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Radiation-induced chromosome damage in human
lymphocytes
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ABSTRACT Analysis for chromosome aberrations in human peripheral blood lymphocytes has been
developed as an indicator of dose from ionising radiation. This paper outlines the mechanism of
production of aberrations, the technique for their analysis and the dose-effect relationships for
various types of radiation. During the past ten years the National Radiological Protection Board
has developed a service for the UK in which estimates of dose from chromosome aberration analysis
are made on people known or suspected of being accidentally over-exposed. This service can provide
estimates where no physical dosemeter was worn and is frequently able to resolve anomalous or
disputed data from routine film badges. Several problems in the interpretation of chromosome
aberration yields are reviewed. These include the effects of partial body irradiation and the response
to variations in dose rate and the intermittent nature of some exposures. The dosimetry service is
supported by a research programme which includes surveys of groups of patients irradiated for
medical purposes. Two surveys are described. In the first, lymphocyte aberrations were examined
in rheumatoid arthritis patients receiving intra-articular injections of colloidal radiogold or radio-
yttrium. A proportion of the nuclide leaked from the joint into the regional lymphatic system. In
the second survey a comparison was made between the cytogenetic and physical estimates of whole
body dose in patients receiving iodine 131 for thyroid carcinoma.

In the early part of this century observations on
plant cells showed that ionising radiation produces
chromosome damage. The first quantitative studies
using Tradescantia microspores were published by
Sax in 1938. During the ensuing two decades Sax
and other workers carried out many experimental
studies with plants, especially with species of
Tradescantia, to examine how the amount ofchromo-
some damage changed with various physical and
biological factors. These included dose, dose rate,
the quality of radiation, irradiation at different
stages of the cell cycle, the temperature during
irradiation and the presence of oxygen. This early
work was reviewed comprehensively by Giles in
1954.
By 1946 the studies had progressed sufficiently for

Lea to propose a theory of chromosome breaks
suggesting that they were caused by several ionisa-
tions produced by one ionising particle as it passed
through the chromosome or chromatid. Improve-
ments in the techniques of cell culture and slide
preparation enabled the examination of human cells
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and by the mid-1950s the identification of the 46
chromosomes. However, the main breakthrough
occurred in 1960 when Moorhead et al. published a
method for stimulating peripheral blood lympho-
cytes to divide in culture. With the availability of
lymphocytes and the ease with which they could be
cultured and dispensed onto slides these cells became
the material of choice for many human chromosome
studies. Abnormalities in both the number and
structure of chromosomes then became readily
detectable although for the latter initially only gross
modifications such as breaks and large exchanges of
material between chromosomes could be easily
identified.
During the last five years significant advances have

been made in chromosome staining which enable
more subtle rearrangements of the chromosome
material to be seen. These techniques, G banding
(Sumner et al., 1971), C banding (Sumner, 1972), R
banding (Dutrillaux and Lejeune, 1971) and harle-
quin staining (Perry and Wolff, 1974) have not yet
made a practical contribution to cytogenetic dosi-
metry, but they do open up the possibility of
quantitative work with stable aberrations.

It is now appreciated that some structural
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aberrations are suitable for the screening of muta-
genic and therefore potentially carcinogenic chem-
icals to which people may be exposed at work or in
the environment (Perry and Evans, 1975). However
this paper is confined to a review of the effects of
ionising radiation on chromosomes in the peripheral
blood lymphocytes.

Types of chromosome aberrations

Both chromosome and chromatid type aberrations
are observed at the first post-irradiation metaphase.
Chromosome aberrations are produced after irradia-
tion during the Go or early G1 stages of the cell cycle
so that damage is duplicated in the S stage and is
expressed at metaphase as symmetrical damage
involving both chromatids. Chromatid aberrations
are produced by irradiation after the chromosome
has split into two chromatids in the S and G2 stages
and are not symmetrical. Such a break in one
chromatid may be replicated in the next S stage if
the cell is able to pass through the first division into
the second cycle. The symmetrical aberrations pro-
duced from chromatid damage in this way are
known as derived chromosome aberrations.

In irradiated tissues where cell division is con-
stantly taking place both chromosome and chromatid

aberrations are observed. The relative numbers found
depend on the time interval between irradiation and
biopsy as well as on the sensitivity of the chromo-
somes during the various stages of the cycle. A great
advantage of studying aberrations in lymphocytes is
that for all practical purposes these cells are in the
Go stage in vivo so that only chromosome damage
is induced. Thus in the present review we propose
to consider only chromosome-type damage and the
reader is referred to Savage (1976) for more informa-
tion about chromatid aberrations.

Figures 1 and 2 show how chromosome-type
aberrations are formed by intra- and inter-changes
respectively. In the Go stage the chromosome
material consists of a single strand of DNA which
may be broken by ionisations produced by the
passage of a charged particle through or near to the
chromosome. The charged particles generated by the
absorption of x- or y-radiation are electrons which
have a relatively low density of ionisation along
their tracks, that is, a low linear energy transfer
(LET). Heavier particles such as alphas and protons
associated with neutron absorption have a high LET
and may produce more aberrations per unit distance
along the track than electrons. In the figures the
break points in the chromosomes are indicated by
arrows but this does not necessarily mean that each

Fig. 1 Chromosome type aberrations-intrachanges
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Fig. 2 Chromosome type aberrations-interchanges

break is produced by a different particle track. The
long strands of DNA are probably intertwined so
that there is a possibility of a single track, particu-
larly a densely ionising one, causing breaks in two
or more chromosomes or in the same chromosome
at different places.
Chromosome aberrations may be divided into

two categories: stable aberrations which can pass
through repeated divisions, and unstable aberrations
in which the chromosome material does not divide
equally between daughter cells so that both cell lines
eventually die.

STABLE ABERRATIONS
The two aberrations illustrated in Figures 1 and 2 are
a pericentric inversion and a translocation. Stable
aberrations have not as yet been used in biological
dosimetry because many cannot be detected in con-
ventionally stained preparations. Although more
can be observed with the new differentially stained
preparations, scoring is a relatively slow procedure
more suited to the automated systems of cell finding
and karyotype analysis which are under development
(Mayall, 1976).

UNSTABLE ABERRATIONS
Chromosome material containing essential genetic
information may be lost when cells with unstable
aberrations attempt to divide. For example, acentric
pieces do not attach to the mitotic spindle and there-
fore fail to divide equally between the daughter cells.
Dicentrics frequently form anaphase bridges when
the centromeres are pulled towards opposite poles.

Unstable aberrations are particularly valuable in
the analysis of radiation-induced damage as they are
easily observed at metaphase. They are usually
classified into three types which are shown in Figs. 1
and 2, and in a metaphase spread in Fig. 3.

Dicentric plus fragment
These arise from a break in each oftwo chromosomes
which rejoin incorrectly to form a structure with
two centromeres plus an acentric fragment. Occa-
sionally, for example following a high dose, more
than two chromosomes may be involved so that a
polycentric aberration is produced. Examples of a
tricentric and a quadricentric are also contained in
Fig. 3. The dicentric and its multiple forms are con-
sidered to be the key aberrations for determining
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I Fig. 3 A metaphase
spreadfrom a human
lymphocyte exhibiting
most of the chromosome
type aberrations
d = dicentric;
t= tricentric;
q = quadricentric;
f = fragment (terminal
deletion);
m = minute (interstitial
deletion);
c = centric ring.
Not all aberrations have
been labelled in this
figure

radiation dose because they have a low background
frequency in lymphocytes from unirradiated subjects
(1 in 3000 cells). The presence of two or more

centromeres usually gives them a very distinctive
appearance, and the fragment associated with di-
centric formation serves as an additional confirma-
tion.

Centric ring plus fragment
When two breaks occur in the same chromosome
but on either side of the centromere, incorrect
rejoining results in the formation of a ring possessing
the centromere and an acentric fragment. Like the
dicentric, this aberration can be formed by one or

two tracks. The similarity in the formation of the di-
centric and the ring leads some observers to combine
them when reporting aberration yields.

Acentric
Three types of aberrations are grouped under this
classification; terminal deletions, interstitial dele-
tions and acentric rings. Each may be produced
separately or in association with dicentrics and

centric rings. It is necessary to group these together
because a clear distinction cannot be made between
them. For example, a small acentric ring approaches
the size and shape of an interstitial deletion and both
can be confused with some terminal deletions. The
terminal deletion in principle could be produced by
the passage of a single ionising track through a
chromosome but the others involve two breaks. The
high incidence of acentric aberrations in unirradiated
subjects (1 in 300 cells) and the possibility that
very small examples may be overlooked means that
the value of acentrics in dosimetry is somewhat
limited.

Lymphocyte culture techniques

In order to observe aberrations with the light
microscope it is necessary to examine chromosomes
in the metaphase stage of the cell cycle. For many
types of cells and certainly for peripheral blood
lymphocytes the cells must be cultured through to
metaphase. Most lymphocyte culture techniques
now in use are based on the method of Moorhead

it.
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Radiation-induced chromosome damage in human lymphocytes
et al. (1960). The techniques used in the National
Radiological Protection Board (NRPB) laboratory
have been described in detail by Purrott and Lloyd
(1972). Essentially the method involves stimulating
the lymphocytes from the Go stage into the cell cycle
with a mitogen such as phytohaemagglutinin (PHA)
followed by incubation at 37°C for 48-52 hours in a
mixture of a defined medium and natural serum.
Three basic methods have been developed. The
macro technique utilises serum from the patient's
own blood and hence a sample of about 20 ml is
required. For mini cultures, which are used routinely
in our laboratory, the lymphocytes are separated
from 1 ml aliquots of blood by gentle centrifugation.
The presence of PHA at this stage assists the
separation because of its agglutinating properties. In
the micro technique 0-25 ml of whole blood, which
may be obtained from a fingerprick, is cultured.

Lymphocytes in humans

The mean lifetime of lymphocytes in the circulation
has been calculated by measuring the rate of build-up
in peripheral blood of lymphocytes labelled with
aberrations induced by extracorporeal irradiation in
an arteriovenous shunt. Sharpe et al. (1968) found
that these lymphocytes disappeared rapidly, pre-
sumably into the extravascular pool, with a mean
residence time in the peripheral blood of about five
minutes.
From these measurements the total mass of

lymphocytes in the body was estimated to be about
1000 g with 3 g circulating in the peripheral blood.
The mass of lymphocytes in the body, given in
ICRP Publication 23 (International Commission on
Radiological Protection, 1975), is 1500 g for men
and 1200 g for women. Hence there is good agree-
ment between the results from the labelled lympho-
cyte method and those from other methods.
The turnover of lymphocytes in the body has been

estimated from the disappearance of lymphocytes
with chromosome aberrations from the peripheral
blood after irradiation. Norman et al. (1966) studied
25 women treated with radiation for carcinoma of
the cervix and found a survival time for lymphocytes
with aberrations of 530 ± 64 days. In patients treated
with x-rays for ankylosing spondylitis, Buckton et al.
(1967) found a mean-life of 1574 days. At NRPB,
data accumulated from a case of accidental over-
exposure gave a value of about 800 days (Dolphin et
al., 1973). However some lymphocytes have a very
long life-span and this is illustrated by the presence
of aberrations in survivors 20 years after the Japanese
atomic bombings (Bloom et al., 1966). This long
turn-over time means that the aberration yield will
tend to integrate the radiation dose accumulated

over a long period. Nevertheless there is still much
uncertainty about the life-span of the lymphocyte
and how it depends on the health of the individual
person.

Recent research has demonstrated the existence of
several subpopulations of lymphocytes and the two
main types are thymus-dependent T cells and non-
thymus-dependent B cells (Greaves et al., 1974).
Lymphocytes stimulated by PHA are presumed to be
T-type and consequently most of the work reported
on chromosome aberrations applies only to T cells.
In a healthy adult about 60% of the peripheral blood
lymphocytes are T cells. Prosser (1976) has shown
that B cells are more sensitive to radiation than T
cells in experiments in which he observed the loss of
viability, as measured by trypan blue exclusion tests
in non-dividing cells. In patients treated with x-rays,
Blomgren et al. (1974) found that the percentage of
presumed B cells in the total lymphocyte population
was halved after treatment. This is in agreement with
the observation of Prosser that in in vitro experiments
B cells show a higher radiosensitivity. However, not
all experimenters agree, and more research is
required to establish the kinetics of the lymphocyte
response after the whole or part of the body has been
irradiated.
The rapid fall in the total lymphocyte count in the

peripheral blood after whole body irradiation
(Vodopick and Andrews, 1974) has not been
explained. It is probably not due to the intrinsic
radiosensitivity of the cell, for Lloyd et al. (1975a)
showed in vitro that the survival of lymphocytes was
similar to that of other types of irradiated human
cells when cultured and tested for their colony-
forming ability. Thus in vivo the fall in the lympho-
cyte count is probably not due to cell death but may
reflect an enhanced migration of cells out of the
vasculature and into other tissues.

Radiation-induced aberration yields

Data from animal experiments (Clemenger and
Scott, 1971) and from humans (Buckton et al., 1971)
have established that the aberration yield in lympho-
cytes following a uniform whole body irradiation is
similar to that obtained when blood samples are
irradiated to the same dose level in vitro. Therefore
it is possible to construct in vitro curves relating
radiation dose to chromosome aberration yield and
to use these curves to estimate dose by analysing
blood samples from people accidentally over-
exposed. The most important in vitro curves for
radiological protection purposes have now been
established in the NRPB laboratory (Lloyd et al.,
1975a, 1976a). These are for 250 kV x-rays, cobalt 60
y-radiation and neutrons (Fig. 4).
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Fig. 4 In vitro dose response curves for dicentric aberration yields plotted against dose for five qualities of radiation.

Data on aberration yield (Y) obtained in this
laboratory have been shown to fit a mathematical
function of the form: Y = acD + /D2, where D is
the dose in rads and of and are constants. A
physical representation of this function is the pro-

duction of some aberrations by single ionising tracks
so that the yield is proportional to the dose (aD) and
of other aberrations by two separate tracks with
yields proportional to the square of the dose (D2).
The formation of dicentric aberrations clearly

requires two lesions which may be produced by one
or two tracks whereas some acentrics may be formed
by one lesion and others by two. With more densely
ionising radiation there is an increased likelihood
that two breaks are produced by a single ionising
track and for fission spectrum neutrons this results
in a relationship between yield and dose which is
entirely linear (Y = ozD). The values of the co-
efficients, a and ,8, obtained in this laboratory for
various qualities of radiation are given in Table 1.
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Radiation-induced chromosome damage in human lymphocytes

Table 1 Values of the coefficients a and , in the equation Y = aD + flD2 for dicentric and acentric aberrations and
RBE values relative to 60Co y-radiation at 50 rads/min

Radiation type Aberration Coefficient a Coefficient $ a/,8 RBE at RBE at 200 rads
type ± S.E. x 10-' ± S.E. x 10-6 rads low doses y equivalent

Fission spectrum neutrons E = 07 MeV Dicentrics 83-5 ± 10
Acentrics 854 3-6 - -
Total 178-9 ± 46 47 8-0

D-Be cyclotron neutrons = 7-6 MeV Dicentrics 47-8 3-3 6-4 2-0 748
Acentrics 35.9 ± 49 3-8 2-7 951
Total 87-8 7-7 9 5 4-3 922 23 4-1

D-T generator neutrons E = 14-7 MeV Dicentrics 26-2 ± 40 8-8 2-8 296
Acentrics 20-7 3-6 6-2 2-4 335
Total 49-3 ± 6-2 14-7 4-3 335 13 2-7

250 kV x-rays at 100 rads/min Dicentrics 4-8 ± 0-5 6-2 ± 03 77
Acentrics 3-3 ± 1-2 3-4 0-6 101
Total 9 4 ± 1-7 9-6 ± 09 99 2-5 1.1

'°Cobalt v-rays at 50 rads/min Dicentrics 1-6 + 0 3 5 0 ± 02 31
Acentrics 2-3 ± 07 3 9 ± 04 59
Total 3-8 ± 09 94 ± 05 40 1 1

6"Cobalt y-rays at 18 rads/h Dicentrics 1-8 0-8 2-9 ± 0-5 60
Acentrics 2-6 ± 07 1-4 ± 03 194
Total 4-8 1-6 4-4 0-8 109 ' 1 0.7

One property of the quadratic function is that the
quotient a/fl has the dimension of rads and is the
dose at which the number of aberrations produced
by single and two-track events is equal. These values
are shown in column 5 of Table 1, and below this
dose the majority of aberrations will be produced by
single tracks. As these lesions must be produced
almost simultaneously when the ionising particle
traverses the nucleus, aberrations associated with
the linear term are independent of the effects of dose
rate or fractionation. This is illustrated in Table 1

where for the high and low dose rate cobalt 60
y-radiation the two a coefficients are approximately
equal while the terms are not. As the majority of

aberrations result from the linear term at low doses
the two y-radiation curves, in Fig. 4, are indis-
tinguishable below about 20 rads. At very low doses
such as those accumulated by radiation workers
operating within permitted dose limits, the relative
biological effectiveness (RBE) of the radiations may
be expressed as the ratios of the oa coefficients. These
are given in column 6 of Table 1 for the total
aberration yields and it is interesting to note that
250 kV x-rays have an RBE of 2-5 with respect to
y-rays at approximately the same dose rate. Another
interesting feature of this column is that RBE values
for neutrons are much higher than the quality factors
for such radiations used in radiological protection.
However the biological end-point of concern in
radiological protection is cancer induction and RBE
values derived from visible chromosome damage are
not necessarily applicable. At higher doses, RBE
decreases and in column 7 of Table 1 values are

shown at a damage level equivalent to 200 rads of
y-rays, which are more appropriate for the doses
usually associated with single dose fractions used in
radiotherapy.
The relative frequency with which chromosome

aberrations are observed in irradiated lymphocytes
depends on the dose and the type of radiation. At
low doses of low LET radiation, represented by the
first four doses of 250 kV x-rays in Table 2, centric
rings are on average about 9 % of the dicentrics

Table 2 The number of centric rings and acentrics
expressed as a percentage of the observed dicentrics for
two dose levels of low LET radiation andfor fission
neutrons

Radiation Dose Dicentricsl Percentage of dicentrics
type (rads) cell

Centric Acentrics
rings

Low dose 5 0 0027 22 500
250 kV 10 0 006 11 225
x-rays 25 0-014 12 128

50 0 042 5 63

mean 9 122

High dose 300 0-75 5 70
250 kV 400 1-31 5 54
x-rays 500 2-24 4 50

mean 5 57

Fission 50 0-41 8 93
neutrons 75 0-60 6 104

100 0-82 18 92
150 1-27 9 103

mean 10 96
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while the value for the acentrics is 122%. At these
doses most of the aberrations are considered to be
produced by a single track. At the higher doses of
x-rays, 300 to 500 rads, where dicentrics are produced
mainly by two tracks, the percentage of centric
rings has halved to 5% and acentrics are 57% of the
dicentrics. For high LET radiation where all aber-
rations are considered to be produced by single
tracks, centric rings are 10% and acentrics 96% of
the dicentrics. The similarity of the aberration dis-
tribution for low doses of low LET radiation and
high LET radiation where single tracks are involved
indicates that single tracks produce centric rings
and acentrics more effectively than dicentrics.
Expressed in another way, single tracks may produce
intrachanges involving both one and two breaks
more frequently than interchanges.
During the last ten years most scientists concerned

with radiological protection have accepted that the
measurement of chromosome aberration yields in
peripheral blood lymphocytes is the best available
basis for biological dosimetry. This technique was
developed with a major radiation accident, such as a
criticality excursion, in mind but accidents of this
type seldom occur and the expense of maintaining a
biological dosimetry system could not be justified on
these grounds alone. The cytogenetics laboratory of
NRPB now fulfils a different role from that envisaged
when it was established in 1967. Since then, blood
samples from 272 known or suspected cases of over-
exposure mainly to low LET radiation have been
examined. The majority of incidents have involved
industrial radiographers and all have been described
in annual reports from the laboratory (Purrott et al.,
1972, 1973, 1974, 1975, 1976; Lloyd et al., 1977b).
This biological dosimetry service is maintained as an
addition to the routine personal monitoring by film
badges and is used when a known or suspected over-
exposure to penetrating radiation has occurred and
when the cytogenetic data may usefully supplement
physical dosimetry.
The 272 cases where blood samples have been

obtained for biological dosimetry may be divided
into four categories as shown in Table 3. About 70%
fall into category A in which there is doubt that the
film badge has recorded a reasonable whole body
dose for one or more reasons such as inadvertent or
wilful exposure while not being worn, non-uniform
irradiation, or film blackening caused by heat or
chemical contamination. In these cases it is important
to resolve the doubt because the future employment
of the radiation worker may be at stake and con-
siderable personal anxiety may be involved. In
category B exposure is known or thought to have
occurred but no film badge was worn and here
chromosome aberration analysis is the only available

D. C. Lloyd and G. W. Dolphin

Table 3 The distribution of investigations between the
four categories

Category Totals

A. Possible non-uniform exposure in which the relationship
between dose to the film badge and to the body is
uncertain 193

B. Suspected over-exposure to persons not wearing a
dosemeter 48

C. Over-exposure where satisfactory estimates of the whole
body dose can be made from physical measurements 5

D. Chronic internal and external exposure 26

272

method for dose assessment. Occasionally, well-
defined accidental over-exposures occur which can
be reconstructed and the whole body dose estimated
from the film badge reading and the position of the
worker relative to the radiation source (category C).
In these reconstructed incidents it is possible to com-
pare the physical and biological dose estimates and
on the few occasions when this has been possibic,
good agreement has been observed. In the final
category, D, blood samples are sometimes obtained
from persons acutely or chronically exposed to
radioactive materials. However, in most of these
cases it is not possible to make an estimate of the
equivalent whole body dose. The majority of cases
result from industrial applications of radiation
(Table 4), particularly the use of iridium 192 for
non-destructive testing. The remaining cases are
about equally divided between the major nuclear
organisations and research, education and health
service institutions. Table 4 shows the numbers of
cases in which no dicentric aberrations were found
indicating that the doses received were zero or
trivial. Of the 100 positive cases recorded the di-
centric yields generally indicated small exposures;
74 with equivalent whole body dose estimates below
30 rads. There have been two moderately large over-
doses (90 and 200 rads) in the UK since 1967, both
involving industrial radiographic sources (Lloyd et
al., 1973a; Harrison et al., 1974). In both cases
partial body exposures were involved resulting in

Table 4 The origin of cases referred to the laboratory
and the number in which no dicentric aberrations were
found

Case origins No. of cases No. of zero dose
estimates

Industrial radiography 183 (67%) 121
Major nuclear organisations* 48 (18 %) 26
Research, Education and

Health Service Institutions 41 (15%) 25
Totals 272 172

*e.g. United Kingdom Atomic Energy Authority; British Nuclear
Fuels Ltd.; Central Electricity Generating Board; The Radiochemical
Centre.
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Radiation-induced chromosome damage in human lymphocytes

localised burns severe enough to require surgery for
removal of necrotic tissues.
Except at low doses of low LET radiation the

aberration yield is not linearly related to the radia-
tion. Consequently the dose estimate from the
chromosome aberration yield is expressed as the
equivalent whole body dose which is defined as that
uniform dose to the whole body which would induce
the observed aberration yield (Dolphin, 1969). For
most blood samples received by the laboratory 500
lymphocytes are scored which involves about two
days' work by a skilled technician. The equivalent
whole body dose estimated from the number of di-
centrics observed in 500 cells is given in Table 5 for
cobalt 60 y-radiation and 250 kV x-rays. These data
were obtained in the NRPB laboratory and may not
be applicable in other laboratories using different
scoring criteria.
The NRPB operates a service based on blood

samples sent through the post. A kit containing a
y-sterilised lithium heparin specimen tube, an in-
struction sheet and a self-addressed padded envelope
(Jiffy bag) is sent to the doctor who is asked to return
the sample by First Class post. Because of the
longevity of lymphocytes in the body, delays of
possibly several weeks before sampling may be
tolerated without detriment to the dose estimate.
This is important for it is possible that the occurrence
of an over-exposure may not be appreciated until the
film badge is processed up to four weeks later.
Further delays are inevitable while the data from
the film are considered, the man questioned, and a
blood sample kit sent out from the laboratory.
Once a sample is taken some delay in its transit

can also be tolerated. This has enabled samples
despatched by air from outside Europe to be success-
fully processed in the laboratory. In a recent experi-
ment (Purrott et al., 1974) postal delays of up to six
days were simulated with no effect on the eventual
dose estimate. Once received in the laboratory,
lymphocytes are cultured for 48 hours by the mini
method outlined earlier.

Table 5 The equivalent whole body dose from exposure
to cobalt 60 y-rays or 250 k V x-rays estimatedfrom the
number of dicentrics observed per 500 cells

Dicentrics Equivalent whole body dose
in (95% confidence limits)
500 cells rads

Cobalt 60 v-rays 250 k V x-rays

0 0(26,-) 0(13,-)
1 10 (34, 1) 4 (19, 1)
2 17 (40, 2) 8 (23, 1)
3 22 (46, 6) 11 (27, 2)
4 27 (50, 10) 14 (31, 4)
5 32 (54, 14) 17 (34, 6)

Cytogenetic studies of medically-irradiated subjects

Surveys have been made of the chromosome aber-
rations in lymphocytes from radiotherapy patients.
Data from these studies provide a valuable source of
information on the relationship between dose and
aberration yield, and avoid the need for many
animal experiments. The interpretation of aberra-
tions resulting from internal radionuclides is difficult
and requires much more study. This is an area where
patient data are especially useful and in this section
it is proposed to describe two surveys undertaken by
the laboratory in cooperation with several medical
centres.
One form of treatment for rheumatoid joints is the

intra-articular injection of radiogold or radio-
yttrium. A survey was carried out on 70 patients
receiving this treatment to the knees (Stevenson et al.,
1973). In the majority of patients only a small aber-
ration yield was found but in a few a large amount
of damage was observed, the highest being 28 di-
centrics per hundred cells. From the in vitro calibra-
tion curves this high yield corresponds to an equi-
valent whole body dose of about 250 rads but such a
dose is not possible from the amount of radionuclide
initially injected. Typically the injection was 10 mCi
of gold 198 or 5 mCi of yttrium 90 which, when
spread uniformly throughout the body, would give
a dose of just over 10 rads.
These high aberration yields were found to

correlate with the amount of radiogold leaking from
the joint and passing along the lymphatic ducts to the
inguinal lymph nodes where it could be measured
by scintillation scanning techniques. This correlation
led Stevenson et al. to suggest that the high aber-
ration yield was due to selective irradiation of
lymphocytes as they passed through the nodes con-
taining the activity. On a quantitative basis the data
were consistent with about 50 g of lymphocytes,
presumably T cells, circulating through these
regional lymph nodes during the week or so required
for most of the isotope to decay and receiving in a
single transit a dose of about 400 rads.
As a result of this and subsequent cytogenetic

studies the use of gold 198 which has a y-radiation
component has declined in favour of yttrium 90 and
other pure f-emitters. Studies in which the treated
joints were immobilised for a few days after injection
have shown markedly less leakage of nuclide and
consequently lower aberration yields in lympho-
cytes. Immobilisation with splints or casts and con-
finement to bed for about three days is now routine
practice in some centres.

In 1961 Pochin drew attention to the increased
incidence of leukaemia in a group of about 200
patients treated for thyroid cancer with iodine 131.
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These excess leukaemias, which were noted in the
20 years following treatment, can be associated with
whole body radiation doses from the radioiodine.
Thus in order to assess the risk of leukaemia it is
important to make a reliable estimate of the total
body dose involved in the treatment. Although the
metabolism of iodine in humans is reasonably well
understood the calculation of whole body radiation
dose still presents problems. Therefore it was decided
to make biological estimates of the equivalent whole
body doses by chromosome aberration analysis and
to compare these with physical estimates in a number
of patients given 80 mCi of iodine 131 for thyroid
ablation or 200 mCi for treatment of metastatic
deposits following ablation (Lloyd et al., 1976b).
Good agreement between the estimates was observed
in patients whose thyroid gland had previously been
ablated with radioiodine. In patients who had vary-
ing degrees of thyroid function the cytogenetic
estimate of dose was always considerably higher. It
seems probable that the biological estimate was
elevated by the selective f-irradiation of lympho-
cytes as they passed close to deposits of organically
bound iodine retained in the thyroid and liver.

Problems in interpreting aberration yields in terms of
dose

For cases of exposure to external radiation the dose
estimates from chromosome aberration analysis are
expressed as equivalent whole body doses which are
suitable for inclusion in the existing records of dose
from film badges. However in practice few accidental
irradiations are to the whole body; partial body
exposures are much more likely and by the time a
blood sample is taken lymphocytes which were in
the exposed field have been thoroughly mixed by the
circulation with the unirradiated fraction. Unless the
localised skin dose is above the erythema threshold
(- 600 rads) there is no biological technique which
can give information about which areas of the body
have been irradiated.

It should be possible to take samples of skin from
various parts of the body and analyse fibroblast
cultures for chromosome damage but many cells
containing unstable aberrations would be selectively
eliminated in the divisions which take place in
culture. In principle differentially stained chromo-
somes could be examined for stable aberrations such
as translocations. However, this is very time-
consuming and must await the development of
automation-assisted karyotyping by pattern
recognition.

Limited information on partial body exposures
can be obtained by studying the distribution of aber-
rations among the lymphocytes scored. After a uni-

D. C. Lloyd and G. W. Dolphin

form exposure the aberrations are distributed
randomly according to Poisson statistics. With a
partial body irradiation this random selection breaks
down and aberrations are distributed among fewer
cells than expected because at the time of the exposure
many cells were not in the radiation field. From a
careful examination of the distribution of aberrations
it might be possible to estimate the fraction of the
body irradiated and the dose received, but of course
it would not be possible to determine which part of
the body was involved. In order to reduce the errors
on such an analysis it would be necessary to examine
far more than the usual 500 cells, especially at low
doses, and so this technique must also await the
development of automation in aberration scoring.

Partial body doses from external radiation sources
may result from non-penetrating x-radiation or
f-particles. With these soft radiations the dose is
absorbed within a few millimetres of the body surface
so that few lymphocytes are likely to be exposed. In
these circumstances cytogenetic dosimetry using
lymphocytes is clearly unsuitable but nevertheless in
some cases blood samples have been analysed merely
to demonstrate that no penetrating radiation was
involved and that the equivalent whole body dose
was effectively zero.

It might be expected that when a mixture of
irradiated and unirradiated lymphocytes is cultured
following a partial body exposure, the more highly
irradiated cells may be selectively eliminated by
death during interphase or that their passage through
the first cell cycle in vitro may be delayed. Conse-
quently the cells analysed may not present a true
picture of the relative numbers of damaged and
undamaged lymphocytes in the peripheral blood and
this could lead to an underestimate of dose. Experi-
ments have been carried out in vitro to simulate
partial body exposures by culturing mixtures of
equal volumes of irradiated and unirradiated blood
from the same donors (Lloyd et al., 1973b and 1977a).
This has confirmed that irradiated cells are at a
selective disadvantage and that most of the cell loss
is due to death rather than mitotic delay. However
at doses up to 50 rads, which includes the vast
majority of accidents, the effect on the aberration
yield is negligible. These in vitro data are supported
by in vivo experiments in which pigs were given
partial body doses of radiation (McFee, 1977).
Radiation-induced mitotic delay even at 400 rads is
only of the order of a few hours and the human in
vitro experiments showed that cell selection did not
distort the aberration yield sufficiently to warrant
culture times in excess of the standard 48 hours.

Physical factors which could complicate the inter-
pretation of aberration yields are the dose rate or the
fractionated nature of an exposure. The attenuation
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of the dose by the body, and the mixing of the
lymphocytes by the circulation, result in the exposure
of cells to a spectrum of dose rates. Therefore the
effective dose rate could be taken as that at the mean
mid-line. In practice however dose rate or fractiona-
tion need only be considered in accidents where the
dose exceeds about 50 rads of low LET radiation
because below this level the aberrations are induced
by single ionising tracks (the oxD term in the yield
equation), and are independent of dose rate. For
higher doses, such as 500 rads, experiments have
shown that increasing the dose rate increases the
aberration yield but this trend ceases at about 150
rads per hour (Purrott and Reeder, 1976). For high
LET radiation, fission neutrons for example, the
dose rate effect is negligible at all dose levels (Lloyd
et al., 1976a).
The incidence of unstable aberrations, particularly

the dicentric, in persons who have not been exposed
occupationally is low and this is clearly an advantage
for cytogenetic dosimetry. However there is no way
of being certain that the aberrations seen in any
particular case resulted from the recent radiation
exposure incident which prompted the analysis.
Because of the longevity of lymphocytes, occupa-
tional exposure during the previous few years may
have contributed to the aberrations seen. Thus it is
necessary to consult the records for any previously
accumulated dose. A further complication is that
any exposure for medical purposes does not feature
on the occupational dose record nor is the employee
even obliged to inform his employers that he has
been exposed to radiation for medical purposes.
Such information has to be elicited by the doctor at
the time the blood sample is obtained.
Chromosome and, more particularly, chromatid

damage may be produced by agents in the environ-
ment other than radiation. However, much of this
damage has been demonstrated for certain only in
vitro, at concentrations well above those experienced
by lymphocytes in vivo. Lysergic acid diethylamide
(LSD) and caffeine are good examples of drugs which
give conflicting in vivo and in vitro results (Dishotsky
et al., 1971; Bishun et al., 1973). Shaw (1970) has
written a comprehensive review of the chromoso-
molytic effects of chemicals and Nichols (1970) has
reviewed the work on the interaction of viruses with
chromosomes.

In general it is considered that viruses act like
chemical mutagens in disrupting DNA synthesis,
mainly producing chromatid damage which is only
expressed as chromosome aberrations of the derived
type. Thus previous exposure to many viral or
chemical agents does not tend to cause background
aberrations conflicting with those induced by radia-
tion in peripheral blood lymphocytes, as these cells

remain in Go until they are stimulated to divide in
culture. A few drugs have been shown to produce
dicentrics, for example phenylbutazone (Stevenson
et al., 1971). However, in general, classified radiation
workers are fairly healthy members of the population
and are unlikely to have been exposed to such drugs.

Future developments in chromosome aberration
studies

Since the demonstration by Moorhead et al. in 1960
that peripheral blood lymphocytes could be stimu-
lated by PHA to divide in culture, the science of
human cytogenetics has advanced rapidly. There is
no sign yet that this impetus is waning. The develop-
ment of several new techniques for staining chromo-
somes has enabled reliable analysis for stable
aberrations to be made. The latest of these tests even
permits the accurate identification of exchanges
between sister chromatids (Perry and Wolff, 1974).
It is now quite clear that routine analysis of chromo-
some damage can be extended beyond radiation to
provide a useful technique for the in vitro and in vivo
screening of chemicals which are potentially muta-
genic or carcinogenic (Perry and Evans, 1975).
Many laboratories are now developing screening
programmes based on a variety of biological end-
points including chromosome damage (Bridges,
1976).

In radiobiology the full potential of chromosome
aberration induction as an experimental tool has not
yet been completely realised. As most of the loss of
colony-forming ability in irradiated cell cultures can
be accounted for by the presence of visible chromo-
some aberrations, it is clear that many of the
anomalies found in cell survival experiments need to
be investigated by cytogenetics.
The technique provides a convenient means of

evaluating the distribution of biological damage in
radiation beams which have potential value in radio-
therapy. For example, Lloyd et al. (1975b) have
described an investigation of the characteristics of
negative pion beams using chromosome aberration
induction in lymphocytes. More recently the tech-
nique has been used for examining the biological
damage induced around needle sources of cali-
fornium 252. This isotope emits neutrons and
y-radiation and has potential application in those
treatments where radium needles are currently used
(Lloyd et al., in preparation).
The statistical accuracy ofany cytogenetic analysis,

whether for radiation or chemical effects, depends on
the number of cells which are examined. Several
laboratories around the world are developing auto-
mated computer-linked systems which will locate
cells very rapidly on a microscope slide and analyse

271

 on M
ay 26, 2023 by guest. P

rotected by copyright.
http://oem

.bm
j.com

/
B

r J Ind M
ed: first published as 10.1136/oem

.34.4.261 on 1 N
ovem

ber 1977. D
ow

nloaded from
 

http://oem.bmj.com/


272

them for karyotypic abnormalities. It is highly likely
that during the 1980s such machines will make a

major impact on human cytogenetics.
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