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FOREWORD 

Chromosome aberration analysis is recognized as a valuable dose-assessment 
method which fills a gap in dosimetric technology, particularly when there are 
difficulties in interpreting the data, in cases where there is reason to believe that per-
sons not wearing dosimeters have been exposed to radiation, in cases of claims for 
compensation for radiation injuries that are not supported by unequivocal dosimetric 
evidence, or in cases of exposure over an individual's working lifetime. 

The Co-ordinated Research Programme on the Use of Chromosome Aberration 
Analysis in Radiation Protection was initiated by the IAEA in 1982 with the aim of 
encouraging and expanding the use of chromosome aberration analysis for dose 
assessment as a complement to routine physical dosimetry. The Programme's defined 
goals were to identify the most reliable techniques among the several tested so far 
and to establish the most practical standardized methodology, taking into account 
such recent technological developments as the use of bromodeoxyuridine and the 
fluorescence plus Giemsa staining method, both of which in combination enable the 
detection of first post-irradiation mitotic division anomalies. The long term objectives 
of the Co-ordinated Research Programme were: 

— To improve the accuracy of dose estimates in the case of partial-body exposure. 
— To increase the amount of experimental data on the relative biological effective-

ness/linear energy transfer relationship for cytogenetic damage. 
— To establish radiation exposure levels and assess the doses of workers who may 

have been, or are, chronically exposed at levels below the recommended dose 
limit of 50 mSv per year over a period of time and also assess the doses of 
accidentally exposed individuals (accidental exposure was assumed to include 
exposure to industrial and medical sources, in addition to radiation from nuclear 
reactors). 

— To develop a scheme for routine pre-employment karyotype definition, enabling 
persons responsible for radiation protection to evaluate chromosomal aberra-
tions above individual threshold values (which are variable according to 
individual sensitivity, prior exposure to other chemical mutagens, etc.) in order 
to obtain more experimental data on dose-effect relationships at low ranges (50 
rad). 

At an advisory group meeting held in Leiden, the Netherlands, to reassess the 
scope of the Programme, it was recommended that the Agency produce a report on 
chromosome aberration analysis in lymphocytes for estimating radiation dose. This 
report, the outcome of that recommendation, covers the general principles of 
cytogenetics, of chromosome morphology and its functions and provides a full 
description of the procedures and techniques for the correct application of chromo-
some aberration analysis. The appendix contains an example of a well-established 
protocol for performing chromosome aberration analysis. It is hoped that this report 



will b e of use to radiation protect ion specialists (physicians, biologists, dosimetrists) 
in routine pract ice in hospitals , nuclear centres , universit ies and research 
laboratories . 

T h e Agency wishes to express its thanks to the authors of this report : 
D . Beninson of Argent ina , D . C . Lloyd of the United Kingdom, A . T . Natara jan and 
G . Obe of the Nether lands , R . J . Pres ton of the United States of Amer ica and 
M . S . Sasaki of Japan. The I A E A off icers responsible for the co-ordination of this 
project were A . Bianco of the Division of Nuclear Safety and R . Mukhe r j ee of the 
Division of L i fe Sciences. 

EDITORIAL NOTE 

The papers and discussions have been edited by the editorial staff of the International 
Atomic Energy Agency to the extent considered necessary for the reader's assistance. The views 
expressed and the genera! style adopted remain, however, the responsibility of the named authors 
or participants. In addition, the views are not necessarily those of the governments of the 
nominating Member States or of the nominating organizations. 

The use in these Proceedings of particular designations of countries or territories does not 
imply any judgement by the publisher, the IAEA, as to the legal status of such, countries or 
territories, of their authorities and institutions or of the delimitation of their boundaries. 

The mention of specific companies or of their products or brand names does not imply any 
endorsement or recommendation on the part of the IAEA. 

Authors are themselves responsible for obtaining the necessary permission to reproduce 
copyright material from other sources. 
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1. INTRODUCTION 

In the investigation of radiation accidents, it is important to estimate the dose 
absorbed by exposed persons in order to plan for their therapy. Even in situations 
where the physical measurement of dose is feasible, an independent estimation by 
biological methods can prove very useful. Currently, the most fully developed bio-
logical indicator of exposure to ionizing radiation is the study of chromosomal aber-
rations in the peripheral blood lymphocytes of exposed persons. The in vivo or in' 
vitro irradiation of blood lymphocytes produces similar yields of chromosome 
damage per rad, so that the observed levels of aberrations in exposed persons can be 
related to the dose by comparison with an in vitro produced dose-response curve. A 
large amount of background information on the induction of aberrations by radiation, 
as well as by chemical mutagens (particularly in human lymphocytes) has been 
accumulated over the last 50 years. Facilities to carry out such chromosome analyses 
exist in some Member States and to date more than 1000 cases of possible radiation 
exposure have been investigated. 

In view of the growing importance of chromosomal aberration analysis as a bio-
logical dosimeter, it was decided to produce this report for use in laboratories con-
cerned with radiation protection in Member States. It is intended that this report be 
read at two levels. First, it should serve as a laboratory manual, providing a con-
venient and comprehensive source of information at the technical level. In addition, 
it is also hoped that this document will provide a concise summary of the scientific 
background of the subject and indicate to the specialist where further details may be 
obtained from the scientific literature. 

Sections 2 and 3 deal with radiation dosimetry and the basic principles of radia-
tion biology. This is followed in Section 4 by some basic information on the biology 
of lymphocytes, emphasizing, in particular, their structure, circulation in the body 
and their stimulation by mitogens. An understanding of the structure of chromo-
somes, and their replication during the cell cycle, is essential for those who want to 
use aberration frequency for estimating dose. These aspects are dealt with in Section 
5, while in Section 6 a detailed and illustrated description is given of the various types 
of chromosomal aberrations. The techniques for collecting blood, storing, transport-
ing, culturing, making chromosomal preparations and scoring of aberrations are dis-
cussed in Section 7 and a detailed protocol for culturing, fixing and staining the 
preparations is given in an appendix. 

Radiation cytogenetics extends into the realms of physics and statistics. Ideally 
the cytogeneticist should collaborate with colleagues specializing in these fields. For 
dose assessment, an appreciation of the physical and statistical parameters is neces-
sary and these are discussed in Sections 8 and 9. 

Virtually all incidents involve uneven or partial-body exposure. By using a dis-
tribution analysis of the aberrations, it is possible to estimate the proportion of the 
body exposed and the average dose absorbed by the irradiated fraction. This and 
other problems, such as protracted and fractional exposures, delayed blood sampling 
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and the incorporation of radionuclides are discussed in Section 10 and are illustrated 
with examples of actual dose assessments taken from the scientific literature. 

In Member States where radioactive substances are being increasingly used, it 
is essential that there exist a competent radiation protection laboratory which is capa-
ble of carrying out chromosomal analysis for purposes of biological dosimetry. Such 
a laboratory should generate its own dose-response curves so that these reference data 
can be used in the estimation of doses in the event of an accident. This report is 
intended to be used in such laboratories, as well as in educational institutions having 
a curriculum in radiation biology. 

2. RADIATION DOSIMETRY 

2.1. ABSORBED DOSE AND THE DOSE EQUIVALENT 

The 'absorbed dose', D, is defined as D = d?/dm, where de is the mean energy 
imparted by ionizing radiation to matter in a volume element and dm is the mass in 
that volume element. The special unit of absorbed dose in the International System 
of Units (SI) is the gray (1 Gy = 1 J/kg). Still very much in use as a unit of absorbed 
dose is the rad (1 rad — 1.00 X 10 2 Gy). However, the absorbed dose is insuffi-
cient by itself to determine the risk, or the detriment, resulting from irradiation under 
various conditions as, for example, irradiation with neutrons or gamma rays. This 
fact reduces the usefulness of the absorbed dose for radiation protection, which 
requires a quantity reasonably representative of the radiation detriment. 

It is therefore convenient to weight the absorbed dose, using a number of dimen-
sionless factors, in such a way that the weighted absorbed dose correlates with the 
detriment better than does the absorbed dose alone. When the weighting factors are 
those recommended by the International Commission on Radiological Protection 
(ICRP), the weighted absorbed dose is called the "dose equivalent" [1]. The dose 
equivalent, H, is defined by the equation H = DQN, where D is the absorbed dose, 
Q is the quality factor described below and N is the product of any specified factor 
depending on irradiation conditions, such as dose rate, fractionation, etc. The dose 
equivalent has the same dimensions as the absorbed dose, but it is not the same quan-
tity. The special name for the unit of dose equivalent in the SI is the sievert (1 Sv 
= 1 J/kg), though still widely used as a unit of dose equivalent is the rem (1 rem 
= 1.00 X 10 2 Sv). 

At the present time, the ICRP assigns a value of 1 to the factor N for all irradia-
tion conditions. The influence of the microscopic distribution of the absorbed energy 
on the detriment is taken into account by the use of the quality factor, Q, defined by 
the ICRP as a continuous function of the collision stopping power in water L (Fig. 1). 
The determination of the dose equivalent requires a knowledge of the spectrum of 
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Linear energy transfer in water (L^MkeV/ jum) 

FIG.l. Quality factor as a /unction of linear energy transfer in water (L^J [1]. 

the absorbed dose as a function of L for all values of L, allowing for the calculation 
of an average value of Q. When this spectrum is unknown at the point of interest, 
the ICRP recommends the following approximations for the average value of Q [1]: 

— X-rays, 7-rays and electrons: 1 
— Thermal neutrons: 4.6 
— Other neutrons: 20 
— Protons and single charged particles of unknown energy and rest mass > 1 : 1 0 
— a-particles and multiply charged particles of unknown energy: 20 

It should be pointed out that these quality factors are intended solely for radiation pro-
tection. They do not indicate the true biological effectiveness at the high doses that 
may be encountered in radiation accidents. 

2.2. EFFECTIVE DOSE EQUIVALENT 

In order to limit the risk of stochastic effects, the ICRP has introduced the con-
cept of a limitation of the weighted-mean whole-body exposure level. This concept 
is based on the principle that at a given level of protection the risk should be equal 
whether the whole body is irradiated uniformly or whether there is non-uniform, or 
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partial, irradiation. This condition is met by requiring that the limitation applies to 
the quantity 

where H E is the sum of the weighted organ dose equivalents, called the 'effective 
dose equivalent', wT is a factor representing the fraction of risk resulting from tissue 
T when the whole body is irradiated uniformly and H T is the dose equivalent in tis-
sue T. The values of wT recommended by the ICRP are: 

Regarding the remainder, the ICRP recommends that a value of wT = 0.06 be 
applied to each of the five organs receiving the highest dose equivalents and that the 
exposure of the other remaining organs be ignored [1]. The gastro-intestinal tract is 
treated as four separate organs (stomach, small intestine, upper large intestine and 
lower large intestine). The skin, lens of the eye, hands, forearms, feet and ankles are 
not included in the remainder. With regard to the skin, however, the assessment of 
detriment from exposure of population groups may require consideration of the small 
risk of fatal cancer resulting from exposure of the whole skin to soft beta radiation. 
In this case, a value of wT equal to 0.01 may be applied to the mean dose equivalent 
over the entire surface of the skin. 

3. BASIC PRINCIPLES OF RADIATION BIOLOGY 

This section provides information that is intended to aid in understanding and 
interpreting the principles that underlie the methodology presented in the chapters. 
References [2] and [3] can be consulted for additional information. 

There are many different types of radiation, though for this discussion only 
ionizing radiation (e.g. X-rays, 7-rays, neutrons and a-particles) will be considered. 
When ionizing radiation passes through matter, it ejects electrons from the atoms 
through which it travels, leaving a positively charged ion. The distribution of primary 
events, ionizations and excitations along the track of an ionizing particle will vary 
according to the type of radiation. The average separation of these primary events 
decreases with increasing charge and mass of the particle. As will be discussed 
below, it is necessary to define a particular radiation in terms of the amount of energy 

H E — ^ wTHT 

T 

gonads 
breast 
red bone marrow 
lung 
thyroid 
bone 
the remainder 

0.25 
0.15 
0.12 
0.12 
0.03 
0.03 
0.30 
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deposited per unit of track length, because this characteristic alters the effectiveness 
of the particular radiation type in inducing various biological end-points. 

A useful comparative term to describe the depositing of energy by different 
types of radiation is linear energy transfer (LET). This linear energy transfer of 
charged particles in a medium is defined by the International Commission on Radia-
tion Units and Measurements (ICRU) as the quotient of dE/dl, where dE is the aver-
age energy locally imparted to the medium by a charged particle of specific energy 
in traversing a distance of dl [4]. It is most common to use the track average for any 
particular radiation to calculate the LET, which is usually expressed in terms 
of keV/^m. This track average is obtained by dividing the particle track into equal 
lengths and then calculating a mean for the quantity of energy deposited in each unit 
length. The track-average LET for 250 kVp (kilovolts peak) X-rays is about 
2 keV//xm, as compared with heavy charged particles that have track-average LET 
values of 100—2000 keV//xm or greater. The important point to consider is that vari-
ous types of radiation can differ considerably in the quantity of energy deposited per 
micron of track, and this can clearly alter the biological effectiveness of different 
types of radiation. 

One consequence of the distribution of ionization for radiation of different linear 
energy transfers is in the distribution of chromosome aberrations between cells. With 
low LET, or sparsely ionizing radiation, the ionization at any particular dose will be 
randomly distributed between cells, particularly since there will be a very large num-
ber of tracks. The DNA damage will also be randomly distributed between cells and, 
on the assumption that there is an equal probability that any damage can potentially 
be converted into an aberration, the aberrations will be randomly distributed between 
cells. This has been shown to be the case: following X- or 7-irradiation, the induced 
chromosome aberrations fit a Poisson distribution. With high LET, or densely ioniz-
ing radiation, the ionization tracks will be non-randomly distributed between cells, 
with the energy being deposited in more 'discrete packets'. The number of tracks will 
be much lower than with low LET radiation at equivalent doses. The result, making 
the same assumptions as for low LET radiation, is that the induced aberrations will 
be non-randomly distributed between cells. At any observed mean aberration fre-
quency, there will be more cells with multiple aberrations and less with one aberra-
tion than expected from a Poisson distribution. These facts can be of use in biological 
dosimetry, as discussed in Sections 9 and 10, particularly with regard to non-uniform 
or partial-body exposures. 

The effectiveness of different types of radiation for inducing a particular biolog-
ical end-point is commonly represented by the term'relative biological effectiveness' 
(RBE). The RBE is defined as the ratio of the dose of the reference radiation (usually 
250 kVp X-rays) to the dose of the particular radiation being studied that produces 
the same biological effect. That is, 

dose of 250 kVp X-rays producing effect E 
RBE = 

dose of test radiation producing effect E 



1 10 100 1000 

LET (keV/дт) 

FIG.2. Generalized relationship between RBE and LET. 

Alternatively, the RBE can be considered in terms of effect per unit dose, i.e. 
the ratio of the effect produced by a particular dose of the test radiation to the effect 
produced by the same dose of the reference radiation: 

effect produced by D rads of test radiation 
RBE = 

effect produced by D rads of 250 kVp X-rays 

As mentioned in Section 2, the rad is still used to express doses of radiation — 
being a measure of the absorbed dose in cells, tissues and organs — while the ront-
gen, R (1 R = 2.58 X 10"4 C/kg), is appropriate for doses in air. The more recent 
gray is replacing the rad. However, in the case of human exposure, where different 
types of radiation might be involved, the rem (rôntgen equivalent man) is still the 
appropriate unit to express total dose. In such cases, the contribution in rads to the 
total exposure from any component radiation is multiplied by a quality factor, related 
to effectiveness, giving a dose in rems. 

With these various factors in mind, it is now possible to discuss how the produc-
tion of chromosome aberrations can vary with the dose, the dose rate and with radia-
tion quality. 

It has been shown for many end-points (including mutations, cell killing and 
chromosome aberrations) that the RBE varies with the LET such that a hump-shaped 
response curve is obtained (Fig.2). This curve shows that the RBE increases up to 
an optimum value of about 100 keV/^m and then decreases at higher values of LET. 
The interpretation of the curve is best considered here for the induction of chromo-
some aberrations. For illustrative purposes, the dicentric aberration is used as an 
example, partly because it clearly involves an interaction (or exchange) between two 
chromosomes, and also because it is the aberration type that is most frequently used 
in biological dosimetry. 



In order to produce a dicentric aberration, DNA damage must be induced in the 
two unreplicated chromosomes involved such that the damaged chromosomes can 
undergo exchange. This exchange can occur either as a result of the misrepair of 
DNA strand breaks induced directly by the radiation, or as a result of misrepair dur-
ing the excision repair of base damage. Thus it can be seen that the lesions in the 
two chromosomes must be close together, within what is called 'rejoining distance', 
for misrepair to be able to take place. This defined region can be considered as the 
target. Two lesions, one in the DNA double helix of each unreplicated chromosome, 
need to be produced within this target. This target, or zone of interaction, is small, 
generally considered to be less than 0.1 /xm. X-rays have low LET, with low frequen-
cies of ionization per unit track length (Fig.2). Thus there is a low probability that 
two forms of ionization from a single track will occur within the target — two ioniza-
tion forms, at a minimum, are necessary to produce damage in the two chromosomes 
involved in a dicentric. There is a much higher probability that the two lesions will 
be produced by ionization forms from two independent tracks. Dicentrics produced 
by one track will have a frequency that is proportional to a linear function of dose, 
whereas dicentrics induced by two tracks will have a frequency proportional to the 
square of the dose (one component of dose being necessary for each lesion). At low 
doses ( < 5 0 rad), the probability of two tracks traversing a target is sufficiently low 
that dicentrics will be produced almost exclusively by one track and at a low fre-
quency. As the dose increases, the contribution of two track-induced dicentrics will 
also increase. Thus the dose-response curve for X-ray-induced dicentrics will be a 
combination of one- and two-track events, with the former being more frequent at 
low doses and the latter being much more frequent at high doses. The dose-response 
curve is generally assumed to fit the equation 

Y = a D + /3D2 

where Y is the yield of dicentrics, D is the dose, a is the linear coefficient and /3 is 
the dose-squared coefficient. 

As the LET of the radiation increases, there is a greater probability that two 
lesions within the target will be induced by two types of ionization along the same 
track (Fig.3), resulting in two consequences. The dose-response curve at higher 
linear energy transfers (say, above 20 keV/pim) will be linear. Also, the efficiency, 
or RBE, of the higher LET radiation for inducing dicentrics increases with increasing 
LET as a result of the increasing probability that the two lesions will be produced 
by one track. Producing the two required lesions by one track is much more efficient 
than the random process of producing a lesion by a second track close to a lesion 
already produced by another track, particularly at lower doses, where the track den-
sity is low. The maximum RBE will be at a LET value where ionization is optimally 
spaced to produce damage in each of the two DNA helices involved in the dicentrics 
without 'wasting' energy, that is, depositing more ionization in the target than is 
needed. However, as the LET increases above this optimum value, more energy will 
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Dose 

FIG.3. Dose-response curve for the induction of dicentrics by X- or y-rays. 

be deposited in the target than is necessary, resulting in what is often described as 
'overkill' — a wastage of energy. Under these circumstances the RBE will decrease 
as LET increases, as shown in the plot of RBE versus LET in Fig.2. 

Summarizing this discussion, the dose-response curve for low LET radiation 
(X-rays or Y-rays) will be non-linear and best fit a linear-quadratic model; the dose-
response curve for high LET radiation (for example, neutrons, protons, a-particles) 
will be linear, or close to linear; RBE increases with increasing LET to a maximum 
of 100 keV/pim and decreases at higher LET values as a result of overkill. 

How will the dose rate of the radiation affect the yield of chromosome aberra-
tions (for this discussion, dicentrics)? It is known that those lesions induced in the 
DNA that can be converted into dicentrics can be repaired — taking from a few 
minutes up to several hours, depending on the particular lesion. If the two lesions 
needed for inducing a dicentric are produced by separate tracks, and the dose rate 
is reduced, there is a probability that the lesion produced by the first track will be 
repaired before the target is traversed by a second track, forming the second lesion. 
Although two lesions have been produced within the target, they cannot interact to 
produce a dicentric. The probability of the two lesions being able to interact will 
decrease with decreasing dose rate — the lower the dose rate, the lower the frequency 
of ionization tracks per unit time and thus the longer the time for repair of the first 
lesion before the second can be formed. Thus the situation for low LET radiation is 
the following: lowering the dose rate decreases the dicentric frequency per unit dose. 
The dose-response curve for dicentrics at very low dose rates, where the probability 
of two track aberrations is essentially zero, will be linear, with a slope equal to that 
of the linear portion of the linear-quadratic curve for acute exposures. The same argu-
ment holds true for fractionated, or split, doses. If two or more doses are delivered 
or received, lesions from the first can interact with lesions produced by the second, 
or subsequent, dose, provided that the time interval between the first dose and the 
subsequent dose fraction is not longer than the time it takes to repair the lesions 
induced by the first or previous dose. Thus, if doses are separated by times longer 
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than the repair time, the frequency of dicentrics produced by the total dose (the sum 
of the fractions) will be less than that from the total dose delivered at one time. 

The situation is different with regard to high LET radiation, since both lesions 
involved in the induction of dicentrics are produced by a single track. Thus, lowering 
the dose rate does not alter the frequency of dicentrics, because repair of the lesions 
during longer exposures will not be an influencing factor. The same argument applies 
to fractionated exposures — the repair of lesions between the fractions does not have 
much influence, since both are produced coincidentally by a single track. 

The points discussed in this section indicate factors that should be considered 
in the practice of biological dosimetry. The shape of the dose-response curve is 
influenced both by the radiation quality (LET) and the RBE for any particular radia-
tion. Therefore, when attempting to make estimates of dose, the standard curve to 
be used should be that of a radiation quality which is the same as, or very similar 
to, that of the particular form of radiation under study. For low LET radiation, 
decreasing the dose rate also decreases the dicentric frequency per unit dose, such 
that at very low dose rates the curve is linear and is the same as the linear component 
of the dose-response curve for acute exposure. A linear curve can be produced from 
a standard acute curve for X-rays and/or 7-rays and could possibly be used as a stan-
dard curve for chronic exposures, with appropriate corrections for the duration of the 
exposure and the lifetimes of lymphocytes. With high LET radiation, changes in dose 
rate do not affect dicentric frequency and so the curve obtained for acute exposures 
can be used for chronic or fractionated exposures, again taking into consideration the 
duration of exposure and the lifetimes of peripheral lymphocytes. 

4. HUMAN LYMPHOCYTES 

4.1. INTRODUCTION 

Human peripheral lymphocytes represent a cell population which is 
predominantly in a DNA pre-synthetic stage of the cell cycle (i.e. the G0 phase), in 
which biochemical and physiological activities are minimal. Only 0.2% or less of the 
peripheral lymphocytes are in the autosynthetic cell cycle and these probably come 
from the pool of large lymphoid cells representing stimulated lymphocytes or imma-
ture plasma cells. Cells from this group may give rise to the rarely found mitoses in 
peripheral blood. 

Nowell [5] was the first to show that peripheral "human leukocytes" can be 
stimulated by phytohaemagglutinin (PHA) to undergo in vitro mitoses, while Car-
stairs [6] showed that "small lymphocytes" are the target cells for mitogenic initia-
tion by PHA. Small lymphocytes are just 'packages' of DNA 'wrapped' in a minimal 
set of cytoplasmic constituents. This package is 'unpacked' upon in vivo stimulation 
with antigens or in vitro stimulation with mitogens, leading to a 'normal' cycling cell. 
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4.2. LYMPHOCYTES 

Small lymphocytes have dense nuclei which have little cytoplasm surrounding 
them. The majority of these lymphocytes have small, often ring-shaped, nucleoli, 
indicating a low level of RNA synthesis. Electron microscope studies reveal a 
nucleus with highly condensed regions, especially at the nuclear envelope. There are 
only a few mitochondria and a small Golgi region. Ribosomes are located at the 
nuclear membrane and are also observed to be free in the cytoplasm. The endoplas-
mic reticulum (ER) is rudimentary. A pair of centrioles is situated in an indentation 
of the nucleus. Peripheral lymphocytes have a diameter of around 6 /¿m and the 
volume can be estimated to be around 170 /¿m3. 

Two main types of lymphocytes can be distinguished, i.e. T and В cells. Both 
types originate from immunologically incompetent stem cells in the yolk sac and 
eventually settle in the bone marrow. These undifferentiated stem cells migrate into 
the thymus, multiply there and, most probably by somatic mutations, become 
immunocompetent T lymphocytes responsible for cell-mediated immunity. 

Lymphocyte concentrations in the peripheral blood are variable. In a 21-year-
old adult the mean count is estimated to be 2500/mm3 (range 1000—4800/mm3), 
while in newborns it is more than doubled, i.e. 5500/mm3 (range 
2 0 0 0 - 1 1 000/mm3) and in 6-month-old children it is even higher (7300/mm3, range 
4000—13 500/mm3) [7]. Normally, up to 90% of the peripheral lymphocytes are 
small lymphocytes; some 5% are medium-sized and up to 15% are large lymphoid 
cells. 

In the peripheral blood of adults, approximately 70% of the lymphocytes are 
of T type, while 30% are of В type. The contents of T and В lymphocytes in the 
peripheral blood are dependent on age: in old age there seems to be a deficiency of 
T cells. В lymphocytes, but not the T type, appear to exist in higher quantities in cord 
blood and in the blood of children as compared with adults and old individuals [8]. 
Gajl-Peczalska et al. [9] found 30% В lymphocytes in infants and 22% in middle-
aged people; the B-lymphocyte count in 4- to 12-month old children was 2704/mm3 

and 382/mm3 in 91- to 100-year old people. 
The total number of lymphocytes in a healthy young adult has been estimated 

to be approximately 500 X 109. Only about 2% (2 X 109) of these are present in 
the peripheral blood, the others being located generally throughout other tissues, with 
particular concentrations in the thymus, lymph nodes, tonsils, the lymphatic tissues 
of the intestines, the spleen and in bone marrow. The lifetimes of lymphocytes are 
not fixed. Most (90%) are long-lived, with a half-life of about three years, including 
some that have a life span of several decades, with the remaining 10% having a half-
life of one to ten days. В lymphocytes seem to have a somewhat shorter life span than 
T cells. The mean rate of renewal of the lymphocytes in the body can be estimated 
to be 2—5% per day. 

For interpreting in vivo induced chromosome aberrations and mutations in man, 
it is of great importance that the bulk of the peripheral lymphocytes (at least 80%) 
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belongs to the 'redistributional pool' [10, 11]. That is, the lymphocytes should be 
able to leave the peripheral blood, pass through the spleen, the lymph nodes and other 
tissues, and re-enter the circulation. These recirculating cells mainly represent small 
lymphocytes of the long-lived T type. The mean time that a given lymphocyte of the 
redistributional pool is present in the peripheral blood is about 30 min. It has been 
estimated that about 80%, that is, 400 X 109 lymphocytes, belong to the redistribu-
tional pool and that the overall recirculation time is about 12 h. This means that lym-
phocytes with mutations or chromosome aberrations that have been induced 
somewhere in the body will eventually be present in the peripheral blood. Thus, with 
the human lymphocyte test system, not only can chromosome aberrations that have 
been induced in lymphocytes in the peripheral blood itself be detected, but also those 
that have been induced in lymphocytes distributed in different organs throughout the 
body. 

4.3. STIMULATION 

4.3.1. Phytohaemagglutinin 

Most of the peripheral lymphocytes are in a 'resting' stage of the cell cycle 
(G0) and have a diploid DNA content of about 5.6 pg. These cells can be initiated 
to undergo in vitro mitotic divisions by the introduction of PHA, a protein derived 
from the bean plant Phaseolus vulgaris [5]. PHA is an extremely comprehensive 
mitogen that stimulates a broader spectrum of T cells. Under the influence of PHA, 
the lymphocytes are transformed into blastoid cells and the volumes of the nucleus 
and of the whole cells increase. Peripheral lymphocytes 48 h after stimulation have 
a cell volume of about 500 /mi3, as compared with 100 /xm3 before stimulation. The 
cytoplasmic volumes are 56 /jm3 before and 348 ¡лm3 after stimulation. Nuclear 
volume increases from about 48 /tm3 to 170 /¿m3 following stimulation. During this 
48 h period, the amount of heterochromatin decreases from 70 to 13%. In addition, 
the volume of the granular endoplasmic reticulum increases by about four times that 
of the agranular endoplasmic reticulum, with the Golgi apparatus increasing by about 
20 times and the total volume of the lysosomes increasing by about tenfold [12]. 

A further indication of the activation of lymphocytes by PHA is the formation 
of several large and typically structured nucleoli that can be seen in both light or elec-
tron microscope preparations. It can be demonstrated biochemically, and by electron 
microscopy, that under the influence of PHA the cells synthesize RNA and proteins 
[13-15]. 

Non-histone proteins also change in stimulated lymphocytes. The changes in 
nuclear structure have been taken as one explanation for the differential radiosensitiv-
ity of PHA-stimulated lymphocytes in their first in vitro Gj phase [16]. The progress 
of lymphocytes following stimulation with PHA can be quite different depending on 
the culture conditions. Using different culture media (Ham's F-10, medium TC-199, 
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minimum essential medium (MEM)), an analysis of the frequencies of (3H) TdR-
labelled interphase nuclei by autoradiography and mitotic indices during the course 
of PHA-induced lymphocyte stimulation showed different characteristics for the 
curves of the labelling and mitotic indices [17]. In Ham's F-10 medium, the DNA 
synthesis starts about 26 h after culture initiation and the first mitoses are found after 
about 10 h. There are two peaks of DNA-synthetic activity, one at 34 h and a second 
at 40 h, and two peaks of mitotic activity, one at around 44 h and a second at around 
49 h. This may represent two subpopulations of cells which show different stimula-
tion patterns in a culture set up with Ham's F-10 and PHA. However, in lymphocytes 
grown in TC-199 medium, the labelled interphases, as well as the mitotic indices, 
follow an irregular pattern, thus making it difficult to draw any conclusions about the 
subpopulations. 

4.3.2. Concanavalin A 

Concanavalin A (Con A) is a protein from the legume Canavalia ensiformis and 
is the most fully analysed plant lectin [18]. It preferentially stimulates T lymphocytes. 
The morphological, physiological and biochemical aspects of the stimulation process 
are similar to those of PHA. 

4.3.3. Pokeweed mitogen 

Pokeweed mitogen (PWM) is derived from the pokeweed plant Phytolacca 
americana. It appears to stimulate both T and В lymphocytes [19] and therefore may 
be of importance in analysing differences in mutagen sensitivities between the two 
types of cells. When compared with PHA and Con A, PWM stimulates less effec-
tively and more slowly. The information provided in this section can be used in con-
junction with the technical details given in Section 7 for the culture and analysis of 
stimulated lymphocytes. 

4.4. DNA REPAIR 

Lesions induced in the DNA are subjected to cellular repair. Cells have several 
ways of coping with damaged DNA; a list of different DNA repair pathways is 
presented in Table I. Most of the mechanisms operate by removal of certain types 
of damage from the DNA. However, in the case of post-replication repair, the cell 
replicates its DNA despite the presence of the damage. 

For the repair of lesions induced by ionizing radiation, the relevant pathways 
are repair of DNA strand breaks and excision repair of base damage. Strand breaks 
can be directly repaired by ligation. Some of the strand breaks and base damage are 
repaired by excision repair pathways, in which there are several steps, such as inci-
sion near the damage, excision of the damage, repair synthesis by polymerase using 
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TABLE I. DNA REPAIR PATHWAYS 

Types of lesions repaired 

Repair of DNA breaks Single-strand breaks 
Double-strand breaks 

Photoreactivation UV-induced pyrimidine dimers 

Excision repair Base damage induced by ionizing radiation 
Pyrimidine dimers 
Chemically altered bases 
Cross links 

Removal of alkyl groups without incision 
(adaptive response) O6 ethyl- and O6 methylguanine 

Post-replication repair Tolerance mechanism. No removal of 
damage. 

the undamaged strand as a template and ligation of the ends. A recent review on the 
different repair pathways has been presented by van Zeeland [20]. 

5. STRUCTURE OF THE CHROMOSOME 
IN RELATION TO INTERACTIONS WITH RADIATION 

5.1. INTRODUCTION 

Important information on the mutational effects of physical or chemical agents 
on interphase cells can be obtained by examining the chromosomes at the point of 
ensuing cell division. Depending on the tissue studied, the cell division which follows 
the treatment will be a mitosis (equal or somatic division) or a meiosis (reductional 
or gametic division). These processes have stages which can be distinguished by their 
appearance and function. During mitosis, stages such as prophase, metaphase, 
anaphase and telophase are recognized. The stage between two mitoses is the inter-
phase. During the interphase, the chromosome material (that is, DNA and associated 
proteins) duplicates. This is called the 'S' (synthetic) period and is preceded by a 
period called Gj (a pre-synthetic gap) and is followed by G2 (a post-synthetic gap) 
within the interphase. In cells which are not cycling, for example peripheral lympho-
cytes, the cell remains in G0. 

For cycling cells, interphase is metabolically the most active part of the cell 
cycle and most of the energy requiring reactions in the nucleus take place at this 
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stage. The duration of each stage in the cell varies with the type of cell and the condi-
tions of growth. One can determine the length of the stages by using radiolabeled 
DNA precursors such as tritiated thymidine. In lymphocytes, the first cell cycle fol-
lowing stimulation is nearly synchronized and these cells are especially convenient 
for radiobiological studies. Cycling mammalian cells in cultures are, of course, not 
synchronized, but can be brought to synchrony by several techniques. Different 
stages in the cell cycle vary in their sensitivity to the action of chemicals or radiation 
and the types of chromosomal aberrations produced vary depending on the cell stage 
which was treated. Thus, it is important in such studies to work with a synchronized 
population, or at least to have an estimate of the proportions of cells at the different 
stages that are present at the time of treatment. 

5.2. CHROMOSOME STRUCTURE 

The long-running debate on whether the eukaryotic chromosome is uni- or poly-
nemic, i.e. whether it contains one or more length elements (chromonema) per chro-
matid, has been resolved. Recent biochemical and cytological experiments have 
demonstrated quite clearly that the G, chromosome is uninemic and functionally 
contains one DNA double helix. This chromosome is replicated during the S phase 
of the cell cycle to give rise to two chromatids per chromosome, each containing one 
DNA molecule. 

The first unifying concept of the uninemic eukaryotic chromosome, containing 
only one DNA molecule per chromatid, was the model developed by DuPraw [21]. 
In this model it was assumed that the DNA molecule is supercoiled to form a fibril 
approximately 230 A in diameter containing mainly DNA, histone and non-histone 
proteins. This fibril was then folded in a complex manner to give rise to a metaphase 
chromosome. With respect to human chromosome number 1, DuPraw [22] calculated 
that one chromatid contained 2.35 X 10"13 g of DNA packed in a 230 A fibril of 
15.7 X 10"13 g. The length of the DNA molecule in this chromosome was estimated 
to be 7.3 cm and the length of the 230 Á fibril was 1306 ц т . DuPraw's model 
showed very clearly how a DNA molecule of 7.3 cm could be packed into a chromo-
some of 10 ц т length in the metaphase of mitosis. However, in his model the DNA 
was surrounded by chromosomal proteins, something which is now known not to be 
the case. 

More recently, the association of DNA and histones in a nucleosome structure 
has been demonstrated in considerable detail, although the association of the non-
histone proteins with the nucleosome assembly is not yet fully understood. In addi-
tion, it is clear that DNA is external to the histone core of the nucleosome. Some 
studies support the existence of an axial core structure formed by non-histone pro-
teins [23] or a non-histone protein scaffold [24, 25] in a metaphase chromosome. The 
involvement of such core structures in the formation of chromosome aberrations has 
not yet been elucidated. Core structures can also be demonstrated in a light micro-
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FIG.4. Schematic illustration of the many different orders of chromatin packing postulated to give rise 
to the highly condensed metaphase chromosome [26]. 

scope as silver-stàinable regions in the chromosome of different mitotic stages. 
Although the existence of an organized nuclear protein matrix in interphase is well 
documented, the existence of a scaffold in metaphase chromosomes is probably an 
artefact. A simple model of the organization of a metaphase chromosome is shown 
in Fig.4. 
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The first reported evidence that X-rays could induce chromosomal aberrations 
came from the genetic studies by Muller [27] of Drosophila. This was confirmed by 
the cytological studies of Painter and Muller [28]. In 1940, Swanson [29] showed that 
UV radiation could induce aberrations in Tradescantia microspores and soon after-
wards the first papers appeared showing that chemicals could also induce aberrations 
[30—32]. Sax [33] developed his "breakage first" hypothesis on the origin of X-ray-
induced chromosome aberrations. Some years later, Revell [34] proposed the 
alternative-exchange hypothesis. 

There is now overwhelming evidence that DNA is the primary target for the 
production of chromosomal aberrations [35—39]. However, chromosome aberra-
tions are not merely the result of a direct reaction between a mutagen and the cellular 
DNA; their production also involves repair processes (see Section 4.4). The primary 
lesions induced by the mutagens are transformed into secondary lesions. These in 
turn may be repaired back to the original state, or may lead to aberrations caused by 
misrepair or misreplication when still present during the S phase of the cell 
cycle [37]. A chromosome aberration is the result of mistakes by the cellular repair 
mechanisms when handling the induced primary lesions. An exception to this concept 
may be a direct DNA double-strand break, which, when not repaired, remains as a 
break in the chromosome. 

5.3. DNA LESIONS THAT LEAD TO CHROMOSOMAL ABERRATIONS 

A variety of different primary lesions are induced in cellular DNA by physical 
and chemical mutagens, such as single- (SSB) and double-strand (DSB) breaks, base 
damage (BD) of different types, DNA-DNA and DNA—protein cross links, alkyla-
tions, phosphotriesters, radical formations, intercalations, formation of bulky 
adducts, pyrimidine dimers and apurinic and apyrimidinic sites (Fig.5). 

Ionizing radiation induces SSB, DSB and BD. Comparative analyses of the RBE 
values of different types of radiation, varying in their LET, indicate that DSB may 
lead directly to chromosome aberrations and that two lesions are necessary for the 
formation of an exchange aberration. DNA damage can be repaired to give an appar-
ently normal chromosome. Alternatively, it can be misrepaired to form an exchange 
or remain unrepaired, resulting in a terminal deletion (Section 6). 

6. CLASSIFICATION OF 
CHROMOSOMAL ABERRATIONS 

Many schemes for the classification of chromosome aberrations have been 
presented (for example, Refs [41] and [42]) and are, in general, quite adequate. The 
one presented here is for illustrative purposes and is not proposed to be for universal 
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FIG.5. Predominant primary lesions identified in DNA following treatment with mutagenic carcinogens 
[40]. 

usage. It does, however, represent a scheme by which chromosome aberrations can 
be accurately recorded. 

The peripheral lymphocyte population that is mitogenically stimulated is nor-
mally non-cycling and resides in the G0 (non-cycling G t ) stage of the cell cycle. The 
chromosome aberrations induced by radiation will consequently be of the chromo-
some type, i.e. they involve both chromatids of a chromosome. If chromatid-type 
aberrations are observed, it can be assumed that these are not radiation induced, but 
are produced during the first in vitro DNA synthesis phase, either as a result of DNA 
replication errors or from misreplication or misrepair of DNA damaged by non-
radiation events. The frequency of chromatid-type aberrations can thus be considered 
as contributing to the background, or 'spontaneous' frequency of aberrations. The 
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more frequent types of chromatid aberrations are included in the classification 
scheme presented here in order that they may be correctly recorded and distinguished 
from chromosome-type aberrations. In addition, it is assumed that the majority of 
aberrations will be analysed in cells at their first in vitro metaphase. A discussion of 
derived chromosome-type aberrations and the appearance of chromosome-type aber-
rations at the second metaphase after their induction can be found, for example, in 
Ref. [41]. 

6.1. CHROMOSOME-TYPE ABERRATIONS 

6.1.1. Terminal and interstitial deletions 

Terminal deletion Interstitial deletion Interstitial deletion 
(minute) (acentric ring) 

It is not possible to distinguish between chromosome-type terminal deletions 
and non-sister union isochromatid deletions (see below) and so, in cases of radiation 
exposure when induced aberrations are of the chromosome type, it is appropriate to 
classify all paired acentric fragments as terminal deletions (Fig.6). 

The small interstitial deletions appearing as paired dots are classified as 
'minutes' (Fig.7). The larger interstitial deletions in which there is a clear space in 
the centre of the ring are usually classified as acentric rings. The distinction is not 
particularly clear and, in general, is merely an indication of the different sizes of 
interstitial deletions. Acentric fragments associated with interchanges are not classi-
fied as terminal deletions. 

6.1.2. Asymmetrical interchanges 

It is assumed that a dicentric analysed at the first in vitro metaphase will be 
accompanied by an acentric fragment (Fig.8) and a tricentric by two acentric frag-
ments (Fig.9). A cell with a dicentric and two acentric fragments is, by convention, 
classified as a dicentric with its accompanying fragment and a terminal deletion 
(Fig. 10). It is appreciated that the two acentric fragments could be the result of 
incomplete rejoining during the formation of the dicentric. However, while this can-
not be ascertained, it has been shown experimentally that it is a small effect 
(<10%) [43]. 
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FIG.6. Cell containing a dicentric and its associated acentric fragment and a terminal deletion (arrow). 
See Fig. 10 for identification of the dicentric and the fragment. 
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FIG. 7. Cell containing an interstitial deletion. 
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FIG.9. Cell containing a tricentric (arrow), two dicentrics and associated acentric fragments (л). There 
are four acentric fragments — two associated with the tricentric and one associated with each of the two 
dicentrics. 
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as being associated with a dicentric and a terminal deletion. 

Dicentr ic + acentric 
fragment 

Asymmetrical interchanges (usually dicentrics) can be analysed with greater 
efficiency than any other type of aberration ( > 9 5 % ) and it is their frequency that is 
generally used for estimations of dose. For such determinations, a tricentric, for 
example, is assumed to be equivalent to two dicentrics. 
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FIG. 11. Cell containing a centric ring (arrow). In this case the ring does not have an associated acentric 
fragment. It was chosen because of the clarity of the centric ring. 

6.1.3. Asymmetrical intrachanges 

As for asymmetrical intrachanges, a centric ring is accompanied by an acentric 
fragment and the same classification scheme applies to these as for dicentrics 
(Fig. 11). 

6.1.4. Symmetrical interchanges 
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FIG.12. Cell containing .1 rccipnk.i! (/.i/is/m.. mc nL-ntilicd by the arrow is one of 
the two involved in the translocation — the oiIk, ¡cnlilicd in this conventionally stained 
preparation. 

Symmetrical interchanges (reciprocal translocations) are particularly difficult to 
observe in conventionally stained preparations, unless the exchanged pieces produce 
two chromosomes that are very different from the normal karyotype (Fig. 12). There 
is some increase in resolution when banded preparations are analysed, but even then 
the efficiency in scoring reciprocal translocations is around 50% for human cells. 
However, it is suggested that obvious symmetrical interchanges be recorded. In addi-
tion, the analysis is very time consuming and for this reason it is not recommended. 

6.1.5. Symmetrical intrachanges 

These are divided into pericentric and paracentric inversions. 

(i) Pericentric inversion: 

^ ^ ^ replication ^ ^ 

23 



(ii) Paracentric inversion: 

It is not usually possible to observe these symmetrical intrachanges in conven-
tionally stained preparations, unless a pericentric inversion produces a chromosome 
that is distinctly different from the normal karyotype. It is possible to observe some 
proportion in G- and/or C-banded preparations, but the recorded frequency will be 
considerably lower than the induced frequency. Assuming conventionally stained 
preparations are used, as suggested above, any obvious symmetrical intrachanges can 
be recorded, but no weight given to their frequency. 

6.2. CHROMATID-TYPE ABERRATIONS 

Chromatid-type aberrations are generally classified in the same way as 
chromosome-type aberrations; the apparent unit of involvement in a chromatid-type 
aberration is, in most cases, the single chromatid and not the whole chromosome, as 
is the case for chromosome-type aberrations. 

6.2.1. Terminal and interstitial deletions 

A terminal deletion is a distinct displacement of the chromatid fragment distal 
to the lesion. Or, if there is no displacement, the non-staining region between the cen-
tric and acentric regions is of a width greater than the width of a chromatid. This lat-
ter definition is used to distinguish between terminal deletions and achromatic lesions 
or 'gaps' (see Section 6.2.2). 

Chromatid-type interstitial deletions are not as readily observable as their 
chromosome-type counterparts, in part due to the fact that the small deleted fragment 
is often separated from the deleted chromosome and is not observed. 
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6.2.2. Achromatic lesions 

Achromatic lesions (or gaps) are non-staining, or very lightly stained, regions 
of chromosomes present in one chromatid (single) or in both sister chromatids at 
apparently identical loci (double). If the non-staining region is of a width less than 
that of a chromatid, the event is recorded as an achromatic lesion. This is clearly only 
a working definition. It is generally suggested that achromatic lesions be recorded, 
but always separately from chromatid deletions. Their frequency should not be 
included in the totals for aberrations per cell since their significance and relationship 
to other 'true' aberration types is at present unclear. 

li ft 
6.2.3. Isochromatid deletions 

8 Л й Л 
Л Л I I I I 

Sister union Non-union prox imal Non-union distal Non-union 
prox imal and distal 

Isochromatid deletions appear as exceptions to the class of chromatid-type aber-
rations, since they involve both chromatids, apparently with 'breaks' at the same 
position on both. However, in suitable material they can be shown to be induced by 
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radiation in the S and G2 phases of the cell cycle, as is the case for other chromatid-
type aberrations. 

There are several possible types depending on the nature of the sister unions that 
occur. If a sister union occurs, it is possible to distinguish isochromatid aberrations 
from chromosome type terminal deletions. In mammalian cells, however, a sister 
union is a rare event and most of the isochromatid deletions are of the non-union 
proximal and distal types. The acentric fragment is most often not associated with 
the deleted centric part of the chromosome. The convention for analysis (also dis-
cussed for chromosome-type terminal deletions in Section 6.1.1) stipulates that since 
the radiation-induced aberrations in G0 lymphocytes are of the chromosome type, all 
paired acentric fragments are to be classified as chromosome-type terminal deletions. 
Since the frequency of isochromatid deletions will in any case be low in lymphocytes, 
this convention is not unreasonable. 

6.2.4. Asymmetrical interchanges 

Asymmetrical interchanges (interarm interchanges and asymmetrical chromatid 
exchanges) are the chromatid-type equivalents of chromosome-type dicentrics. 

Usual or ientat ion 

6.2.5. Symmetrical interchanges 

Symmetrical interchanges (symmetrical chromatid exchanges) are the 
chromatid-type equivalents of chromosome-type reciprocal translocations. In the case 
of chromatid-type symmetrical exchanges, somatic pairing maintains an association 
between the chromosomes involved in the exchange and thus they can be readily 
observed in the absence of any chromosome-banding procedures. 

ЙЯ-М ни 
Usual or ientat ion 
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6.2.6. Asymmetrical and symmetrical intrachanges 

Asymmetr ical Symmetr ical 

There are two forms of symmetrical and asymmetrical interarm intrachanges, 
but when analysing metaphase cells only one of each is distinguishable. Somatic pair-
ing allows the symmetrical intrachange to be observed. 

6.2.7. Triradials 

A triradial (three-armed configuration) can be described as the interaction 
between one chromosome having an isochromatid deletion and a second having a 
chromatid deletion. Many types of triradials can be formed, but in mammalian cells, 
where the frequency of sister union is low, the two illustrated below are the most 
common. 

This classification scheme is clearly not exhaustive, since there are many types 
of complex aberrations that can be produced. The ones described are by far the most 
commonly observed. 

// 
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7. ANALYTICAL METHODS 

7.1. OBTAINING A BLOOD SAMPLE 

7.1.1. Timing 

A venipuncture blood sample, ideally 10 mL, should be taken at least 24 h after 
radiation exposure. If the sample is taken sooner there is the possibility, in the case 
of a partial-body or non-uniform exposure, that the lymphocytes in the circulating 
and extravascular pools will not have reached equilibrium [44]. This could result in 
an unrepresentative proportion of irradiated cells in the specimen. An effort should 
be made to ensure that the sample is obtained before about four weeks have elapsed, 
since after this time aberration yields begin falling, causing greater uncertainty in any 
estimates of the radiation dose [45]. In the event of a serious overexposure, where 
there is the likelihood of severe depletion of the white cell count, a 'time window' 
of possibly only a few days exists before the lymphocyte count drops to a level where 
insufficient cells can be obtained for cytogenetic analysis. In such cases, medical 
treatment may include whole blood or blood-fraction transfusions and it is important 
to obtain a specimen of the patient's blood before this treatment commences. For pur-
poses of scientific interest, the laboratory should endeavour to obtain a sequence of 
blood samples at frequent intervals. This should be ethically acceptable as such sam-
ples would be taken to monitor changes in the differential white cell count. 

7.1.2. Anticoagulant 

Preservative-free lithium heparin is the best anticoagulant for lymphocyte cul-
tures. Other common anticoagulants, e.g. ethylenediaminetetraacetic acid (EDTA), 
often result in poor cell growth. Should a specimen be received which has been 
treated with EDTA, improved cultures can be obtained if the blood is washed twice 
in a balanced salt solution (Hanks' or Earle's) or in culture medium, spinning at 600g 
for 3 to 5 min. After final removal of the supernatant, the washed cells can be 
restored to the original volume of blood by adding a mixture of 4:1 medium/serum. 
The cultures can then be set up as outlined later, treating the washed specimen as if 
it were a normal blood sample. 

7.1.3. Containers 

Disposable glass or plastic specimen tubes containing the correct amounts of 
lithium heparin are available from several manufacturers. Ideally these should be 
sterile and most manufacturers will, as an optional extra, arrange to have a batch 
gamma sterilized. Evacuated-type tubes are also suitable. Tubes containing glass or 
plastic beads should be avoided. If dried heparin is used, it is important that the blood 
be properly mixed by inverting the tube several times. It is preferable if the 
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cytogenetics laboratory can supply the specimen tube from its own stock. This, 
incidentally, provides an opportunity to include a detailed set of instructions for the 
doctor and a correctly addressed package for the return of the sample. 

Tubes containing dry anticoagulant have a very long shelf life. Therefore, it is 
worth considering having stocks of tubes and instructions already available with 
suitable people, such as medical officers at nuclear establishments and specialists to 
whom irradiated casualties are likely to be sent. This would reduce delays while 
empty tubes are sent out from the laboratory. 

7.1.4. Transport 

There is no need for the patient to travel to the laboratory. Blood specimens 
should be transported with sufficient packaging to prevent breakage and, if excessive 
temperatures (>38°C) are likely to be experienced, such as in tropical regions, the 
provision of coolant packs is advisable. A fast postal service is often satisfactory and 
transit times of two or three days can be tolerated, though special provision may need 
to be made if long delays are expected, such as around national holidays. 

For international transit, specimens may be sent by air cargo. The laboratory 
should be advised of the flight number and air waybill number, the latter enabling 
the specimen to be traced through cargo handling and customs. During air transport 
the blood should not be X-rayed in security checks. If this is likely, a piece of X-ray 
film could be included in the package. 

7.2. LYMPHOCYTE CULTURES 

On receipt of the specimen, 48 h cultures of lymphocytes should be set up. 

7.2.1. Choice of culture medium 

There are several defined culture media which may be employed. All are com-
mercially available and have been shown to be suitable for lymphocyte culture. 
Media formulated without folic acid, in order to detect inherited fragile sites on chro-
mosomes, should not be used. Certain media (F-10 and RPMI-1640) appear to 
encourage faster growth than, for example, MEM and TC-199 [46]. Although the 
numbers of second in vitro metaphase (M2) cells can be determined by fluorescence 
plus Giemsa (FPG) staining, it is a good policy to use routinely a culture procedure 
which generally gives a minimal number of M2 cells at 48 h. 

Antibiotics are frequently included in the cultures. Penicillin (100 IU/mL) and 
streptomycin (100 /¿g/mL) are commonly used. Depending on the manufacturer, 
many media are supplied already containing these antibiotics. However, antibiotics 
may need to be added when diluting the medium to working strength, especially if 
concentrated or powdered media are purchased. Some laboratories prefer to use 
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media without antibiotics, in which case aseptic working procedures, including the 
use of gamma-irradiated blood specimen tubes, are essential. 

7.2.2. Bromodeoxyuridine 

Bromodeoxyuridine (BrdU) should be included in the cultures in order to permit 
FPG staining [47]. This thymidine analogue is taken up preferentially into replicating 
DNA. When one chromatid is bifiliarly substituted and the other unifiliarly sub-
stituted, FPG staining produces a 'harlequin' effect in the metaphase chromosome of 
cells which are in their second or later post-substitution division. There is no univer-
sally established concentration of BrdU that can be used. The optimum will vary 
depending on such factors as the thymidine concentration in the particular culture 
medium employed. A laboratory should experiment for itself to determine a satisfac-
tory level. It is customary to add the BrdU to the culture medium at a concentration 
such that the concentration in the final culture mixture does not exceed about 50 /¿M 
(15.4 /¿g/mL). Above this level there is the possibility of BrdU causing excessive 
mitotic delay [48]. With fresh ( < 24 h) blood specimens, a final culture concentration 
of about 15 |iM is often satisfactory. If blood specimens are delayed in transit so that 
they are more than 24 h old, the BrdU concentration may have to be increased to, 
say, 40 цМ in order to achieve reliable FPG staining [49]. It should be noted that 
BrdU is light sensitive, and therefore the cultures should be prepared in subdued 
lighting (e.g. a yellow safe light) and then incubated in the dark. 

7.2.3. Choice of serum 

Newborn or foetal calf, human AB or even the patient's own serum can be used, 
though if cost is a strong consideration there is no need to use the more expensive 
foetal calf serum for routine lymphocyte cultures. Since the serum is the most varia-
ble of the constituents of the culture, it is recommended that each laboratory experi-
ment for itself in order to determine the preferred type of serum. As there may be 
considerable variations between batches of sera, new consignments should be quality 
tested for their ability to support cell growth. The serum can be heat-inactivated at 
56°C for 1 h in a water bath and this may help to reduce batch variability. 

7.2.4. Mitogens 

Several mitogens, mostly plant lectins, are commercially available. In most 
cases the particular populations of lymphocytes which they stimulate have not been 
precisely defined (see Section 4). It is recommended that PHA, which is the most 
widely used mitogen, should be employed. Several manufacturers market two ver-
sion of PHA, though the more expensive and highly purified material is not necessary 
for routine cultures. 



7.2.5. Culture vessels 

Autoclavable glass or sterile, disposable, plastic containers that can be sealed 
should be used. The size of the container is important; for a 5 mL culture the head 
space should be at least 10 mL. 

7.2.6. pH 

The pH of the culture should be between 6.8 and 7.2. This is usually achieved 
by the inclusion of sodium bicarbonate in the culture medium. Extra bicarbonate can 
be added to increase the alkalinity, or 5% C0 2 in air may be bubbled through to 
increase acidity. The gas should be passed through cotton wool or a membrane filter 
to maintain sterility. 

7.2.7. Types of cultures 

The culturing methods are based, with modifications, on the techniques origi-
nally published by Moorhead et al. [50] and Hungerford [51]. There are three 
methods which may be employed. Experiments have been carried out to indicate that 
whichever method is used (provided that the same stock batches of materials are used) 
there is no difference in the yield of chromosome aberrations per cell. Nevertheless, 
it is advisable that a laboratory consistently use a particular method in case the differ-
ences between techniques introduce some as yet unidentified variable which increases 
the uncertainty associated with aberration yield data. The advantages and disadvan-
tages of the techniques concern the size of the sample required, the time taken in set-
ting up a culture and the number of suitable metaphases which result. One should set 
up several replicate cultures per person as insurance against accidents during process-
ing or poor yields of metaphases. The three methods are the following. 

7.2.7.1. Macroculture 

This method employs serum from the patient's own blood and therefore requires 
a somewhat larger blood sample (ideally about 20 mL). The red cells are allowed to 
sediment by gravity or by gentle centrifugation and the supernatant plasma containing 
white cells is removed. One mL of this plasma from an individual with a normal 
white cell count should contain sufficient lymphocytes for one successful culture. 
One mL of plasma is added to 4 mL of culture medium containing 0.15 mL of recon-
stituted PHA and is then placed in darkness in an incubator. 

7.2.7.2. Miniculture 

In this method, an enriched inoculum of PHA-stimulated lymphocytes is added 
to the medium. It is suitable for cases where a sample greater than 4 mL is available. 
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First, 0.15 mL of PHA is added to 2 mL of blood and the mixture is then gently agi-
tated. Blood will agglutinate on the walls of the vessel. Then 2 mL of serum is added, 
gently mixed and centrifuged for one minute at 50g. The supernatant of about 3 mL, 
comprising serum, plasma and buffy-coat, is removed with a syringe, leaving behind 
most of the agglutinated red cells. It helps to disturb the buffy-coat with the tip of 
the needle while drawing up the supernatant. The 3 mL of fluid is sufficient to make 
two cultures and is divided equally into two vessels, each containing 4 mL of 
medium. 

7.2.7.3. Microculture 

This method can be used with smaller blood samples (1—2 mL) and, if neces-
sary, can be performed with blood collected from a finger prick. A further advantage 
is the speed and ease with which cultures can be set up. However, the number of 
resultant metaphases per microscope slide is generally smaller than with the other 
methods. The procedure is to add 0.3 mL of whole blood and 0.1 mL of PHA to a 
vessel containing 4 mL of medium and 1 mL of serum and then to incubate in the 
dark. ^ 

7.2.8. Incubation temperature 

Cells should be incubated at 37° ± 0.5°C. The thermostability of the incubator 
is important and it is advisable to monitor its performance with, for example, a ther-
mocouple and a chart recorder. Too low a temperature will result in a poor yield, 
if any, of metaphases after 48 h. If the temperature is high (30°C or above), cells 
will progress more quickly through the cycle so that unacceptably high numbers of 
second-division metaphases may be present by 48 h [52]. 

7.3. PROCESSING THE CULTURES 

7.3.1. Mitotic arrest 

Colchicine or demecolcine (colcemid) can be used, with colcemid being the 
arresting agent preferred by most workers. A suitable stock solution will contain 
25 fig/mL of colcemid in physiological saline and, if prepared aseptically and stored 
at 4°C, will keep for six months. Adding 0.1 mL of this solution to each culture of 
5.0 mL should provide a sufficient number of metaphases while avoiding problems 
of cell toxicity which occur with higher concentrations. 

7.3.2. Hypotonic solutions 

The most widely used hypotonic solution is 0.075M potassium chloride. Alter-
natives are 0.1M sucrose, 0.95% sodium or Hanks' solution diluted 1:4 with distilled 
water. 
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After 45 h, colcemid is added to the cultures, which are then incubated for a —)— 
further 3 h. A few researchers [53] prefer to add the colcemid midwajTthrough the 
culture period, i.e. after about 24 h. This should prevent cells from progressing 
beyond the first metaphase and is thus an alternative means of avoiding the analysis 
of M2 cells. However, it has not been verified whether this procedure influences, 
adversely or otherwise, the aberration yield as compared with the addition of col-
cemid after 3 h; it should also be noted that early addition of colcemid can produce 
excessive contraction of the chromosomes, making analysis more difficult. After 
48 h of incubation, however, the same procedure is adopted irrespective of which 
culture method has been used. 

From this point onwards it is no longer necessary to observe aseptic procedures 
and further processing may be carried out at room temperature. The cultures should 
be centrifuged and the supernatant removed and replaced by a hypotonic solution. If 
the supernatant is to be removed by suction the centrifuge speed should be 200g for 
10 min. If, however, the supernatant is to be tipped off, a firmer pellet is required 
(600g for 3 min), though this can lead to more broken cells. The tubes should be left 
to stand for 15—20 min, some workers preferring to do this in a water bath for 
6—8 min at 37°C. The tubes should then be spun again, the hypotonic solution 
removed and the cell button resuspended in 5—10 mL of freshly prepared fixative 
(3:1 methanol/acetic acid). The fixative should be added slowly, but at a constant 
rate, while the tube is agitated with, for example, a vortex mixer. This is important, 
since it ensures that the cells are dispersed into a uniform suspension. The cells 
should then be spun down again and resuspended in three changes of fixative. The 
cells may, if required, be kept in fixative in a refrigerator for several days, or slides 
can be prepared immediately. 

The final wash of fixative should be removed, leaving a sufficient quantity of 
it (0.25 mL) to give a suitable volume of suspension for dispensing onto slides. Clean 
and grease-free slides should be used. While some manufacturers claim that the slides 
which they supply are sufficiently clean, many laboratories prefer to make doubly 
certain and store the slides in a degreasing fluid. This can be a 1:1 mixture of acetone 
and methanol or 1% concentrated hydrochloric acid in methanol. When needed the 
slides can be dried and polished with clean tissue-paper. Separation of the chromo-
somes is improved if the slides are cold and wet. This can be achieved by storing 
the slides in a freezer, taking them out just prior to use and melting the frost with 
one's breath a few-moments before dispensing the cells. Alternatively, the slides can 
be dipped for a few seconds into a beaker of distilled water and ice cubes. Improved 
wetting of the slides is obtained if some methanol is poured on top of the iced water, 
but not stirred in. Surface liquid should be shaken from the slide a moment before 
the cells are dispensed. 

The cells should be thoroughly suspended in the remaining fixative by bubbling 
with a Pasteur pipette and then drawn up into the pipette, with two or three drops 
being allowed to fall from a height of at least 10 cm onto the slide. The cells from 
one culture should be dispensed onto at least two slides and many workérs prefer to 

33 



produce up to ten slides from a culture. Before dispensing all the cells from a culture 
onto slides, it is a good policy to place one drop of the suspension on a test slide. 
This enables the concentration of metaphases to be judged and, if necessary, the 
remaining suspension can be further concentrated or diluted with fixative. If the 
appearance of the metaphases on the test slide is poor, i.e. badly spread clusters of 
chromosomes and an excessive amount of debris, it often helps to add one more wash 
of fixative, stopper and store the tubes overnight in a refrigerator and then spin down 
and dispense the cells on the following day. The slides should be allowed to air dry 
and this can be speeded up by gentle heating over a hotplate, by placing them in a 
gentle draught of warmed or ambient air from a fan, or by waving them through a 
spirit lamp (avoid igniting the fixative). 

7.3.3. Staining 

Fluorescence plus Giemsa staining is recommended as this permits the analysis 
to be confined to the first in vitro division metaphases (Ml) [54]. However, this 
method has certain drawbacks which can be overcome by using conventional orcein 
or Giemsa staining, as well as FPG, or the early addition of colcemid. Many workers 
have noted considerable variation in the quality of FPG staining between replicate 
slides and also between different patches of the same slide. The FPG technique is 
most successful if delayed until a few days (up to five) after the slides are made. The 
quality is poorer if fresher slides are used and also if the slides are more than two 
or three weeks old. Storage of FPG-stained slides for more than a few weeks before 
scoring can result in their deterioration. Thus, there is the risk that the images of 
FPG-stained metaphases may not be clear enough for accurate discernment of all 
aberrations. However, the quality is usually sufficient to determine the relative 
proportions of Ml cells, which are not differentially stained, and M2 cells which 
display the harlequin effect. As a positive control that the staining has worked, the 
batch of slides should also include a few prepared from longer (say 72 h) cultures 
known to contain M2 cells. 

Thus, the recommended protocol is to FPG stain one or more replicate slides 
from each culture. If the staining is good these may be used for scoring aberrations 
in the Ml cells. If not, the slides should be used to check the M1/M2 ratio and aberra-
tion analysis should be done with replicate slides from the same culture which have 
been stained with orcein or Giemsa. Provided that the level of M2 cells is less than 
10%, as assessed by FPG, their inferred presence on the conventionally stained repli-
cates may be ignored. If the level is higher, this may require an arithmetic adjustment 
of the aberration yield which could introduce some extra error. This would require 
certain assumptions regarding, for example, the proportion of dicentrics in M2 cells 
which are still accompanied by an acentric fragment. As stressed earlier, it is a better 
policy to adopt a culture method which usually results in few M2 cells. Methods for 
FPG and conventional staining are outlined below. 
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7.3.4. FPG staining 

This method is derived from that published by Perry and Wolff [47]. About ten 
drops of Hoechst 33258 stain (0.5 /tg/mL in pH 6.8 phosphate buffer) should be 
placed on the slide and covered with a coverslip, ensuring that no air bubbles are 
trapped. At this point workers with a fluorescence microscope can, if they wish, 
make a quick check of the M1/M2 ratio using Latt's method [55], which produces 
a harlequin effect, but which fades very rapidly. Otherwise the slides can be illumi-
nated under a 20 W UV lamp (>310 nm) for 0.5 h or, alternatively, a 30 W fluores-
cent strip lamp for about 1.5 h. After careful removal of the coverslips, the slides 
should be washed well with pH 6.8 phosphate buffer. At this point some workers put 
the slides in 2 x S S C (0.3M sodium chloride and 0.03M trisodium citrate) at 60°C 
for about 20—30 min. 

Experience has shown that this stage can be omitted if it results in an undesirable 
swelling of the chromatids which makes microscope analysis more difficult. The use 
of 2 x SSC, however, removes some cellular debris and so leads to cleaner prepara-
tions. The slides are to be washed in distilled water, then immersed in Giemsa stain 
(5—10% in pH 6.8 buffer) for 3 min. They are first rinsed in the buffer, then with 
distilled water and allowed to dry. The slides can be examined at this stage under the 
microscope or cleared and mounted beneath a coverslip. 

7.3.5. Conventional Giemsa staining 

The slides should be immersed in 2% Giemsa stain in pH 6.8 phosphate buffer 
for 5 min, washed in buffer, briefly rinsed in distilled water and allowed to dry. If 
required, they can be cleared and mounted. 

7.3.6. Orcein staining 

Orcein stain is prepared by dissolving 5 g of orcein in a mixture of 175 mL 70% 
lactic acid, 250 mL glacial acetic acid and 75 mL distilled water. The solution should 
be filtered and then refiltered after 24 h and it is then ready for use. The slides should 
be immersed in stain for about 15 min, given two brief washes in 60:40 
methanol/acetic acid, followed by two changes (each of about 2 min) in absolute 
methanol, cleared and mounted. The same solution of orcein may be used repeatedly 
over several months, but it should be refiltered each time. 

7.4. ANALYSIS OF SLIDES 

The slides should be coded to prevent bias in the scoring and should be scanned 
methodically so that the entire area is covered. The scanning should be done at low 
magnification (about XI00). At this level it is not possible to count whether all the 
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chromosomes are present, nor is it possible to detect aberrations. However, with 
practice the scorer can identify those spreads which have about 40 or more pieces 
and an appearance which is likely at higher magnification to be of analysable quality. 
It is important that this initial scanning is done at a magnification low enough to pre-
vent a bias towards selecting cells which contain aberrations. Having found a likely 
metaphase, the scorer should switch to high magnification (about X1000), ignore, if 
possible, the presence of any aberrations and make a snap judgement on whether the 
chromosomes are of a quality suitable for scoring. This will be based on the sharpness 
of the images and the amount of twisting and overlapping of chromosomes. With 
FPG-stained material the cell should be rejected if it displays the harlequin effect, 
indicating that it is not an Ml spread. 

If the decision is taken to analyse the spread, then the number of individual 
pieces should be counted and the presence of aberrations noted (see Section 6). The 
cells should be scored by direct viewing down the microscope, although some wor-
kers routinely use a camera lucida attachment. It is recommended that only comp]ete_ 
nietaphases are recorded, i.e. those with46 or more pieces. If the cell contains unsta-
ble aberrations, then it should balance. For example, a spread containing a dicentric 
should also have an acentric fragment, yet still count to 46 pieces. By contrast, a cen-
tric ring will also have an accompanying fragment, but the total number of chro-
mosomal pieces in the cell will count to 47. Each excess acentric, i.e. one not 
associated with a dicentric or centric ring, will increase the count of pieces beyond 
46. When recording the aberrations the fragments associated with a dicentric or ring 
must not be included with the count of excess acentrics. When high radiation doses 
are involved there may be more than one aberration in the spread, but the pieces 
should still balance. Tricentric aberrations are equivalent to two dicentrics and should 
have two accompanying fragments, while quadracentrics will have three fragments 
and so on. All abnormalities in the cell should be recorded, although for dosimetry 
purposes only the data on dicentrics will normally be used. The x- and y-stage co-
ordinates of all complete cells analysed, including those free from aberrations, should 
be recorded for possible future reference. 

7.5. RECORDING OF DATA 

'Good laboratory practice' requires that a unique identifier code or labelling 
system be devised for specimens, slides and associated paperwork. The receipt and 
processing of specimens, whether for experiments or for overdose investigations, 
should be recorded in a laboratory diary. Electronic systems for data storage and han-
dling are being introduced. However, most researchers still work by recording their 
microscope observations onto a score sheet and most laboratories have evolved their 
own preferred way of recording the data. Any electronic system must have the facil-
ity for producing a paper printout, for example, for inclusion with documents submit-
ted in evidence to an investigation or legal action arising from a radiation accident. 



Table II illustrates a simple layout of a data sheet for recording aberrations. 
From the information on this sheet any cell can be identified for re-examination on 
a future occasion. Data on unstable aberrations are most important for biological 
dosimetry, although no attempt has been made to list separately the minutes, frag-
ments and acentric rings. This is because accurate discrimination between them is not 
always possible. However, if it is preferred, they could be recorded as M, F and AR 
instead of numerals in the column headed 'Acentrics'. The remarks column can be 
used to record other abnormalities, e.g. stable chromosome damage or chromatid 
aberrations. Any other numerical information which may be required, such as the 
percentage of cells with damage, or distributions of aberrations among the cells, can 
be easily extracted from the sheet. 

7.5.1. Storage of information and slides 

Clearly, research data have to be filed and stored for future reference; it is 
worth emphasizing that files relating to overdose cases may need to be re-examined 
long afterwards. In the event of the subject developing, say, a malignancy, perhaps 
decades later, the case may be reopened to resolve a claim for compensation. 

Most laboratories would wish or are obliged to store the microscope slides as 
well and this can create some problems. Conventionally stained orcein slides, partic-
ularly when mounted beneath a coverslip, will normally store well for many years, 
while Giemsa-stained preparations have a slightly greater tendency to fade. FPG-
stained material creates more difficulty as it frequently fades after several months. 
However, faded slides can be retrieved by carefully soaking off the coverslip and res-
taming with conventional Giemsa or orcein. Attempts to restain with FPG will not 
succeed. Stored replicate slides that have never been stained can also be treated with 
conventional Giemsa many years later. 

8. DATA HANDLING 

8.1. PRODUCTION OF AN IN VITRO DOSE-RESPONSE CURVE 

Despite improvements in techniques and the adoption by different workers of 
more comparable statistical programmes for data analysis, significant differences 
between laboratories still remain. The interpretation of dose using a calibration curve 
produced elsewhere may introduce substantial extra uncertainty and therefore it must 
be recommended that any laboratory intending to carry out biological dosimetry 
should establish its own dose-response data. 

37 



о 
Z 

о 
Z 

3 о .2 
S О 

•п 

и 

•с 

о 
z 

о 
Z 

и 

38 



8.1.1. Biological considerations 

Lymphocytes should be irradiated in vitro to approximate as closely as possible 
the in vivo situation. Freshly taken blood specimens should be used and irradiated 
as whole blood at 37°C, with only the addition of lithium heparin. If blood is irradi-
ated while in culture medium, with or without PHA, the aberration yield will be 
affected [56]. The blood should be kept at 37°C from the time of venipuncture until 
1 h after irradiation. It should then be cultured by a standard method identical to that 
used for specimens from suspected overexposure patients. 

8.1.2. Physical considerations 

Most accidental overexposures are to X- or 7-radiation sources, and for a 
laboratory embarking upon a programme of biological dosimetry these are the quali-
ties of radiation for which the dose response should be established first. The prepara-
tion of a dose-response curve must be supported by reliable and accurate physical 
dosimetry. It is not intended here to give complete and detailed instructions on the 
design of an irradiation facility. However, when considering dosimetric problems in 
producing a dose-response curve, there are a number of points requiring attention. 
The blood needs to be positioned such that the dose can be easily inferred and it 
should be exposed far enough away from the source so that the irradiation can be 
regarded as uniform. For example, if the sample is 1 cm thick, then it needs to be 
at least 1 m from the source for the difference in dose between front and back to be 
less than 2%. There must be sufficient material surrounding the blood for charged-
particle equilibrium to exist. For 60Co 7-rays, 4 mm of unit dense material is suffi-
cient; for 250 kVp X-rays, only 1 mm is necessary. For neutrons, 1 mm is usually 
also sufficient. 

The surrounding materials should be reduced to a minimum to avoid the effects 
of scattered radiation. The materials should have atomic compositions similar to 
blood because the dose to blood close to the wall will be caused by electrons arising 
from interactions within the wall. A serious mismatch of atomic composition will 
result in a non-uniform irradiation of the cells. For X- and 7-rays, electron density 
is the main factor when considering mismatch, while for neutrons the atomic consti-
tuents are important because neutrons interact with the nuclei of the target atoms. 

The ionization chamber should be surrounded by material equivalent to that 
which surrounds the blood. If possible the chamber should have similar dimensions 
to the blood sample so that it can replace the sample for dosimetry purposes. The 
chamber should be calibrated either in rontgens or in rads in air in free air. The cur-
rent conversion factors are 1 R = 0.8701 rad in air and 1 R = 0.955 rad in soft tissue 
or blood. The latter value is energy dependent and is lower at lower energies. There 
is also a difference between the conversion factors for soft tissue and for blood, but 
for low LET radiation this is small enough to be ignored. For neutrons it may 
approach 5 %. The calibration factor includes any absorption by the wall of the ioni-
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zation chamber, but it will often be necessary to correct the dose rate owing to self-
absorption by the blood. 

The usual method of determining doses is to convert the measured rôntgens into 
absorbed dose in tissue or blood and then to convert as necessary for distance (the 
inverse-square law), absorption and mismatch of material at the blood interface. The 
size and general geometry of the apparatus are a compromise between these factors 
because the smaller the blood specimen the smaller the absorption correction and the 
larger the mismatch correction. Nevertheless, geometry and materials should be 
chosen to minimize the necessary corrections. 

In order to produce an in vitro calibration curve applicable to cases of acute 
accidental exposure, the dose rate should be chosen such that all doses are given in 
less than 15 min. The differences in delivery times between the different doses are 
then sufficiently small that the /3 or dose-squared coefficient of yield will be 
influenced by no more than about 4%. 

8.1.3. Statistical considerations 

Adequate curve fitting requires a sufficient number of degrees of freedom; 
therefore, ideally, about 10 doses should be used in the range 25-—500 rad. For most 
types of radiation it is not necessary to have data higher than at about 500 rad and, 
indeed, beyond this dose with low LET radiation there is evidence of saturation of 
the aberration yield which will lead to a distortion of the /3 coefficient [57]. As most 
radiation accidents involve doses of less than 100 rad, the lower end of the curve will 
be particularly important in estimating doses. An effort should therefore be made to 
reduce the statistical uncertainty associated with the ct-coefficient of yield and this 
requires that several doses, say four, should be in the range of 25—100 rad. If the 
laboratory is capable of obtaining data at doses below 25 rad this is very desirable. 
At higher doses scoring should aim at about 100 dicentrics at each dose, but this can-
not be achieved at the lower doses. Here, however, several thousand cells should be 
scored. 

Opinions vary as to how to treat the background level of aberrations in fitting 
dose-response data [57]. Some authors include a measured yield at zero dose and use 
this as one of the points in the curve fitting so that the background is a variable 
parameter. However, because the yield of dicentrics in unirradiated cells is usually 
low, none are observed and the measured zero-dose yield is zero. Because of the 
generally poor statistics at low doses the results of curve fitting sometimes lead to 
negative estimates of the background value and negative linear coefficients which 
obviously have no biological basis. Some investigators resolve this problem by ignor-
ing zero-dose data points and constraining the curve to pass through the origin. There 
are, however, sufficient data published from surveys of subjects exposed only to 
background radiation to show that there is a small positive background level of unsta-
ble aberrations. An alternative method adopted by some workers is therefore to use 
a small positive background value as a data point and to ascribe a large percentage 



of uncertainty to it. Ideally a laboratory should generate its own background data, 
although this requires the analysis of many thousands of cells. A consensus is 
emerging that the background level of dicentrics is about 1 in 1000 cells and about 
1 in 300 cells for excess acentric aberrations [58]. 

There is very strong evidence that the yield of chromosome aberrations (Y) is 
related to dose (D) by the equation 

Y = A + a D + 0D2 

The objective of curve fitting is to determine those values of the coefficients A, a 
and /3 which best fit the data points. For dicentrics, irradiation with X- and 7-rays 
produces a Poisson distribution, whereas neutrons and other types of high LET radia-
tion produce distributions where the variance exceeds the mean. Whether the ratio 
of variance to mean is a function of dose is at present an open question. The technique 
recommended for determining the best-fit coefficients is that of maximum likelihood 
[59]. This can be done by maximizing the likelihood of the observations assuming 
Poisson distributions by the method of iteratively reweighted least squares. For over-
dispersed non-Poisson distributions, the weights must take into account the over-
dispersion. If one considers that the data show a trend of a2/y with dose, then that 
trend should be used. Otherwise, one should divide all Poisson weights by an average 
value of а2/у. The standard errors of the coefficients and the fitted values should be 
based on the Poisson distribution, or overdispersed distribution, if applicable, but if 
there is evidence of a lack of fit, then the standard error should be increased by 
(x2 /DF)"2 . 

9. DOSE ESTIMATION 

9.1. CHOICE OF CURVE 

The sources of radiation to which personnel are usually exposed are 7-rays, X-
rays and, occasionally, degraded neutrons. It is commonly found that there is a differ-
ence between the yield curves of X- and 7-rays, particularly at low doses ( < 5 0 rad). 
Therefore it is advisable to have a calibration curve for a suitable energy of X-rays 
(e.g. 250 kVp) as well as for either 60Co or 137Cs. For neutrons a degraded energy 
spectrum is similar to a fission spectrum. Available evidence indicates that the dose-
response curves for fission-spectrum neutrons are linear and do not alter much with 
neutron energy. Thus a calibration curve produced with a fission spectrum would 
suffice. 

In industrial radiography 192Ir is commonly used and its mean gamma energy 
is about 400 keV. The calibration for this isotope should lie somewhere between the 
X- and 7-ray curves. However, it is generally considered to lie closer to the 
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FIG. 13. The relationship between dicentric yield and acute exposure to several types of radiation. 
(Copyright: National Radiological Protection Board, UK.) 

60Co/137Cs curve and it is recommended that the gamma-ray curve be used. 
Figure 13 shows a selection of dose-response curves produced by one 
laboratory [60]. 

In a criticality accident the body is irradiated by both neutrons and gamma rays. 
If the ratio of neutron to gamma-ray doses is known, and this information is usually 
available from physical measurements, it is possible by iteration to estimate the neu-
tron and gamma-ray doses separately. The iteration proceeds as follows: 

(1) Assume that all the aberrations are attributable to neutrons and from the meas-
ured yield of dicentrics estimate a dose from the neutron curve, 

(2) Use the supplied neutron to gamma-ray ratio to estimate the gamma-ray dose, 
(3) Use the gamma-ray dose to estimate the yield of dicentrics due to gamma rays, 
(4) Subtract this calculated gamma-ray yield of dicentrics from the measured yield 

and assume that this is the yield due to neutrons, 
(5) Re-estimate the neutron dose and repeat stages 2 to 5 until self-consistent esti-

mates are obtained. 

Example 
Consider a criticality accident in which 100 cells are scored and 120 dicentrics 

observed, i.e. 1.2 dicentrics per cell. The neutron to gamma ratio supplied from 
physical measurements is 2:3 in absorbed dose. Cytogenetic dose estimates are to be 
made using 0.7 MeV fission spectrum neutrons and the 60Co gamma-ray curves 
shown in Fig. 13. The yield equations for these curves are: 

Neutrons: Y = 0.0005 4- 8.32 Xl0"3 D 
Gamma rays: Y = 0.0005 + 1.64 X 10"4 D + 4.92 x 10"6 D2 

42 



TABLE III. SEQUENCE OF STEPS USED IN MAKING DOSE ESTIMATES 
FOR MIXED GAMMA AND NEUTRON IRRADIATION 

Steps 1 and 5 

Neutron dose 
(rad) 

Step 2 

Gamma-ray dose 
(rad) 

Step 3 

Gamma-ray yield of 
dicentrics per cell 

Step 4 

Neutron yield of 
dicentrics per 

cell 

144 216 0.266 0.934 

112.2 168.3 0.167 1.032 

124 186 0.201 0.999 

120 180 0.189 1.011 

121.4 182.1 0.194 ' 1.006 

121 181.5 

Now, going through the steps listed above: 

(1) 1.2 dicentrics per cell is equivalent to 144 rad neutrons, 
(2) 144x3/2 = 216 rad gamma rays, 
(3) 216 rad gamma rays are equivalent to 0.266 dicentrics per cell, 
(4) 1.2—0.266 = 0.934, which is the dicentric yield attributable to neutrons, 
(5) 0.934 dicentrics per cell is equivalent to 112.2 rad neutrons. 

Then, going back to stage 2, 112.2x3/2 = 168.3 rad gamma rays and so on. After 
a few iterations doses of 121 rad neutrons and 182 rad gamma rays are obtained. The 
complete sequence is laid out in Table III. 

9.2. NUMBER OF CELLS TO BE ANALYSED 

In order to produce a dose estimate with a statistical uncertainty small enough 
to be of value, a large number of cells usually needs to be scored. The decision on 
how many to analyse is a compromise based on the importance of the case, the avail-
able labour and the quality of the preparations. For example, after a high dose of, 
say, several hundred rad, the subject's lymphocyte count may be severely depleted 
and this will be reflected in a low number of metaphases on the slides. However, as 
the number of aberrations per cell will be high, a reasonable estimate could be made 
from the analysis of just a few tens of cells. 

For lower doses, where the number of available cells is not the limiting factor, 
a dose estimate could be based on about 200 cells. It is, however, advisable to 
increase the scoring to 500 cells. This may require 2—3 man-days at the microscope, 
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TABLE IV. EFFECT OF INCREASING THE NUMBER OF CELLS EXAMINED 
ON THE LOWER AND UPPER 95% CONFIDENCE LIMITS FOR 
FOUR ESTIMATES OF ACUTE GAMMA RADIATION DOSE 

Confidence limits (rad) 
Dose estimate 

(rad) 
No. of cells examined 

200 500 1000 

10 Upper 34 25 
Lower — <0 .5 <0 .5 

25 Upper 61 50 40 
Lower 3 10 12 

50 Upper 87 71 64 
Lower 19 30 36 

100 Upper 135 121 113 
Lower 69 81 85 

although in an emergency several people can collaborate in scoring replicate slides. 
For a low or zero dicentric yield, the improved confidence limits resulting from 500 
scored cells are worth-while and are usually sufficient. The decision to extend scoring 
beyond 500 to, say, 1000 cells depends on whether there is evidence of a serious 
overexposure, in which case there may be a scientific justification, or if the continued 
employment of a radiaton worker is in jeopardy. Clearly, there is no single number 
of cells that can be recommended as being applicable in all cases. As a general rule 
it may be suggested that scoring should aim at 500 cells or 100 dicentrics. 

The methods for calculating confidence limits on dose estimates are discussed 
below. Table IV shows the limits to be expected using calculation method В (simpli-
fied), detailed in Section 9.3.2, for several dose estimates up to 100 rad. These are 
made from the gamma-ray curve in Fig. 13 and are based on scoring 200, 500 or 
1000 cells. 

9.3. UNCERTAINTY OF DOSE ESTIMATES 

While there is no difficulty in deriving a dose from a measured yield of dicen-
trics, there is no generally accepted way of deriving its uncertainty. The uncertainty 
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is usually expressed as a confidence interval and quite often 95% is chosen as the 
limit. The 95% confidence limits define an interval such that the limits will encom-
pass the true dose on 95 % of the occasions. The problem has been discussed by Mer-
kle [61], who presents two basic solutions to the problem. 

9.3.1. Approach A 

There are two components to the uncertainty, one from the Poisson nature of 
the yield of aberrations, seen in the sample from the overexposed subject, and the 
other from uncertainties associated with the calibration curve. The procedure is as 
follows: 

(1) From the observed yield estimate the dose; 
(2) From the dose-response curve, with its 95% confidence limits, estimate the 

standard error on the yield at that dose; 
(3) From the observed yield estimate the Poisson standard error; 
(4) Add the standard errors in quadrature to give the overall standard error; 
(5) By assuming a normal distribution, derive 95% confidence limits on the yield 

and convert these to doses. 

Example 
Consider an overexposure to gamma rays for which 500 cells are scored and 

25 dicentrics observed, i.e. 0.05 dicentrics per cell. The gamma-ray calibration curve 

Y = 0.0005 + 1.64 X ÎO^D 4- 4.92 X 10"6D2 

is to be used. The curve, with its 95% confidence limits, is shown in Fig. 14. 
Going through the steps listed above, 

(1) 0.05 dicentrics per cell is equivalent to 85 rad. 
(2) The standard error (SE) on the yield due to uncertainties in the calibration curve 

is 0.002 15 dicentrics per cell. In Fig. 14 the SE at dose D is half the difference 
between the fitted (solid) curve and one of its (dashed) confidence lines. 

(3) The standard error on the yield due to the observation is V25/500, which is 
equal to 0.01 dicentrics per cell. 

(4) The total SE = [(0.002 15)2 + 0.01)2]1'2 = 0.0102. 
(5) The 95% confidence limits in the observed yield are therefore 0.05 + 1.96 

(0.0102), i.e. 0.03 and 0.07 dicentrics per cell. From the calibration curve, 
these correspond to 62.5 and 103 rad. 

9.3.2. Approach В 

This approach, illustrated in Fig. 15, involves the following steps: 

(1) Draw the calibration curve (solid line) with 95% confidence curves (dotted 
lines). 
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rad 

FIG. 14. Illustration of method A for estimating dose and the relevant confidence limits. (Copyright: 
National Radiological Protection Board, UK.) 

(2) Draw the yields corresponding to the lower and upper 95% confidence limits 
on the observed yields (YL and Y0) . 

(3) Determine the dose at which YL crosses the upper curve. This is the lower 
confidence limit (DL). 

(4) Determine the dose at which Yy crosses the lower curve. This is the upper 
confidence limit (Dy). 

Example 
The same example is used, where a dose of 85 rad is estimated from 25 dicen-

trics observed in 500 cells. The steps listed above are thus as follows: 

(1) The curve, with its 95% confidence limits, is shown in Fig. 15. 
(2) From standard statistical tables, the 95% confidence limits YL and for 25 

observations are 16.18 and 36.9. Therefore, 16.18/500 = 0.032 dicentrics per 
cell and 36.9/500 = 0.074 dicentrics per cell. 

(3) Y l intersects the upper confidence curve at 61.5 rad (DL). 
(4) .Yj, intersects the lower confidence curve at 111 rad (Dy). 
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rad 

FIG. 15. Illustration of method В for estimating dose and the relevant confidence limits. (Copyright: 
National Radiological Protection Board, UK.) 

A simplified version of approach В 

With well-established calibration curves based on a large amount of scoring, the 
variance due to the curve is small compared with the variance of the observed yield 
from the subject. In such a situation, for most practical purposes, a simpler approxi-
mate estimate of DL and Dy may be obtained directly from the calibration curve, 
where YL and cross the. solid line in Fig. 15, i.e. 65.5 and 106.5 rad. 

9.4. CONCLUSIONS 

Methods A and В both involve the use of approximations. In method A the most 
serious is the normal approximation to a distribution which may be very close to a 
Poisson distribution. For method В worst-case estimates are made by assuming confi-
dence limits to be additive so that the estimates are likely to be too wide. The simpli-
fied version of method В will, however, tend to underestimate the limits. 
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10. SPECIAL PROBLEMS AND 
SOME EXAMPLES OF DOSE ASSESSMENTS 

10.1. INTRODUCTION 

In cases where an acute accidental overexposure to relatively low LET radiation 
is uniformly distributed over the whole body (and a blood sample is available 
promptly), the dicentric frequency per cell provides a reliable estimate of the average 
whole-body absorbed dose. In practice, however, such ideal circumstances rarely 
occur and it is more usual for exposure to be non-uniform, perhaps involving only 
part of the body. A substantial time delay may also occur before a blood sample is 
taken for chromosome study. These factors will result in an inhomogeneous popula-
tion of lymphocytes being sampled and the resultant dicentric yield, when compared 
with a standard in vitro dose-response curve, will produce an unrealistic estimate of 
dose. Inhomogeneity produces a yield of dicentrics which does not conform to a 
Poisson distribution, but is generally overdispersed. For a partial-body exposure this 
obviously arises because those lymphocytes in tissues outside the radiation field will 
not be damaged. In cases of highly localized exposure, the smaller than expected 
number of cells which are damaged may each contain several aberrations. Even when 
the radiation dose is uniform at the skin, its monotonie reduction with depth in tissue 
will result in a variety of doses being received by lymphocytes. This effect will be 
especially marked with poorly penetrating radiation, but for more energetic radiation, 
such as 250 kVp X-rays or gamma rays from 60Co, 192Ir and 137Cs sources, the 
effect is sufficiently small for the dicentrics to have an approximately Poisson 
distribution. 

Accidental exposure to high LET radiation, such as neutrons, will also produce 
an overdispersed distribution because of the manner in which the dose is deposited 
at the cellular level. 

Delays in blood sampling will influence the aberration yield as cells containing 
unstable aberrations are lost from the circulation and replaced by newly produced, 
undamaged cells. 

In this section it is intended, with the aid of examples, to discuss how the yield 
of chromosome aberrations is influenced by inhomogeneity of exposure, by delayed 
sampling and by protracted exposure and how the data might nevertheless be used 
to provide a meaningful estimate of dose. 

10.2. ACUTE WHOLE-BODY EXPOSURE: AN EXAMPLE 

Brewen et al. [45] and Preston et al.[62] have described an accident involving 
a 60Co source in which a high dose was received fairly homogeneously over the 
front of the body. The mean dose to the back was lower, but it too was exposed as 
the man turned and walked away from the source. The total exposure time was less 
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than one minute. A number of blood samples were taken at intervals ranging from 
six hours to three years after the incident. The aberration yield remained fairly cons-
tant over the period 6 h to 32 d, during which time 7 blood samples were taken and 
300 metaphases analysed from each. When the data for the 7 samples were combined, 
478 dicentrics and rings were observed in 2100 cells. These workers used the in 
vitro, gamma-ray dose-response curve 

Y = 3.93 x 10 4 D + 8.16 x 10"6 D2 (1) 

to estimate a mean whole-body exposure of 144 R. This agreed well with the physical 
estimate of 127 R made from a thermoluminescence dosimeter which the man had 
worn and a reconstruction of the incident using a phantom. The general haematologi-
cal changes noted were also consistent with an exposure of about 150 R. 

10.3. PARTIAL-BODY OR NON-UNIFORM EXPOSURE 

There are basically two methods by which the observed yield of aberrations can 
be used to provide a more realistic dose estimate than simply quoting an average 
whole-body dose. 

10.3.1. Method 1 

This was first proposed by Dolphin [63] and considers the overdispersed distri-
bution of dicentrics among all the scored cells. The observed distribution is consi-
dered to be the sum of (a) a Poisson distribution which represents the irradiated 
fraction of the body and (b) the remaining unexposed fraction. Cells containing aber-
rations will obviously have been in the irradiated part of the body. Normal 
undamaged cells will comprise two subpopulations, those from the unexposed frac-
tion and irradiated cells representing the first term (e"Y) of the Poisson series. 

Maximum likelihood estimates of the fraction, f, of cells scored which were 
irradiated and the mean yield, Y, to this fraction may be made by using Eqs (2) 
and (3) 

T Y = <2> 
1 - e N - no 

Yf = - (3) 
N 

In these equations, N is the number of cells scored, X is the number of dicentrics 
observed and no is the number Of cells free of dicentrics. 
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The mean dose to the irradiated fraction may then be obtained from Y using a 
standard in vitro dose-effect curve. The size of the fraction of body irradiated may 
be derived from f after correction for the effects of interphase death and mitotic 
delay. These factors will cause irradiated cells, even if free from aberrations, to be 
less likely than unexposed cells to reach metaphase by 48 h in culture. If the fraction 
of irradiated cells which reach metaphase was p, the fraction of the body irradiated, 
F, is given by Eq. (4) 

1 - f + f/p 

There are, however, a number of limitations to this approach: 

( 1 ) The method assumes a uniform distribution of lymphocytes throughout the body 
and makes the further simplifying assumption that the exposure to the irradiated 
fraction is homogeneous. 

(2) It requires a sufficiently high local dose so that there are a number of cells 
observed with two or more dicentrics. This is necessary for the best-fit calcula-
tion of the irradiated, but undamaged, cells. 

(3) The method assumes a minimal delay of no more than a few weeks between 
irradiation and blood sampling, so that the dicentric yield is not diluted by newly 
formed undamaged cells entering the circulation. 

10.3.2. Method 2 

This approach has been proposed by Sasaki and Miyata [64] and is termed the 
Qdr method. It considers the yield of dicentrics and rings only from those cells which 
contain unstable aberrations and assumes that these cells were present at the time of 
the accident. The method therefore circumvents problems of dilution by undamaged 
cells from an unexposed fraction of the body or post-irradiation replenishment from 
the stem cell pool. It also does not require the presence of heavily damaged cells con-
taining two or more aberrations. Qdr is the expected yield of dicentrics and rings, 
X, among the damaged cells, Nu, and is given by Eq. (5) 

X Y l /СЧ 
Q d r = — = (5) 

Nu 1 - exp ( - Y ! - Y 2 ) 

where Yi and Y2 are yields of dicentrics plus rings and of excess acentrics, respec-
tively. As Y] and Y2 are known functions of the dose and are derivable from in vitro 
dose-response curves, Qdr is a function of dose alone and hence permits a dose esti-
mate to be made for the irradiated part of the body. 
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There are several limitations also with this method: 

(1) It assumes, as in method 1, that the exposure to the irradiated fraction is uni-
form, but it provides no information on the size of this fraction. 
(2) It assumes that the excess acentric aberrations also have Poisson distributions, 
but this is not borne out by data from in vitro experiments. If this limitation is thought 
to be important, it could be avoided by considering the yield of dicentrics and rings 
in those damaged cells which contain just dicentrics and rings. Equation (2) would 
now reduce to 

Qdr = - = ^ (6) 
N„ 1 - exp ( —Yi) 

This simplified form will produce a dose estimate identical to that obtained by method 
1 above. 
(3) The method assumes that all cells containing unstable aberrations were present 
at the time of irradiation and that there has been no recruitment of cells containing 
derived chromosome aberrations arising from chromatid damage in stem cells. 

10.3.3. Acute non-uniform exposure: An example 

An inhomogeneous irradiation, resulting in highly localized exposure suffficient 
to cause skin burns, occurred when a non-radiation worker picked up a 6.7 Ci 192Ir 
source and placed it in his pocket [65].1 One thousand lymphocyte metaphases were 
examined and 99 of them contained the following unstable aberrations: 86 dicentrics, 
2 centric rings and 60 excess acentrics. The distribution of dicentrics was 

Dicentrics per cell 0 1 2 3 4 5 

No. of cells 932 56 9 1 1 1 

The investigating laboratory's in vitro dose-response curves were: 

Y (dicentrics) = 1.57 X 10"4D + 5.0 X 10"6D2 

Y (acentrics) = 2.30 X 10"4D + 3.9 X 10"6D2 (8) 

In using method 1, the maximum likelihood estimate for the yield of dicentrics, 
Y, in the irradiated cells is given by substituting data from the example into Eq. (2). 
By iteration, Y = 0.489 dicentrics per irradiated cell, which corresponds on the dose-
response curve to 297 rad. 

1 1 curie (Ci) = 3.70 x 1010 Bq. 
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The size of the irradiated fraction, f, is given by solving Eq. (3) which, in this 
example, gives f = 0.176. As this value represents the population of cells which was 
irradiated and survived, it needs to be adjusted, as described in Eq. (4), in order to 
take account of selection against the irradiated cells by factors such as interphase 
death and mitotic delay. There is some experimental evidence [66] indicating that this 
selection is an exponential function of dose, with D0 = 270 rad. In the present 
example, the dose estimate of about 300 rad would imply that only about 0.33 (p in 
Eq. (4)) of the irradiated cells survived to be analysed. The fraction originally 
exposed, F, is equal to 0.393 and is obtained by solving Eq. (4). In round terms, 
therefore, the irradiated fraction of the body is about 40%, with an average dose of 
about 300 rad. 

In using method 2, it should be noted that the investigating laboratory did not 
normally use the yield of dicentrics phisjings-for dose estimation, but rather dicen-
trics alone. As rings are rarely observed aberrations, as compared with dicentrics and 
excess acentrics, this modification has only a trivial effect. Therefore, substituting 
values into Eq. (5) and omitting centric rings gives 

Qdr = — = 1.57 X lO^D + 5.0 X 10"6D2
 ( 9 ) 

99 1 - exp ( - 3 . 8 7 X lO^D - 8.9 X 10 6D2) 

The equation can be solved for D by iteration and gives a dose estimate of 
319 rad. This is in good agreement with the value of 297 rad derived from method 1. 

10.4. DELAYED BLOOD SAMPLING 

It has been well documented that some lymphocytes containing aberrations con-
tinue to exist in the peripheral circulation for many years after an irradiation. 
However, a delay of more than a few weeks between irradiation and sampling has 
been shown to reduce the aberration yield. Therefore, some adjustment needs to be 
made in order to produce a more realistic estimate of dose. Unfortunately, there are 
few data which enable a reliable correction factor to be applied. Indeed, because there 
is marked individual variation, depending on factors such as infections, the depres-
sion of aberration yield probably cannot be expressed simply as a function of time 
alone. Nevertheless, an exponential disappearance rate with a half-time of about three 
years has been suggested [58]. As a general approximation this seems suitable when 
the sampling delay is long, say five or more years. However, when brief accidental 
exposures are being investigated there are rarely delays of this length. Typically, they 
range from a few days to a few weeks. Delay of a few weeks is more likely if the 
exposure is only appreciated when a routine personal dosimeter is processed, with 
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irradiation having occurred early in its period of issue. At most one might encounter 
a sampling delay of up to one year and over this time span an exponential disappear-
ance half-time of about three years is inappropriate. 

From the limited number of accidentally irradiated subjects who have been re-
examined at intervals, there is evidence that the unstable aberration yield remains 
constant for some weeks and then falls rapidly. For example, in the acute whole-body 
accident [45, 62] (Section 10.2), the dicentric yield was unchanged over five weeks 
and then fell, so that by about ten weeks it was approximately 50% of the initial 
value. Thereafter, it remained at the 50% level up to the final sample, which was 
taken three years after the accident. 

What is probably the most comprehensive body of data is that published by 
Buckton et al. [67, 68] and Buckton [69] who, for over 30 years, have repeatedly 
sampled a group of patients treated with X-rays for ankylosing spondylitis. In these 
studies the initial plateau in aberration yield was longer, about 20 weeks, and was 
then followed by the steep fall which, however, persisted over four years. Over the 
first four years they calculated that the dicentric yield dropped at a rate of about 43 % 
per year and thereafter the decline was about 14% per year. In view of the considera-
ble variability in the limited data, no firm guidance can be given, especially for delays 
in excess of a few weeks. Uncorrected dicentric yields will, therefore, probably 
underestimate the dose, but the extent of the underestimate depends on generally 
unquantifiable factors particular to each individual. 

It was noted in the discussion of partial-body irradiation (see Section 10.3) that 
the Qdr method considers the yield of dicentrics and rings only in damaged cells. 
Therefore, applying this approach to delayed blood sampling could also avoid the 
problem of dilution with time by undamaged cells entering the circulation provided 
that sufficient numbers of cells containing unstable aberrations are still observed. 
This is obviously not feasible for very long delays. In such cases it may be possible, 
however, to consider the persistence of cells with stable aberrations. The study of 
ankylosing spondylitis revealed that the level of these cells remained more or less 
constant over the 30 years of follow-up. Awa et al. [70] have also reported a good 
correlation between the frequency of stable aberrations and the T65D estimates of 
dose in the atomic bomb survivors. Dividing cells containing unstable aberrations are 
selectively eliminated by mitotic non-disjunction. Mitosis does not normally occur in 
peripheral lymphocytes, but the excess of stable aberrations with time suggests that 
some divisions may occur. Equally, however, the effect may be explained by assum-
ing that stable and unstable damage disappear at the same rate, but the loss of stable 
damage is offset by unimpeded divisions from the stem cell pool. The main technical 
drawback of analysing for stable aberrations is that it requires G-banding and is much 
more time consuming. Also, even among experienced scorers, there is a strong possi-
bility that not all stable aberrations will be noted. So far, delayed analysis for stable 
aberrations has only been used in studies of exposed groups, such as spondylitics or 
atomic bomb survivors. Whether the technique is reliable or sensitive enough to be 
applied to a case of accidental irradiation has yet to be demonstrated. 
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10.4.1. Delayed blood sampling: Two examples 

10.4.1.1. Adjusting the dicentric yield 

Stephan et al. [71] have reported an accident in which two men were fairly uni-
formly exposed for about five minutes to a 60Co gamma-ray source. They wore film 
badges which indicated 47 and 17 rem and these values agreed very well with physi-
cal calculations of the doses. Unfortunately, blood sampling was delayed by 215 d 
for the more highly exposed man and by 103 d for his colleague. About 1500 
metaphases were examined from each man and almost identical yields of 0.47 and 
0.46 dicentrics per 100 cells were obtained. These correspond to 13 rad on the dose-
response curve: 

Y = 3.0 X ÎO^D + 5.0 X 10"6D2 (10) 

The authors chose to adjust the dicentric yields by x 3 and x 2 , respectively, to 
account for the delays. This decision was based on the data of Brewen et al. [45] and 
Preston et al. [62] from the accidental whole-body irradiation described in Section 
10.2. The adjusted dicentric yields produced dose estimates of 31 and 22 rad. 
Although this brings the biological estimate of dose for the more highly exposed man 
closer to the physical estimate, there is still some discrepancy. Had the authors 
chosen to use the delay data from the study of ankylosing spondylitics [68], a correc-
tion of at most 1.4 might have applied, so that the discrepancy between biological 
and physical estimates for the first man would have been greater. In view of the spon-
dylitics' effect lasting up to 20 weeks, the delay of 103 d would require no correction. 

10.4.1.2. Using the Qdr method 

Ishihara et al. [72] have described a serious incident in which an I92Ir industrial 
radiography source was taken into a dwelling, irradiating six people. The two most 
seriously overexposed subjects received partial-body irradiation and this was evident 
from skin burns. This was further reflected in the aberration data, where doses esti-
mated by the Qdr method were 195 and 150 rad, substantially higher than the values 
of 152 and 54 rad, respectively, from the yields of dicentrics and rings on a per cell 
basis. The values of dicentrics and rings per cell varied somewhat in the first two 
months after exposure, but then became more stable up to six months. By contrast, 
the Qdr values stayed relatively constant from the beginning up to 400 and 200 d, 
respectively, when further study ceased. 

10.5. PROTRACTED AND FRACTIONATED EXPOSURE 

Protraction or fractionation of the exposure may also produce a lower chromo-
some aberration yield than if the same dose is received acutely. For high LET radia-
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tion, where the dose-response relationship is close to linear, no dose rate or 
fractionation effect would be expected. For low LET radiation, however, the dose-
squared coefficient in the yield equation 

Y = a D + j3D2 

is reduced. This term represents those aberrations, possibly of two-track origin, 
which can be modified by repair mechanisms that have time to operate during the 
course of a protracted exposure or in the period between intermittent acute exposures. 
A number of studies have shown that the decrease in the frequencies of aberrations 
appears to follow a single exponential function with a mean time of about two hours. 
The majority of lesions that are converted into chromosome aberrations will have 
been repaired or would become otherwise unavailable for interactions within about 
five to six hours of the exposure. 

A time-dependent factor known as the G-function was proposed by Lea and 
Catcheside [73] to enable modification of the dose-squared coefficient and thus allow 
for the effects of dose protraction. Recent experimental evidence which supports the 
G-function hypothesis has been presented by Bauchinger et al. [74] and 
Lloyd et al. [75]. The linear quadratic equation may be modified to 

Y = a D + j3G(x)D2 (11) 

where 

2 
G(x) = [x - 1 + exp ( -x ) ] (12) 

x 

and x = t/tQ, where t is the time over which the irradiation occurred and tQ is the 
mean lifetime ( ~ 2 h) of the breaks. Therefore, in the case of continuous irradiation, 
it is necessary to know the length of time for which the exposure has lasted and to 
make the simplifying assumption that the dose rate during the exposure remained 
more or less constant. It is only worth attempting this procedure if the total dose 
involved is sufficiently large and the duration of the exposure is a matter of hours, 
up to a few days. Obviously, for small exposures ( < 3 0 rad) to low LET radiation, 
even delivered acutely, the majority of aberrations are produced by the passage of 
single ionizing tracks so that the yield approximates to Y = a D anyway. When a dose 
is delivered over a long period G(x) reduces virtually to zero. Therefore, even if a 
high dose ( > 100 rad) is involved, the yield becomes, in effect, Y = aD. For brief, 
intermittent, exposures, where interfraction intervals of more than six hours are 
involved, the exposures may be considered as a number of isolated acute irradiations 
for each of which the induced aberration yields are additive. For shorter interfraction 
times, G in Eq . ( l l ) can be replaced by exp (—t,/t0), where t j is the time between 
fractions. 
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10.5.1. Protracted exposure: An example 

The scientific literature does not contain any suitable example in which an esti-
mate of protracted dose has been made by applying the G-function hypothesis. There-
fore, for purposes of illustration, a hypothetical case will be cited. 

Consider an overexposure from an industrial gamma radiography source where 
it is known that the exposure occurred throughout one working day, say eight hours. 
One thousand metaphases were examined and 100 dicentrics were observed. Using 
the acute 60Co gamma-ray dose-response curve 

Y = 1.57 X 10"4D + 5.0 x 10~6D2 (13) 

0.1 dicentrics per cell corresponds to 126 rad. Applying the G-function, where 

t 8 

so that G(x) = 0.377, Eq. (13) now becomes 

Y = 1.57 x 10"4D + 1.89 X 10"6D2 (14) 

and the figure 0.1 dicentrics per cell now corresponds to 192 rad. 

10.5.2. Internal incorporation of radionuclides 

This constitutes a particular type of protracted irradiation with the added com-
plication that exposure of the body is usually very uneven. This is because the sites 
of deposition of a radionuclide and its retention time depend on a large number of 
factors. These include the route of entry into the body, the physico-chemical form, 
the quality of the radiation emitted, the metabolic pathways into which the nuclide 
may be incorporated and the subject's physiological status. 

Chromosome aberrations in excess of background levels may be seen in lym-
phocytes taken from people who are internally contaminated. However, because of 
the many confounding factors, it is not possible to use the yield of aberrations to der-
ive a meaningful estimate of radiation dose to the whole body or to specific organs. 
The aberration yield may be referred to a dose-response curve in which lymphocytes 
have been irradiated in vitro with the particular radionuclide and this may enable an 
estimate to be made of the in vivo dose to the patient's circulating lymphocytes. An 
example of this has been presented by DuFrain et al. [76] for an accident in which 
a man received a massive contamination with 241Am. The dose to lymphocytes, 
however, particularly in the case of «-emitters, may grossly misrepresent the dose 
to other cells and tissues of the body. 
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Thus, in general, cytogenetic studies are of limited value in cases of internally 
incorporated radionuclides. However, an exception of particular interest to the 
nuclear industry is contamination by tritiated water or the inhalation of tritium gas. 
Tritium is incorporated into the water of the body and produces a more or less uni-
form irradiation. The biological half-life of tritium is about 10 d, so that the exposure 
could be considered as chronic and, in practice, a linear dose response would be 
expected. In the absence of a specific in vitro dose-effect curve for tritium, an X-ray 
curve around 200—300 kVp will suffice. Presser et al. [77] have demonstrated an 
RBE of 1.13 at low doses or dose rates for tritium with respect to 250 kVp X-rays. 

10.5.3. Overexposure to tritium: An example 

An accidental release of 300—400 Ci of tritium gas in a factory was described 
by Lloyd et al. [78]. Two men were contaminated and blood samples were taken for 
chromosome study 16 d after the incident. Measurements of tritium excreted in their 
urine indicated that their total committed doses were 61.6 and 64.2 rad. By the 
sixteenth day, assuming a ten-day biological half-life, about 66% of this commitment 
would have been received, i.e. 41 and 42 rad. Five hundred metaphases were exa-
mined for each man and 14 and 12 dicentrics, respectively, were observed. By refer-
ence to the linear coefficient of the laboratory's 250 kVp X-ray curve, 
Y = 4.76 X 104D, these dicentric yields correspond to 59 and 50 rad. Using the 
tritium curve Y = 5.37 X 10"4D, which was produced in the same laboratory, the 
dose estimates are 52 and 45 rad. In each case the alternative dose estimates show 
good agreement with the physical estimates, bearing in mind the uncertainties also 
associated with these values. 
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Appendix 

PROTOCOL FOR PRODUCING AND PROCESSING CULTURES 

It is not the intention of this report to attempt to impose a strictly detailed pro-
tocol for making and processing lymphocyte cultures. The variety of materials and 
methods which are commonly used by laboratories around the world have been 
described and discussed in Section 7 and probably no two laboratories adopt precisely 
the same technique. Nevertheless, it is felt that some workers would find a detailed, 
step-by-step description of a reliable method to be helpful. 

A . l . LYMPHOCYTE CULTURE 

A. 1.1. Materials 

(1) Heparinized whole blood. 
(2) Phytohaemagglutinin (PHA), commercially available. If supplied freeze-dried, 

it should be reconstituted with sterile analytical grade water. 
(3) Eagle's minimum essential medium (MEM) culture medium, commercially 

available: ready to use, X 10 concentration or powdered. Working concentra-
tions should be made up with sterile analytical grade water. L-glutamine may 
need to be added according to the manufacturer's instructions. The pH will need 
to be adjusted with sterile sodium bicarbonate (see Section 7). 

(4) Antibiotics may need to be added to the medium made from concentrate. Add 
1 mL of a stock solution of antibiotics in saline to 100 mL of medium. The stock 
solution should contain 10 000 IU/mL of benzylpenicillin and streptomycin sul-
phate and can be stored frozen. 

(5) Bromodeoxyuridine (BrdU). Add 1 mL of a stock solution to 100 mL of 
medium. The stock solution is 6.4 mg of BrdU dissolved in 10 mL of medium 
and membrane filtered. This will give a final concentration in the culture of 
15 ptM. The stock can be stored for 1 month in the dark at 4°C or for several 
months at - 20°C . 

(6) Newborn calf serum, commercially available and stored frozen. 
(7) Colcemid: stock solution of 25 /xg/mL in sterile physiological saline. It can be 

stored at 4°C for 6 months. 
(8) Sterile culture vessels. There are various options, e.g. glass bacteriology bottles 

or disposable plastic containers. The volume should be 15—20 mL. 
(9) Cultures should be set up in a clean workplace, such as a laminar-flow cabinet, 

under subdued lighting. Liquids can be transferred between vessels using sterile 
disposable syringes. If blood needs to be passed through a hypodermic needle, 
it should be done slowly using a wide-bore (19-gauge) needle to minimize shear-
ing forces on the cells. 
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A. 1.2. Method 

(1) Place 0.3 mL of heparinized blood into a culture vessel 
(2) Add 4.0 mL of culture medium to which antibiotics and BrdU have already been 

added 
(3) Add 0.1 mL of PHA 
(4) Add 1.0 mL of newborn calf serum 
(5) Seal the lid securely 
(6) Mix the contents of the vessel by gentle shaking 
(7) jncubate at 37°±0.5°C in the dark for 45 h 
(8) Add 0.1 mL of colcemid stock solution to the culture and shake gently 
(9) Return to the incubator for three more hours. 

A.2. FIXATION AND SLIDE PREPARATION 

A.2.1. Method 

(1) Tip the contents of the culture vessel into a centrifuge tube. 
(2) Spin at 200g for 10 min (to convert g into rev./min, use g = (r w2/981), where 

r = radius in cm and со = (2 ir x rev./min)/60). 
(3) Remove the supernatant by suction and resuspend the cell button in 5—10 mL 

of 0.075M potassium chloride solution. 
(4) Leave to stand at room temperature for 15—20 min. 
(5) Spin again at 200g for 10 min. 
(6) Remove supernatant and resuspend the cells in 5—10 mL of freshly prepared 

3:1 acetic acid/alcohol fixative. The fixative must be added slowly, but at a 
constant rate with vigorous agitation, ideally using a vortex mixer, to prevent 
the cell button from becoming a solid clump. 

(7) Spin again. 
(8) Remove supernatant and resuspend in 5—10 mL of fixative. 
(9) Spin again. 

(10) Remove supernatant and resuspend in 5—10 mL of fixative. 
(11) Spin again. 
(12) Remove all but 0.25 mL of the supernatant and resuspend the cell button in the 

remaining fluid. 
(13) Draw up the cell suspension into a Pasteur pipette. 
(14) Take a clean, grease-free slide that had previously been stored in a freezer. 
(15) Melt the frost on the slide with one's breath. 
(16) Allow one or two drops of the cell suspension to drip onto the slide from a 

height of at least 10 cm. 
(17) Prepare at least two such slides from each culture. 
(18) Place the slides to dry in gentle heat over a hotplate. 
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A.3. STAINING 

А.3.1. Materials 

(1) Hoechst 33258 stain. A X 1000 concentrated stock solution of 50 /¿g/mL in pH 
6.8 phosphate buffer can be stored at 4°C in the dark. 

(2) Giemsa stain. 
(3) Orcein stain. The preparation of a working solution of this stain is described in 

Section 7. 
(4) Phosphate buffer (pH 6.8) made up from commercially available tablets. 
(5) 2 X SSC (sodium chloride and trisodium citrate): 17.53 g sodium chloride, 

8.82 g trisodium citrate, distilled water to make 1 L. 
(6) Euparal essence and mountant for orcein preparations or xylene and DPX for 

fluorescence plus Giemsa (FPG) staining. 
(7) An ultraviolet lamp (>310 nm) or a fluorescent strip lamp. 

A.3.2. Methods 

In Section 7 it is suggested that replicate slides from the same culture may need 
to be stained by more than one technique, i.e. FPG and conventional orcein or 
Giemsa. A few (up to five) days should elapse between preparation of the slides and 
commencement of FPG staining, while the conventional stains can be used as soon 
as the slides are dry. 

A.3.2.1. FPG 

(1) Place approximately 10 drops of Hoechst stain (diluted from the stock solution 
to 0.5 ng/mL) onto the slide and cover with a coverslip 

(2) Place the slide on a sheet of aluminium foil and beneath an ultraviolet lamp for 
0.5 h 

(3) Carefully remove the coverslip 
(4) Wash well with pH 6.8 buffer 
(5) Place in 2 X SSC at 60°C for 2 0 - 3 0 min 
(6) Wash in distilled water 
(7) Place slides in Giemsa stain — a 5 —10% solution in pH 6.8 buffer for 3 min 
(8) Rinse briefly in buffer 
(9) Rinse briefly in distilled water 

(10) Air dry 

(11) Clear and mount under a coverslip 

A.3.2.2. Conventional Giemsa 

(1) Place slide in 2% Giemsa stain in pH 6.8 buffer for 5 min 
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(2) Wash in buffer 
(3) Rinse briefly in distilled water 
(4) Air dry 

(5) Clear and mount under a coverslip. 

A.3.2.3. Orcein 

(1) Overstain the slide for 15 min in the orcein solution (2) Remove surplus stain in 60:40 methanol/acetic acid for 1 min 
(3) Repeat with a second wash of methanol/acetic acid for 1 min 
(4) Wash in absolute methanol for 2 min 
(5) Wash in a second change of absolute methanol for 2 min 
(6) Clear and mount under a coverslip. 

A.4. BASIC REQUIREMENTS FOR A LABORATORY 
UNDERTAKING BLOOD LYMPHOCYTE CULTURE 

A.4.1. Permanent equipment 

(1) A good quality light microscope capable of magnifying x 1000 
(2) Storage cabinet for microscope slides 
(3) Bench centrifuge 
(4) Bench autoclave 
(5) Water bath or incubator capable of maintaining a temperature of 37±0.5°C 
(6) Waterstill or deionizer 
(7) pH meter 
(8) Balance capable of weighing to 0.001 g 
(9) Clean workbench, e.g. a laminar-flow cabinet 

(10) UV or fluorescent lamp. 

A.4.2. Disposable equipment 

(1) Sterile plastic syringes ranging from 1 - 2 0 mL 
(2) Disposable hypodermic needles, including wide-bore (19-gauge) needles 
(3) Sterile lithium heparin tubes for blood specimens 
(4) Sterile or autoclavable plastic or glass culture vessels 
(5) Centrifuge tubes 
(6) Membrane filters to fit onto syringes ( ~ 0 . 2 ¡xm pore) 
(7) Microscope slides and coverslips 
(8) Pipettes. 
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A.4.3. Chemicals 

(1) Phytohaemagglutinin. 
(2) Colcemid or colchicine. 
(3) Tissue-culture medium: Eagle's MEM, TC-199, Ham's F-10 or RPMI-1640. 
(4) Analytical grade water. 
(5) Sera: human AB + or bovine foetal or calf. 
(6) Antibiotics: benzylpenicillin and streptomycin sulphate. 
(7) Sodium bicarbonate. 
(8) 5% carbon dioxide in air. 
(9) Hypotonic solution: potassium chloride. 

(10) Fixatives: methanol and acetic acid. 
(11) Stains: Giemsa, orcein and Hoechst 33258. 
(12) Giemsa buffer pH 6.8 phosphate tablets. 
(13) Sodium chloride. 
(14) Trisodium citrate. 
(15) Clearing agents: xylene or Euparal essence. 
(16) Mountants: DPX or Euparal. 
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