a given level, w ill deliver
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the pertinent lim iting dose -  5, 15 or 30 rem s a year -  to the critica l 
organ . It is  assum ed that there is  a state o f equ ilibrium  and that 
the contamination is regular and continuous. Assuming that w orkers 
are exposed throughout their working day, the daily doses in excess  
counterbalance the daily doses beneath the maximum values.

The maximum perm issib le  body burdens (MPB) are given in the 
IC R P tables fo r  approxim ately  250 d ifferent ra d ion u clides . T o 
calculate these values one must know the radioactive ch aracteristics 
o f these radionuclides and their m etabolism . The ICRP has th ere 
fo re  established the ch a ra cter ist ics  of a standard man on the basis 
o f b io log ica l data. Thus his m u scle  counts fo r  30 kg, skin 6. 1 kg, 
fat 10 kg, skeleton  7 kg, red m a rrow  1 .5  kg, ye llow  m a rrow
1. 5 kg, e t c .

The standard m an is  estim ated  to inhale 2X 107 cm 3 o f  a ir  
da ily . During his 8 -h ou r w orking day he inhales as m uch a ir  as 
during the 16 hours he is  not at w ork . He is a lso  assum ed to ab 
so rb  1. 2 litre s  o f  w ater a day in liquid fo rm  plus 1000 g o f  w ater 
contained in his food, and water from  oxidation process is estimated 
at 300 g; the total is th erefore  2 .5  litre s  a day. The dose is  then 
determ ined as a function o f the body burden, as fo llow s:

D . k q f  E (QF)n 
m

where k is a unit con version  fa ctor; q is the radionuclide burden; 
f is the fraction  o f radionuclide retained in the cr it ica l organ (equal 
to 1 fo r  the whole body); E is the energy delivered by the particles; 
QF is  the quality fa ctor ; n is a fa ctor  o f  non-un iform  distribution  
(in som e ca ses  rad ionuclides are not d istributed even ly  with the 
resu lt that there is m ore  exposure at one point than another); and 
m is the total m ass of the organ where the radionuclide is deposited.

With this form ula the maximum perm issib le  body burden can be 
calculated, D being the maximum perm issib le  dose (5, 15 o r  30 rem s 
annually).. This form ula  can be applied to alm ost all radionuclides 
excep t those which behave in the body like .radium . Many human 
observations on radium  are available fo r  occupationally  exposed 
w ork ers , so it has been possib le  to establish  separately  the m a x i
mum p erm issib le  body burden fo r  radium  only.

M axim um p e rm iss ib le  body burdens fo r  m ateria ls  s im ila r  to 
radium  are calcu lated  by m eans o f  form ula  (1), but substituting q' 
fo r  q:

p . k q ’ f E '  (Q F)n' 
m
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where f is the sam e since these are bone-seeking radionuclides; QF 
is  the sam e since they are alpha-em itters; and m is also unchanged 
since it is the m ass of the bone system . Knowing that q' for  radium 
is  equal to 0. 1 m ic ro cu r ie s , the d ifferent values o f  the m axim um  
p e rm iss ib le  body burden fo r  substances s im ila r  to radium  can be 
derived .

. It is  thus p oss ib le  to know the m axim um  p e rm iss ib le  body 
burdens fo r  about 250 rad ion u clides.

E ach  tab le  o f m axim um  p e rm is s ib le  body burdens re la tes  to 
continuous exposure under particu lar conditions, either 40 hours a 
week; o r  continuous exposure fo r  a week o f 168 hours.

Though maximum perm issib le  body burdens are of interest, they 
cannot so lve  every  problem  as the burden o f rad ionuclides in a 
human body cannot be m easured d irectly , except for  gam m a-em itters, 
where sp ectrom eters  can be used fo r  this purpose, though with 
d ifficu lty .

F or pure beta-em itters o r  alpha-em itters recou rse  must be had 
to indirect m easurem ent o f intakes o r  excreta .

E xcretion  m easurem ents are useful from  the point o f view  o f 
m onitoring personnel. They represent a convenient method, though 
it is difficu lt to deduce from  a value fo r  excreta  activ ity  m ea su re 
ment a value for  the body contamination itse lf. The manner in which 
radioactive substances are elim inated by the body is fa ir ly  w ell 
known. It a lso depends on the tim e that has elapsed sin ce  the co n 
tamination occu rred . Thus, from  any given tim e when the body con
tains a certa in  quantity o f  rad ioactive  su bstan ces, ex cre tion  p r o 
ceeds according to a known law which is usually either an exponential 
function, a power function o r  a combination of functions. In the case 
o f accidental contam ination, from  m easurem ents made at variou s 
tim es it w ill be possib le  to estim ate the amount present in the body 
at the tim e o f the accident.

If, as is  usually  the ca se , no in form ation  is availab le  on how 
the contamination occu rred  o r  the contamination is irregu lar, it be
com es  exceed in g ly  d ifficu lt to deduce internal contam ination  from  
m easurem ents made la ter. T herefore , instead of trying to establish 
the values fo r  the m axim um  p erm iss ib le  concentration  in excreta , 
p re feren ce  has been given to establishing such values in inhaled or  
ingested substances. This has been done fo r  air and drinking water, 
but not for  food.

In the fie ld  o f  industria l hygiene, contam ination  h azards are 
m ainly due to inhalation only. It is therefore possib le to solve som e 
problem s of industrial hygiene by a ir m onitoring.
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As far as public hygiene is concerned, the contamination o f the 
population at large o ccu rs  m ainly through food , a little  through 
drinking w ater, p ra ctica lly  not at all by a ir .

Owing to the com plexity  of the problem  no standards have been 
laid down for  food. It would in fact be necessary  to take into account 
the contribution each nuclide makes to the total radionuclide intake, 
which w ill vary depending on the diet; and although m en all breathe 
the sam e way, they have not the sam e dietary habits.

3. 3. 3. 2. Maximum p erm iss ib le  concentrations

How is  it p o ss ib le  to pass fro m  m axim um  p e r m is s ib le  body 
burdens to m axim um  p erm issib le  concentrations in a ir and w ater? 
A num ber o f assum ptions are made about the occupational activ ity  
o f w ork ers . The w ork ing schedule a ccepted  fo r  general pu rposes 
is 40 hours a week, divided into 5 days of 8 hours each and 50 weeks 
a year. E xposure is assum ed to be continuous. F rom  these data a 
relationship can be established between maximum p erm issib le  body 
burdens and maximum p erm issib le  concentrations in a ir and w ater. 
The relationsh ip  is  s im p le  enough. The m axim um  p e rm iss ib le  
con cen tration  in a ir  (M P C a) is  given  by the form ula

where k a is a unit conversion  factor; qf is the quantity of rad io 
nuclide in the cr it ica l organ; T is the e ffective  h a lf-life ; fa is  the 
fra ct ion  o f inhaled rad ionuclide which reach es  the c r it ic a l  organ ; 
and t is  the period  o f ex p osu re .

T here  is a s im ila r  form u la  fo r  the M PC value in w ater:

where fw is the fraction  o f ingested radionuclides which reaches the 
cr it ica l organ.

Thus the M PC values a re  lim itin g  va lues fo r  the pollution  o f

(3)

qf (4)

a ir  o r  drinking w ater corresp on d in g  to the m axim um  p e rm iss ib le
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d oses to the variou s organs. They represen t average values o v e r  
a year and m ay o cca sion a lly  be exceeded .

Under th ese  form u las an individual cannot at any tim e  in his 
l i fe  be su b ject, as a resu lt o f  the in corp ora tion  o f  ra d ion u clid es , 
to an exposure o f  the whole body o r  a particu lar organ in ex cess  o f 
the ba sic  standards laid down. This does not m ean that the m a x i
mum p erm issib le  concentration  o r  body burden will always involve 
an exposure equal to the m axim um  p e rm iss ib le  dose but on ly  that 
the maximum perm issib le  dose will never be exceeded. The fo llow 
ing exam ples will make the point c lea r .

On a graph tim e t is  plotted as an a b sc is sa  and the dose  rate 
as the ord inate. If we take a substance such as sod iu m -2 4 , equ i
librium  w ill be reached very  quickly because the half-life  o f sodium 
is on ly a few h ours. Thus, applying the MPC form ulae (3) and (4), 
we find that an individual who from  tim e zero  inhales a ir  con tam i
nated with sodium  in this concen tration  w ill r e ce iv e  in his body a 
sodium concentration which increases slow ly so as to reach the lim it 
at a given  t im e . A  cu rve  o f the type shown in F ig .1 8  is  ob ta ined .

D A Y S

FIG. 18. Internal contam ination due to exposure to sodium-2 4 .

The lim it w ill be reach ed , within 1%, at the beginning o f the 
fifth  day. F o r  a few  days, until such  tim e  as the body  burden  o f  
sodium  rea ch es  equ ilibriu m , the exp osu re  w ill be l e s s .

A corresponding curve w ill be obtained fo r  io d in e -131 (F ig . 19); 
assuming that an individual starts work when 18 years old and is sub
jected  to continuous exposure to iodine, the lim it w ill be reached on 
the fifty-third day.

F o r  ca lc iu m -45 the lim it w ill be p ra c tica lly  reach ed  a fter 
1000 days, so that even though the m axim um  p e rm iss ib le  con cen -
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tration  in a ir is reached, this w ill during the firs t  year involve the 
individual in an exposure le ss  than the m aximum perm issib le  dose. 
An e r r o r  is th erefore  m ade, but on the safe side (F ig . 19).

1 10 100 1 000 10 000 

DAYS

FIG. 19. Internal contam ination due to exposure to io d in e -131 and ca lc iu m -4 5 .

This e r r o r  on the con servative  side becom es fa ir ly  m arked in 
the case o f elem ents with a v ery  long effective  h a lf-life  such as 
stron tium -90  o r  p lu ton iu m -239. F o r  stron tium -90  the lim it is 
reached after 50 years; if the w orker starts work when he is 18 he 
w ill not have reached  equ ilibrium  by the tim e he re t ire s  and on ly  then 
w ill he have re ce iv e d  the m axim um  p e rm iss ib le  dose  rate to the 
c r it ic a l  organ .

F o r  plutonium, w here the attainment o f equ ilibrium  is still 
rem ote , it is on ly a fter 50 years o f working life  that the m axim um  
p erm iss ib le  dose (30 rem s a year to bone) w ill be reach ed .

Agreem ent has been reached on these standards, which are p er 
fe ct ly  valid and not difficu lt to put into p ra ctice ; how ever, it must 
be recogn ized  that such calcu lations approxim ate reality . Thus the 
m axim um  p erm issib le  concentrations in a ir  and water allow  a dose 
to the body which fo r  v e ry  s h o r t -l iv e d  n uclides is  p ra c t ica lly  the 
m axim um  p erm issib le  dose; fo r  nuclides with a m edium  h a lf-life  
the m axim um  p erm iss ib le  dose w ill be reached  a fter a month o r  a 
year; while fo r  very  lon g -lived  nuclides the m axim um  p erm issib le  
dose w ill never be reached.

Instead o f con siderin g  that this m axim um  p erm iss ib le  con cen 
tration  should not be exceeded, the ICRP proceeds on the basis that 
n ever in an in d iv idua l's  life t im e  should the in tegrated  d ose  be 
allowed to reach a value that might exceed the pertinent lim it. Obvi
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ously, where one is dealing with a worker who has been subjected 
for 40 years, say, to plutonium or strontium contamination he will, 
by the end of his life, have received higher exposures than in youth. 
But workers do change jobs, and this is why for safety's sake it has 
been deemed preferable that at no time should the concentration exceed 
the value established, whatever the circumstances. In the case of 
plutonium, however, the standards are particularly severe, 
especially during the first years at work. From the general point 
of view of health protection, the method is perfectly valid since the 
resulting error, which is often considerable, is on the safe side.

It is often difficult to apply the standards or to measure the 
concentrations as very low levels are reached. This is a technical 
problem.

3. 3. 3. 3. Use of the MPC tables

These tables give the MPC values in air and water. The latest 
standards relate to an exposure of either 40 hours a week or to a 
continuous exposure of 168 hours a week.

From these data it is possible to derive values for workers occu
pationally exposed in actual conditions. Provision for this has been 
made because employment conditions vary from country to country. 
For example for sim plicity's sake it has been agreed that the 
168 hour value, which may serve as a reference, must be multiplied 
by three to get the value for occupationally exposed workers with 
a working week of 40 to 48 hours, seeing that 168/3 = 56, and it is 
only rarely that anyone will work as long as this. Accordingly a 
value three times as high will be taken.

The ICRP tables deal with 250 radionuclides; values given for 
each radionuclide relate to the soluble and insoluble form as the case 
may be; the values are also given separately for each critical organ.

Owing to the fact that each radionuclide has its own metabolism, 
it is a relatively simple matter to apply the ICRP data in the event 
of an isolated nuclide, but more difficult in the event of a mixture 
of nuclides.

In the case of known mixtures of nuclides the problem is simple: 
if they are all taken up by the same organ the values are added to
gether. Thus, should a mixture of astatine and iodine deposit in 
the thyroid, they are added together. The same is done for two bone- 
seeking nuclides.
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In the event of intake of several radionuclides which are taken 
up by different organs, whole-body exposure must be considered 
to have occurred, even though these organs are not the blood- 
forming organs or gonads. In the first case the standard pertinent 
to the critical organ involved must be applied, and in the second case 
5 rems a year -  the standard corresponding to the whole body -  
is used.

If the nature of the radionuclide mixture is unknown, as is often 
the case, the mixture is considered to be composed of the most toxic 
radionuclides. As this works out in an exceptionally severe manner, 
it is always desirable in practice to check on the presence or the 
absence of a particular nuclide in an unknown mixture. The new 
tables give information on this point. Thus for a mixture in which 
there are no alpha-emitters, these being the most toxic, a less 
strict value is taken.

The ICRP tables give typical examples where the most dangerous 
substances are eliminated one after another to arrive at the value 
corresponding to the most toxic nuclide the mixture can possibly 
contain. In this way it is possible to get factors of 100, 1000 or even
1 0  0 0 0 ; depending on the case.

This procedure must be followed in every instance where air 
or water is contaminated by mixtures whose nature is not entirely 
known. It is always desirable to make a few qualitative analyses 
to prove certain highly toxic substances are not present or, if they 
are. to determine them separately. Otherwise one must assume 
that these substances make up the whole of the mixture, which may 
well cause difficulty in applying the standards.

Finally, when the nature of the mixture is known, the various 
contributions made by the different radionuclides must be taken into 
account. The ICRP recommendations contain model formulas for 
such calculations.

On a practical level this implies that the composition of the 
mixture and the proportion of each radionuclide should be perfectly 
well known. When an atmospheric analysis is being made, with 
fluctuations according to place and time, it will be essential to under
take all necessary weighting calculations so as to determine the 
maximum permissible concentration, due account being taken of each 
substance and the absence of any external irradiation being assumed.
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4. HEALTH SUPERVISION

As stated earlier, the protection of workers against ionizing 
radiation requires both individual monitoring and medical examina
tions. The two types of supervision being complementary, in some 
countries responsibility for both types of supervision is assumed 
by the medical service, in others it is divided between physicists 
and physicians. When physicians are responsible for both individual 
monitoring and medical examinations, their qualifications should, 
of course, extend to all the methods involved. When the physicians 
are in charge of the medical examinations only, they should never
theless take account of the data obtained from physical monitoring 
in the interpretation of their findings.

Therefore, as an aid to the physician, the methods of measuring 
external exposure or radioactive contamination to which personnel 
may be subjected are described in this section of part 4.

4. 1. 1. Methods of measurement of irradiation

4. 1. 1.1. Measurement of external irradiation

4. 1. 1. 1. 1. Measurement of electromagnetic (X, 7 ) radiation. Per
sonnel monitoring for electromagnetic ionizing radiation may be 
done with films, pocket dosimeters, pocket ionization chambers or 
photoluminescent or thermoluminescent dosimeters.

Films (film badges) have a range varying according to the emul
sion used, but no single emulsion can cover all requirements. It 
is necessary sometimes to measure extremely low-level exposures 
of the order of 10 to 1000 mR, and at other times doses of the order 
of 1 to 1000 R. Detectors containing several emulsions may there
fore be used to record doses of interest for radiological protection 
purposes. The error of film badges is of the order of 20%, always 
in the direction of a high reading, which constitutes a safety factor.

The individual dose received may also be measured by means 
of small ionization chambers. Some types are equipped with 
electrometers and are known as pocket dosimeters (or pocket 
electrom eters), while others are without electrom eters and are 
termed pocket ionization chambers. The pocket dosimeters (pocket 
electrometers) allow direct self-reading since the detector and the

4. 1. RADIOLOGICAL MONITORING
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electrometer are connected. They are useful wherever it is of value 
to have an immediate reading of the dose at any given moment.

Pocket ionization chambers are intended for indirect reading, 
since the detector is separate from the electrometer. They have 
the advantage of being more economical but permit a reading of the 
dose only after a reasonably short time has elapsed. The range of 
pocket dosimeters (pocket electrom eters) and pocket ionization 
chambers is comparable to that of the film badge; in some cases 
they are, however, more accurate.

Film badges have the advantage over pocket dosimeters or ioni
zation chambers of leaving a permanent record for filing.

Generally, film badges should be worn continuously by workers 
engaged in radiation work, while other dosimeters giving immediate 
readings are useful when it is imperative to know the dose being re 
ceived at any moment.

New dosimeters are being developed, based on thermolumines
cence and photoluminescence phenomena. The types now available 
can give suitable information in the range of a few tens of m illi- 
rontgens to a few hundreds of rontgens.

The steady development of these techniques points to an increa
sing use of this type of detector in the future.

4. 1. 1. 1. 2. Measurement of electron (beta) radiation. The moni
toring apparatus described above used for gamma radiation may 
also be applied to the measurement of beta radiation. However, the 
windows of the detectors must be sufficiently thin to allow passage 
of the beta particles to be measured. Beta particles of low energy, 
less than 0. 2 MeV for example, cannot be detected in current 
practice by means of personnel monitors. This is, however, not 
a serious disadvantage, since such low-energy beta irradiation can
not appreciably irradiate the human body from external sources.

With regard to film badges, the same types can be used as for 
gamma-radiation monitoring. The wrapping is sufficiently thin to 
allow the beta radiation to pass. There are cases — those of mixed 
irradiation — when it may be desirable to distinguish between the 
respective contributions of beta particles and gamma rays, and it 
is then necessary only to place a light metal screen in front of a 
part of the film in order to shield the beta particles while allowing 
the gamma radiation to pass. The difference in blackening between 
the unshielded and the shielded areas gives an approximate indication 
of the dose due to beta particles.
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Pocket electrometers and pocket ionization chambers normally 
used for gamma rays can also serve as personnel monitors for beta 
radiation of energy greater than 0. 5 MeV. There are available 
types of pocket electrometer and ionization chamber, with sufficiently 
thin walls of light material, capable of detecting beta radiation of 
energies as low as 0. 1 MeV.

4. 1. 1. 1, 3. Measurement of neutron radiation. Although neutrons 
are not directly ionizing particles, they do produce nuclear reactions 
in the matter through which they pass and the reactions in turn may 
give rise to ionizing radiation capable of detection by the methods 
previously described. These nuclear reactions may also lead to the 
formation of induced radioisotopes, the radiation from which can 
likewise be measured. It is thus possible to detect neutrons either 
during or after irradiation.

For the detection of neutrons during irradiation, monitoring 
apparatus of the types described above can be used, equipped with 
certain accessories. Among these are cadmium scrieens able to 
capture thermal neutrons and subsequently emit measurable' gamma 
radiation. Likewise, incorporation of boron -10 in the detectors 
makes it possible to measure the alpha particles by the nuclear 
reactions between the neutrons and the boron.

Highly energetic neutron radiation can be detected by photo
metric methods using nuclear plates on which the number of tracks 
left by recoil protons formed in a hydrogenated medium can be ob
served through a microscope.

When the nuclear reactions induce radioactive substances, it 
is possible to determine the degree of neutron irradiation subse
quently. One method consists in using in the detector, or getting 
the worker to carry on his person, certain metals which are rapidly 
activated by neutron radiation (e. g. indium, gold). In this way de
tectors with several thresholds for neutrons of different energies 
can be obtained. They can measure the neutron flux values for each 
energy range.

In special circumstances it is even possible to use the human 
body as a monitor, since the sodium and phosphorus it contains are 
activated by neutrons into the radioactive forms sodium -24 and 
phosphorus-32. By gamma spectrometry the amount of sodium-24 
contained in the whole body, the blood or the urine can then be de
termined. Similarly, the amount of phosphorus-32 contained in the 
blood or urine can be determined by beta radiochemical methods.
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4. 1. 1. 2. Measurement of radioactive contamination

Radioactive contamination is the second form of irradiation to 
which workers handling radioactive materials may be subjected. 
Contamination may occur in various ways. It may be limited to the 
surface of the body, in which case it is termed skin contamination, 
or radionuclides may penetrate into the body through the skin, di
gestive tract or lungs, when it constitutes internal contamination. 
It is therefore necessary to evaluate skin contamination on the one 
hand and internal contamination on the other. Evaluation of the 
latter can be made either directly, as is possible in some cases, 
or indirectly, by measuring the amount of radioactive material liable 
to enter the body or the amount of such material eliminated from 
the body via the excreta.

4. 1. 1. 2. 1. Measurement of external contamination. The evaluation 
of external contamination is relatively easy. The contaminated area 
should first be demarcated by rough monitoring and a broad distinc
tion made between the various possible contaminants. Knowledge 
of the kind of work being performed usually provides an indication 
of what has occurred. In any event it is easy, with the help of the 
available detectors, to make an immediate distinction between alpha 
emitters on the one hand and beta or gamma emitters on the other.

The detectors used are generally proportional counters, Geiger- 
Miiller counters or scintillation counters. They are modified to 
suit requirements and the detecting surface is usually flat for use 
in relatively open areas, or in the form of a probe for work in places 
difficult of access.

The readings are expressed in counts per unit time. Account 
must first be taken of geometrical factors: the shape and surface 
area of the detector must be known in order to derive the number of 
counts per unit time and per unit area from the number per unit 
time. It is then necessary to take account of physical factors in 
order to derive a value in curies per unit area from the number of 
counts. For this purpose the disintegration scheme of the radio
nuclides, together with the efficiency of the counter with regard to 
the different types of radiation, must be known.

Obviously, an exact determination of external contamination 
is extremely laborious unless the nature of the contaminating nuclides 
is previously known. External contamination is therefore frequently 
evaluated only in terms of alpha- or beta/gamma-emitting radio
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nuclides. For this purpose maximum permissible limits have been 
established irrespective of the nature of the contaminating radio
nuclide. Decontamination is regarded as necessary after accidental 
contamination above certain levels, the values of which, as established 
by a number of national organizations, are quoted in Appendix II to 
the Manual on Safe Handling of Radioisotopes [15].
4. 1. 1. 2. 2. Measurement of internal contamination. (1) Direct 
measurement. In cases of internal contamination by radionuclides, 
it would appear theoretically highly advantageous to make an overall 
measurement of the contamination and thus to determine the body 
burden of radionuclides. Direct measurement is possible only if 
the radionuclides emit radiation capable of detection outside the body: 
at present this can be achieved, using spectrometry methods, only 
for gamma-emitters. Various instruments may be used to make 
such measurements in vivo. Owing to their extreme sensitivity, 
they must be shielded most carefully from background radiation to 
ensure accuracy of the results. For any given radionuclide the 
threshold of detection depends on the effectiveness of the shielding. 
The materials most widely used for shielding such apparatus are 
water, iron and lead. The types of apparatus used include ionization 
chambers, liquid scintillators and crystal scintillators.

The most frequently used apparatus is, however, the crystal 
gamma spectrometer. In its most usual form it consists of a de
tecting crystal connected with a photomultiplier. The gamma rays 
emitted in the organism are absorbed by the crystal and produce 
scintillations which in turn produce photoelectrons. The latter are 
then amplified by the photomultiplier, and converted into electric 
pulses. These pulses are then transmitted to a single- or multi
channel pulse-height analyser. With this equipment the radioactivity 
of the whole or of a particular part of the organism can be measured.

An ionization chamber cannot achieve energy discrimination 
between gamma radiations, but this is to some extent possible if 
liquid scintillators are used and is an easy task with crystal scintill
ators. In all cases the readings should be carefully interpreted, 
taking into account physical factors connected with the nature of the 
contaminating radionuclides and geometrical factors connected with 
the equipment. Calibration with regard to sources or phantoms is 
still a delicate operation. However, the accuracy of the equipment 
is generally sufficient to allow a correct evaluation of the body 
burden for certain radionuclides, such as iron-59, cobalt-60, 
zinc-65, ruthenium-106, iodine-131, caesium-137 and radium-226.
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Such apparatus is of value owing to the ease with which internal 
contamination can be measured; it is particularly useful in cases 
where a workeris suspected of having undergone appreciable internal 
contamination. It is not necessary to take samples, and care must 
only be taken to ensure that there is no interfering skin contami
nation. The characteristic features of the spectrometry method are 
its high sensitivity, adequate reliability and precision, great flexi
bility and convenience of use. However, the equipment is expensive 
at present and can only be used by experts.

(2) Indirect measurement by monitoring of excreta. Since radio
elements are eliminated by excretion according to more or less well- 
known laws, it is possible to estimate from the quantity of nuclides 
in the excreta the quantity present in the organism at a given time. 
The mode of elimination depends on the nature of the radio-element: 
uranium and plutonium are excreted in urine, strontium in sweat 
and urine. Radiochemical analyses are generally carried out on 
urine and occasionally on faeces and breath.

Radiochemical techniques generally consist of the following 
stages: preparation of samples; chemical isolation of radionuclides; 
quantitative determination of the latter by measurement of radio
activity after calibration with a control sample; exact identification 
of the radionuclides.

The sampling of excreta in reality requires more care than at 
first appears, if it is to give a true picture of the degree of elim i
nation of the substance under consideration. The ideal procedure 
is to collect specimens over a period of 24 hours. However, in 
practice, quantities equivalent to those excreted in 24 hours are 
often used. This method is relatively easy for the sampling of urine 
but not so easy for that of faeces. Specimens of both urine and 
faeces are collected in flasks or Polythene bags, and a check must 
be made that there has been no excessive absorption of the radio
nuclide on the walls of the receptacle used for collection. Breath 
is collected in large balloons having inlet and exhaust valves. This 
kind of sampling can be carried out only in specialized laboratories.

It is always useful to separate the various contaminating radio
nuclides with a view to measuring the activity of each. Separation 
is effected by the physico-chemical methods of co-precipitation, ad
sorption, ion exchange, etc. .

Quantitative determination of the radionuclides is effected by 
measuring the alpha, beta or gamma activity, using counters of the

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



Geiger-M uller, proportional or scintillation type, carefully ca li
brated by means of control samples. Special precautions should 
be taken where there is a possibility of natural radioactivity (e. g. 
potassium-40) interfering with the artificial activity to be measured 
in the specimens.

Finally, steps must be taken to identify with absolute certainty 
the radionuclide or nuclides to be detected. This operation is 
carried out by the methods of chemical analysis, radioactive decay 
(if the half-life is sufficiently short, i. e. a few hours or days), ab
sorption (for beta emitters), spectrometry (for alpha and gamma 
em itters) and tracks in nuclear emulsions (for alpha em itters).

Special radiochemical techniques have been developed to fa 
cilitate quantitative determination of radionuclides present in the 
excreta, particularly the urine.

The method adopted for this type of examination must meet 
certain requirements: in particular it must be specific, sensitive, 
accurate and rapid. These conditions are, however, seldom ful
filled by any one technique.

Often variants exist for different radionuclides. Methods which 
are very highly sensitive but complex in application are used for 
occasional but extremely important examinations (e. g. following 
an accident). Other methods, less accurate and less sensitive but 
easy to apply, are suitable for routine examinations. A list of 
methods of particular importance for medical toxicological analyses 
has recently been prepared [16].

In the great majority of cases, examinations are carried out on 
urine samples. The results can be used either to prove the existence 
of even a very slight degree of internal contamination, corresponding 
to normal working conditions, or to determine the degree of internal 
contamination following an accident. It may be supposed that e li
mination takes place according to a simple exponential law and that 
contamination has occurred in a regular manner and finally reaches 
a certain equilibrium. Given such conditions, the body burden of 
an individual for a particular radionuclide may be determined from 
the radioactivity of the excreta. Such conditions are, of course, 
ideal; the nearest approach to them is in cases where radioactive 
materials are absorbed in quantities that vary little from day to day 
and are eliminated very slowly. On the basis of the fraction ex
creted per unit time, the total body burden of the organism may be 
estimated with some accuracy. In most cases, however, the nuclides 
are eliminated in a manner which does not facilitate estimation of
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the total body burden. In such cases one can have warning concen
trations, indicating that a small proportion of the maximum per
missible body burden of radionuclides may have been retained in 
the organism and that investigations should therefore continue, or 
danger concentrations, indicating that a large proportion has been 
retained and that urgent examinations and appropriate action are 
consequently required. Interpretation of the results is easier in 
cases of accidental contamination, in as much as the time and con
ditions of the accident are generally fairly well known. It is usually 
possible, on the basis of several analyses made at definite times, 
to evaluate the initial body burden for the contaminating radionuclides. 
However, the difficulties of furnishing a sufficiently accurate 
estimate of the body burden on the basis of the quantities eliminated 
in the excreta should always be borne in mind.

(3) Indirect measurement by monitoring of environment. It is also 
possible to evaluate internal contamination indirectly from the 
quantity of radionuclides assumed to have entered the organism with 
incorporated substances (water, air, etc. ). The body burden re 
sulting from ingestion or inhalation of radioactive substances con
taminating the environment may be calculated by reference to the 
contamination of the latter. This approach is particularly appli
cable in the case of atmospheric pollution, which is by far the most 
important for purposes of industrial hygiene. Two methods of eval
uation may be used: the first is a rough method intended to give 
warning, and the second, which is more precise, is applied in the 
event of persistent contamination.

The rough evaluation method consists of taking nasal swabs. 
Filter paper on holders is used for swabbing and is then unrolled 
for monitoring of the alpha or beta/gamma activity. What is being 
measured is in fact the easily removable part of the nasal conta
mination and it is, of course, obvious that the results obtained are 
vitiated by a large number of errors. Moreover, numerous factors, 
such as the physico-chemical form of the substances polluting the 
atmosphere, are disregarded.

However, if considerable levels of activity are found on the nasal 
swabs, it may be inferred that appreciable radioactive contamination 
has occurred, but not necessarily that it has been converted into 
internal contamination. A warning system of this kind makes it 
possible for any toxicological or spectrometrical examinations that 
are necessary to be undertaken at a later stage.
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A more precise evaluation of persistent internal contamination 
can be made quite indirectly from the results of environmental moni
toring. If the atmospheric contamination at. any particular place 
and time is known accurately, the quantity of radionuclides which 
an individual worker has absorbed by inhalation can be deduced from 
these data. In practice an attempt is made, by judicious and fre 
quent sampling, to obtain a fairly accurate picture of the atmos
phere of the work place, a procedure which requires, great skill and 
care. The method may be applied in uranium mines or radiochemical 
plants. For every worker, the type of work done and the time spent 
over each operation must be known, and as representative data as 
possible on the atmospheric pollution of the work place must be de
rived from samples in flasks or on filters and from continuous re 
cording equipment. These data are weighted according to the type 
and duration of the work done by the individual concerned. By de
termining, for an average individual, the quantities of air inhaled 
and the modes of absorption, the body burden at the end of a day, 
a week or a month may be deduced. These methods are undoubtedly 
capable of offering excellent crosschecks in determining the body 
burden of radioactive substances which are difficult to measure di
rectly and slow in elimination, as is the case with alpha emitters 
such as radium or plutonium.

4. 1. 2. Radiological monitoring organization

Personnel monitoring should be carried out to determine the 
levels of external irradiation and of radioactive contamination to 
which the worker has been subjected. The methods described in 
earlier paragraphs are to be applied for this purpose.

4. 1. 2. 1. Monitoring of external irradiation

4.1. 2. 1. 1. Factors governing the organization of monitoring. Per
sonnel monitoring for external irradiation can and should be carried 
out in a completely systematic manner, and the available methods 
yield perfectly reliable data on the radiation doses to which personnel 
are exposed. However, the choice of method is governed by certain 
factors, the principal of which are the following:

(1) Spatial distribution. Irradiation of the body may be either whole 
or partial, and among cases of whole-body irradiation some may be 
practically homogeneous, such as exposure to gamma rays. In the
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case of neutron irradiation on the other hand, distribution in the 
body is heterogeneous, depending on the orientation and energy of 
the neutron flux. With beta particles, the irradiation is limited to 
the surface layers of the organism. However, in all cases of whole- 
body exposure the monitoring apparatus is able to supply data from 
which to estimate the resultant irradiation of the organism. In cases 
of partial exposure a distinction can be made between segmentary 
deep irradiation by gamma rays or neutrons and segmentary super
ficial irradiation by beta particles. The demarcation of the part 
of the body irradiated is of great importance, but often it can be in
ferred only from the circumstances of the exposure. It is also help
ful to have detectors judiciously placed in body regions particularly 
liable to exposure, as for example the wrists, fingers and thorax. 
In most cases such a procedure makes it possible to determine seg
mentary exposure, though certain instances of partial irradiation 
may nevertheless pass undetected.

(2) Time distribution. Besides its spatial distribution, the time 
distribution of the dose is important. Therefore monitors have to 
be used which yield data on both the intensity of the incident radiation 
and the amount of radiation received during a given period. The in
struments for measuring intensity are called dose-rate meters and 
the most usual type is the portable ionization chamber, used for 
area monitoring and warning purposes.

(3) Types of radiation. The multiplicity of incident radiations also 
presents a problem for personnel monitoring and influences the 
choice of method for measuring external irradiation. External 
irradiation is often due to mixed gamma and beta radiation, to which 
neutron radiation must sometimes be added. Workers must there
fore be provided with dosimeters capable of recording these various 
types of radiation. Personnel dosimeters at present available per
mit this, and sometimes also furnish data on the energy of the in
cident radiation.

(4) Size of the dose. For monitoring under normal working con
ditions, the evaluation of small radiation doses of some tens or hun
dreds of millirems is called for, and dosimeters with a range ex
tending from 0 to 3 rem are fully adequate for this work. However, 
if there is an appreciable risk of accidental exposure, it is essential 
for workers to be equipped also with dosimeters capable of recording
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doses up to 1 0 0 0  rem at least, otherwise after an accident great 
difficulty may arise in evaluating the doses actually received. Such 
dosimeters are commercially available and it is, in fact, already 
possible to obtain dosimeters capable of meeting the requirements 
of both routine and emergency monitoring.

4. 1. 2. 1. 2. Organization of monitoring in practice. (1) Whole-body 
exposure. Personnel dosimeters yield adequate data. They should 
be worn continuously and the exposure checked at appropriate inter
vals. Measurement of total beta/gamma and neutron activity should 
be systematically performed and the results should also distinguish 
between the gamma, beta and neutron fractions. Doses expressed 
in rontgen units or in terms of particle flux should be converted into 
rem Units to indicate accumulation. Film dosimeters can be devel
oped at intervals of from onie to thirteen weeks, depending on the 
nature of the hazard and on administrative conditions. The current 
practice is to carry out weekly readings, but there is no objection 
to making them on a monthly or quarterly basis only, since these 
readings in fact indicate only the dose accumulated during a relative
ly short period, a week or a month for example. All doses are en
tered in the external exposure record of each worker and added to
gether so as to give the accumulated dose-time curve. From this 
curve it can be decided whether the exposures received are com 
patible with the maximum permissible dose formula recommended 
by the International Commission on Radiological Protection.

(2) Partial exposure. The above data on whole-body exposure should 
be supplemented by information on partial exposures. For this pur
pose monitors should be worn in the region of the hands or the 
fingers whenever a predominant exposure of the extremities may, 
occur.

In the same way, for ionizing radiation leading chiefly to skin 
exposure (beta), detectors may usefully be worn which give a sepa
rate record of doses due to penetrating radiation (X, gamma) and 
to soft radiation (beta). The results are recorded separately.

(3) Accidental exposure. When the work carried on entails acci
dental exposure hazards (nuclear reactors, particle accelerators), 
detectors should be worn which can measure high doses of the order 
of several tens or hundreds of rems. ,
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As a matter of fact, detectors used under normal conditions 
are usually saturated by such high doses. Therefore, detectors for 
electromagnetic, electron and neutron radiation must be used, with 
a range of sensitivity corresponding to these potential high exposures.

4. 1. 2. 2. Monitoring of radioactive contamination

4. 1. 2. 2. 1. Factors governing the organization of monitoring. The 
measurement of the radioactive contamination of an individual still 
remains one of the most difficult problems in the field of radiological 
protection. While it is relatively easy to evaluate skin contami
nation, it is a very tricky matter to estimate internal contamination 
by either direct or indirect methods. In addition, the methods used 
call for highly specialized equipment and personnel. Therefore only 
occasional individual monitoring for radioactive contamination can 
be regarded as a practical possibility. It should be twofold innature: 
on the one hand, any normal work with unsealed radioactive sources 
should be accompanied by periodical measurements of external or 
internal contamination, the results of which should be compared with 
those obtained from area monitoring at the work place; on the other 
hand, individual monitoring should be carried out whenever an in
cident or an accident involving the risk 'of radioactive contamination 
has occurred. The results then provide a final answer to the question 
to what extent, if any, contamination has affected the workers 
present.

(1) Spatial distribution. As with external irradiation, it is important 
in any case of radioactive contamination to know the spatial distri
bution of the dose. This can be determined very easily for skin con
tamination, but the spatial distribution of internal contamination is 
governed by the physico-chemical properties and the metabolism 
of the radionuclide. Acquaintance with the nature of the contami
nating nuclide is therefore a prerequisite for determining the degree 
of irradiation of the different organs of the body.

(2) Time distribution. Various factors affect the time distribution 
of the dose. These include the physico-chemical form in which the 
contaminating substance occurs and the radioactive properties, par
ticularly the half-life, of the radionuclides. Thus, in the case of 
skin contamination, a distinction must be made between the initial
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contamination and the residual contamination after treatment. In 
that of internal contamination, the radioactive substances move in 
the organism in accordance with their metabolism. The biological 
half-life may be defined as the time necessary for half the radio
nuclide to be eliminated from a given organ or from the whole 
organism. The contaminating nuclides have also a radioactive half- 
life which is the time necessary for half their atoms to decay. It 
is the combination of these two half-lives which represents the time 
necessary for the radioactivity in the organ or organism concerned 
to fall to half its original amount; this is termed the effective half- 
life. It is therefore logical that particular attention should be de
voted to evaluating contamination by radioactive substances which 
become fixed in the organism for a considerable length of time and 
have a long radioactive half-life. Irradiation extending over several 
years or even over the life-time of the individual may indeed occur, 
as is the case with the most toxic radionuclides, such as strontium, 
plutonium, radium, etc.

(3) Nature of radionuclide. Sometimes the contamination is due 
to one radionuclide only, but it is very often multiple. A correct 
appraisal of the degree of irradiation of the organism and an accurate 
deduction of the probable consequences are possible only if the nature 
of the contaminating radionuclides is known. In dealing with skin 
contamination this is less important and it is often thought sufficient 
to estimate the contamination in terms of alpha and beta/gamma 
emitting substances. This simplified procedure can also be adopted 
with internal contamination, but here there is every advantage to 
be gained from determining the respective contribution of each of 
the contaminating nuclides.

(4) Extent of contamination. From the foregoing remarks it will 
be apparent that the measurement of radioactive contamination re 
mains an extremely intractable problem. The interpretation of 
readings depends on a number of arbitrary hypotheses regarding 
the geometrical conditions, in the case of direct measurement of 
internal contamination, and regarding the basic laws of metabolism, 
in the case of indirect measurement from the excreta. Moreover, 
the radioactivity levels to be detected under normal working con
ditions are extremely low; while it is relatively easy to detect acci
dental contamination, it is very difficult to evaluate correctly regu
lar contamination lower than the maximum permissible body bur
dens in the organism.
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Recently the ICRP has issued a report where the problem of 
dose evaluation from internally deposited radionuclides is discussed, 
to which the reader is referred for more detailed information [17].

4. 1. 2. 2. 2. Organization of monitoring in practice. (1) External 
contamination. As regards skin contamination, the work is relatively 
easy and the detectors already described can be used for evaluating 
contamination by both alpha and beta/gamma emitters. The fre 
quency of this monitoring should be governed by the extent of the 
contamination hazard. Wherever unsealed radioactive sources liable 
to produce an appreciable amount of surface contamination are handled, 
monitoring should be carried out daily or even twice daily, after 
each half-day's work. Workers should normally wash before being 
monitored in order to safeguard the monitoring instruments from 
contamination, and the measurement made is therefore of residual 
contamination after washing. When normal washing procedures are 
ineffective in removing the contamination, and decontamination under 
medical supervision has been resorted to, the exposure readings 
obtained must be entered in the records. Maximum perm issible 
levels have not been definitively established by the International 
Commission on Radiological Protection; however, the tables appearing 
in Appendix II to the IAEA Manual [15] may be referred to as an 
indication.

(2) Internal contamination. For internal contamination, monitoring 
should be carried out periodically, the frequency again depending 
on the extent of the hazard. Thus, for work with radionuclides used 
as tracers, annual monitoring is sufficient, while for operations 
involving substantial quantities of radioactivity twice-yearly, quar
terly or even more frequent surveys should be undertaken. As has 
already been seen, various direct or indirect methods may be used. 
Gamma spectrometry makes it possible to carry out periodic surveys 
fairly easily so as to evaluate the body burden of gamma-emitting 
nuclides. It should, however, be noted that this is a rather ex
pensive method. Radiochemical analyses of the excreta, particularly 
the urine, are therefore preferred.

A knowledge of the radionuclides with which the given individual 
is working makes it possible to determine the kind of examination 
required. However, these examinations need only be made at pre
sent in respect of persons exposed to considerable internal conta
mination hazards. In certain cases, as has been described above,
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it is possible to determine the quantities of radionuclides likely to 
have been inhaled on the basis of the contamination of the atmosphere 
and the conditions of work. All these readings for internal conta
mination of the worker should permit the calculation of total annual 
figures, indicating the dose received by the organism as a whole 
and by particular organs. Obviously this can be done only if the 
number of contaminating radionuclides and the contribution of each 
to the dose is known.

(3) Accidental exposure. Any incident or accident where appreciable 
radioactive contamination is suspected or has occurred must be 
followed by monitoring. If gamma emitters are concerned, gamma- 
spectrometry provides an easy and quick means of evaluating the 
body burden. If alpha or beta emitters are concerned, radiochemical 
analyses of blood and excreta (particularly urine) will make it 
possible to estimate the body burden. This estimate can be made 
on the basis of a study of the contamination of blood, urine and faeces 
as a function of time. In any case interpretation proves rather dif
ficult, however, with regard to the mathematical models chosen for 
radionuclide elimination (usually an exponential function or less 
often a power function).

4. 1. 3. Estimation of the absorbed dose 

4. 1. 3. 1. Summation of exposures

The preceding paragraphs contain a description of methods of 
evaluating irradiation, both from external radiation and radioactive 
contamination. It is no easy matter to add together the dose values 
due to the various types of irradiation, but an attempt to do so should 
be made whenever practicable, though there is a great difference 
between the readings for external irradiation and those for radio - 
active contamination. It is relatively easy, with the help of con
tinuously operating dosimeters, to obtain approximate estimates 
of the total exposure dose due to external radiation. Data on radio
active contamination on the other hand, are highly unsatisfactory 
and indicate only the body burden of radionuclides at a given moment. 
In theory, therefore, considerable interpretation work is needed 
in connection with internal irradiation, although in practice such 
work is undertaken only if the exposure exceeds about 1 0 % of the 
permissible concentration. Be that as it may, the various expo
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sures should be added together as far as possible and the results 
expressed in units valid for all types of irradiation. These units 
are the unit of absorbed dose, the rad and — when account is taken 
of the Quality Factor — the rem. It will therefore be necessary 
to convert to rems results obtained in rontgens or curies or in terms 
of particle flux.

4. 1. 3. 2. Spatial distribution of the dose

Besides the problems involved in merely adding together the 
different types of irradiation, there are those of obtaining satis
factory data on the spatial distribution of the dose. These latter 
can be obtained only by precise identification of the radiation and 
the radionuclides. This is unavoidable as the maximum permissible 
doses recommended by the International Commission on Radiological 
Protection have been established differently for whole-body expo
sure and for partial exposure affecting the skin or different organs. 
In practice, therefore, all types of radiation likely to result in a 
relatively homogeneous distribution of the dose within the body will 
be added together. . Thus, the doses due to gamma and neutron ra
diation and to radionuclides considered as diffusing uniformly in 
the organism (sodium, potassium,tritium, etc. )will together form 
one total. Separate totals will have to be made for the irradiation 
of particular organs. To take as an example one of the most im 
portant cases, that of the bone, it will be necessary to add 
together all the doses received by incorporation of bone - 
seeking radionuclides, such as radium, plutonium, strontium, 
etc. , and by irradiation of the skeleton from generally diffused radio
nuclides (sodium, potassium, tritium, etc. ). It is thus possible 
to determine the doses actually received by the most important o r 
gans - skeleton, thyroid, skin, digestive tract, lungs, etc. Se
parate totals should also be obtained for exposure of the extremities, 
especially the hands, comprising the overall exposure of the body 
plus the particular additional exposure of the members in question. 
This concept of spatial distribution of the dose therefore leads us 
to consider different kinds of exposure, either of the organism as 
a whole or of some part of it. Although it might appear advanta
geous to evaluate the total absorbed dose, this is in reality of 
limited importance, as no maximum permissible level has yet been 
established for the integral dose delivered to the whole body.
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4. 1. 3. 3. Time distribution of the dose

It is fully acceptable for dose readings to be taken at intervals 
of some weeks or months since the period quoted by the ICRP is 
13 weeks. Measurements covering shorter periods are of value 
only for administrative purposes. As mentioned above, it is rela
tively easy to obtain adequate information on the circumstances of 
an external exposure. The wearing of direct-reading dosimeters 
and the use of personal or portable dose-rate meters often make 
it possible to evaluate how exposure has fluctuated in the course 
of time. The procedure is more complex in the case of radioactive 
contamination and it is often difficult to deduce the dose received 
over a period from a given degree of radioactive contamination. The 
hypothesis normally adopted is that there is an exponential decrease 
of the dose in time; this is expressed in terms of effective half- 
life. It will thus be seen that the precise determination of the time 
distribution of the absorbed dose is not simple.

4. 1. 3.4. Influence of the type of radiation and radionuclide

In addition to the spatial and time distribution of the absorbed 
dose, the type of radiation also has its part to play in the origin of 
radiobiological effects. It is therefore necessary to use the Quality 
Factors (QF) for alpha, beta, gamma and neutron radiations; only 
thus it is possible to determine the sum of the doses in rem s. It 
must not be forgotten, however, that the QF depends on a very large 
number of variables besides the type of radiation, including the 
circumstances of exposure, the nature of the effects produced, etc.

4. 1. 3. 5. Practical conclusion

In fact, all the above procedures can provide is a tentative eval
uation because, although relatively accurate data are obtainable 
on total or partial external exposure, it is a very difficult matter 
to obtain precise figures on internal contamination of the organism 
as a whole or of a particular organ. Therefore, when the level of 
internal contamination is not too high, it is usually thought sufficient 
to try and obtain exact data regarding external irradiation exposure 
and no more than summary indications concerning internal radio
active contamination. However, in cases where considerable radio
active contamination has occurred, or where the hazards associated
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with the work are sufficiently great, the utmost should be done to 
establish such total doses, since they alone make possible a full 
evaluation of the risks incurred by a worker through exposure. As 
radiochemical analysis and spectrometry methods develop, pro
gressively better results may be expected.

4.2. MEDICAL SUPERVISION

4.2.  1. Responsibility of the medical service

The medical service is responsible for the medical aspects of 
radiological protection. It is responsible for selecting personnel 
for work involving actual or potential exposure to ionizing radiation 
(pre-employment medical examination), holding medical examinations 
during employment and, in particular, carrying out special exami
nations and laboratory tests for persons exposed at or above max
imum permissible levels and undertaking the diagnosis and treat
ment of radiation injury in cases of accident.

Finally, an additional reason for medical surveillance is to de
monstrate over a long period the normality of the incidence of 
disease in groups of people exposed to radiation within the per
missible limits.

The ICRP gives general guidance as to what the aim of health 
surveillance is. The ICRP indicates that the assessment of health 
before and during employment is directed towards determining 
whether the health of the worker is compatible with the tasks for 
which he is employed. The type and extent of the surveillance should 
be essentially the same as in general industrial medical practice and 
should include both pre-employment and routine examinations, the 
frequency of the latter being determined mainly by the individual's 
general health and the conditions of the work. Workers where ex
posure may exceed 3/10 of the maximum permissible doses (see 
section 3. 2. 1) may require more detailed surveillance to provide 
a background of information which could be useful in the event of 
a serious over-exposure, and to detect any conditions contra
indicating employment or specific tasks. Provision should also be 
made for any necessary tasks and examinations on individuals who 
have received abnormal exposure referred to the medical officer. 
The ICRP qualifies abnormal exposure as being exposure received 
by a worker which exceeds the maximum permissible doses re -
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commended for normal practice. Such exposures can be either vol
untary, in which case they are called.emergency exposures, or 
involuntary, when they are termed accidental exposures.

Medical officers should therefore be acquainted with the duties 
of workers, with the working environment and with the radiological 
hazards to which the latter may be exposed. They should ascertain 
that levels of exposure are in accordance with the standards and 
regulations in force and should keep, or at least have access to, all 
records of workers' overall exposure and radioactive contamination. 
In addition, they should carry out general and special medical exami
nations in order to detect any disorder or illness which might be 
due to ionizing radiation. With the aid of up-to-date health records, 
they can compare the results of these examinations with the results 
of personnel monitoring, with a view to establishing causal relation
ships whenever pathological disturbances appear.

In cases of accident, the responsible medical officer must take 
the necessary decisions. If there are no detectable clinical symptoms 
and the total irradiation of the body is less than 3 rem s, a simple 
warning is sufficient. If the total irradiation due to an accidental 
exposure or due to an intake of radioactive material exceeds twice 
the annual limit, the ICRP states that "the situation should be re
viewed by a competent medical authority. The worker may still be 
allowed to continue routine work if there is no objection from the 
medical standpoint, due account having been taken of his previous 
exposure, health, age and special skills, as well as his social and 
economic responsibilities". Having taken these various factors into 
consideration, if detectable clinical symptoms are found, the neces
sary steps must betaken to permit the individual to spend the 
period necessary for recovery outside the range of any radiation 
source, either by transfer to another post or by temporary or per
manent suspension from work. In addition the medical officer must 
apply first aid and other treatment appropriate to the case.

The medical service should have accurate knowledge of the ra
diological hazards to which workers are subjected. It should take 
part in the planning of safety measures taken to limit workers' ex
posure to permissible levels and should be acquainted with all the 
data concerning the radiological environment in which the workers 
are placed.

The medical service should take part in giving workers in- 
service instruction on radiological protection. This consists mainly 
in an educational task. Workers must be properly informed of the
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radiological hazards linked to their job assignment. In some cases, 
they may be trained in using the necessary preventive devices. 
Finally, they must be instructed in the usefulness of the various 
means of radiological detection and methods of medical examination.

The duties of the medical service can be adequately fulfilled 
only provided extremely close collaboration is established with the 
service responsible for physical monitoring of radiation. The medi
cal service should indicate the general rules to be observed and 
request that the necessary physical surveys be carried out. It should 
be provided with all personnel monitoring data and should also be 
given such information about the general working conditions as will 
enable it to determine the extent to which work places are subject 
to exposure and contamination. The closest liaison must also be 
established between the medical service and the management of the 
establishment.

In general, the activities of the medical service should be re 
garded as confidential, concerning as they do data of a personal na
ture. This confidential character must, however, in no way be 
allowed to impede the improvement of working conditions. The im
portance of health records, standardized in such a manner as to per
mit their use for statistical purposes, should consequently be stressed.

Furthermore, the confidential character of the activities of the 
medical service should not have the effect of obstructing the exchange 
of information on the irradiation to which workers have been sub
jected or on their state of health. In particular, if a worker changes 
his employment, all relevant data must be passed on. The dose formula 
recommended by the ICRP applies throughout a worker's working life. 
The fact also that the latent period between the exposure and its patho
logical effects may extend over several years requires that medical 
records be preserved for an adequate period after cessation of em
ployment, and that the medical service have access to them.

4. 2. 2. Medical examination

As suggested above, radiation workers should undergo medical 
examinations before, during and, preferably, after employment. 
These examinations do not differ basically from those carried out 
in industrial medicine, but reflect certain specific requirements 
resulting from the special nature of the work done by the workers 
in question.
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4. 2. 2. 1. Medical history

Every medical examination should begin with a thorough in
quiry regarding the family, personal and occupational history of 
the worker.

4.2.'2. 1.1. Family history. Family history is of importance be
cause genetic disturbances are a significant part of the possible 
effects of irradiation. Particular attention should therefore be given 
to any history of hereditary, family and congenital diseases, and 
it is also useful to know the incidence of cancer and leukaemias. The 
investigations should relate to ascendants (parents and grandparents), 
collaterals (brothers, sisters and cousins), descendants (children) 
and also the spouse and his or her direct ascendants.

4. 2. 2. 1. 2. Personal history. Accurate data on the w orker's per
sonal history are important, facilitating as they do an evaluation 
of his state of health before employment. Care should be taken to 
investigate all disorders which may have affected organs or organic 
functions that are particularly radiosensitive or liable to damage 
as a result of work with radiation. The investigations should there
fore be made to bear on haematological diseases (anaemia, granu
lopenia, haemorrhagic disthesis), skin diseases (dermatitis, derma
toses), diseases of the digestive tract (acute or chronic), diseases 
of the lungs (infectious or allergic) and diseases of the eyes (cataract, 
conjunctivitis).

4. 2. 2. 1. 3. Occupational history. Finally, the w orker's occupa
tional history should be carefully noted. Injuries at work and pre
vious occupational diseases should be recorded. However, the his
tory of any work done with radiation or with radiomimetic toxic pre
parations presents the greatest interest, and any occupation involving 
radiation exposure and, in particular, any cases of over-exposure 
or radioactive contamination should therefore be faithfully recorded. 
Previous work with benzol, other hydrocarbons and all other carci
nogens or mutagens must also be.carefully noted.

4. 2. 2. 2. Examinations

4. 2. 2. 2. 1. General examinations. General examinations should 
be such as to give a proper picture of the worker's state of health. A
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detailed description of such examinations is unnecessary here since 
the investigations usually made in good industrial medical practice 
should be sufficient. Thus, anthropometrical data (weight, height, 
morphology) and the results of examination of the main organs and 
functions (cardiovascular system, digestive system, respiratory 
system, nervous system and endocrine glands, blood and haemato
poietic organs, liver and kidneys, locomotor system, skin and sense 
organs, genital system) should be recorded.

These examinations should be supplemented by radiological 
examinations and biochemical tests of certain characteristics of the 
blood and urine. The fact that the workers in question are exposed 
to irradiation hazards is no reason for neglecting to make the neces
sary radiological examinations (lungs and other).

In the medical care of radiation workers, it is of course the 
most radiosensitive organs and their functional or haematological 
condition which present the greatest interest. It will therefore be 
necessary to give particular attention to the blood and bone marrow, 
the skin, lungs, digestive tract, sense organs and genital system.

4. 2. 2 . 2. 2. Haematological examinations. It should be remembered 
that the sensitivity of ordinary haematological methods of exami
nation is grossly insufficient for the detection of radiation effects 
at levels at or slightly above maximum permissible levels. However, 
the purpose of these examinations is on the one hand to provide a 
general picture and on the other to detect the smallest anomalies 
of the blood that might possibly be due to irradiation. Investiga
tions should cover both the peripheral blood and the blood-forming 
organs, but for all regular inspections before or during employment 
it is recommended that examination be confined to the peripheral 
blood only. Examination of the blood-forming organs proper should 
be considered only in cases of over-exposure or considerable radio
active contamination.

Examinations of the peripheral blood include , not only blood 
counts but also the study of morphological or functional changes 
in the blood cells. The blood count should give the number per cubic 
millimetre of erythrocytes, reticulocytes, total leucocytes, granulo
cytes, (neutrophils, basophils, acidophils, [ eosinophils]), lympho
cytes, monocytes and thrombocytes. In addition, Arneth's formulae 
for granulocytes are recommended. However, in calculating the 
effect of radiation on numerical changes in the white blood count, 
account must be taken of the fact that the day-to-day variation of an
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individual's white blood count is about 15% and the technical error 
in an average case is estimated at 1 0 % even with carefully standard
ized techniques. Changes in blood count only become manifest with 
relatively high doses, and consequently cannot be used as a sensi
tive test to evaluate the effects of moderate or low-level irradiation. 
Attention should also be given therefore to morphological changes 
such as anisocytosis and poikilocytosis in erythrocytes, abnormal 
cytoplasmic granulation in granulocytes, bi-lobed nuclei and chromo- 
phile granulation in lymphocytes, and changes of size or structure 
in thrombocytes. A careful watch should also be kept for immature 
forms of the red or white series. These examinations should be 
supplemented by tests of the functional capacity of the circulating, 
blood. It is necessary to determine the haemoglobin concentration, 
haematocrit reading and blood-coagulation factors, and to make 
thrombo-elastrography. These haematological examinations should 
be made before employment and at sufficiently regular intervals 
during employment to make it possible to follow trends in a given 
haematological condition. However, some of these examinations, 
especially those regarding morphological changes, can only be 
carried out in research laboratories and are not indicated as routine 
measures.

In cases of over-exposure, it may be necessary to perform a 
sternal puncture, so as to obtain a myelogram, including both count 
and formula. This test is of particular interest if a prognosis has 
to be made, or therapeutical indications given for an over-exposed 
worker. Occasionally, and much more rarely, adenograms may 
be made in addition.

4. 2. 2. 2. 3. Cytological examinations. Great interest is now shown 
in the fundamental cytological changes which can be related to ex
posure. These are mainly the concern of chromosomal examinations, 
but such studies, on blood cells in particular, present serious dif
ficulties from the practical point of view as well as in regard to in
terpretation. Therefore, in our present state of knowledge they 
should be considered only in cases of over-exposure following an 
accident.

4. 2. 2. 2.4. Examination of the skin. Dermatological examinations 
are of value in that they provide information on the state of an organ 
which, generally speaking, is sensitive to radiation and, moreover, 
runs the greatest risk of exposure. In all cases of exposure to soft
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radiation, such as beta particles, the skin in fact absorbs almost 
the entire amount. Also, in handling radioactive substances, the 
skin of the hands is exclusively or at least primarily exposed. It 
is therefore advisable to make a survey of the condition of the skin, 
especially with a view to detecting the chronic dermatoses which 
increase its radiosensitivity. In addition, examination should be 
made of the hands and fingers in order to evaluate the functional or 
morphological changes possibly occurring as a result of chronic 
irradiation. Some authorities have accordingly recommended — 
though their advice has been little heeded — the regular taking of 
fingerprints as a means of observing progressive deterioration of 
the contour of the skin and detecting affection of the epidermis as 
shown by flattening. A study of the capillary circulation also pro
vides valuable data on subjacent affection of the dermis and con
junctive tissue. Finally, a precise tactile examination may use
fully supplement the two previous examinations.

4. 2. 2. 2. 5. Examination of the eyes. The eye is generally regarded 
as a critical organ. Though the lens is sensitive to X- and gamma 
rays, it is particularly sensitive to external radiation composed of 
relatively heavy particles, such as neutrons, protons, etc.

4. 2. 2. 2. 6 . Examination of the mouth, ear, nose and throat. Where 
workers are exposed to the risk of radioactive contamination, in 
particular by pollution of the atmosphere, the upper respiratory and 
digestive tracts are the first to be contaminated. Radioactive par
ticles may remain for some period in contact with the mucous mem
branes of the mouth, the nose and the pharyngo-laryngeal region. 
This may lead to local irradiation and disorders of the epithelium 
which can be detected by regular examination. Therefore a mouth 
and ear-nose-throat inspection should be made periodically, and 
an immediate examination effected in case of an accident involving 
significant radioactive contamination.

4. 2. 2. 2. 7. Examinations of the lungs. Examination of the lung is 
generally carried out on a regular basis in industrial medicine, in 
view of the high incidence of diseases of the respiratory system. 
Such examinations are particularly necessary whenever work is done 
in a polluted-atmosphere and they should therefore be carried out 
on persons engaged in work involving risk of contamination from 
that source. The information sought should indicate the morpho
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logical and functional condition of the lungs; particular attention 
should be devoted to detecting conditions of fibrosis, chronic bron
chitis or of emphysema, and the vital capacity and other lung 
functions should be tested. Special importance attaches to radio
logical examination of the lungs as a check on the w orker's health.

4. 2. 2. 2. 8. Examination of ̂ the digestive tract. The digestive tract 
is recognized as one of the critical organs, as it is often heavily 
irradiated during inhalation or ingestion of radioactive substances. 
It should, however, be recognized that, unlike the preceding case, 
the digestive tract does not lend itself readily to examinations likely 
to reveal small changes in its structure or functions.

4. 2. 2. 2. 9. Examination of the liver and kidneys. The important 
role played by the liver and kidneys as organs of excretion in gen
eral and of elimination of radioactive substances in particular is 
well known. It is therefore useful to have information on the function
al status of these organs in a case of regular or accidental radio
active contamination. Liver and kidney, however, cannot be ex
pected to reveal the effects of even a significant degree of irradiation, 
as their radiosensitivity is too low as compared with that of other 
organs.
4. 2. 2. 2. 10. Examination of the genital system. The study of the 
gonads has a double significance — both genetic and somatic. The 
genetic effects of irradiation can of course only be evaluated in the 
descendants, but in the somatic field it is possible to point to imme
diate consequences. The spermatogenic function is extremely radio
sensitive in the male, so much so that its study is a particularly 
valuable test for evaluating the radiation dose absorbed. However, 
for various reasons, such examinations cannot be carried out syste
matically. They should, however, be made in all cases of signifi
cant over-exposure, when a count of the spermatozoa and a study 
of their morphological and functional changes are called for. Par
ticular attention should be paid to the detection of abnormal forms, 
abnormal nuclei, caudal bifidity and motility disturbances, and also 
increased fragility.

In the female, on the other hand, the effects of irradiation are 
much more difficult to detect and disturbances of the menstrual cycle 
become evident only at very high doses.

In woman too, the progress of any pregnancy should be followed 
attentively from the time it is known or reported.
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4. 2. 2. 2. 11. Neurological and psychiatric examination. The effects 
of radiation on the nervous system at relatively low levels are 
mainly functional. Low-level irradiations may, according to some 
authors, lead to certain disturbances, the transitory nature of which, 
however, makes the practical application of functional tests im 
possible. In the case of whole-body exposure, nevertheless it may 
be of value to study the electroencephalogram for neurological 
changes.

Neuro-psychiatric examinations are also very useful in assessing 
the suitability of workers for responsible posts where human de
ficiency could have serious results (reactor or accelerator operation).

4. 2. 2. 2. 12. Biochemical examination. The purpose of biochemical 
examination is to study general or particular changes of metabo
lism, especially those more or less specifically connected with ir 
radiation. The determination of the main characteristics of the 
blood or urine is of relatively secondary interest, except as regards 
urea excretion and for very high radiation doses. On the other hand, 
the urinary excretion of amino acids is highly important, any sig
nificant irradiation being followed by an increase of aminoaciduria, 
and it is recommended that the nature and quantity of excreted amino 
acids be determined by chromatographic analysis. In cases of over
exposure additional amino acids appear and the quantities eliminated 
increase significantly. For certain amino acids, such as amino- 
isobutyric acid and taurine, the quantities eliminated are to some 
extent proportionally related to the dose received and determination 
of them is, therefore, of some value. The normal amino- 
acid excretion rate should therefore be determined for every worker 
liable to significant over-exposure and the actual excretion rate 
checked regularly. Since aminoaciduria can be a constitutional ab
normality, it is not possible to draw any precise conclusions from 
aminoaciduria discovered following an over-exposure unless the 
preceding levels of amino-acid excretion are known.

Enzymological and other biochemical examinations may also 
be performed on the blood but they still belong to the field of r e 
search. Immuno-electrophoretic examination of the plasma, on 
the other hand, may have real value in cases of over-exposure.

4. 2. 3. Organization of medical supervision
Medical supervision should be organized in such a way as to 

make it possible, in the case of each worker, to assess beforehand
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his suitability for the type of work to which it is proposed to assign 
him, to keep a regular record of this health during employment and, 
subsequently, to intervene in the event of any late occupational 
disease.

4. 2. 3. 1. Pre-employment supervision

Before any worker liable to exposure to radiation is engaged, 
a report should be established to serve two purposes; firstly, to 
serve as a basis for determining to what extent the past history and 
the present condition of the worker make it possible to regard him 
as fit or unfit for the type of work for which he is being considered; 
and secondly, if he proves fit for such work, to serve as a refer
ence point for any subsequent changes due to the hazards of that 
work. Every worker should therefore undergo a pre-employment 
inquiry and medical examination.

4. 2. 3. 1. 1. Medical history. As explained above, the inquiry has 
the purpose of determining the candidate's hereditary, personal and 
occupational history. It is of particular importance that all pre
vious irradiations be noted, for which purpose an account should 
be kept of external exposures and an attempt made to obtain as much 
data as possible on any radioactive contamination. A gamma- 
spectrometrical examination may be useful for evaluating as appro
priate the present body burden of gamma-emitting nuclides. In the 
analysis of previous exposures, a.distinction should be made between 
those due to work with radiation and those due to radiological exam
ination or treatment. The former must be taken into account later, 
during employment, for the assignment of maximum perm issible 
cumulative limits. The latter, however, should be ignored when 
determining the accumulated dose, although they should still be care
fully noted. In some cases, especially after extensive radiotherapy, 
an additional occupational exposure might seem inadvisable. Only 
the medical officer, however, is qualified to determine to what ex
tent such previous therapeutic irradiations are compatible with sub
sequent work involving radiation hazards taking into account the en
vironment of work as well. Any possibility of previous poisoning 
by radiomimetic substances must also be recorded. Although it 
is difficult to establish a precise relationship between the effect of 
radiomimetic substances and that of radiation, there is no doubt that 
previous poisoning, especially by hydrocarbons, may be a factor
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in not allowing a worker to engage in work connected with radiation. 
In this respect again, each case must be considered individually and 
it is for the medical officer to decide to what extent disturbances 
due to chemical radiomimetic agents may contra-indicate subse
quent work involving exposure to radiation.

4. 2. 3. 1. 2. Medical examination. Taking into consideration the 
administrative classification of workers (cf. section 3.2.1), com
plete medical examination should be carried out, preferably not 
more than two months before engagement, and should comprise, as 
explained above, a general examination comparable to those made 
in industrial medicine and special examinations of the most radio
sensitive organs. The former indicate the candidate's general fit
ness for employment, and the latter aim at determining to what 
extent he is fit for the special work, involving a risk of external 
irradiation or radioactive contamination, upon which he is to be en
gaged. The special examinations should therefore be specifically 
adapted to the kind of work for which the candidate is intended. The 
following remarks may be taken as an indication. If there is to be 
a risk of significant whole-body exposure or general contamination, 
a haematological examination should be made. If there is a likeli
hood of exposure to soft (beta) radiation, of skin contamination (alpha 
and beta emitters) or of actually handling radioactive substances, 
a dermatological survey should be made, supplemented by a care
ful examination of the hands and fingers. The risk of atmospheric 
pollution by radioactive substances is extremely high if unsealed 
sources are handled and in this case, particularly if pollution by 
radioactive dust is involved, an examination of the lungs must al
ways be carried out to reveal any morphological changes and to 
check the functioning of the respiratory system. If the work involves 
exposure to neutron radiation or heavy particles, the condition of 
the lens should be determined by ophthalmological examination. It 
is therefore necessary for the medical officer to have at his disposal 
an occupational hazard record, as described below.

4. 2. 3. 1. 3. Decision regarding fitness for work. The medical his
tory and the general and special medical examinations should yield 
conclusions regarding the candidate's fitness for a given type of 
work. Candidates are classified on the basis of a number of c r i 
teria, the choice of which is an extremely complex matter. Definite 
standards for judging a candidate's fitness are highly desirable, but
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as yet no such standards exist. Blood-count values are those that 
have been most generally fixed, but they vary from country to 
country depending on geographical, physiological and biological con
ditions and on the techniques used.

Summing up, it must be borne in mind that each case has to 
be considered individually and that the medical officer, and he alone, 
is responsible for determining whether the man is fit for a particular 
job. Poisoning by radiomimetic substances or excessive therapeutic 
irradiation may give the medical officer grounds for hesitation re 
garding an individual's fitness. As far as medical examinations 
are concerned, it is impossible to define quantitatively the limits 
beyond which skin disorders, morphological or functional changes 
of the lungs, slight abnormalities of the lens, etc. should contra
indicate work involving the risk of skin contamination, atmospheric 
pollution or neutron irradiation respectively.

In all cases decisions must be based on both the medical his
tory as a whole and the results of the medical examinations. Can
didates are, as a rule, classified in three categories: individuals 
placed in the first category are considered fit for work involving 
the risk of external exposure or radioactive contamination; those 
in the second are considered temporarily unfit for such work; can- 

. didates in the third category are declared permanently unfit. Persons 
placed in the second category should remain under medical obser
vation for a certain period, during which further examinations are 
carried out to determine whether an improvement in their con
dition renders them fit for the employment intended. It should be 
stressed that a final decision. of unfitness should only be taken after 
several confirmatory examinations. Conclusions and decisions should 
be recorded in the worker's medical file, as described below.

4.2. 3. 2. Supervision during employment

4. 2 .3 .2 . 1. General. During employment, medical examinations 
should be carried out at regular intervals. Exposure or contami
nation may in fact sometimes easily remain unnoticed and, con
sequently, efforts must be made to detect any effects. On the other 
hand, changes in an individual1 s state of health may occur which 
may seem to be due to ionizing radiation, but are in reality due to 
other causes. Even so, they provide a reason for taking the indivi
dual off any work involving considerable exposure and contamination 
hazards. All these factors therefore point to the advisability of re 
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gular medical examinations during employment, their nature and 
frequency depending, of course, on the occupational hazards 
involved.

4. 2. 3. 2. 2, Nature of the examinations. It has been explained in 
preceding paragraphs that these examinations should comprise gen
eral investigations supplemented by special examinations of the 
organs likely to be most affected by external exposure or radio
active contamination.

In usual practice, a number of examinations have to be made 
for all workers submitted to ionizing radiation. These are general 
clinical examinations. Others should be performed only when the 
radiological hazards so require. The following cases may be men
tioned as examples.

In case of whole-body exposure to penetrating radiation or con
tamination of the organism by radionuclides that are distributed gen
erally, haematological examinations are recommended because 
all the blood-forming tissues will have been irradiated.

In the event of external exposure to radiation with a high linear 
energy transfer (LET), especially in the case of irradiation of the 
head, ophthalmological examinations should be undertaken to keep 
the state of the lens under regular review.

In the event of contamination by radioactive dust, as in uranium 
mines or certain workshops where radioactive substances are 
handled in powder form, examination of the lungs is essential to 
determine the condition of the pulmonary tissues.

In the event of contamination by kidney-seeking radionuclides 
or radionuclides with a toxic effect on the kidneys, the morpholog
ical and functional condition of these organs should be kept under 
regular review.

4. 2. 3. 2. 3. Frequency of examinations. The frequency of these 
examinations will naturally vary. In many countries the minimum 
is one examination per year. The optimum frequency depends on 
two factors. Firstly, the occupational hazards have to be taken into 
account, as regards both their nature and their extent. In this re 
spect, the occupational hazard sheets referred to below play an 
essential role. The extent of the hazards may be judged from the 
results of area monitoring of radiation and from the level of radio
active contamination at the work-place. Secondly, the frequency of 
examination should be governed by the state of health of the worker
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concerned. In the case of workers in whom a particular organ shows 
morphological change or signs of functional disorder, the exami
nations should, of course, be carried out at more frequent intervals.

4. 2. 3. 2.4. Abnormal exposure and special examinations. Workers 
may be exposed under certain circumstances to doses higher than 
the MPD recommended for normal practice. In an emergency ex
posure the exposure is voluntary, while in an accidental exposure 
it is involuntary. The International Commission on Radiological 
Protection visualizes that in either condition it is unrealistic to 
recommended dose limits. The ICRP and the IAEA Basic Safety 
Standards for Radiation Protection [14] also indicate that the doses 
received in abnormal circumstances should be recorded together 
and.be clearly distinguished from normal exposures. If the dose 
or intake of radioactive material exceeds twice the annual limit, the 
situation should be reviewed by a competent medical authority, due 
account having been taken 'of the person's previous exposures, health, 
age and special skills as well as his special and economic respon
sibilities. It must therefore be emphasized that the magnitude of 
the dose received by an individual and the implied risk contribute 
only one, although an important element to the assessment of the 
circumstances which would determine whether a worker should con
tinue his radiation work, if he has been subject to an exposure in 
excess of the appropriate maximum permissible doses. To be able 
to assess the w orker's fitness for further work, examinations, 
additional to the foregoing which are appropriate for normal working 
conditions, may be necessary. In the event of an abnormal exposure, 
special examinations must obviously be carried out to detect any 
disturbances and find out as far as possible whether there are any 
correlations between the accidental irradiation or contamination and 
the clinical symptoms.

Whereas such far-reaching investigations as myelogram studies, 
chromosome or lymphocyte abnormalities and tests of liver and 
kidney function are not appropriate in normal circumstances, they 
may be very valuable in the event of radiation accidents.

4. 2. 3. 3. Medical examination at termination of employment and 
post-employment follow-up

All workers who have worked under condition i (see section
3. 2. 1, administrative classification of workers) should undergo a
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medical examination by a suitably qualified physician at or shortly 
after the termination of their employment. Depending on the results 
of this examination, it may be necessary to provide further follow- 
up care after employment has ceased.

The follow-up care would not of course include monitoring 
except possibly in cases of significant body burdens of radionuclides. 
It is generally desirable that it should include some type of medical 
examination intended to detect late effects of ionizing radiation.

4.3.  HEALTH FILES

4.3.  1. General

Well-organized supervision of workers exposed to ionizing ra
diation is inconceivable without systematic and accurate records of 
all the data yielded by physical monitoring and medical examinations. 
The data in question are, of course, those relating to the individual 
worker himself. Consequently, readings obtained from environ
mental monitoring (environmental radiation, contamination of air 
and water) should not be recorded, but all data on exposure of the 
individual (film badge and electrometer readings, skin contamination, 
internal contamination) should be included in the worker1 s file to
gether with the results of the medical examinations undergone. 
These data constitute individual health files which must be kept under 
conditions of medical secrecy as defined by the competent author
ities in each country.

The health file consists of: job assignment and occupational hazard 
sheets, from which can be inferred, in respect of each worker, the 
working conditions to be established and the radiation and conta
mination hazards to which he may be exposed; radiation and medical 
files containing ali data yielded by physical monitoring and medical 
examination before, during and after employment; and, preferably, 
a separate register of occupational accidents or diseases. All ab
normal exposures should be recorded together and clearly distin
guished from normal exposure.

4. 3. 2. Job assignment and occupational hazard sheets

4. 3. 2.1. Job assignment sheet
Each w orker's file should contain a record of the posts held 

by him, and it is therefore useful to introduce what may be termed
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a job assignment sheet. This document is started when the worker 
is recruited for the first post held and should indicate all changes of 
post. Such information is basic and if it is desired to determine 
a worker's contamination level by the indirect method of calculating 
from the pollution level or each work place, the time spent at each 
job must also be indicated. From the administrative point of view 
this may entail a considerable amount of work and a compromise 
solution must sometimes be adopted. However, it is the only re 
latively accurate means of evaluating internal contamination by de
duction from the working conditions.

4. 3. 2. 2. Occupational hazard sheet

The job assignment sheet should be supplemented by an occu
pational hazard sheet providing information on the hazards of ex
ternal exposure or radioactive contamination involved in each oper
ation. These records should be kept with great accuracy, as they 
represent the only possibility of establishing a causal relationship 
between occupational activity, radiation levels and the w orker's 
state of health. The occupational hazard sheets should be suitably 
amended whenever the working conditions change.

4.3.3.  Radiation and medical files 

4. 3. 3.1. Radiation files

Radiation files should include all available evidence for eval
uating w orker's radiation exposure or contamination.

Before actual recruitment, the radiation files should include 
data on previous occupational exposure and, as appropriate, on other 
considerable non-occupational irradiation or exposure to radiomi- 
metic substances, together with a statement of the level of internal 
contamination where this is thought to be advisable.

The principal entries to be made in the file during employment 
are a record of the physical monitoring results. They should be 
recorded in such a way as first, to facilitate summation of the doses 
received from external exposure and radioactive contamination, and 
so make it possible to determine the dose accumulated after three 
months, six months or a year; and, secondly, to enable one to de
termine at any moment, by means of a graph, whether the dose re
ceived in the course of the preceding quarter has remained within
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the maximum permissible level (3 rems in the case of a whole-body 
irradiation).

After cessation of employment, the file should present a record 
of the exposure and contamination to which the worker has been sub
jected during employment.

The doses received from external exposure or radioactive con
tamination should be added together year by year and a grand total 
found wherever appropriate. As mentioned previously, all abnormal 
exposures should be recorded together and be clearly distinguished 
from normal exposures.

4. 3. 3. 2. Medical files

The medical file should include all available data on the w orker's 
state of health. Before actual recruitment, the file should include 
the results of the inquiry and pre-employment medical examination 
to determine fitness for work involving radiological hazards.

During employment, the file should contain an account of the 
worker's medical supervision, particularly the special examinations. 
Only significant and positive facts revealed by the examination 
should, of course, be recorded. Comparison of this set of data with 
the radiation file will be made with a view to establishing possible 
causal relationships between any health disorders and occupational 
exposure. It may be pointed out that for most radiopathological 
effects where a threshold exists, it is possible to establish such a 
causal relationship; for example, skin disorders can be easily re
lated to radiation exposures of known level. For individual cases, 
however, it is impossible to establish a causal relationship between 
a disturbance where a threshold does not exist and a given exposure; 
thus one cannot, in an individual case, relate with certainty an 
occurrence of leukaemia to previous exposures.

On cessation of employment, the file should contain a sheet in
dicating the worker's health record. A summary of the results 
of the medical examinations, both general and special, should also 
be included. Special mention must be made of any abnormalities 
that may be related to occupational exposure. Finally, an indication 
should be given of the w orker's state of health on cessation of 
employment.

If a worker is transferred to another establishment, it may be 
of value to prepare an employment termination sheet containing a 
brief summary of the preceding data for the use of the medical ser
vice of the new establishment.
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4 . 3 . 4 .  R ecord ing o f  occupational accidents and d isea ses

4. 3.4. 1. Occupational accidents

Any accidents which have occurred in the course of work should 
be recorded. All doses received in abnormal exposures (i.e.during 
emergency situations or as a result of a radiation accident) should 
be recorded together and clearly distinguished from normal exposures.

It is often useful to include in accident records both the physical 
monitoring data and the findings of medical examinations. In particu
lar, all medical examinations made following an accident, together 
with their results and the decisions taken, should be mentioned.

4. 3. 4. 2. Occupational diseases

The health file must contain mention of any occupational diseases 
that may occur. These may be assumed occupational diseases, i. e. 
those that may be due to ionizing radiation but for which no causal 
relationship has been established, especially if working conditions 
comply with the standards laid down by the International Commission 
on Radiological Protection.

In cases of true occupational disease, related to abnormal work
ing conditions, both the medical findings with regard to the disease 
and the results of physical monitoring with regard to the exposure 
conditions should be recorded.

4.3.5.  Notification

The individual files contain information on each worker1 s ra 
diation exposures and state of health. Workers asking for them may 
be given the results recorded in their individual files. The 1 con
fidential' notification of radiological data is recorded individually 
by name in case of over-exposure. The ' non-confidential' noti
fication of radiological data can be collective and anonymous only; 
it may be of interest in cases of normal exposure complying with 
the radiation protection standards.
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