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ABSTRACT

Several methodologies are available for screening human populations for

exposure to ionizing radiation. Of these, chromosomal aberration frequency

determined in peripheral blood lymphocytes is the best developed, having been

used for "biological dosimetry" for several decades. Individual exposures to

large doses can easily be quantitated, and population exposures to

occupational levels can be detected. However, determination of exposures to

the very low doses anticipated from a low-level radioactive waste disposal

site is more problematical.

It must be kept in mind that chromosomal aberrations do not themselves

constitute ill health, nor is their presence a valid predictor of an

individual's future health status. Aberrations occur spontaneously, without

known cause. Exposure to radiation (or other environmental toxins) induces no

new or novel types, but only increases their frequency. Increased frequencies

are thus only one indicator of exposure, and not any more meaningful

predictors of risk than conventional physical dosimeters.

The limitations of chromosomal aberration dosimetry for detecting low level

radiation exposures lie mainly in the statistical "signal to noise" problem,

the distribution of aberrations among cells and among individuals, and the

possible induction of aberrations by other environmental, occupational or

medical exposures. However, certain features of the human peripheral

lymphocyte-chromosomal aberration system make it useful in screening for

certain types of exposures; for example, internal contamination with alpha-

particle-emitting radionuclides.

Future technical developments may make chromosomal aberration dosimetry

more useful for low-level radiation exposures. Other methods, measuring gene



mutations or even minute changes on the DNA level, while presently less well

developed techniques, may eventually become even more practical and sensitive

assays for human radiation exposure.



INTRODUCTION

When human populations are exposed to a facility, the operation of which

could possibly cause untoward health problems, concern is naturally generated.

Often, as was the unfortunate case in New York State with residents at the

Love Canal chemical dump site, this concern can reach panic proportions.

Epidemiology, as already discussed at this conference, offers the possibility

of scientifically demonstrating whether or not there is a significant increase

in ill health in the exposed population, but in addition to other limitations

such as population size required, this approach can only determine whether ill

health has already occurred. For the health outcomes of most concern, like

unfortunate pregnancy outcomes, birth defects, or cancers, the time between

exposure and consequence may be years or even decades, far too late to be of

much help, many concerned persons would say.

Conventional dose or exposure measurements, physical or chemical, can be

made, and in many cases translated into individual or population risk

predictions based on prior information from other human exposures. Again,

members of the concerned population may not be reassured. How do I know what

my exposure is? How do I know that it was not far larger when they were not

measuring than when and where they were? These are not completely

unreasonable questions. The best solution would seem to be a biological

dosimeter, something that would record exposure at all times and places the

individual went simply because it was a part of that individual.

Many of the health effect outcomes of greatest concern arise through the

ability of an agent to produce genetic changes in the body's cells. Certainly

this is true for ionizing radiations. Among the genetic changes are gene

mutations and chromosomal aberrations. There are ways of detecting such

changes in individual cells from an easily obtainable tissue sample, such as



peripheral blood, and using such determinations as a biological dosimeter to

provide exposure estimates for individuals or populations. This methodology

is in fact well developed in the case of ionizing radiation and chromosomal

aberrations in lymphocytes from peripheral blood samples. The cells, which do

not ordinarily divide while in the circulation, are made to divide in a short-

term tissue culture, then fixed and stained so that individual metaphases may

be examined under the microscope in order to discover any chromosomal

aberrations u>at may be present.

CHROMOSOMAL ABERRATIONS

In order to understand the advantages and the limitations of chromosome

aberration analysis as a dosimetric technique, it is necessary to review some

of the basic features of chromosomes and of aberrations.

A normal human somatic cell such as a peripheral lymphocyte contains 46

chromosomes, one set of 23 of paternal origin and the other of maternal

origin. There are 22 pairs of superficially identical autosomes and one

"pair" of sex chromosomes, two X chromosomes in females and one X and one much

smaller Y chromosome in males. At metaphase during mitosis each of the 24

types of chromosome in the normal human complement has a particular

morphology, with two identical daughter chromatids lying side by side and

still joined together at a region called the centromere. Fairs may differ

from others in overall length, in the position of the centromere along that

length, or both. Many are easily distinguished in conventional preparations,

but some pairs, such as the three called numbers 13, 14 and 15, or the two

called 21 and 22 are very similar, and not easily distinguished.

Fortunately for clinical cytogenetics, special treatments and stains

reveal a banded norphology not unlike that of dipteran polytene chromosomes



which is distinctive and allows positive identification of individual

chromosomes and even chromosome regions. As will be seen, the analysis of

banded preparations allows detection of some aberrations not easily seen in

conventional, unhanded preparations.

There are two basic categories of chromosomal aberration: chromosome

type aberrations that involve both of the chromatids in identical fashion, and

chromatid type aberrations that involve only one of the two daughter

chromatids (the one exception is of no consequence here). Ionizing radiation

prior to DNA synthesis and chromosome replication during the cell cycle

induces only chromosome type aberrations; irradiation later on in the cell

cycle induces aberrations of the chromatid type. It is as though prior to

replication the chromosome is a single structure, while after replication each

chromatid is a member of a double structure and each behaves independently of

its sister. We now understand the chromosome and aberration production in

terms of a single DNA double helix extending the length of the chromosome,

and, naturally, two of these, one constituting each chromatid, after

chromosome replication. Many agents causing chromosomal aberrations,

including most chemicals, show a different pattern from that of radiation,

inducing only chromatid type aberrations and no chromosome types. This is not

only instructive from the point of view of the molecular mechanisms, but

convenient for chromosomal aberration dosimetry as well. This is because the

peripheral lymphocytes are all in a stage of the cell cycle prior to DNA

synthesis and replication while in the circulation, and only replicate after

they are put into in vitro culture. Thus, radiation exposure of the person

produces only chromosome type aberrations, while most chemical exposures will

only result in chromatid types, allowing the two to be distinguished.



Aberrations may be simple breaks in continuity (deletions), or they may

involve the ends from two or more breaks in rearrangements. Rearrangements

may be either symmetrical or asymmetrical in the cytogeneticist's terminology.

With two-break rearrangements the asymmetrical types are dicentrics and rings;

the symmetrical analogues are the reciprocal translocation and the inversion,

respectively. The asymmetrical types are easily scored because a novel

morphology is created (one chromosome with two centromeres, or a ring-shaped

structure with no ends at all). The symmetrical types are much harder to

discover because the morphology may not be at all obvious and only stand out

when a chromosome much longer or shorter (or with a novel centromere location)

than any in the normal human complement is created. An important feature of

asymmetrical rearrangements as well as of deletions is that an acentric

fragment is created.

Most aberration dosimetry is done by counting deletions, rings and

dicentrics (and occasional more complex rearrangements) in conventionally

stained preparations. However, these aberrations tend to be lost at cell

division, and decrease in frequency as a function of time between exposure and

blood sampling following acute radiation exposures. Because the symmetrical

exchanges are not lost as a function of irradiation-sampling interval,

sometimes banded metaphase preparations are scored for these aberrations where

maximum sensitivity is desired for the detection of "old" exposures.



CHROMOSOME ABERRATION DOSIMETRY

This methodology involves several factors, including spontaneous

frequencies, induced aberration dose-effect curves and effects of a number of

modifying factors such as dose rate, radiation quality and time of exposure in

relation to the time blood is sampled for analysis. There have been a number

of excellent reviews, but I will cite only one in which I participated

recently, as this will give the reader interested in more details access to

the literature. This review (Bender, e_t al. 1988a), was prepared as part of a

response by the National Institute of Health to a Congressional directive to

report on techniques that might be used to determine or estimate radiation

exposures received by American Veterans either through participation in the

occupation of Hiroshima and Nagasaki in World War II or through participation

in subsequent atomic weapons tests, which illustrates the interest the

aberration technique has generated. In fact, aberration dosimetry has become

a widely accepted methodology; used, for example, for early triage of the

workers exposed to radiation during the Chernobyl reactor accident.

Spontaneous Aberrations.

It is important to recognize that chromosomal aberrations occur

spontaneously, with no apparent external cause, and that the types seen are no

different from those seen following a radiation exposure. Thus merely having

some aberrations in peripheral blood lymphocytes, far from a cause for alarm,

is perfectly normal. Furthermore, it is this "background" level of

aberrations that sets a lower bound on the sensitivity of the chromosomal

aberration technique for detecting low level exposures. Many groups have

reported spontaneous aberration frequencies, all in substantial agreement, but

the largest study available is one ve recently reported involving a total of



about 110,000 cells froa a (stratified) random sample of almost 500 normal

healthy people (Bender, et al. , 1988b; Bender et al. , 1989). Deletions

occurred with a frequency of Q.39±0.03 (S.E.M.) per 100 cells and dicentrics

with a frequency 0.16+0.01 per 100 cells. In agreement with many (though not

all) published reports, we found no evidence for any influence of age, sex,

race, or cigarette smoking status on spontaneous aberration frequency.

A worrisome phenomena was reported by Awa and Neel (1986), who found

occasional "rogue" cells with multiple aberrations in samples from healthy,

unexposed Japanese who constituted controls for studies of aberration

frequencies in persons exposed in the atomic bombings of Hiroshima and

Nagasaki. Such cells would not be expected to occur by chance alone with the

low overall incidence of aberrations observed, and would have the potential

for confounding detection of low level radiation exposures. Their cause in

the Japanese sample is unknown, but fortunately they have not been observed in

studies of other populations, including our own, and so perhaps do not

constitute a general problem. However, when we analyzed the distribution of

aberrations among cells and among subjects in our study (Bender et al., 1990),

we did find statistically significant deviations from the expected

distributions (Poisson), with more cells and more cases with two or more

aberrations than would be expected (i.e., overdispersion). Though not as

dramatic as Awa and Neel's "rogue" cells, this finding does complicate

statistical analysis of aberration data to ascertain any possible radiation-

induced increase.

10



Radiation Dose-Effect Curves

Acute, whole-body doses of sparsely ionizing (low L.E.T.) radiations

like x or gamma rays induce aberrations in relation to dose according to a

quadratic expression:

Y - a + oD + /3D2,

where Y is the yield, a the spontaneous incidence, D the dose, and a and f) the

coefficients of aberration production for "one-track" and "two-track" events,

respectively. In fact, these curves "saturate" at very high doses, but this

complication is of no consequence here, since we are interested in low doses.

The values of a and f} have been determined through .in vitro experiments in

many laboratories around the world. Typical values for gamma rays for

dicentric induction are a — 2.5 x 10"* and /} — 5.9 x 10"6. For very low doses,

the a component will of course dominate, and fi may be ignored. Thus, with a

spontaneous frequency of 1.6 x 10~3 per cell examined, it takes an acute

exposure of about 6.5 rads to double the spontaneous dicentric frequency,

which provides at least some feeling for the lower bound for detection of low

doses.

Though these coefficients for aberration production have been determined

in vitro, there seems no question but that they are applicable to in vivo

exposure. Evidence comes both from numerous in vivo - in vitro comparisons

with experimental mammals (including primates), and from the close agreement

of dose estimates made from aberration measurements with physical dose

measurements and estimates where both were available for cases of accidental

human radiation exposure (see, for example, Brewen, et al., 1972).
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Modifying Factors

Dose rate. As the time over which a given low-LET radiation exposure

occurs increases, the yield of aberrations for a given dose tends to decrease.

This is because at low dose rates the dose-squared, or p, component of yield

gets smaller, ultimately going to zero at dose rates of less than perhaps one

rad per hour. The conventional explanation is that it is interaction between

damages produced by separate ionizing events that gives rise to the dose-

squared component, and that repair of the first damage can occur before the

second comes along, provided the dose rate is low enough. Thus for the sorts

of exposures that: seem likely to be incurred by the general population as a

result of operation of a low-level radioactive waste disposal site, one would

anticipate linear dose-effect curves.

Radiation Quality. What I have said so far was deliberately confined to

low L.E.T. radiation exposure. As the rate at which radiations deposit energy

in tissue increases (i.e., high-LET radiations like alpha particles), though

they penetrate less, they do more damage in the cells they do actually affect.

Chromosome aberration dose-effect curves reflect this in two ways: the curves

take on a steeper slope (i.e., more aberrations per unit dose) and they

straighten out (i.e., there is relatively less and less contribution of the f)

component. The latter occurs because so much damage is done in "hit" cells

that there is little chance of the "partial" damage that would require

another, independent ionizing event for its completion. Another consequence

of increasing radiation L.E.T. is that the distribution of aberrations among

cells changes. With low L.E.T. gamma rays the distribution tends to be

according to the Foisson, but this distribution becomes strongly overdispersed

with, say, alpha particles, with most cells without any aberrations at all,

but a few having many.
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Since one concern in connection with most radioactive waste disposal

sites is for possible internal contamination of people with alpha-emitting

radionuclides, both the increased aberration yields and the distribution

distortion work to make the aberration technique capable of detecting lower

levels than would be the case for low L.E.T. radiaton exposure.

Spatial Dose Distribution. Restriction of radiation dose to only a part

of the body naturally decreases the yield of aberrations seen per unit dose to

the irradiated tissue, since the irradiated cells are "diluted" with

unirradiated ones. Where there is a significant dose-squared component to the

dose effect curve, however, the result is not a simple averaging, for the

aberration yield in the cells that are irradiated contributes unduly.

Similarly, the distribution of aberrations among cells is distorted, with some

cells (the irradiated ones) having multiple aberrations and too many

(including the unirradiated ones) having none.

Internally located radionuclides may have distinctly nonuniform

distributions within the body, as for example with radioiodines that are

localized in the thyroid, or with insoluble radionuclides bound to particles

inhaled and deposited in the lungs. Thus, nonrandom spatial distributions of

dose are of interest in connection with possible exposures from operation of a

radioactive waste disposal unit.

Delayed Sampling. As I have already mentioned, chromosomal aberrations

tend to decrease in frequency as time elapses following their induction.

Thus, "old" aberrations contribute less and less to total aberration frequency

as time goes by. Human data from acute exposures indicates a half-life for

dicentric aberrations in peripheral blood lymphocytes of about three years.

The result is that aberration frequencies in low-level, chronically irradiated
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people tend to reach some steady-state level where the loss just matches the

induction of new aberrations per unit time. Two independent studies of

workers exposed to occupational levels of radiation are of interest in this

connection. Evans et al. (1979) studied 197 nuclear dockyard and workers in

Scotland, while Lloyd, et al. (1980) studied a population of 146 radiation

workers from U.K. nuclear establishments. In both cases definite increases in

aberration frequency were noted when the exposed populations were compared to

suitable unexposed control populations, even though no statistically

significant increases were seen in individuals. Furthermore, in both studies

the aberration frequencies could be satisfactorily related to cumulative dose

estimates, provided allowance was made for the loss of "old" aberrations over

time.

SENSITIVITY

While there seems no question about the ability of chromosome aberration

frequency measurements to detect radiation exposure, and actually to provide

quantitative dose estimates for large exposures, the obvious question is that

of just how low a dose can be detected. There is general agreement that acute

whole-body low L.E.T. exposures can be detected in individuals down to a dose

of the order of 10 rad. Cumulative low-dose-rate exposures of about the same

magnitude can also be detected, but only on the population, not the individual

level. Detection of exposure from internally deposited alpha emitters is

certainly possible, but the lower limit of sensitivity is probably about the

same, given dose in rem, not rads, and allowing fur the lesser effect of

partial body dose distribution.
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There are possible, even probable, technical developments on the horizon

which may push the sensitivity of the chromosomal aberration technique to even

lower levels in the future. Scoring aberrations by today's conventional

techniques is terribly tedious and time-consuming, and, consequently,

expensive. Scoring banded preparations for inversions and translocations in

order to circumvent the problem of aberration loss over time is even more so.

However, various methods are under development to allow automation of the

scoring process. To the extent they succeed, it should be practical to score

much larger samples, thus allowing greater statistical precision, and,

hopefully, greater sensitivity. Nevertheless, it appears these will always

remain fundamental statistical problems which will continue to confound

attempts to detect very low radiation doses with real confidence.

STUDY DESIGN

It seems appropriate here to say a word about study design. Many will

remember the astonishing level of anxiety generated when, about a decade ago,

the results of a small cytogenetic study of residents of the Love Canal area

(Picciano, 1980) were released. That study was in fact flawed in a number of

ways. The subjects were self-selected. There were no controls. Worst of

all, subjects were told that they "had chromosome aberrations," but not that

this is a perfectly normal circumstance, and not of itself any indicator that

they were suffering ill health. Following the Love Canal episode, guidelines

for such studies were recommended (Bloon, et al., 1981), and, indeed, when we

went back and carried out a careful cytogenetic study, we could find no

evidence of cytogenetic effects among Love Canal residents, including a number

who had participated in the original study (Heath, et al., 1984).
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In fact, it is critical that any cytogenetic study meet the criteria of

sound epidemiological practice. Study samples must be of adequate size and

selected so as to preclude bias. Adequate controls are an absolute

requirement. Competent scorers are a necessity, and scoring should be done

blind to avoid scoring bias. Confounding factors must be taken into account.

All of this makes, of course, for a tedious and expensive study. But any less

is, in my opinion, not only not worth doing at all, but inviting the

possibility of spurious conclusions, with the attendant risk of great, though

unjustified, apprehension and anguish.

OTHER TECHNIQUES

In addition to gross chromosomal aberrations, ionizing radiation also

induces smaller ONA alterations which, in somatic cells, can provide a measure

of exposure, at least in principle. At least two systems are available at

present, and though neither has been brought to anything like the level of

development of the chromosomal aberration method, preliminary results suggest

that direct measurement of mutationally-mediated alterations in the phenotypes

of individual cells might in the future offer a sensitive method for radiation

exposure detection and quantitation. Albertini, et al. (1985) developed a

method for detecting mutations in peripheral lymphocytes at the HGPRT locus,

and it has already been shown both that the background frequency of mutants is

very low (at least four orders of magnitude lower than the total background

for chromosomal aberrations), and that treatment of persons with mutagens

(chemotherapy fcr cancer) increases their frequency. A second method involves

detection of mutations at the glycophorin A locus by flow cytometry of

erythrocytes (Langlois, et al., 1986). This locus specifies surface MN blood
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group phenotype. Both systems have recently been employed to demonstrate

mutation induction in irradiated survivors of the atomic bombings of Hiroshima

and Nagasaki (Hakoda, et al. , 1988; Kyoizumi, et al. , 1989). Perhaps such

methods will eventually be brought to a level of development making them

suitable for testing for low level radiation exposures, though my guess is

that this will take many years.
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