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RECENT DEVELOPMENTS IN BIODOSIMETRY

A research report prepared by A. Trivedi and CL. Greenstock, AECL Research, Chalk River
Laboratories, under contract to the Atomic Energy Control Board.

ABSTRACT

Nuclear agencies in Canada have an excellent record for occupational safety and health. Much
of this achievement is attributable to the comprehensive personal dosimetry and area monitoring
procedures, and adherence to the ALARA principle for minimizing radiation exposures in
conjunction with regulatory recommendations. There are, however, situations where physical
dosimetry, bioassay procedures and environmental monitoring techniques could be
advantageously supplemented.

Biodosimetry has the potential to play an important role in assessing unanticipated or
occupational radiation exposures. For example, where the exposure is uncertain and large (i.e.,
radiation accidents), accurate dose information can help in deciding the most appropriate therapy
and medical treatment. Another useful area is that of lifetime accumulated dose determination.
Also, the possibility of monitoring individual response and differences in inherent or induced
radiation sensitivity may have important implications for radiation protection and workplace
ethics. More commonly, biological dosimetry could be used for routine monitoring (i.e., to detect
and quantify suspected exposure), for regulatory purposes or for epidemiological studies of the
long-term effects of radiation exposure (e.g., in Japanese A-bomb survivors or in the population
surrounding Chernobyl).

This report reviews recent developments in biodosimetry (1989-1993), and presents a
comparative study of the existing techniques and their future prospects. The report summarizes
the sensitivity, reproducibility, limiting dose, dose-rate, energy, linear energy transfer (LET)
responses, sources of variability and uncertainty, and other practical aspects of each bio-
indicator. The strengths and weaknesses of each approach are evaluated on the basis of a set
of common criteria for particular applications.

No single indicator has been identified that qualifies for reliably measuring occupational
exposures at the current levels of sensitivity of conventional dosimetry services. Most of the
biotechniques are applicable to the detection of relatively high radiation exposures (> 0.1 Gy)
for relatively short times after exposure. Some bio-indicators have been identified that may offer
some alternative prospects for routine dosimetry needs. Practical implementation of these
methods must be evaluated. This report has recognized that the prospects of making accurate
individual dose estimates are better when a battery approach is adopted, utilizing several
different biological dosimetry systems on the same batch of samples.

RÉSUMÉ

Les installations nucléaires canadiennes sont extrêmement bien cotées dans le domaine de la
santé et de la sécurité au travail. Le mérite en est attribuable en grande partie à la pratique
généralisée de la dosimétrie individuelle et de la surveillance de zone, ainsi qu'à l'adhésion au
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principe ALARA (principe des rejets raisonnables les plus faibles) visant à réduire la
radioexposition conformément aux recommandations des règlements. Il existe, toutefois, des
situations dans lesquelles la dosimétrie physique, les pratiques de biodosage et les techniques
de surveillance de l'environnement pourraient être avantageusement renforcées.

La biodosimétrie présente un potentiel intéressant pour l'évaluation de cas de radioexposition
imprévue ou d'origine professionnelle. À titre d'exemple, si l'exposition est incertaine et
importante (c'est-à-dire en cas d'accident), une évaluation précise de la dose reçue peut aider
à décider de la thérapie et du traitement médical le mieux appropriés. Un autre emploi utile de
la biodosimétrie est celui de la détermination de la dose totale accumulée au cours de la vie du
sujet. De plus, la possibilité de surveiller la réponse individuelle et de vérifier la sensibilité
inhérente ou induite à la radioexposition peut avoir des conséquences importantes pour la
radioprotection et pour l'éthique professionnelle. La dosimétrie biologique peut être utilisée plus
communément lors de contrôles réguliers (c'est-à-dire pour détecter et quantifier une exposition
soupçonnée), pour les besoins de la réglementation ou en vue d'études épidémiologiques des
effets à long terme de l'irradiation (exemples : les survivants japonais des explosions atomiques,
ou la population de la région de Tchernobyl).

Le présent rapport passe en revue les perfectionnements récents de la biodosimétrie (1989-
1993) et présente une étude comparative des techniques actuelles et des possibilités futures.
Il résume différentes questions : sensibilité, reproductibilité, limitation des doses, débits de dose,
énergie, réponses au transfert linéique d'énergie, sources de variation et d'incertitude et autres
aspects pratiques associés à chaque bio-indicateur. Les avantages et les inconvénients de
chaque méthode font l'objet d'une évaluation fondée sur une série de critères communs aux
diverses applications.

On n'a pu identifier aucun indicateur unique pouvant mesurer de façon fiable l'exposition
professionnelle aux niveaux actuels de sensibilité des services de dosimétrie classiques. La
plupart des biotechniques s'appliquent à la détection de niveaux relativement élevés de
radioexposition (supérieurs à 0,1 Gy), dans des délais relativement courts après l'incident. On
a repéré certains bio-indicateurs, susceptibles d'offrir d'autres voies pour les besoins de la
dosimétrie courante. Il faudra évaluer la mise en application pratique des méthodes
correspondantes. Dans le présent rapport, on estime que les perspectives d'estimation précise
des dosages individuels sont meilleures lorsqu'on adopte un protocole utilisant en batterie
plusieurs systèmes différents de dosimétrie biologique sur les mêmes prélèvements.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the statements made
or opinions expressed in this publication and neither the Board nor the authors assume liability
with respect to any damage or loss incurred as a result of the use of the information contained
in this publication.
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1. INTRODUCTION

Individuals can be exposed to ionizing radiation either from radiation sources external to the
body or from internally deposited radionuclides. Biodosimetry provides an estimate of this
radiation exposure by measuring integrated physical or chemical changes in cells or cellular
compartments within the body, or the resultant changes in biological expression (e.g.,
biomarkers), or radiation damage to surrogate materials (e.g., tissue-equivalent bio-
organics) (Mendelsohn, 1991).

The dose to the sensitive tissues of the body is of primary concern for health and safety.
Measured radiation dose (or absorbed dose) is a physical quantity and does not necessarily
reflect the biologically relevant dose. It can be argued that the biologically relevant dose
should be the prime focus of a radiation-protection program. The events occurring from
radiation absorption to metabolic activation and eventually to biologically relevant end-points
provide a series of subordinate dosimetries. Biological dosimetry, which is restricted to
radiation effects in biological systems, is an important part of biodosimetry and focusses on
refining the biologically relevant dose within a target organ and even at a target site within
the cell. This is essential to our understanding of the processes of radiation-induced
changes in biological substances, as well as those that follow and lead to the biological
responses of mutation and carcinogenesis. Biological dosimetry can be considered as a
mechanistic bridge between the initial exposure and the ultimate effect. It requires the
measurement of bio-indicators that reflect radiation exposure quantitatively.

Biodosimetry has been used to monitor radiation dose for occupational and non-
occupational exposure situations, and has provided an estimation of biologically meaningful
dose to the body (Zoetelief and Broerse, 1990; Wald, 1992). The use of bio-indicators to
estimate unanticipated radiation exposures, under conditions that preclude a reliable
assessment of the exposure dose by the usual physical means, provides further evidence of
the usefulness and appropriateness of biological dosimetry (Littlefield et al., 1990; Natarajan
et al., 1991; Straume et al., 1992a).

Dosimetry needs reliable, sensitive, specific and reproducible techniques and devices to a
level where practical routine radiation dose monitoring is possible. Requirements for
biological dose monitoring in occupational and accidental exposures are listed in Table 1.
The identification of requirements that may or may not be available has motivated much of
the research in biological dosimetry, and has been reviewed earlier in the AECL Research
report, Bio-indicators for Radiation Dose Assessment, AECL-10245 (Trivedi, 1990).

However, subsequent to the publication of that report, many innovative bio-te_chniques and
devices have either emerged or been validated for radiation dose monitoring. The-resulting
benefits and the relevant literature published since the publication of AECL-10245 are
reviewed in this report, to indicate the new directions that biological dosimetry is taking. An
initial literature search identified approximately 800 publications using Medline, Energy
Science & Technology, Nuclear Science Abstracts, Biosis Preview and Toxline databases.
Approximately 200 publications merited further investigation. To focus this report and keep
it to a manageable size, we limited our review to publications pertaining to humans.
Devices or techniques that offer future promise, but have not been tested or developed for
human dosimetry, are also considered.

Table 2 summarizes the practical criteria for evaluating the existing techniques of
biodosimetry with respect to monitoring radiation exposure in both occupational and non-
occupational situations. The approach is to estimate the absorbed radiation dose by using
biological indicators of the interaction between radiation and human cells. Exposure to
ionizing radiation results in interactions in which ions are formed, chemical bonds are
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broken, atoms excited, and free radicals generated. These events lead to chemical and
physical changes and subsequently to biological effects.

1.1 Suitability of Biodosimetry

Estimates of physical doses of irradiation are sometimes questioned or doubted, such as for
the Chernobyl and Goiania radiation accidents, and the atomic-bomb explosions in
Hiroshima and Nagasaki, where physical methods were unavailable for early medical
treatment planning (Sasaki et al., 1990; Littlefield et al., 1990; Lloyd and Edwards, 1990;
Stram and Sposto, 1991). Another case occurred at the Lawrence Livermore National
Laboratory (LLNL), where a radiation worker disagreed with the official exposure records
and believed that the dosimetry records underestimated his actual dose (Straume et al.,
1992a). The use of biological dose indicators, however, recommended that the dose-
equivalent estimates obtained from the dosimetry records could not be confidently rejected,
indicating the usefulness of biological dosimetry in retrospective dose reconstruction.

A biological indicator of dose should reflect a measurable biological effect that is related to
dose. If this relationship is consistent and can be expressed mathematically, it may be
possible to utilize the biological effect to estimate dose. Other considerations include the
time of appearance of the effect and its duration as well as its specificity for induction by
radiation. Table 3 lists the operational and other requirements that are essential, desirable
and beneficial for biological dosimetry. In humans, biodosimetry has been used
successfully to estimate doses after accidental radiation exposures (Zoetelief and Broerse,
1990). The information obtained from cytological and haematological data has helped in
screening the people affected and aided in planning their immediate medical treatments
(Lloyd and Edwards, 1990; Lushbaugh et al., 1991; Wald, 1992).

1.2 Specific Requirements for Bio-Indicators of Radiation Exposure

The standardization and evaluation of bio-indicator systems should be based on
experimental work and practical experience with radiation exposure. Requirements for a
reliable bio-indicator include a list of minimal requirements that must be considered in
fulfilling the basic responsibility of a biological dosimeter, whether it is for occupational or
emergency dose monitoring. The requirements and criteria are listed in Tables 1-3. In
evaluating the suitability of radiation-induced changes for application as bio-dosimetric
indicators of radiation damage, the following specific criteria should be considered:

The biological response to irradiation must be dose-dependent within a
sufficiently wide range.

The sensitivity of the indicator should be high enough to detect the absorbed
dose of a fraction of one Gy.

The biological procedure for detecting the radiation response should be rapid,
simple, and capable of execution in laboratories not necessarily equipped with
sophisticated instrumentation (for routine biomonitoring).

The biological end-point scored for a radiation exposure should be persistent,
distinct and capable of being scored using automation for rapid screening.
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The sample to be examined should be easily accessible, non-invasively, or
readily biopsied, without endangering the recovery and affecting trauma of the
victims (the preferred method is one that can be repeated several times).

The indicator chosen should not suffer from interference by metabolic changes
related to normal or disease processes unrelated to the exposure to ionizing
radiation.

It is apparent that biological dosimetry has limitations that need to be considered. Table 4
summarizes the main confounders and limitations to dose monitoring in occupational
situations and their possible remedial actions. A general discussion of the potential
usefulness of biological indicators in radiation dose monitoring follows.

2. BIOLOGICAL INDICATORS

It is likely that no single biological indicator can satisfactorily meet all of the requirements
and criteria for a technique and device to perform as a biodosimeter (Zoetelief and Broerse,
1990; Muller and Streffer, 1991; Straume et al., 1992a). Instead, multiple biochemical
indicators will be needed to explore all possible aspects of radiation damage for biological
dosimetry. Thus, bio-indicators of different types are evaluated that are applicable at
various dose levels and times after exposure (Tables 5-12)1.

2.1 Haematological Indicators

The radiosensitivity of haematopoietic systems makes this system a possible bio-indicator of
radiation exposure, but the dose estimates are subject to large uncertainties (Table 5).
Haematological changes have been of considerable value following whole-body doses of
gamma- or X-ray irradiations above 0.5 to 1.0 Gy (Lushbaugh et al., 1991). In the whole-
body dose range from 2 to 10 Gy, where the bone marrow syndrome appears, exposed
persons may die from bone marrow failure and infections (Dehos, 1990). Not much
improvement in monitoring doses below 2 Gy has been made since our earlier report
(Trivedi, 1990).

Some estimate of dose can be obtained in humans by using one or several blood
parameters (Fleuery-Herard, 1991). Since all blood originates from bone marrow stem
cells, exposure of bone marrow produces a decrease in the number of blood cells (e.g.,
lymphocytes, granulocytes and platelets). A decrease in the absolute number" of .
lymphocytes has been observed rather early (hours or days) after exposure to higher doses
of ionizing radiation (Jalil and Rab Molla, 1992). The effect on the haematopoietic system
is transient (days or weeks), due to recovery from the radiation exposure following
repopulation of the bone marrow. Based on the types of cells examined, haematological
indicators can be subdivided into bone marrow cells and blood cells.

1Most papers reviewed in this report are not necessarily listed in Tables 5-12. Reviews
and other pertinent publications considering various aspects of biological dosimetry are
discussed in the text.
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2.1.1 Bone marrow cells

Since, in contrast to blood sampling, bone marrow samples call for more invasive
procedures, the examination of bone marrow cells is limited to more severe cases,
especially when bone marrow transplantation is imminent (e.g., severe radiation accident
victims). Changes in the mitotic index and cytological aberrations (e.g., pyknosis,
karyolysis, abnormal mitosis) in bone marrow cells are observed at doses of more than 2
Gy, and are one of the most accurate biological indicators of cumulative dose (Jalil and Rab
Molla, 1992).

Using fairly elaborate techniques, stem cells and progenitor cells can be cultured in vitro. In
the case of inhomogeneous dose distribution, this method can help to determine the
capacity of undamaged parts of the bone marrow to repopulate the aplastic compartments
of bone marrow (Dehos, 1990). Some improvements have been made in distinguishing
haematopoietic cell lines and dose-response relationships for the inactivation of stem cells,
but methods are far from ready for practical application (Hofmann et al., 1992). Sampling of
bone marrow is also much more stressful than sampling of blood cells.

2.1.2 Blood cells

Changes in the concentration of various blood cells are used for rapid decision-making on
medical treatment and prognosis after accidental exposure to ionizing radiation involving a
large number of victims and doses higher than 1 Gy (Lushbaugh et al., 1991). The earliest
response to be observed after exposure is a decrease in peripheral lymphocytes, since
these cells die in interphase. Effects on granulocytes, platelets and reticulocytes can be
observed much later (Szepesi and Fliedner, 1989). However, this decrease may not be
observed for several days after exposure, since blood cells have a life span of at least a
few days (Fliedner et al., 1990).

The methods of counting various blood cells are routine in haematological laboratories.
Automation of blood cell counting can be done, and therefore automated methods are
preferable for radiation accidents involving a large number of victims. Established dose-
response relationships for different cell types can provide an estimated dose for exposed
individuals. Due to the great variability of blood cell counts between different individuals,
this system is not a reliable means of estimating dose, and is not as sensitive as
cytogenetic methods.

Strengths: Haematological indicators are useful for the diagnosis and prognosis of
radiation effects at doses greater than 1 Gy. These indicators are suitable for acute
radiation exposures, as in the case of radiation accidents. Stem cells and progenitor cell
lines of blood cells are capable of providing only whole-body dose (cumulative dose). Some
of the blood-cell monitoring methods are rather simple and fast, and thus can be applied to
a large population group. Also, changes in the number of blood cells occur early enough
(within 24 h) to support decisions concerning medical treatment planning of radiation-
accident victims. As blood-cell counting is a routine method in medical institutions, trained
personnel are readily available to carry out this analysis rapidly. The cost of screening the
victims is comparatively small.

Weaknesses: Uncertainties in dose estimates are largely due to the high variability
between samples and interferences (e.g., infections). The sensitivity of this indicator is poor
for doses in the range of 1-2 Gy. A further disadvantage is the inability to distinguish
between whole-body and partial-body exposure. Sampling methods are invasive and
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stressful (i.e., bone marrow examination), and time-consuming. Due to the transient nature
of the radiation damage, the usefulness of this biological indicator for sublethal doses is
limited to days or a few weeks.

2.2 Germ Cell Indicators

Some stages of spermatogenesis and oogenesis are very radiosensitive. The use of
oocytes in radiation dosimetry is limited to animals. The necessity to extrapolate animal
data as well as other problems associated with obtaining human samples (e.g., frequency,
sampling and ethics) will make spermatocyte/oocyte counting impractical.

Biological markers of spermatogenesis include changes in sperm count, motility, and
morphology as indicators of radiation dose in males (Trivedi, 1990). Some markers
commonly employed in somatic cell assays (e.g., chromosomal aberrations, mutational
markers) are also used (Table 5).

Flow cytometry has shown that radiation doses as low as 0.1 Gy can be quantified rapidly
(within 30 min) and precisely (MuHer and Streffer, 1991). Chromosomal aberrations have
been compared in the sperm and lymphocytes of patients following radiotherapy (Martin et
al., 1989). To achieve a direct comparison, chromosomal aberration frequencies observed
in sperm were doubled, as sperm have 23 chromosomes and lymphocytes have 46.
Although there were differences in the distribution of specific aberration types between
sperm and lymphocytes, the total frequency of structural aberrations per cell was the same.
The dose estimation based on sperm chromosomal aberrations has less uncertainty, due to
the less inter-individual variability in sperm compared to lymphocyte morphology. Most of
the scientific data are limited to mice and refer mainly to acute irradiation with single doses
of gamma- and X-rays.

Strengths: Sperm morphology assays are statistically more sensitive than sperm count
assays, but are very subjective. Doses as low as 0.5 Gy can be measured. Automated
methods might soon be developed for mutational marker assays for germ cell damage.
Germ cell samples are assumed to be intrinsically more difficult to obtain than somatic cells.
However, if sperm cells can be obtained, germ cell techniques could be applied to monitor
radiation doses to sperm cells and help in analyzing biologically relevant dose.

Weaknesses: Even with the current technical advantage, this indicator of radiation dose is
not universally useful for determining radiation exposure. It has certain limitations. This
method can screen only the male section of the population, and only for those" males whose
spermatogenesis is intact. The testes must have been in the radiation field. An analysis
shortly after exposure is not possible, owing to the time involved in the maturation of adult
sperm (weeks). The decrease in sperm count may not be observed until approximately 45
days after exposure. Questions of appropriate sampling methods and control populations
are important.

2.3 Immunological Indicators

Ionizing radiation can affect the immune system. Several immunological tests have been
evaluated as potential biological indicators of radiation dose. No unique immunological
indicator is available at present for radiation dose assessment (Muller and Streffer, 1991).
This is due, in part, to the complexity of the immune system and the fact that information on
cellular mechanisms of immunity is constantly increasing. The value of immunological tests
depends on the duration of the effect, a demonstrable dose response and individual



- 6 -

variability. These factors complicate the use of immunological tests to measure radiation
exposure. Efforts to relate immunological tests to radiation exposure include tests on
humans exposed to partial-body radiation received in radiotherapy.

Most of the effects on the immune system cells can be observed for days and even weeks.
Hence, radiation doses could be assessed even where sampling would not be possible
immediately after exposure. Since immunological tests are carried out with peripheral blood
lymphocytes, radiation changes (e.g., the decrease in the absolute number of lymphocytes)
are measurable after total-body or partial-body exposure and even after incorporation of
radioactive substances in the body (discussed in section 2.1). The extent of effects
depends on the size and position of the field relative to the lymphatic system, and on the
local blood flow or the distribution of radionudides in the body. It should be possible to
estimate average body dose resulting from partial-body exposures. A distinct advantage of
testing peripheral blood cells is the minimum amount of discomfort during sampling. A
recent paper has reviewed many immunological approaches and identified the following
parameters for further investigation (Lushbaugh et al., 1991). (Other potential immunological
techniques continue to be investigated.)

2.3.1 • Lymphocyte subpopulations

Lymphocytes consist of several subpopulations and can be characterized on the basis of
their distinctive surface markers, functional characteristics and growth factors, etc. (Dehos,
1990). Two distinct classes are the B lymphocyte and the T lymphocyte. These individual
subpopulations show different radiosensitivities. This provides the basis for using surface
markers as a biological indicator.

Advances in the development of monoclonal antibodies and flow cytometry have made it
possible to assess relatively large numbers of human lymphocytes within a short time (less
than 30 min). Changes in the ratio of B and T lymphocytes, and in ratios of T-cell subsets
following irradiation of approximately 1 Gy, show measurable differences in radiation
sensitivity (Wald, 1992). B cells appear to be particularly sensitive; however, a great
variation of dose-response is seen (Dehos, 1990). The radiation sensitivity also varies
between in vitro and in vivo irradiation. Apart from a poor dose-response relationship (0 to
6 Gy), difficulties arising from other factors, such as individual variabilities and interference
from confounding parameters (e.g., disease, infection) further complicate this method of
radiation dose monitoring. Though this approach has limitations due to inter-individual
variations, knowing the changes in ratios of lymphocytes for particular individuals (where the
normal ratio of lymphocytes have been pre-determined) immediately after radfation.
exposure is valuable for screening purposes. However, for high doses of radiation (more
than 1 Gy), where changes in lymphocyte populations are large compared to the
background variation, this approach can be applied to screen a large population (within
hours).

2.3.2 Immunoglobulin production by lymphocytes

The mitogen-stimulated mononuclear cells from peripheral blood lymphocytes have been
used to monitor radiation dose in the range of less than one Gy. If pokeweed mitogen is
used for stimulation, the interaction of T and B lymphocytes changes B cells into plasma
cells and leads to the production of immunoglobulins. Both in vivo and in vitro radiation
exposure change the amount of immunoglobulins produced (IgA, IgM and IgG), with IgM
changes being the most pronounced (Lushbaugh et al., 1991).
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The dose response relationships are at present known only from in vitro irradia'ion of
mononuclear cells or animal experiments (Lushbaugh et al., 1991). Results from animal
experiments cannot be quantitatively extrapolated to man. The in vitro results from human
blood samples have demonstrated that the doses below 1 Gy of whole-body radiation can
be measured (Kerr and Eckerman, 1991). This test is difficult to standardize, due to large
individual variability in non-irradiated subjects. This affects the ability of the test to assess
radiation exposure, and thus it remains to be seen whether this test can be used for
dosimetry purposes.

Results for this immunological approach can be obtained after seven days. Little is known
about the time sequence between radiation exposure and in vitro IgG production. The
persistence of the radiation effect is not well defined. Thus, this system may be limited for
a dose range (more than 1 Gy) that requires immediate medical care, and may only be
useful as a supplement to other dosimetric methods. The future applicability of this
indicator system for dosimetry depends strongly on the reproducibility of the effects in the
dose range below 1 Gy. This approach is virtually of no use in estimating doses months
after radiation exposure.

2.3.3 Lymphocyte stimulation

Lymphocytes in culture are stimulated to proliferate, by mitogens or antigens, and the
expression of stimulation can be assessed using different methods. This approach is a test
of the cellular immune system and the ability of lymphocytes to undergo lymphoblastic
transformation. The most common way to test lymphocyte stimulation is to determine the
rate of DNA synthesis via incorporation of labelled thymidine or bromodeoxyuridine. Other
tests are based on the identification of changes in the surface structure of activated cells
(see section 2.4). This immunological approach seems to be of value only after high doses
of radiation, 1 to 6 Gy (Dehos, 1990; Lushbaugh et al., 1991). The effects of different types
and quantities of radiation have not been examined extensively, and the mechanism by
which radiation affects this function of the immune system is not known. This approach
may ultimately be of value early after radiation exposure; however, it is not likely to be of
value in retrospective dose estimation of exposures that occurred months before.

2.3.4 Mixed lymphocyte culture

The technique of mixed lymphocyte culture is used routinely in histocompatibility testing.
This test measures the response of the white blood cells of one individual against those
from another individual. This technique uses methods similar to those used in lymphocyte
stimulation tests.

Experiences with radiotherapy patients have indicated that this specific stimulation of
lymphocytes is more sensitive to ionizing radiation (less than 1 Gy) than nonspecific
stimulation (Martin, 1991). Little is known about the dose response, dose rate and other
parameters. The results from human studies are sparse. Uncertainties in this assay are
large and are related to unknown parameters (e.g., interference factors, individual
variability, reproducibility).

Strengths: The lymphocyte subpopulation test is useful as a screening method in the case
of higher whole-body dose (more than 1 Gy). In addition, it may prove useful in determining
the radiosensitivity of a worker based on a hyper-sensitive immune system. This could be
applied to pre-placement screening in an occupational setting.
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~*Most of the immune parameters discussed are still in a state of development. It cannot be
excluded that with advances in the technology other parameters will be identified.
Immunological research is a promising area, and thus may provide appropriate bio-markers
for future biodosimetry.

Weaknesses: The evaluation of immunological approaches have indicated that most
parameters require extensive work before they may possibly be used for dosimetry.
Immunological approaches do not appear to be useful at present for estimating occupational
exposures, and are limiting as a tool for retrospective dosimetry.

2.4 Membrane Biomarker Indicators

Cell membranes provide several essential functions. They protect against the outside
environment, isolate the functional components, maintain structural integrity, and regulate
biochemical and immunological control mechanisms. Damage to any of these functions
may serve as a biological indicator of radiation exposure.

Although membranes are generally considered to be very resistant to ionizing radiation,
small structural changes may have a dramatic effect on the activity of membrane-bound
proteins, polysaccharides, hormones, growth-factors, cytokines or other surface receptors,
and changes in their specific response functions may serve as a sensitive biological
dosimeter (Table 6).

Most of the studies described in this section involve in vitro irradiation, but a couple of
experiments to date have explored the possibility of detecting in vivo exposures. Membrane
damage is not repairable in the same sense as genetic damage. But with the high turnover
of blood cells, surface skin fibroblasts and other possible cell samples available to the
experimenter relatively non-invasively, there will be rapid, continuing renewal of these cells
and loss of those with the potential to reveal radiation exposure through their damaged
membranes. Consequently, membrane biomarkers may only be useful for measuring recent
exposures, unless access is available (post-operative or post-mortem) to normally non-
dividing cells (nerve, brain, bone, etc.).

Kubasova et al. (1990) measured changes in fatty acid metabolism in X- irradiated human
lymphocytes. Changes in C-14-labelled arachidonic acid incorporation into cells were only
observed at doses of about 2 Gy. The same group also looked at the effect of in vitro
irradiation on the surface charge of human fibroblasts (Somosy et al., 1990). A loss of
negative charge was observed, but only at doses more than 2.5 Gy. Schreibér et aj. (1990)
used a free-flow electrophoresis technique to monitor changes in the electrophoretic mobility
of fresh human erythrocytes. A linear dose-response was observed for the loss of
erythrocyte electrophoretic mobility, but the minimum detection limit was of the order of 1
Gy. In addition, a large variation in the control values of unirradiated samples from different
individuals appears to rule out the possibility of using this technique for biological dosimetry.

A more promising approach seems to be to use changes in cell surface markers as a
biological indicator of radiation exposure. Balla et al. (1989) used the specific binding of
enzyme-linked lectins to cell surface glycoproteins on mouse embryo cells in a
histochemical study of radiation-induced cell surface changes. Following in utero
irradiation, the embryos were removed, fixed and stained. For embryos beyond day 10 of
gestation, a dose-dependent lectin-labelling of the cell surface was observed with a
minimum detectable response of 0.125 Gy.
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A study by Schreiber et al. (1989) using tritium or fluorescein isothiocyanate (FITC)-labelled
lectins bound to human blood cells was able to detect cell surface changes following 0.5 Gy
doses in vitro, but this method was unable to detect changes occurring after in vivo
irradiation for doses between 0.5 and 5 Gy. Tuschl et al. (1990) used labelled monoclonal
antibodies to various sub-sets of human lymphocytes to detect membrane changes
following occupational exposures, but observed no statistically significant effects. However,
the maximum dose received by any individual in this study was lesr than 0.002 Gy.

At the Chalk River Laboratories of AECL Research, we have extended these studies (Xu et
al. 1991, 1992, 1993) using fluorescence microscopy and flow cytometry (as suggested by
Tuschl). Doses of less than 0.005 Gy have been shown to reduce the levels of monoclonal
antibody binding, and additionally these low doses stimulate an increase in interferon-
gamma (IFN-g) and interleukin-2 (IL- 2) receptors, but these effects are not apparent at
higher doses (more than 0.2 Gy). Unfortunately, there is a very large variation in the
baseline levels of these immunoassays in different unirradiated individuals, and even within
the same individual sampled at different times. These observations, coupled with the lack
of any clear dose-dependence of the response, lead to the conclusion that this effect, while
extremely radiation sensitive, is more of a triggering response than a biological dosimeter.

Strengths: The practicality of using membrane surface markers in dose monitoring is
promising. Immunologically detectable changes in cell surfaces, which are independent of
other cellular mechanisms, are the likely choices for new bio-indicators. Membrane damage
may be an indicator of absorbed dose, unlike cytological and other genomic indicators that
are dependent upon individual variations in the genetically determined capacity for DNA
repair. The ability to detect and quantify the radiation exposure to the body by this system
is expected to be less than 0.1 Gy.

The effect of low doses of radiation on cell surface markers of human blood lymphocytes
has been assayed by employing a specific spectrum of monoclonal antibodies (Greenstock
et al., 1993). It is a relatively rapid, simple procedure. This system has the advantage of
responding to the average external whole-body dose. The value of the technique depends
upon the appropriate selection of suitable radiosensitive membrane markers, and the ability
to develop stable, highly specific fluorescently-tagged monoclonal antibodies against them.
One of the advantages that this technique offers is that it is amenable to automation with
the advancement in instrumentation, such as flow cytometry and cell sorting. This
automation can aid in screening a large population of blood samples inexpensively and
promptly.

Weaknesses: This technique is in the early stages of research and development for
evaluation as an indicator of radiation dose, although a similar approach has received
scientific recognition in screening the radiation-exposed individuals during the Chernobyl
disaster (Vladimirov and Teslenko, 1990). In vitro calibration for in vivo dose estimates
assumes both responses are similar. However, a few animal and in vitro human blood
sample experiments have shown that inter-individual variabilities persist. The response is
short-term; it cannot monitor changes long after the exposures, hence the use of this
technique in retrospective dosimetry is limited. Much work is needed in establishing the
background noise. Dose monitoring by this technique is prone to confounding factors (e.g.,
medications, illness). The immune response may not be dose-dependent (the effect may
saturate or be a trigger response) or radiation specific.
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2.5 Cytological Indicators

Cytological dosimetry is used in addition to physical dosimetry in the case of inadvertent
radiation exposures (Uttlefield et al., 1990; Straume et al., 1992a). Cytological analysis of
peripheral blood lymphocytes is preferred for several reasons. The blood lymphocytes have
the advantage of being easily obtainable and are present in great numbers, circulating
throughout the body. The cell-cycle distribution of the cell population consists largely of
homogeneously resting Go cells, and changes induced by irradiations are therefore of the
chromosome-type, involving both chromatids equally.

Structural chromosome aberrations are induced in vitro and in vivo to approximately the
same extent, therefore reference dose-effect calibration curves can be easily established for
different radiation qualities. The induced aberrations can be examined for long after
radiation exposure, since the half-life of the blood lymphocytes is approximately three years
(Jha and Sharma, 1991).

After an acute accidental over-exposure with low LET radiation, where the dose is uniformly
distributed over the whole body, the frequency of aberrations is a reliable measure of the
mean dose to the body. Even in cases of partial-body exposure, cytological changes in the
blood lymphocytes are indicators of the average absorbed dose to the whole body. Another
factor that can influence the aberration rate is protraction of the radiation exposure. In this
situation, a lower aberration yield will be indicated than if the same dose is received acutely,
due to the greater extent of DNA repair.

The common cytologically observed end-points are chromosomal aberrations (Table 7) and
micronuclei (Table 8). The evidence to justify the technique is well-founded and covers
various irradiated populations in nuclear medicine, radiotherapy, occupation and radiation
accidents.

2.5.1 Chromosomal aberrations

Exposure to ionizing radiation can elevate the frequencies of various cytogenetic
abnormalities in human lymphocytes (Savage, 1989). These can be classified as chromatid
or chromosome aberrations, including frank discontinuities or breaks such as terminal
deletions, dicentric or centric exchanges, or translocations involving more than single-break
events. Dicentrics are relatively distinct and straightforward to count, and are quite specific
for ionizing radiation, but, like other unstable chromosomal aberrations, are, as a result of
cell division, eliminated from the lymphocyte pool according to the lymphocyte'turnover or
replenishment time, which is estimated at approximately three years (Littlefield et al. 1990;
Jha and Sharma, 1991). Therefore, dicentrics can only be used to reproducibly quantify
recent radiation exposures. Dicentric chromosomes build up slowly with time in resting (Go)
peripheral lymphocytes, as a result of exposure to natural background radiation, so there is
an age-dependent level in control samples from normal individuals. Their yield tends to
plateau in adults (in the order of 2 dicentrics per 1000 lymphocytes). The average induced
yield of dicentrics from an exposed population is approximately 20 per 1000 per Gy. Stable
chromosome aberrations, such as translocations, are present in higher yield in control
samples (5 to 10 per 1000), and have a higher radiation yield (70 to 100 per 1000 per Gy)
than dicentrics, but these persistent changes are much more difficult to score by
conventional microscopy and staining techniques.

Lymphocytes from peripheral blood are stimulated to divide using a mitogen,
phytohemagglutinin (PHA), maintained in culture for two days and harvested as metaphase
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spreads on microscope slides, stained and scored for background control and radiation-
induced chromosome aberrations. Conventional methods are tedious, labour-intensive and
require the services of skilled personnel. Attempts are being made to automate the system
using imaging techniques and/or flow cytometry with immunofluorescence or fluorescence in
situ hybridization (FISH), to label specific aspects of chromosome structure or the DNA
synthetic machinery. However, these techniques are proving to be difficult and presently
offer little possibility of improved radiation-specificity or sensitivity.

Approximately half of the papers reviewed in this section deal with in vitro irradiations.
Estimates of dicentric yields in human lymphocytes exposed to Cs-137 (Balasem et al.
1992b), Co-60 gamma-rays (Bayley et al., 1991; Lefrancois et al., 1989), 18 MeV electrons
(Lashin et al., 1990) and 200 kVp X-rays (Lloyd et al., 1992) showed the expected linear
quadratic response and lowest dose limits of detection between 0.05 and 0.25 Gy, with a
level of uncertainty ranging from + 20 to 100%, depending on the number of metaphases
scored. Lloyd et al. (1992) examined cells from 24 donors and scored a total of about 300
000 metaphases. This considerable undertaking produced results with the highest degree
of statistical significance, with an average background level of about 1 dicentric per 1000
cells at zero dose, a dose-response of about 25 dicentrics per 1000 cells per Gy, and a
minimum detectable dose limit of about 0.03 Gy (+ 30%). Problems arising from variations
in donor samples and inter-laboratory variations contribute significantly to the uncertainty in
scoring dicentrics at doses below 0.3 Gy. Inter-individual variations in the background
levels of unexposed samples render estimates below 0.05 Gy almost unattainable with any
realistic degree of reproducibility.

For dose estimates from in vivo exposures, the data become even less satisfactory.
Balasem et al. (1992a), Kubelka et al. (1992b) and Romm and Stephan (1990) were unable
to determine whether occupational exposures received by radiation workers were
significantly different from those in controls. Similar inconclusive results were obtained by
Braselmann et al. (1992) for individuals in an area of Germany receiving the highest fallout
from the Chernobyl accident. In the case of workers occupational^ exposed to diagnostic
X-rays, Jha and Sharma (1991) estimated lifetime accumulated doses of between 0.13 and
0.17 Gy (+ 80%), close to the limit of detection of this method. Therapeutic doses in the 1-
5 Gy region have been measured by Kleinerman et al. (1989) approximately 23 years after
treatment, and compare favorably with results from A-bomb survivors.

In the case of accidental exposure, Ramalho and Nascimento (1991) estimated doses of 1
to 4 Gy to victims in the Goiania radiation accident. Stram and Sposto (1991) obtained a
linear-quadratic dose response curve for A-bomb survivors with a minimum detectable dose
of about 0.5 Gy (+ 20%).

In a retrospective chromosomal aberration analysis of samples submitted to the National
Radiological Protection Board (NRPB) from persons suspected of being overexposed to
ionizing radiation, Lloyd et al. (1991) found no indication of any significant doses (more than
0.1 Gy). An attempt to apply flow cytometry to the study of chromosome aberrations in
human lymphoblastoid cells (Lucas et al., 1991) was unable to detect doses of less than 0.5
Gy with any measure of reliability (+ 20%), but this situation may improve as new
techniques are developed, such as the staining of kinetochores or centromeres using
immunofluorescence or FISH technologies (Nusse et al., 1989).

Radiation workers operating within the permitted limits are protractedly exposed to low
doses at a very low dose rate. Several studies of occupational^ irradiated persons have
shown an elevated yield of structure aberrations (Romm and Stephan, 1990). A linear



- 1 2 -

dose-effect relationship has been convincingly established in a 10-year follow-up study on
nuclear dockyard workers exposed to mixed neutron and gamma radiation. In a study with
146 radiation workers, a linear dose relationship for dicentrics was observed and the
average lifetime dose, weighted against the turnover rate of lymphocytes, was in good
agreement with the initial slope of an in vitro Co-60 gamma curve. Two further studies on
workers in nuclear power plants have described increased yields of dicentrics, but without a
clear dose response relationship (Romm and Stephan, 1990). The results from radiation
workers are important for biological dosimetry, because the assessment of an acute
accident with a low dose is complicated, if the investigated person was protractedly exposed
for years and accumulated aberrations that now elevate the estimated whole-body dose.

Strengths: Evaluation of chromosome aberration analysis has shown that this method is a
valuable supplement to physical dose assessment (Trivedi, 1990; Muller and Streffer, 1991).
To obtain accurate dose estimations, the radiation quality and dose distribution (whole-body
or partial-body exposure) must be considered. It has a high sensitivity (starting at 0.05-0.1
Gy for acute, low LET radiation) and a well-known dose-dependency up to 4 Gy.

From a statistical point of view, the low spontaneous frequency of dicentrics (1-2 in 2000
metaphases) is favourable. Moreover, dicentrics are comparatively radiation-specific; only a
few chemicals (e.g., bleomycin) may interfere (Romm and Stephan, 1990). The influence of
time between exposure and analysis is not critical, at least for periods of a couple of weeks.
Even years after exposure, dicentrics can be scored presumably in progeny of genetically
altered stem cells, although the frequency is lower than that present shortly after the
radiation exposure.

Checking for overdispersion in the distribution of aberrations in a lymphocyte cell population
may provide information on whether partial-body exposure took place, because only in that
case will the variance be higher than the mean, owing to the presence of some severely
damaged metaphases simultaneously with a large fraction of unaffected metaphases.
Localization of the radiation field, however, is impossible. The applicability of the method
has been proven in a number of radiation accidents.

Weaknesses: A high skill level and much experience is required in the analysis of
chromosomal aberrations. Estimating radiation dose by this method is time-consuming,
because of the necessity of two days' culture time for the lymphocytes and between one
and several days for scoring metaphases. Owing to the complexity involved in analyzing
the microscopic chromosome structure, the complete automation of this technique is
difficult. Flow cytometry or image analysis offer some help in analyzing the dicentrics.
Problems may arise in higher dose ranges (exceeding about 5 Gy), because only a few
lymphocytes will be able to reach mitosis and dose response curves tend to saturate above
about 8 Gy.

2.5.2 Micronuclei

Micronuclei are DNA-containing bodies formed outside the nuclei of two daughter cells
following cell division. They are formed, following chromatid breaks, from acentric
chromosomal pieces that do not segregate correctly during mitosis. They can also arise
from defective cell division as large fragments or whole chromosomes that fail to segregate
properly.

Micronuclei are not specific for ionizing radiation, are formed by a variety of carcinogens
and mutagens, and are only detected after karyokinesis. There is a significant, variable
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background of micronuclei in the cells of all individuals of about 1% (around 4% in
binucleate cells). The radiation-induced dose-response is linear-quadratic, indicating the
involvement of one- and two-hit processes, which implies that some of the micronuclei may
represent sub-lethal events, subject to enzymatic repair, dose-rate and LET effects.
Consequently, a detailed knowledge of the nature of any exposure is needed before
micronucleus scoring can be used effectively to estimate dose. The radiation-induced
micronuclei will appear in addition to the inherent background level, which varies from
person to person, is age-dependent, and is influenced by many physiological, environmental
and inherited factors. Unless access is available to unirradiated control samples prior to an
exposure, any quantitative estimate of dose received will be subject to some uncertainty.
However, unlike chromosomal aberrations analysis, the micronucleus assay is fast,
straightforward, simple to score and less demanding of time and skill of those performing
the analyses.

Because micronuclei can vary in size, frequency and distribution, and there may be
selective losses during the first and subsequent cell divisions, in vivo exposures assayed by
tissues or cells not readily capable of sustained growth under tissue culture conditions will
be subject to large uncertainties.

For viable cells, particularly human lymphocytes stimulated in vitro, an important
development in producing reliable quantitative information is the cytokinesis-block method.
This uses cytochalasin-B, which blocks cells at first division, to produce binucleate cells that
are easily detected and used exclusively to score micronuclei. This technique, like
chromosomal aberration methods, requires the use of a mitogen to stimulate division of in
vitro and in vivo irradiated human lymphocytes. However, it produces more reproducible
and consistent results, and is considered essential for quantitative dose-response
measurements. This technique is also more readily adapted to automatic scoring, and new
developments in image analysis and flow cytometry are being directed towards this goal.

Most of the studies published since 1988 that are reviewed in this report involved in vitro
irradiation, and all but three used the cytokinesis blocking method with human lymphocytes.
Alati et al. (1989) used 4,6-diamidino-2- phenylindole (DAPI) staining of rat hepatocytes,
Geard and Yan Chen (1990) used Giemsa staining of human fibroblasts in plateau phase,
and Kaffenberger et al. (1990) used ethidium bromide fluorescence staining of human
carcinoma. In all three cases, the minimum detectable dose was around 1 Gy and the
uncertainties in the measurements were high.

On the other hand, those in vitro studies using the cytokinesis blocking method were much
more sensitive. Ankina et al. (1991) and Balasem and AN (1991) quoted a lower limit for
detection of 0.05 Gy, albeit with a large (+ 100%) uncertainty, rendering any estimates of
these dose levels too imprecise for any practical purposes. The remaining publications
cited in the bibliography gave estimates of 0.25 to 0.5 Gy for the limit of sensitivity, but still
with large uncertainties (+20 to 100%). Some of the reasons quoted for this high level of
uncertainty include individual variations in background levels of micronuclei in unirradiated
persons (Ban et al., 1991a) and in radiosensitivity, age dependence (Huber et al., 1989)
and dose-rate effects (Vrai et al., 1992).

A recent paper by Nusse et al. (1992) utilized ethidium bromide fluorescence and forward
light scatter in a flow cytometric study of micronuclei from hamster and mouse embryo cells
irradiated in vitro. This study is an example of an attempt to automate or devise an
instrument-based micronucleus assay. While still in an experimental stage, and still no
more sensitive or reliable than the conventional micronucleus assay, this approach can
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shed light on the underlying mechanisms and thereby provide information for future
improvements. One fact emerging from this study is that the micronucleus yield depends
upon the level and extent of DNA synthesis in, and cell cycle distribution of, exposed cells
or tissue.

Four papers included in our survey (Table 8) described the use of the cytokinesis blocking
method to detect in vivo exposures. Those studies indicate a minimum detectable dose
limit of 0.5 to 1 Gy, with an uncertainty of+20 to 100%. The work of Fenech et al. (1990,
1991) shows that there is a high turnover of lymphocytes, leading to the loss of micronuclei
(approximately six months half-time for humans and between seven and fourteen days for
mice). Other problems with in vivo studies include the high, variable background signal
(Uma Devi and Sharma, 1990) and the possible age-dependent response (Fenech et al.,
1990).

The most important requirement, as pointed out by Fenech et al. (1990), is to have prior
access to a sample of control (unirradiated) cells from any exposed individual. Although
there is intra-individual variability, the need for archiving appropriate samples for future
reference in cases of acute (accidental) or chronic (lifetime accumulated) exposure, or for
follow-up health studies or retrospective analyses, is apparent in all types of biological
dosimetry.

Strengths: Micronucleus counting is rapid and comparatively easy. Automation has been
achieved in part (Tates et al., 1990). At least in vitro data point to the applicability of
micronuclei as a biological dosimeter (Miller et al., 1992). Detection of differences in
radiosensitivity among individuals seems to be possible (Romm and Stephan, 1990). After
the cytochalasin B technique is introduced, the sensitivity of the micronucleus assay
improves, and if individual pre-exposure levels of micronucleus frequency are available,
exposures of 0.05 Gy may be detectable. Without this control information, a detection level
of 0.1 Gy or higher seems to be more realistic. The micronucleus assay has been used in
radiation accidents to either determine the dose to individuals or rapidly screen an exposed
population.

Weaknesses: Discrimination between total- and partial-body exposure is more difficult using
micronucleus counting than when scoring other chromosomal aberrations (Muller and
Streffer, 1991). On a per cell basis, micronucleus determination is not as sensitive as that
of chromosomal aberrations, but this technique can count more cells in a given time. High
doses (more than 2 Gy) interfere with proliferation or even prevent mitosis completely.

Cytogenetic techniques show promise for biological dose monitoring. A refinement of
cytological end-points scoring may be possible by further innovation of cytogenetic
techniques.

2.6 Genomic Indicators

It is clear that, to quantify a long-term exposure, a method should detect persistent genomic
damage. This implies the detection of permanent changes in DNA composition or structure
that may or may not be expressed phenotypically as mutational changes (Mendelsohn,
1992).
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2.6.1 Fluorescence in situ hybridization (FISH)

The use of the recently developed technique of fluorescence in situ hybridization (FISH)
enables human chromosomes to be labelled or "painted" for easy visualization and
characterization of intact, individual chromosomes and radiation-induced chromosomal
aberrations of all types (Table 9). FISH offers a method to pick out the chromosomal
aberrations that were previously difficult to score by conventional staining and microscopic
techniques using metaphase spreads. In particular, stable aberrations like reciprocal
translocations between painted and unpainted chromosomes can be counted and their
radiation-induced rate determined.

In this way, dose estimates have been made on Japanese A-bomb survivors 45 years after
their irradiation. This technique is still in the development stage and, while much more
convenient and quantitative than previous methods of scoring chromosomal aberrations, it is
still relatively insensitive and has not yet reached its full potential. One possible advantage
of the FISH technology is that it is much more amenable to automation in the future, either
by flow cytometric or image analysis approaches.

This technique, which was pioneered by the Lawrence Livermore National Laboratory, has
been used to study the effects of in vitro irradiation on human lymphocytes. Using
chromosome probes for chromosome 1 or for a combination of chromosomes 1, 3 and 4,
the total translocation frequency in controls was found to be approximately 10 per 1000
cells. The initial radiation-induced frequency for low LET radiation, obtained by
extrapolation of the linear-quadratic dose-response curve to doses below 1 Gy, was
approximately 10 per 1000 cells per Gy (Lucas et al., 1989, 1991; Gray et al., 1992a). An
estimated lower dose limit using this new technique for the detection of translocation is
about 0.5 Gy. Other investigators, using a variation on this FISH technique with different
chromosome paints (Cremer et al., 1990; Natarajan et al., 1991), were able to quantify
radiation-induced dicentrics, but with much less sensitivity.

An alternative method for fluorescently labelling a specific region (telomeres, centromeres)
or multiple bands within one or more chromosomes is to use an immunoassay to target the
antigenic sites using specific monoclonal antibodies tagged with fluorescent probes (Nusse
et al., 1989).

The introduction of chromosomal painting, using the FISH technique, has proven to be a
revolutionary biodosimetry tool, and has been used in analyzing results from many radiation
accidents (Gray et al., 1992b; Straume et al., 1992a). This assay has allowed"rapid.and
statistically precise assessment of the degree of radiation-induced genetic damage. In
general, FISH with locus-specific probes allows ready detection of cells carrying radiation-
induced genetic events, as long as these events alter the number of copies of a particular
sequence (e.g., as a result of deletion or amplification), or the proximity of specific
sequences (e.g., due to a translocation). Aside from biological dosimetry, this approach can
contribute to our understanding of radiation-induced tumorigenesis and progression. We
anticipate that the use of the FISH technique will become increasingly powerful as a tool for
biodosimetry as well as a monitoring technique for radiation-induced risk (i.e.,
carcinogenesis and tumorigenesis).

2.6.2 Mutation expression

When humans are exposed to radiation and/or other carcinogens, random changes to the
genome base sequence occur as a result of free radical-mediated chemical alterations to
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individual nucleotides. These point mutations occur on different chromosomes, within
different genes, and together with breaks, crosslinks and other disruptions to base-pairs in
the double helix, contribute to a loss of integrity and information content in the irradiated
genome. If the function of a particular gene is known or an assay is available, any number
of somatic mutations can be considered as a measure of radiation exposure. Since there is
a background frequency of mutant cells, and a variation in the long-term stability of
radiation-induced mutations, it is necessary to search for and select a stable, low-
background candidate. Possible choices include the hypoxanthine-guanine phosphoribosyl
transferase (hprt) gene on the X-chromosome, the human lymphocyte antigen (HLA) gene
on chromosome 6 in lymphocytes, the beta-globin gene on chromosome 11 and the
glycophorin A gene on chromosome 4 in erythroid precursor cells (Table 10).

Generally, the background frequency of mutant cells in a normal non- occupational^
exposed individual is 5 to 30 per million cells, but there are large inter-individual variations,
and genetic susceptibility and environmental factors, such as smoking and age, that
introduce a significant level of uncertainty. People with deficient DNA repair, such as
patients with ataxia telangiectasia, xeroderma pigmentosum and Bloom's syndrome, have
considerably elevated levels of somatic mutants and an associated hyper-radiosensitivity,
suggesting that a mutation assay will be a useful method for radiosensitivity and cancer-
proneness screening, as well as a possible indicator of biologically relevant dose (Langlois
et al., 1990).

Three assays using different mutant genes have been used to determine in vitro radiation
response. Miles and Meuth (1989) measured adenine phosphoribosyl transferase (aprt)
mutation in Chinese hamster cells and were not able to see changes below 2 Gy, because
of the large variation in the level of spontaneous mutations. Studies of human T-
lymphocytes (O'Neill et al., 1990) and human lymphoblastoid cell lines (Whaley and Little,
1990), using thioguanine resistant mutations and hprt mutations, showed that the limit of
sensitivity was about 1 Gy.

A similar level of sensitivity was observed for in vivo exposures. Kyoizumi et al. (1989),
who studied the A-bomb survivors, and Umeki et al. (1992), who studied thorotrast patients,
both used the glycophorin A assay for retrospective dosimetry, 40 years post-exposure.
Clearly, this mutation is stable over many decades. However, the problems of inter-
individual variations in background levels and radiation-induced mutation frequencies,
together with confounding factors associated with smoking, aging, lifestyle and inheritance,
compromise the usefulness of a mutation assay in low-dose biological dosimetry.

2.6.2.1 Glycophorin A locus

Glycophorin A (GPA) is the major glycoprotein expressed on the surface of human
erythrocytes, and is the dominant molecule of the MN blood type. Although GPA is
abundantly expressed, its biological function is not known. A flow cytometric assay was
developed to detect the rare mutant erythrocytes (without GPA) using a pair of monoclonal
antibodies conjugated with different fluorescent dyes (Nakamura et al., 1991). A significant
dose-related increase in mutant frequency has been reported in previous studies of A-bomb
survivors (Langlois et al., 1990). This is very similar to the values reported in in vitro
mutagenesis studies using normal diploid cells of humans and 6-thioguanine resistance as a
marker (Nakamura et al., 1991). Even though no appropriate in vitro systems for calibration
of in vivo GPA mutations are available, this evidence can be interpreted as supporting the
hypothesis that GPA mutations in erythroid precursor cells are neutral and persist
throughout an individual's life. The GPA assay detected a clear dose-dependent mutant
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frequency increase among the A-bomb survivors more than 40 years after their exposure to
radiation. Thus, it has the potential to be used as a lifetime dosimeter. Another advantage
of the GPA assay is the small amount of blood required (1 mL). On the other hand, the
assay is limited to MN heterozygous donors, who make up about 50% of the population.

2.6.2.2 T-cell receptor genes

The T-cell receptor (TCR) is associated with a molecular complex referred to as CD3
antigen, a surface marker of mature T lymphocytes (Umeki et al., 1992). It is believed that
different TCR rearrangements determine the specific reactivity of T lymphocytes to specific
antigens. A defect in one of the TCR molecules results in no expression of CD3 molecules
on the T-cell surface. Therefore, expression of CD3 antigen on the T-cell surface has been
used as a marker for TCR mutation subsequent to radiation exposures. The current
observations of TCR mutation frequency in radiation dose monitoring for A-bomb survivors
and radiotherapy patients are:

The frequency of mutant lymphocytes increases significantly with donor
age.

The frequency is significantly higher in males (1.4-times) than in females.

No significant increase in the mutation frequency is found in a group of A-
bomb survivors tested (the assigned dose is 1.5 Gy).

In contrast, the average mutation frequency for radiotherapy patients
shows that the frequency is significantly larger than that of a control group.

Lymphocytes from one person severely exposed to radiation during the
Chernobyl nuclear power plant accident, tested about 3.5 years after the
exposure, show a distinctively high mutation frequency (Nakamura et al.,
1991).

In vitro studies show that the CD3 mutant T-cells grow poorly. Therefore, it is most
probable that the mutants are selectively eliminated in vivo and do not persist for many
years. Such a characteristic makes these cells unsuitable for use as a lifetime dosimeter,
but may provide a unique opportunity to separate recent exposures from previous ones.
Hence, the assay of CD3 antigen receptors on T-cells may be utilized to evaluate more
recent doses, apart from the accumulated total dose.

2.6.2.3 HPRT locus

Hypoxanthine phosphoribosyl-transferase (HPRT) is an enzyme that incorporates
hypoxanthine or guanine into the purine monophosphate pool for nucleic acid synthesis.
The HPRT gene is located on the X-chromosome and a single inactivation of the gene
results in a mutant phenotype. The positive selection of HPRT-defective mutant cells is
readily accomplished by adding 6-thioguanine to the culture medium. Assay techniques
using peripheral blood lymphocytes have been widely used in monitoring radiation doses in
A-bomb survivors and radiotherapy patients. A dose-related increase of HPRT mutant
frequency has been shown, but a poor correlation in in vitro mutagenesis studies has been
observed (Albertini et al., 1992). Such a wide discrepancy is probably due to in vivo
selection against the mutant lymphocytes during the many years after the radiation
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exposure, as indicated by lymphocytes studies on HPRT-heterozygous women (Akiyama et
al., 1991).

Other pitfalls of this technique include a strong tendency toward negative selection of the
mutants in vivo. The incidence of HPRT mutation frequency is not specific to irradiation,
but is also influenced by a variety of mutagens, including cigarette smoke and heat. Thus,
the assay does not appear to be practical for biological dosimetry.

2.6.2.4 Human leukocyte antigen A (HLA-A) assay

Substantial evidence indicates that a loss of heterozygosity of certain chromosomes is
affected by radiation exposure. Such an event is caused by the loss of a whole
chromosome, a partial deletion, or a somatic recombination. As a consequence, those
recessive mutations that are expressed under heterozygous conditions manifest their
phenotypes. A mutation assay using the human leukocytes antigen A (HLA-A) has been
utilized to provide the first opportunity to characterize the molecular changes of somatic
recombinations in humans (Umeki et al., 1992). Radiation-induced (1 Gy) mutants show a
large component of deletions and rnitotic recombination. The results from A-bomb
survivors, however, do not show any sign of dose-related mutation frequency increase for
HLA-A. This is probably due to the confounding effect of age-related increases in the
background frequency. Studies on radiotherapy patients and other radiation accident
victims are in progress. As with the TCR assay, this assay is probably not suited for use as
a lifetime dosimeter.

The evaluation of the four most promising mutation expression assays indicates
(Mendelsohn, 1992) that no mutation assay can serve as a predictable lifetime dosimeter,
and more studies are required, particularly those applied to larger-scale incidents, like
Chernobyl. Occupational exposure (of atomic radiation workers) is one of cumulative
exposure over a working lifetime, and at present none of these method;; is sensitive enough
to measure such low levels. There is also no evidence that any of these methods will
respond to small, essentially whole-body exposures fractionated over years. The
development of additional assays with no donor restriction and specificity to radiation is
desired.

2.6.3 DNA damage

When mammalian cells are treated with alkali, high salt and/or detergent, their outer
membranes lyse, releasing either intact nuclei or nucleoids (histone-depleted nuclei), in
which the chromatin structure is disorganized. Further processing steps are required to
produce an extract of native DNA, disrupting the 3-dimensional structure of the nuclear
matrix and the conformational integrity of the genomic material in the process.

Most recent developments in assaying DNA damage in irradiated cells utilize changes in the
mobility of intact nuclei or nucleoids, that result from an external stress (high-speed flow,
electric field, centrifugation). These techniques are in the developmental or pre-
developmental stage, and results to date have only been reported for in vitro irradiation.
The limit of radiation sensitivity appears to be about 1 Gy, with a large degree of uncertainty
associated with each protocol and set of handling procedures (Table 11).

DNA-stained nucleoids from human lymphocytes have been studied by flow cytometry
(Gordon et al., 1989; Vaughan et al., 1991a), fluorescence microscopy (Kapiszewska et al.,
1989) and sucrose density gradient ultracentrifugation (Louw et al., 1991). The radiation-
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induced disaggregation leads to increased light scattering, and an increased halo around
these particles, and a reduced sedimentation rate, respectively. When Chinese hamster
cells are lysed in situ, DNA-stained and immediately run on an agarose gel electrophoresis
unit, the nuclear material migrates in a comet-like pattern, in which the tail elongation is
dose-dependent. Ikushima (1990) and Olive et al. (1990), using this technique, have
estimated the lowest dose producing a detectable change to be of the order of 1 Gy. Using
a variation on the comet assay utilizing strongly alkaline denaturing conditions prior to
agarose gel electrophoresis, and monitoring single cells using fluorescence microscopy,
Vijayalaxmi et al. (1992) were able to increase the sensitivity substantially (low dose limit
approximately 0.05 Gy).

Two other methods of measuring DNA damage require extracts of purified DNA. Van Loon
et al. (1991) subjected DNA from human lymphocytes to alkaline elution. This measure of
single-strand breakage is not particularly sensitive (about 1 Gy) and is strongly influenced
by the DNA repair process. Another approach, used by Van der Schans et al. (1989), was
to treat DNA extracted from irradiated Chinese hamster cells to anti-single stranded DNA
antibodies in an enzyme-linked immunosorbent assay (ELISA), but this also suffers from
lack of sensitivity and dependence on DNA repair.

2.7 Body Fluid Indicators

Body fluids follow the dynamic changes in metabolites after radiation exposure. Most of
them have been used in cases of human irradiation with high doses (Table 5). Many of the
body fluid markers have been reviewed (Trivedi, 1990). Among them, hyperamylasemia is
of some interest as an early sign of damage to the salivary glands. The urinary excretion of
nucleosides and amino acids, as well as their metabolites, is related to the enhanced
enzymatic breakdown of nucleic acids.

2.7.1 Urine metabolites

After radiation exposure (more than 0.5 Gy), there is a considerable breakdown of nucleic
acids, proteins and other metabolites. This results in increased elimination of the
breakdown metabolites in urine. In addition to other urinary metabolites (reviewed in
Trivedi, 1990; Lushbaugh et al., 1991; Daburon et al., 1991), excretion of oxidized DNA
bases has been considered a novel approach to the non-invasive assessment of radiation
damage (Simic, 1992). Radiation experiments conducted with patients undergoing radiation
therapy for cancer have indicated that the yield of radiation-generated thymidine glycol (Tg)
and 8-hydroxy deoxyguanosine (dRG-OH) are useful for the post-exposure measurement of
radiation. From background levels of these urinary biomarkers and those measured 24 h
after exposure to radiation, a radiation dose of 0.01 Gy can be quantitatively determined.

Since the background levels of these biomarkers are influenced by a wide variety of factors,
including such things as stress and smoking, they are not likely to be useful indicators
specifically for low radiation exposures. The levels of these metabolites in urine are useful
for the high dose range.

2.7.2 Blood biochemicals

Some radiation-induced early chemical changes in humans are reflected by the appearance
of enzymes, amino acids, hormones and other metabolites as a function of dose and time
after exposure to radiation (Trivedi, 1990).
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One of the more promising potential enzyme indicators of radiation exposure is amylase,
which is released into the blood following irradiation of the parotid gland. There is evidence
that, following irradiation of 2 Gy to the parotid gland, there is a rise of the amylase level in
blood and urine that peaks about 7<0 h after exposure and returns to normal by about 72 h.
This suggests that amylase may be a biochemical indicator for several days post-irradiation
following high doses of radiation, provided that the parotid gland is included in the irradiated
tissue volume.

Studies on radiotherapy patients have shown increases of tryptamine, adrenalin,
noradrenalin and serotonin, and decreases in dopamine and phosphatamine in blood
following radiation exposure (Lushbaugh et al., 1991). Collart (1992) has reported specific
alteration of the c-fms oncogene product level in blood from a thorotrast patient. Animal
results have shown that certain metabolites, such as deoxycytidine, thymidine and taurine,
increase in the blood as a result of whole-body radiation (Table 5). Though the assays are
dose-dependent, they are not reproducible in humans. Furthermore, most of the
metabolites appearing in the blood after radiation exposures are sensitive to physiological
and environmental factors. Accordingly, the monitoring of metabolites in blood cannot
provide reliable dose assessment, but the information can aid in screening the population
for high exposures.

2.7.3 Saliva

Diagnostic tests based on body fluids generally use blood and urine for radiation dose
monitoring. Most metabolites present in blood and urine can easily be detected in salivary
excretion. The level of amylase in the saliva has been used to monitor the radiation dose to
the parotid gland, or for partial-body exposure (head-neck region). The reliability of dose
estimation is limited to 1 Gy, however (Lushbaugh et al., 1991).

The concentrations in saliva are usually one tenth to one thousandth of those in blood. As
such, highly sensitive methods of detection are required. The technical advances in
chemical sensors may make it possible to detect slight changes in metabolite excretion in
saliva. Saliva's main advantage is that the sample can be collected easily, including in the
workplace, where collecting blood and urine may be difficult; thus, saliva is a rapidly
obtainable, reliable body fluid for quick screening of radiation exposures (more than 1 Gy).

2.8 Other Indicators

Other biological samples that have been used in quantifying previous exposure include hair
and skin (included in Table 5). These samples are dosimeters for high radiation doses
(more than 1 Gy), and are used in radiation emergencies.

2.8.1 Hair

The possibility that the hair follicle and hair may provide a potentially useful biological
dosimeter has been explored (Table 5). Hair is a linear, roughly cylindrical, historical record
of the proliferative activity of each individual hair follicle. Damage to the cells in the hair
follicle is reflected in hair. Dose-dependent cell death in hair follicles results in thinning of
the hair. The difficulty with this system is that although it works well in rodent hair of a
particular type, there are difficulties when thickness, cross-sectional profile and curliness of
the hair vary, as is often the case in humans (Sieber et al., 1992).
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Potten et al. (1990) investigated the possibility of developing other assays using the follicle
or the forming region of the hair (the area undergoing terminal differentiation and
keratinization of the hair follicle). The hair medullary cell count is very simple to perform
and has been demonstrated to be reproducible. The assay is capable of detecting
differences in dose-rate and LET effects. The threshold for detection of changes for
gamma-rays is between 0.5 and 1 Gy, and the 50% effect is about 2 Gy. For higher LET
radiation, such as 62 MeV neutrons, the threshold is 0.2-0.3 Gy and the limit of the effect is
at about 1 Gy. Currently, this technique is being applied to human hair from radiotherapy
patients (Sieber et al., 1992). Other hair measurements, such as the percentage of
dysplastic hair, the number of apoptotic cells in the follicles, and the number of cell nuclei in
the medulla of the hair, are also capable of providing dose estimates (Muller and Streffer,
1991).

Strengths: Hair can be easily obtained from almost all parts of the body. Thus, partial
body-exposure is detectable; even more importantly, identification of the exact location of
exposure is possible. Since human hair persists for years, information on the amount of
radiation dose can be retrieved retrospectively. The hair medullary cell count is capable of
discriminating between radiation types and possible dose-rates. The approach has some
potential and should be investigated further, with a view to exploring its practical application
in health physics. An automatic analysis of hair diameter and medullary cell counting
seems possible.

Weaknesses: The radiosensitive dead (apoptotic) cells and medullary cells (detectable from
more than 0.1 Gy) are accessible by invasive methods and the persistence of the effect is
time-limited (only days after exposure). The non-invasive systems (hair width, dysplastic
hair) are less sensitive (more than 1 Gy) and the effects need at least 2-3 days for
expression. Most of the data refer to mice. Applicability to humans is not established.
More needs to be learned about the variability between various body sites, between
individuals, and among different types of hair (black, blonde, brown, etc.).

2.8.2 Skin

The gross clinical response of skin to irradiation can give a direct, if somewhat crude,
indication of the dose and its distribution with depth (Hopewell, 1990). However, the
response of the skin to irradiation is highly complex, and depends to a large extent on the
conditions of exposure. In many situations, the response will occur at a time that is not
optimal for palliative intervention. Furthermore, the desirable criteria of a biological
dosimeter cannot be met with most of the skin parameters that are related to radiation dose
(more than 3 Gy). Therefore, the skin is of limited use in biological dosimetry.

3. BIOPHYSICAL INDICATORS

When the human body or tissue-equivalent surrogate materials are exposed to ionizing
radiation, free radicals are produced, the numbers of which are directly proportional to the
absorbed dose received. In solids or in the absence of moisture, these free radicals are
trapped and persist for long periods of time after irradiation, providing the basis for an
integrating, retrospective dosimeter both for acute (accidental) and chronic (lifetime
accumulated) radiation exposures. The stable yield of free radicals, which is a measure of
the initial absorbed dose, represents a biological marker that, like conventional physical
dosimeters, is not affected by post-exposure physiological processes of repair, protection or
renewal. The biophysical dosimeter is therefore different from the other types of biological
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dosimeters discussed previously, that detect residual damage remaining or its consequent
expression after biological recovery has occurred, and are therefore primarily a measure of
the biologically effective dose.

Certain technologies that have been developed for their analytical capability are now finding
application in biodosimetry, and are discussed in this section.

3.1 Electron Spin Resonance (ESR)

Of the biological samples available, hair, teeth, fingernails and bone have been used in
ESR dosimetry. In addition, samples carried or worn on the body or commonly found in the
workplace have been tested as possible indicators of absorbed dose, including medications,
confectionery, jewellery, eyeglasses, watch-glasses and items of clothing (cotton, wool,
leather, plastics). Of these, the most tissue-equivalent are sugar-containing medications
and confectionery, which will give the closest estimates of absorbed dose to humans for any
radiation exposure (single or mixed field, pulsed or steady-state) irrespective of dose, dose-
rate, radiation type, LET and energy. Information on ESR dosimetry obtained from this
review of recent literature is summarized in Table 12.

In the case of patients receiving planned diagnostic or therapeutic radiation exposure
(radiotherapy, nuclear medicine treatments), tissue-equivalent surrogate materials can be
used to monitor the external exposures to particular locations on the body, which is
important in assessing and maintaining high standards of quality control in the design and
performance of each clinical protocol. Regulla and Deffner (1989) described the use of
alanine pellets in a phantom to simulate radiotherapy conditions. Their studies concluded
that ESR dosimetry of alanine pellets could detect doses from a high-energy electron
accelerator as low as 0.1 Gy with an accuracy (acceptable in clinical situations) of + 10%.
The dose-response was linear up to 10 Gy, and the response of 12 MeV electrons was in
good agreement with that for Co-60 gamma-rays. Indovina et al. (1989) also used alanine
pellets as a surrogate ESR dosimeter, but they were applied to patients receiving whole-
body radiotherapy using a photon beam from a 6 MV linear accelerator. Single doses of 5
Gy to various organs were compared with those measured with a calibrated ionization
chamber and found to be accurate to +3%. In addition, two principal advantages of ESR
dosimetry were mentioned: long-term stability of the signals (more than years) and the
permanent nature of the ESR signal measurement, allowing for convenient archiving and
multiple retrospective analyses of the samples.

Nakajima (1989, 1990) has found that sugar and buttons made of mother-of-p"earl shells are
also good surrogate dosimeters, and he has used them to estimate doses to persons
accidentally exposed to radiation (at Chernobyl). In vitro studies show a linear dose-
response, independent of photon energy from 50 to 1000 keV, with an estimated low dose
limit for detection of about 0.05 Gy. However, care must be taken in the preparation and
selection of samples to ensure that possible artefactual signals associated with intense
pressure and temperature from pulverizing, grinding, etc., are avoided. Using samples of
table sugar from homes in Pripyat (Nakajima et al., 1991), it was possible to estimate
domestic doses to workers at Chernobyl of 0.06 and 0.07 Gy with an uncertainty of +10%.
Kai et al. (1990) tested various medications and found that sugar-coated tablets could serve
as dosimeters. In in vitro studies, they estimated that doses in the range 0.1 to 1 Gy could
be detected in powdered samples of known origin and formulation. An in vitro study of
fingernails (Dalgamo and McClymont 1989) revealed a large background signal in the
unirradiated control samples, making it difficult to unambiguously estimate doses. However,
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it was estimated that doses less than 1 Gy could be detected, albeit with a large measure of
uncertainty.

For in vitro studies, teeth and bone are the most useful biological samples. They produce
distinct, stable ESR signals specifically associated with radiation exposure. Desrosiers
(1991) estimated the doses received by a worker in San Salvador, who received a high
accidental dose from a malfunctioning Co-60 radiation processing facility, using a bone
sample from an amputated leg. Different regions of the leg received estimated doses of
between 7+3 and 69+8 Gy (95% confidence limits).

Four publications have reported exposure doses measured by ESR dosimetry studies of
extracted human teeth, with the minimum dose estimated as approximately 0.5 Gy (Table
12). Aldrich et al. (1992) discusses the importance of avoiding excessive friction or heating
in sample preparation, to minimize the production of spuriously induced free radicals. Ishii
et al. (1991) attempted to use extracted teeth from residents of Chernobyl and its
surroundings to estimate their radiation doses. Estimates ranged from 0-0.1 Gy, but
showed a clear age-dependence and iarge uncertainties (+50%). This indicated that there
was no obvious effect of the Chernobyl accident, and that at present there is no way to
distinguish between exposures received from dental X-rays, natural background irradiation
and the Chernobyl accident.

Nishiwaki and Shimano (1990) performed ESR dosimetry measurements on human teeth
irradiated with Co-60 gamma-rays in a phantom, and they pointed out the difficulty of
estimating the dose distribution across teeth exposed to an external radiation source. Their
ESR results agreed with TLD measurements that showed a two-fold difference in absorbed
dose to the outer and inner surfaces of irradiated teeth. An average experimental dose of 3
Gy could be measured with an accuracy of+10%.

Serezhenkov et al. (1992) measured the in vivo exposure of human teeth from residents of
the Gomel region near Chernobyl, and obtained dose estimates of between 0.1 and 0.4 Gy
(+20%), in good agreement with results from parallel experiments on the yield of
chromosome aberrations (dicentrics) in the lymphocytes of the same individuals. The
cytogenetic results could not detect doses below 0.1 Gy and the errors associated with the
data were higher (+ 30%) than those for ESR dosimetry. The cytogenetic estimates
(dicentrics and rings) of dose are an underestimate, because the time elapsed (more than
six years) since the Chernobyl accident exceeds the lifetime of the blood lymphocytes
(approximately three years) used for sampling chromosomal aberrations. But, equally, the
ESR results of these teeth will not fully reflect exposures to parts of the body remote from
the head. Despite these possible shortcomings, this comparative study shows that ESR
dosimetry is an effective method for retrospective dose estimation. The method is quick,
simple, sensitive (less than 0.05 Gy), and reliable (+ 20%) and is comparable, according to
most practical criteria, to cytogenetic methods (Table 13).

Work at AECL has confirmed the use of sugar as a surrogate dosimeter; human hair, teeth,
and fingernails have been tested. ESR gives a linear dose response for all samples with a
lower detection limit less than 0.5 Gy
(+ 4%). The response is independent of radiation energy, type and dose-rate, and so ESR
dosimetry is particularly useful for estimating absorbed dose for mixed radiation fields or
radiation fields of unknown origin. A wide variety of solid biological or surrogate tissue
equivalent samples are available; and ESR dosimetry is capable of measuring acute,
chronic or fractionated doses over a wide dose range. Since the ESR signals from
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irradiated solids are stable, retrospective analysis of individual or population doses are
possible decades after the initial exposures.

The strengths and weaknesses of ESR dosimetry are listed in Table 14. Advantages of
using ESR for biodosimetry in radiotherapy and criticality-level accident dosimetry are
obvious. One long-standing disadvantage of ESR has been the high cost and bulkiness of
the readout instrument. This disadvantage seems to have been overcome. A portable ESR
spectrometer and microwave cavities for in vivo dosimetry of tooth enamel have been
developed (Yamanaka et al., 1993). Thus, in vivo ESR monitoring for human teeth is
feasible and could be used to examine the dose from accidental exposure without tooth
extraction, and assist medical treatment. The minimum detectable dose by this method was
approximately 10 mGy for 100 mg of tooth enamel.

3.2 Nuclear Magnetic Resonance (NMR)

NMR can be used to analyse body fluid samples and isolated cells in vitro, and tissues and
organs in vivo to account for radiation-induced changes. The current use of this technique
is limited to high doses of radiation in radiotherapy (Daburon et al., 1991). Tissues exposed
to more than 30 Gy can be identified.

Examination of irradiated tissue using NMR spectroscopy and a surface antenna provides
information on the distribution of phosphorylated components (e.g., ATP, ADP),
phosphocreatine and inorganic phosphate levels.the pH and lactate levels (Daburon et al.,
1991). NMR imaging of the body tissues and fluids after irradiation can be a very important
development for providing direct information on cell metabolism. Finally, NMR spectroscopy
is a very precise tool for determining intracellular enzyme kinetics and thus is capable of
providing information on time-dependent cellular metabolism after irradiation. All of this
information is important in the study of energy metabolism in cells, and may be exploited for
non-invasive biological dosimetry. However, the sensitivity and resolution to detect minor
changes in cellular energy metabolism are very low. The current use of NMR is thus limited
to high dose monitoring, and may be improved only with more sophisticated NMR detection
techniques.

3.3 Optically Stimulated Luminescence (OSL)

Recent developments in lasers, computers and luminescent materials have permitted
improvements in OSL dosimetry. The technique is based on the phenomenon known as M-
centre luminescence. A blue-light laser, emitting at 442 nm, produces a red-light emission
in LiF single crystals that have been exposed to ionizing radiation. The M-centre
luminescence can be read out in a fraction of a second, which allows for fast, cost-effective
processing. Unlike thermoluminescence techniques, the M-centre luminescence estimate of
dose does not require heating of the material. This allows for repeat measurements, and
provides for viable lifetime dosimetry.

Particularly relevant at present is the dosimetry of gamma radiation associated with nuclear
accidents (Godfrey-Smith and Haskell, 1993). The results have indicated that accurate
measurements of radiation doses less than 1 Gy are feasible even if measured after a
substantial delay following the event. The recent trends in OSL research are to determine
how an internal dosimeter can be developed for direct measurement of beta radiation inside
the body from internal emitters.
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3.4 Neutron Activation Analysis (NAA)

A comparative study of accidental neutron exposures using 23Na in blood and 32P in hair
(scalp hair) has shown that, using these bioassay samples, a dose to the body can be
determined (Feng et al., 1992). The induced 23Na activity in blood was measured with a
hyper-pure germanium (HPGe) detector. The sensitivity for measurement was determined
to be below 0.01 to 0.02 Gy for fast neutron spectra (with counting times of 30 to 60 min),
and was below 0.005 Gy for slow neutron spectra (with a counting time of 10 min). The
irradiated hair samples were simply treated by chemical dissolution or high-temperature
ashing before 32P counting with a liquid scintillation counter. The hair sample required for
the activity measurement was small (0.1 to 0.6 g). The sensitivity of this measurement was
0.06 to 0.1 Gy of total neutron dose for 1 g of hair sample. Since blood activation is a
function of neutron energy and hair activation is predominantly determined by high-energy
neutrons, the ratio of the measured activities of 32P in hair and 23Na in blood can also
provide information about the accident spectrum. One limitation of this technique is that in
the event of partial body exposure, the ratio of activated nuclides in hair and blood can
underestimate the localized dose to the exposed part of the body. However, the use of
compiled neutron spectra in conjunction with blood and hair activity measurements can
permit an estimation of an individual's neutron dose to be made within a few hours, if the
accident spectrum can be approximated by a compiled neutron spectrum.

3.5 Lyoluminescence (LL)

Lyoluminescence or radiation-induced chemiluminescence of several organic compounds
(e.g., carbohydrates, amino acids), salts and hair can detect radiation doses in the range
from 0.5 to 10 Gy (Nickel et al., 1991). Application of LL dosimetry is easy for a localized
population dose assessment using sugar samples. This approach can quantify the dose
quickly for a large number of people in a radiation accident. The hindrance in introducing
lyoluminescence to routine dosimetry is the lack of knowledge of environmental influences
that affect the dose estimates.

3.6 Thermoluminescence (TL)

Meaningful retrospective dosimetry of radiation accidents can be accomplished with the aid
of thermoluminescence analysis of environmental samples (natural dosimeters) that were
irradiated during the time of an accident (Haskell, 1993). One of the most effective
methods is measurement of the TL in natural quartz inclusions in bricks and tiles. The
primary requirements for such dosimeters include (i) the absence of a saturating natural
dose accumulated over geological time periods, (ii) the ability to determine the cumulative
dose from natural background radiation sources, and (iii) the ability to retain a record of the
accidental exposure with negligible fading over the time interval between exposure and
measurement.

Measurements of dose using thermoluminescence from jewels (synthetic rubies) contained
in workers' watches have already been compared with dose data obtained using other bio-
indicators. Animal bones, teeth and molluscs' shells are also used in constructing the
retrospective dose from radiation accidents. Thermoluminescence measurements of the
environmental samples are thus capable of providing supplementary information on
radiation accidents (Haskell, 1993).
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4. OTHER USEFUL TECHNIQUES AND DEVICES FOR BIODOSIMETRY

Recent technical progress in diverse areas of science is expected to have an impact on
biodosimetry procedures in the near future. Certain advances may aid in early detection of
radiation exposure, while other techniques may recognise specific changes associated with
radiation damage. This section lists the molecular, physical and chemical techniques that
have potential to influence biodosimetry in coming years.

4.1 Molecular Techniques

New developments in molecular biology are greatly enhancing the ability to more precisely
analyse genetic damage. The most significant advances involve applications of DNA
probes, restriction enzymes, polymerase enzymes, gel electrophoresis and mutation
spectra. Some of these techniques analyse large regions of DNA and proteins, without the
necessity of designing probes for specific known genes (e.g., HPRT) or their products (e.g.,
glycophorin A).

4.1.1 DNA probes

DNA probes can be used to detect specific chromosomal aberrations in human lymphocytes
and patterns of mutations in the damaged DNA. Analyzing for the presence of DNA
damage produced by radiation can permit rapid screening of a large population.
Chromosomal painting techniques (e.g., FISH and immunofluorescence) use the ability of
fluorescently-labelled DNA probes to map damaged chromosomes. These techniques have
been employed in retrospective dosimetry. DNA probes can also be used to detect specific
cancer-causing genes in exposed persons (Hagen, 1990).

4.1.2 Restriction-fragment length polymorphism (RFLP)

Restriction enzymes that cleave DNA at specific sites offer the means to map genes.
Groups of combined restriction enzymes can be used to characterize a specific pattern of
DNA fragments and identify any radiation-induced changes in the fragmentation pattern
(RFLP). In a person with a genetic mutation, an altered fragment pattern or RFLP may
result if the mutation creates a new restriction site, eliminates an old one or changes the
fragment length between existing sites.

Another development similar to utilizing restriction enzymes uses the repetitive^ sequences
in DNA to index the cleaved fragments. The technique, fragments indexed by'ligating ends
(FILE), is being developed at Chalk River and may be useful for detecting several types of
mutations caused by radiation or genotoxic agents. The FILE technique (Unrau and
Deugau, 1990) has the potential to detect the mutation spectra of human genes, and thus
has the ability to provide retrospective dose information.

4.1.3 Polymerase chain reaction (PCR)

The polymerase chain reaction, which uses enzymes to synthesize multiple copies of a
particular DNA sequence, can be used to analyse specific regions of DNA in very small
samples (usually isolated from blood samples). An alternative non-invasive DNA source is
buccal epithelial cells obtained by mouthwash, or by taking a swab of the inner cheek.

Specific regions of isolated DNA can be precisely amplified by an automated polymerase
chain reaction. PCR analysis of DNA is simple, cheap, highly sensitive, involves minimal
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risks and is easily replicated. Another advantage of this technique is the possibility of
multiple diagnoses from a single sample, or an archived sample, by simultaneous
amplifications of more than one unrelated sequence. The technique is suitable for detecting
and screening the radiation-induced mutations in a specific gene.

4.1.4 Gel electrophoresis

Gel electrophoresis techniques are currently used in research to detect heritable DNA
mutations or mutant proteins. Denaturing gel electrophoresis can be used to separate DNA
by size (molecular weight) and then by nucleotide sequence at sites other than those
recognised by restriction enzymes. If mutations are present in a DNA sample, some
fragments, containing mismatches, will denature earlier than perfectly complementary
fragments. This type of monitoring can be used to detect radiation-induced mutational
changes and strand breaks in DNA.

Polyacrylamide gel electrophoresis (PAGE) can be used to separate proteins (e.g.,
glycophorin A), first by molecular charge and then by molecular weight. Protein variants are
analysed separately. PAGE performed at constant current (isoelectric focussing) is used to
initially separate proteins by molecular charge on a cylinder of polyacrylamide gel. The gel
is then laid across the top of another gel. Electrophoresis across the other gel is used to
further separate the proteins according to their molecular weights. Autoradiography or
chemical staining is used to discern proteins with altered size or charge as spots not
present on parental gels. This technique has been applied to protein variants in blood
lymphocytes in quantifying previous exposure (Langlois et al., 1990).

Programmable, autonomously controlled electrodes (PACE), pulsed field gel electrophoresis
technology has been used to develop a DNA double-strand break (dsb) assay that
simultaneously combines: (i) resolution across a broad range of DNA sizes; (ii) high
sensitivity (in terms of detecting dsb at low doses); and (iii) speed (Elia and Nichols, 1993).
In particular, the PACE/dsb assay should prove useful in studies aimed at understanding
the mechanisms of radiation-induced DNA dsb, thereby serving as a tool in biological
dosimetry.

4.1.5 Direct mutational spectra

Recently, non-cytogenetic methods have been developed to detect nonvisible nucleotide
changes (gene mutations) or DNA damage caused by gene mutations. Mutations that
result from sufficiently large base pair additions, deletions or substitutions may" also be
cytogenetically detectable as chromosomal aberrations. However, cytogenetic and non-
cytogenetic techniques do not always detect mutually exclusive events.

The common non-cytogenetically observed biological markers are DNA and protein adducts.
It is possible to detect invisible chromosome damage, even changes in a single base pair,
using human mutation markers (e.g., HGPRT). The technique can determine spontaneous
mutational changes as well as those induced by radiation, thus correcting for individual
variations in DNA repair (Bridges, 1991).

The types and frequency of mutations from human blood cells can be related to the dose
received if the background frequency is known. Different mutagen types (radiation and
chemicals) have been shown to produce characteristic and distinguishable mutation spectra.
This can enable one to characterize the exposure conditions in complex situations.
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4.2 Chemical Biosensors

Non-invasive chemical sensing approaches are considered by many to be the ideal
measurement technology for testing enzymes and metabolites in the blood of exposed
individuals (Malmqvist, 1993). These methods provide more desirable real-time or
continuous measurement, without the risks associated with invasive in vivo methods or the
time delays associated with approaches requiring specimen withdrawal. The metabolites
that currently can be determined via non-invasive chemical biosensor techniques are the
measurement of blood gases, glucose, pH and a few enzymes (Collison and Meyerhoff,
1990). Chemical and biosensor techniques have not been used in any radiation accidents,
but they are in use in monitoring patients. Moreover, discoveries in fields of electronic,
electrochemical and optical transducers are now being applied to immunology and
enzymology, which could revolutionize the sensitivity of biomonitoring. It is known that high
doses of radiation can release a battery of metabolites and enzymes that are dose-
dependent. The development of chemical biosensor technologies offer much in metabolite
monitoring in the body and therefore should be followed.

4.3 Physical Techniques

Few physical techniques have been able to give a real response in biodosimetry in a case
of irradiation. Most of the techniques are experimental and their possible use in biological
dosimetry is limited to high doses (more than 5 Gy). But they offer increasing promise for
diagnostic testing of radiation-induced damage (mostly pathophysiological).

Atomic mass spectrometry (AMS) has been used recently for neutron activation
measurements of 36CI to improve the retrospective c'ose estimation from the A-bomb
explosion at Hiroshima (Straume et al., 1992b). Ratios of 36CI/35CI were measured to
determine the thermal neutron-activation component in Hiroshima's mineral samples. The
results suggest that the DS86 calculations for low-energy neutrons may be in error. The
study has shown the usefulness of dose archiving in natural dosimeters for supplementing
the biological dosimetry information and for re-evaluating the radiation risk.

The recent Hanford Symposium on Health and Environment, The Development and
Application of Biomarkers to the Study of Human Health Effects, has reviewed the
application of some of the advanced instrumentation to biomonitoring (Morrison, 1993).
Changes to specific proteins (haemoglobin, for example) or to bases in DNA can be
assayed. One of the techniques described at the symposium was electrospray ionization
(ESI) of mass spectrometry (MS), which uses samples previously purified by capillary
electrophoresis to detect alterations in biological samples. The other instrumentation
technology was discussed. Surface-enhanced Raman spectroscopy is at an earlier stage of
its development, but offers promise in assessing the frequencies of modified bases in DNA.
Although, at present, it is difficult to judge the merit of these devices in biodosimetry,
reasonable predictions can be made of their future utility in biomonitoring and dosimetry
programs.

5. CONCLUSIONS

Biodosimetry offers the prospect of estimating radiation dose and managing radiation risk
for occupational, environmental and biomédical exposures. Biological dosimetry is required
to detect and quantify biologically relevant doses from previous exposures to radiation.
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Also, any biological dosimetry program should be of benefit to those participating, and such
a program must supplement, not replace, current radiation dose monitoring activities.

The elements of radiation dose monitoring programmes may include any or all of the
requirements listed in Table 3. Requirements should also include the recognition of specific
change(s) attributable to, or caused by, the exposure. To find acceptance, biological
indicators must reflect predictable changes that may be caused by or result from
intervention, either by removing the worker from further occupational exposures or by
clinical treatment, in the case of a radiation accident. Given these stringent requirements, is
there an opportunity for implementing and introducing improvements for biodosimetry?

Many biological dosimetry methods reviewed here provide the opportunity to quantify the
biologically effective dose. It is the purpose of this discussion to focus on the opportunities
for biological dosimetry and to understand how selective application of some newer
techniques and devices may result in improved radiation dose monitoring. Any guidance
from clinical evidence or from experimental studies on the standards of screening
individuals for medical treatment has been considered in evaluating the appropriateness of
bio-indicators in the event of radiation exposures, whether for an operational need or an
emergency requirement to monitor individuals.

No one method meets or even approaches all of the requirements and the practical criteria
listed for appropriate biodosimetry (Tables 1 and 2), and therefore each method has been
evaluated on its potential merits, by weighing strengths and weaknesses, and defining
conditions under which its use is appropriate. The strengths and weaknesses of each
system are summarized in Tables 5-14.

Of the various types of biological dosimetry evaluated in this review (Table 15), only ESR
dosimetry and possibly membrane biomarkers provide an estimate of the physical absorbed
dose. Studies of the other bio-indicators, which measure residual damage to the human
genome after DNA repair processes that occur during and after exposure, have been
completed. Because of individual variations in biological response, these biological
indicators (chromosome aberrations, micronuclei, FISH, mutations) are a measure of the
biologically relevant dose. To make full use of the potential capability of biological
dosimetry, it is necessary to combine indicators of physical dose with the biomarkers of
biologically relevant dose, and to develop a combined approach. Obviously, developments
in both areas of biological dosimetry should be pursued. From a regulatory point of view,
additional methods of estimating whole-body exposures to individuals and populations, to
complement existing health physics measures, will help in maintaining occupational,
exposure records for atomic radiation workers, and can also serve to estimate any nuclear-
related exposures of the general public.

The only bio-indicators suitable for long-term retrospective dosimetry (more than years) are
ESR samples (bone, teeth, fingernails, hair), chromosomal translocations and possibly some
mutations (glycophorin A). These are the only indicators where the radiation damage is
stable and persistent and not subject to biochemical, physiological or immunological
turnover or depletion. The other indicators, including micronuclei, dicentrics and rings, DNA
base damage and strand breaks, and membrane changes are unstable or non-persistent, or
are rapidly removed (weeks or months) in vivo by cell renewal or other physiological
processes. Short-term effects (hours or days) of acute exposures only manifest themselves
at high doses (more than 1 Gy). Blood-cell depletion and other haematological,
immunological or biochemical indicators are relatively insensitive and subject to large
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uncertainties. Such biotechniques are more applicable to emergency situations, where
urgent decisions (concerning medical intervention or evacuation) are a necessity.

It is apparent that most of the systems presently under investigation or being developed
offer the potential to detect radiation effects down to doses of from 0.1 to 0.5 Gy.
Membrane markers are much more radiation sensitive but do not, apparently, exhibit a
dose-dependent response, suggesting that caution should be exercised in pursuing the
application of this technology as a biological dosimeter. Mutation assays are presently less
sensitive (1 to 5 Gy) and less reproducible, and require more extensive testing before they
can be considered for practical purposes. The various DNA damage assays are based on
in vitro model studies and are only at an experimental stage, and it is premature to discuss
their future prospects.

From this discussion, it appears that the cytological indicators, chromosomal aberrations
(including FISH) and micronuclei, and ESR dosimetry offer the greatest promise for the
reliable measurement of the biologically relevant dose and physical dose, respectively. The
ESR dosimetry is instrument-based, and much work is being expended to develop
automated or semi-automated cytological methods involving flow cytometry and/or
microscopic imaging techniques. Such analytical advances will help reduce the element of
subjectivity as well as the tedium and labour-intensive, time-consuming nature of the
scoring procedures. Once such approaches are available, the other sources of uncertainty,
involving intra- and inter-individual sample variation, high background levels and variable
sensitivity, age and post-exposure time dependence, DNA repair, LET, dose and dose-rate
effects, and other confounding factors, will be amenable to analysis, which will ultimately
lead to more reliable and realistic dose estimates.

The ability to accurately measure an individual dose in a radiation emergency is an obvious
requirement. Clearly, a considerable need exists for bio-indicators to measure radiation
response from the lowest occupational levels to lethal levels. If biodosimetry is to be of
practical use, it should be able to quantify radiation dose and identify new radiation-induced
diseases (e.g., cancer) long before the disease manifests itself clinically. Many of the
biological indicators currently being examined reflect only recent, not cumulative, exposure
to radiation. The most sensible approach to radiation dose monitoring using bio-indicators,
if validated, would be to employ a battery of relevant and sensitive tests, rather than rely on
one test. The use of biological markers in a battery of tests over time allows for the
resolution of more detail in exposure, dose effect and possibly disease associations.
Biodosimetry is based on dose-response methods, using the observations of immediate
effects, such as blood cell counts, urine metabolite excretion and blood enzyme
concentrations. Immediate effects can be measured in tandem, and more long-term
outcomes (such as dicentrics, micronuclei, chromosomal aberrations) should follow in the
study design. The frequencies of immediate effects will always be higher in high dose
exposures (more than 1 Gy).

In an ideal case, types and duration of exposures (internal, external or both) should be
determined as well as possible. Mutagenicity assays, such as the HPRT test, could be
conducted to determine whether mutagenic effects are present. Cytogenetic analyses
examining overall dicentric frequencies or micronuclei could be conducted as indicators of
the biologically relevant dose. Tests of sperm morphology could be done to estimate
potential germline mutations. Molecular studies, such as DNA adduct formation, DNA
quantification, or serum protein detection can serve as direct measures of mutagenicity and
carcinogenesis. ESR studies can estimate the physical dose. Combined, these tests can
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provide a better estimate of the radiation dose, but such an approach is likely to be
extremely costly and time-consuming.

Biodosimetry has been able to quantify radiation exposure and supplement the dosimetry
needs for medical treatments, risk estimation and health effects. The most promising
techniques should be applied to large populations, to establish the inherent variability and
confounding factors that limit quantitative data collection and analysis, and reduce reliability
and reproducibility. Such extensive studies are essential for dosimetric purposes, and they
also help to improve the statistical significance of epidemiological radiation risk estimates
and dose-effect relationships.
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Table 1. Requirements for Biological Dose Monitoring in Occupational and Accidental Exposures

Requirements Occupational Radiation Exposure
(e.g., reactor, accelerator operators,

medical technologists)

Radiation Therapy
(e.g., cancer patients)

Environmental Protection
(e.g., public)

Radiation Accident, Emergencies
(e.g., radiation workers, public)

Human Population

Health Status

Physical Dosimctry

Records

Dose

Dose Rate

Radiation Quality

Possible Applications

Selected population groups (atomic

radiation workers)

Healthy adult individuals

Available

Low (£50 mGy/a) (acute,

fractionated, protracted)

Low (S50 mGy/a)

Mostly Low LET

Dosimetry record, epidemiology,

workplace monitoring & screening

Individual patients Population at large Atomic radiation workers, public

Ambulatory at best, ill, infirm Includes children, pregnant Combinations of bealthy individual of
women, normal, healthy different age groups and sexes.

Available

High (2 Gy/fraction)

(fractionated)

High (à lGy/min)

Usually conventional (Low

LET)

Medical treatment planning

Unavailable

Very low (£1 mGy/a)

(protracted)

Very low (SI mGy/a)

Low LET, High LET (e.g.,

radon)

Regulatory purposes

Not reliable

High (2-10 Gy) (acute)

High (£0.5 Gy/h)

Uncertain, Mixed

Risk estimation. Medical treatment



Table 2. Criteria for Biological Dose Monitoring in Occupational and Accidental Exposures

Criteria Occupational Radiation

Exposure

(e.g., reactor, accelerator

operators, medical technologists)

Radiation Therapy

(e.g., cancer patients)

Environmental
Protection

(e.g., public)

Radiation Accident,
Emergencies

(e.g., radiation workers, public)

Dosc-Effeet Relationship
Experimental evidence

Traruferability to man

Dose range, type and energy of radiation

Dose-rate effects

Biological variability

Time of sampling after exposure

Reproducibility

Persistence of effects

Sensitivity

Sampling method

Specificity

Interferences

Availability of Dose Data

Archiving of the Test Samples

Uncertainty exists for £0.05 Gy

Radiobiological data available

Needs further study

Important

Should be accounted for

Depends (hours to years)

Must be shown

Long enough to document

£.0.05 Gy

Non-invasive (rarely invasive)

Important to learn

Should be known

Depends on individual situation

Important for dosimetry

Low uncertainty (0.5-10.0 Gy)

Radiobiological data available

Needs further study

Important

Should be accounted for

Depends (minutes to hours)

Must be shown

Short

ZAGy
Invasive and/or non-invasive)

Important to learn

Should be known

Large uncertainty (£0.5)

Radiobiological data available

Under study

Important

Should be accounted for

Depends (minutes to hours)

Must be shown

Long

50.02 Gy

Non-invasive

Important to learn

Should be known

For medical treatment planning For regulatory purposes

Important for radiobiological studies Important for risk assessment

Large uncertainty (£1 Gy)
Radiobiological data available

Often unknown

Very important

Should be accounted for

Hours to days

Not necessarily shown

?

1-5 Gy

Non-invasive (can be invasive, tooth)

7

Should be known

For dosimetry and medical planning

Important for retrospective dosimetry



Table 3. Biodosimetry Operational and Other Requirements.
Priority Users Needs/Requirements

Essential

Desirable

Useful

Applicable to human dosimetry

Must meet regulatory requirements (legal, ethical and moral considerations)

Licenceable for radiation dose monitoring

Minimum operational cost

Radiation-specific, dose and dose-rate independent

Known dose-response

Minimum impact on workplace style

In vivo and in vitro dose-response equivalent

Provide either absorbed dose or biologically-relevant dose estimates

Minimum uncertainty or error

Fast response times for high doses (within hours)

Minimal inter-individual variations

Low background

Inter-laboratory comparability

Reproducible, reliable and simple

Small samples, least invasive

Minimum development risk (want evolutionary, not revolutionary technology)

Useful for prospective and retrospective analysis

Non-invasive

Independent of radiation type, energy, LET and dose-rate

Persistent markers for retrospective dosimetry (months, years)

May be automated for rapid screening and monitoring

Instrument-based (to minimize subjectivity), long operational lifetime

Capable of technological improvements

Minimum training requirements

Easy maintenance/quality control for biomonitoring program

Distinguish between whole-body and/or partial-body exposures

Validated in radiation emergencies, accidents or occupational exposures

Universality of the program for other disciplines (epidemiology, medical

planning and treatment, future manned-space program)

Minimum capital cost

Able to measure accumulated dose (lifetime dosimeter)

Participation and intercomparision by several outside users (laboratories, agencies, industries)

Use of a standard biodosimeter or a specific combination of biomarkers to minimize

operational cost and reliability

Stable biosamples for storage and archiving

Maintaining a central biodosimetry database for referral

Development of standard operating procedures (SOPs)



Table 4. Main Confounders and Limitations to Radiation Dose Monitoring in
Occupational Situations and Possible Remedial Actions

Factors Control Efforts

Exposure caaditiaas:

Unknown radiation exposure history

Mixed fields (unknown LET, dose-rate, etc.)

Estimate of absorbed dose and RBE

Actions

Possible record checking or investigation (if suspicions arise)

Identification of correct type of radiation exposure

Calculations of quality factor or supplementary environmental sampling and monitoring

Individual variations:

Genetic factors

Lifestyle factors

Health factors

Variations in individual radiosensitivity

Unknown before analysis: controlled epidemiological studies

Match with controls: utilize personal records and other interview information

Checking medical records (e.g., infections, disease) and interrogation

Set up a collection and archiving system to store control samples prior to any

radiation exposure (maintaining a central biodosimetry database for population)

Limitations:

Analysis and biomarker scoring:

Scoring variation

Interpretation of observations

Persistence of dose-response in the sample

Time between sampling and culture

Sampling

Perform intercomparison studies using otherwise coded samples, use one scorer, automate,

or all of these

Strict criteria for comparing with hi vitro studies and calibrating against reference sample

Should be known through in vitro experimentations; compare results to standard in vitro

dose calibration

Keep constant, if possible

Should be reproducible, relatively non-invasive and efficient (minimum size of sample)



Table 5. Current Status of Haematological, Germ Cell, Hair and Body Fluid Indicators to Detect and
Quantify Exposures to Ionizing Radiation

Refer» pet Year Sample Scorlag-Poial I» VITO E»posgre Paie R»m«l Uncertainty» Stability! Radiation SpKifkilj Strength» oc W n k m a Rcawfa

Obyama 1989 Human samples Metabolites aDd enzymes Yes, Radiation patient! 0.5-6.0

Fliedneretal. 1990 Human blood Blood cell numbers Yes, Radiation accidentés

PottenetaL 1990 Mousehair Hairmedullary cell counts No 0.0-6.0

Crag and Polten 1990 Hum» hair Hair follicles and hah-width No 01-5.0

Stamm-Mcyer and Stanek 1990 Human blood Serum thymidine concentration Yes, Radiation patients 0.0-6.0

NickeletaL 1991 Sugar Lyoluminescence Yes, Radiation accident 05-10.0

Flucry-Herard 1991 Human blood Blood cell numbers No 0.0-5.0

Martin 1991 Human samples Metabolites and enzymes Yes, Radiation patients 0.0-10.0

JalilandRabMolla 1992 Human samples Skin changes, blood analysis Yes, Radiography 2-24 S T

Hofmann et aL 1992 Human serum Serum amylase Yes, Radiation patients 0.0-5.0

Ponen 1993a Mouse hair Hair cortical cell counts No 05-4.0

Polten ]993bMousehair Hair medullary cell counts No 05-45

Large

Large

Fair

Large

Large

Small

Large

Large

Fan-

Large

Fair

Fair

Hours

Days

Days

Days (2-3)

Days

Months

Days

Days

Months

Hours

Days

Days

Low LET radiation

General

Cs-137

Cs-137

Low LET radiation

X-rays

Low LET radiation

Low LET radiation

lr-192

Low LET radiation

Cs-137

62 MeV neutron

Good for diagnosis and early dosimetiy Of limited use

Quick ways of screening the victims For medical treatment planning

Sensitive indicators, good for screening For medical treatment planning

Irrcproducible For early screening and monitoring

Influenced by non-investigated factors Of limited use

Sensitive indicator, but needs specialized skills For supplementary dosimetrr

Good for diagnosis, early dosimetry For screening and monitoring

Good for diagnosis, early dosimetry

Diagnosis of radiation-induced effect

When salivary glands arc exposed

Sensitive indicators, good for screening Potential local dose dosimeter

Sensitive indicators, good for screening Should be tested as partial body dosimeter

For screening and monitoring

For medical treatment planning

Of limited use

IGy
»2GY
• Small, 520%; Fair, S50%; Large, 250%
J Post-exposure



Table 6. Current Status of Membrane Surface Markers to Detect and Quantify Exposures to Ionizing Radiation

Reference Year Scoring-Point In Vivo Exposure DoseRangel Seniitjvilyt Uncertainly» Slability$ Radiation Specificity Strength» or WeaJcnease* Remarks

Ball* et ai. 1989 Lectin binding

Schreiberctal. 1989 Lectin binding

Ye»

Yet

Kubasovaetal. 1990 Arachidonic acid incoiporation No

Schrciberetal. 1990 Elecrophoretic mobility Yes, Radiotherapy patient 1.0-4.0 7

Somosyetal. 1990 E.M. of cell surface charge» No

Tutchletal. 1990 Immunofluorescence labelling Ye», Occupational expomre 0.0-0.005 7

Xuetal. 1991 Immunofluorescence labelling No

Xuctal. 1992 Immunofluorcscence labelling No

Xuetal. 1993 Immunofluorescencelabelling No

0.125-0.5

0.5-5.0

2

1.0-4.0

2.5

0.0-0.005

0.25-2

0.005-0.2

0.01

0.125

Uncertain

7

7

7

7

7

7

7

Large

Unknown

Unknown

Large

Large

Large

Large

Large

Large

Houn

Minutes

Houn

Hours

Minutes

Months

Hours

Hours

Hours

30 MY photon

15 MV X-rays, Co-60

X-ray

X-rays, Co-60

X-rays

General (Low and Hie

Co-60

Cb-60

Co-60

Non qualitative, labour intensive Needs human validation

Irreproducible, no effect seen in vivo Not suitable for dosiroetry

Insensitive response Unsuitable for dosimetry

Large inter-individual variability Not suitable for dosimetry

No observable results Not suitable for dosimetry

Non comparable with film dosiroetry Not suitable for dosimetry

Dose independent, individual variability Of limited use

Dote independent, individual variability Of limited use

Dote independent, individual variability Of limited use

!Gy

• Small, £20%; Fair, S50%; Urge, £50%
S Post-exposure



Table 7. Current Status of Chromosomal Aberration Dosimetry to Detect and Quantify Exposures to Ionizing Radiation

Reference Y«r S»mple la Vivo Eipcaur* PoMR»nne! Sensitivity» UpcerUlnrj» Stebllilvi R»dhlio« SptdflcMy Stmiglh»crWe«l R o u r f a

Stephan and Oestrcicher 1989 Human lymphocytes

Martin et ai. 1989 Human sperms, lymphocytes

Kleinerman et aL 1989 Human lymphocytes

Lcfnneois et aL 1989 Human lymphocytes

Tawn and B inks 1989 Human lymphocytes

LashinetaL 1990 Human lymphocyles

Romm and Stephan 1990 Human lymphocytes

Kunugaietal. 1990 Human lymphocytes

Traut 1990 Human lymphocytes

Kamiguchi 1991 Human ipenns

Lloyd et al. 1991 Human lymphocytes

RamalhoandNaicimentol991 Human lymphocytes

Strain and Sposto 1991 Human lymphocytes

Gounnelon et al. 1991 Primate lymphocytes

LUUefieldetaL 1991 Human lymphocytes

BagelyetaL 1991 Human lymphocytes

Brasehnann et al. 1992 Human lymphocytes

Lloyd et aL 1992 Human lymphocytes

Balascm et al. 1992a Human lymphocytes

Balasem et al. 1992b Human lymphocyles

Kubelka et aL 1992a Human lymphocytes

Kubelka et aL 1992b Human lymphocytes

Yes,Chernobyl accident

Yes, Radiotherapy

Yet, Patients

No

Yes, Nuclear workers

No

Yes, Radiation workers

Yes, Radiological technologists

No

No

Yes, A-bomb survivors

Yes, Radiation accident

Yes, Radiation accident

Yes

Yes, Radiation accident

No

Yes, Population

No

Yes. Nuclear worker

No

Yes. Nuclear workers

i
Yes, Radiologists

0.0-0.02

S30

0.5-10

0.0-0.5

0.5-1.2SV

0.1-4.9

7

0.0-1 JSv

7

0.0-5.0

0.1

1.0-4.0

7

0.5-3.0

3.0-8.0

0.0-3.0

0.02

0.0-0.3

S.05

0.0-3.7

0.0-0.02

£.025

7

2

OS

02

7

0.25

0.1

02

1

7

7

7

7

7

7

0.25

7

0.02

0.003

0.2

0.02

0.02

Large

Large

Small

Large

Large

Large

Fair

Fair

7

Unknown

Large

Fair

7

Large

Fair

Fair (40*)

Large

Fair

Large

Fair

Large

Small

Months

Months

Years

Weeks

Months

Weeks

Months

Yean

Yean

Days

Years

Months

Yean

Days

Months

7

Yean

Weeks

7

Days

Months

Months

General (Low LET)

Low LET

Co-«0

Co-«0 (0 S Gy per min)

Low and high LET

18 MeV electron beKn

General (Low LET)

General

Low and high LET

X-rays

Low LET

General (Low LET)

A-bombs (Japanese population)

Neutron

Co-60 overexposure

Low and high LET

Internal (Cs-137) and external

X-rayi

7

Cs-137 (Internal contamination)

Low and high LET

Low LET

Poor correlation with physical dosimetry

Sperms retained aberrations

Time dependent, time consuming

Time dependent, time consuming

Influenced by the smoking habits

Time dependent, lime consuming

Time dependent, time consuming

Calibration of dose estimates

Calibration of dose estimâtes

Varying degree of radiosensitivity

Time dependent, time consuming

Time dependent, time consuming

Verifying DS86 dose estimates

Evahiationof physical dostmetry

Evaluation of neuton dose heterogeneity

Automated

Time dependent, time consuming

mtetlaboratory, inter-donar variability

Time consuming

Calibration of dose estimates

Time dependent, time consuming

Non-specific to radiation

For retrospective dosimetry

Of limited use

Patient dos imetry

Used for population dosime&y

Compve physical doi imetry

POT ndiotbcnpy treatment

Por retrofpective docimctry

Compare with fihn doatmetry

Por retrospective dot imetry

Of limited use

For rétrospective dotimctry

For retrospective dotimetry

For retrospective dotïmetry

Compse with Na-24 dostmetry

Por retrospective dosimctry

For retrospective dot imetry

POT retrospectrv e dosimctry

For retrospective dosiroetry

Compare physical doshnctry

Por retrospective dosimetry

Compare with film dotimetry

For retrospective dotimetry

ICy
»xre
• Sraifl. £20%; F*IA £50%: Luge, 230%

$ Ptxt-expoMR



Table 8. Current Status of Micronucleus Dosimetry to Detect and Quantify Exposures to Ionizing Radiation

Reference Year Sample In Vivo Exposure Dose Rannel Sensitivity» Uncertainty» Stability* Radiation Specificity Strengths or Weaknesses Remarks

Huberetal.

Fenechetal.

Geard and Yan Chen

Kaffenbergcr et aL

Ankinactal

Balasem and All

Banetal.

Banetal

Fcncchetal.

Gantenberg et aL

Scott

Thierens et al.

Catena et aL

Nusscetal.

Schreibcr et al.

Schreiber et aL

Vrai et al.

Ban and Cologne

LJttkfieldetaL

1989 Human lymphocytes

1990 Human lymphocytes

1990 Human fibroblasts

1990 Human carcinoma

1991 Human lymphocytes

1991 Human lymphocytes

1991a Human lymphocytes

1991b Human lymphocytes

1991 Mouse lymphocytes

1991 Human lymphocytes

1991 Human lymphocytes

1991 Human lymphocytes

1992 Human lymphocytes

1992 Mouse embryo

1992a Human lymphocytes

1992b Mammalian cells

1992 Human lymphocytes

1992 Human lymphocytes

1992 Human lymphocytes

No

Yes, Radiotherapy

No

No

No

No

No

No

Yes. Whole-body

Yes

No

No

No

No

No

No

No

No

Yes, Radiotherapy

3

0.5-5.0

1.0-12.0

1.0-6.0

0.05-2.0

0.05-6.0

0.3-1.0

0.0-3.0

1.0-2.0

1.0-5.05

0.0-5.0

0.5-4.0

0.1-4.0

0.0-1.2

0.0-2.0

0.0-1.0

1.O4.0

0.0-3.0

0.0-4.0

7

0.5

0.5

1

0.05

0.05

0.5

0.25

1

0.5

0.2

0.25

0.5

0.5

si

0.25

7

0.5

0.25

Fair

Large

Large

large

Large

Large

Fair

Large

Small

Large

Fat

Fair

Large

Fair

Fair

Fair

Fair

Large

Fair

7

Months

Hours

Days

7

Days

Days

Days

Days

7

7

Hours

7

7

Hours

Days

Hours

Days

Days

Cs-137

4 MV X-rays

Co-60

240 kV X-rays, Neutron

0.85 Mcv Neutron

Cs-137

220 kV X-rays

Co-60. Cf-252

250 kV X-rays

Co-60

250 kV X-rays

250 kV X-rays

250 kV X-rays

220 kV X-rays

Cs-137

Cs-137

250 kV X-rays

220 kVp X-rays

220 kV X-rays

Individual variation, age-dcpcndcnt

Age-dependent response

Dosc-ratc dependence

Cell-cydr dependent, neutron Independent

Tune dependent, but sensitive

Tune dependent, labour intensive

Varying radioscnsitivity for subset of lymphocytes

Dosc-ratc dependence

Sensitive to confounding factors

Interference with other factors

Correlation between predicted and estimated dose

Inter-individual radioscnsitivity, high background

Individual sensitivity, low reliability

MN yield depend on DNA synthesis

Age-dependence, no reliability s i Gy

Not suitable for human lymphocytes

Dose-rale dependence, linear-quadratic response

Varibalc radiosensitlvity

Variable baselines, undefined dose response

For screening and monitoring

For screening and monitoring

For screening and monitoring

For screening and monitoring

For emergency dosimctry

For emergency dosimetry

For screening and monitoring

For screening and monitoring

For screening and monitoring

For screening and monitoring

For screening and monitoring

For retrospective dosimctry

For screening and monitoring

For screening and monitoring

For screening and monitoring

Of limited use

For screening and monitoring

For screening and monitoring

Not suitable for in vivo dosimetry

!Gy

• Small, i20%; Fair, «50%; Large, 150H
S Post-exposure



Table 9. Current Status of Fluorescence In Situ Hybridization to Detect and Quantify
Exposures to Ionizing Radiation

Reference Year Scoring* Poin t Method 1. VITO Exposure D o t l U p p ! SmslUvHyi UootrUlnly» St»blHty$ lUdhlio. Sp«cHVhy StrujrU» or W a t Rciwrfa

Lucas et al. 1989 Stable aberration

Cremtr et aL 1990 Tranilocation

Lucas et al. 1991 Dicentric frequency

FISH No

FISH No

FISH No

Brown et al 1992 Premature chromosome condensation FISH No

ScfamidctaL 1992 Stable and unstable aberration FISH No

GrayctaL 1992a.b Subie and unstable aberration FISH No

Nalarajan et al. 1992 Tranilocation frequencies FISH No

0.1-4.1

Z0-8.0

0.25-2.0

0.0-8.0

0.0-3.0

0.1-0.5

0.25-4

Lucas et al. 1992 Translocation frequencies FISH Yes, Experimentor 0.4

05 Small Years Cs-137, Co-60 Specific to radiation

2 Fair Days Co-60 (1.17 and 1.33 MeV) Time consuming

03 Fair Dtyi C.-I37

? Fair Houn X-rays

0.1 Fair Days 220 IVp X-ray

0.1 to 0.2 Fair Months Low LET

1 Small Months X-ray

? Unknown Years Tritium (HTO)

For retrospective dosimetry

Can be automated

Automated Por monitoring purpose

Predicting radiosensitiviry For screening and monitoring

Established linear-quadratic response Promising, can be automated

Time dependent Promising

Time dependent Promising

Applicable for acute tritium intake For retrospective dosimetry

IGy

• Small, £20fc; Fair, £50%: Large. 250%
S Post-exposure



Table 10. Current Status of Mutational Expression in Human Blood to Detect and Quantify
Exposures to Ionizing Radiation

Reference Year Scoring-Point InVltoEuporor» Dose lUpffl Stmitlrlly» Uncertainty» StabililyS RadtilJon SptcuTdly Strengths or Wea i ta

Kyoizumi et «1.

Albcrtini et a l

O'Neill et aL

Whaley and Little

NickluetaL

Akiyama et al

Bachardetal

Nakamura et al.

Umekietal.

Akiyama et aL

Albeitini et at

Jensen et aL

1989 GlycophorinA

1990 aprt, hprt locus

1990 Thioguanine-resistance

1990 hpit mutation frequency

1991 bpit locus

1991 hprt locus

1991 lpt1 locus

1991 GPA. CD4, HLA, HPRT

1992 Glycophorin A, T-cell receptor

1992 hpn, CD4. H:LA. CPA

1992 bpit locus

1992 GiycophorinA

IGy

#2GY

• Small. £20%; Fair. £50%; Urge. 250%

i Post-exposure

Yes, A-bomb tun'non

Yes

No

No

Yes

Yes. A-bomb

Yes, Nuclear medicine

Yes, A-bomb

Yes, Thorotrast patient

Yes. A-bomb

Yes, AU types

0.1-5.0

0.0-3.2

0.0-4.0

0.0-1.0

.05 (21Gy local)

0.0-4.0

0.05

03

7

0.0-6.0

0.0-50

Yes, Various populations 7

i

I

0.5

1

7

7

4

7

05-1.0

7

7

2

7

Lars'

Large

L«rge

Pair

Lffge

Large

Unknown

Large

Large

7

7

Variables

Years

7

Months

Days

Months

Years

Months

Yean

Years

Years

Months

Years

General (low and high LET)

Nonspedlidry

Cs-137

Iodine-125. X-rays

Indium-111 (local therapy)

A-bomb

Internal exposure (Th-201)

External exposure (A-bomb)

Thorium

A-bomb

External and internal exposures

External exposure (A-bomb)

Variation m mutation frequency Foi rétrospective dofimctry

High background, spontaneous mutatioa frequency For screening and monitoring

Non-linear do«e response For screening and epidemiology

Dose and LET-dependent mutational spectrum Needs improvement

High background, spontaneous mutatioa frequency Maybe useful for local exposure

Irreprodudble data Not suitable for in vivo dofimetry

Variable mutant frequency Oflimitcd use

No scoring-point is suitable as life-time dosimeter Not suitable for in vivo docimetry

Individual variability For patient dostmetry

Loss of mutant cells, dose uncertain Of limited use

Not pen blent in vivo, age-dependent For screening and monitoring

Stable mutational expression For retrospective dosimetry



Table 11. Current Status of DNA Damage Markers to Detect and Quantify Exposures to Ionizing Radiation

Reference Year Scoring-Point lpVlTc.tjpo.ort D a t h i p l SensHMrff Uncertainty» SUbiUty$ lUdJnUo» SptcMcHy or Wi Ren

GadonetaL 1989 Nuclcoid damage (Flow cytometry) No

KapiszewskaetaL 1989 DNA supercoilmg (Nuclcoid fluorescence microscopy) No

VanderSchansetal. 1989 Anti-single strand DNA immunoassay No

Ikushima 1990 Comet assay (Agrose gel-electrophoresis) No

LouwetaL 1991 Nucleoid damage No

VanLoonetal. 1991 Detection of DNA damage (DNA alkaline ehifion) No

Vaughan et al. 1991a Free-radical mduced nucleoid damage (Flow cytomefry) No

Vaughan et al. 1991b DNA supercotling (Nucleoid fluorescence microscopy) No

VijayatajunirtaL 1992 Single-slraad breaks No

EliaandNicbols 1993 Double strand breaks (PAGE) No

0.0-10 2 Small

3.0-12.0 1 Large

1.0-5.0 OS Large

7 1 Large

05-5.0 2(whoIebodyFair

0.0-25.0 IS Fair

1.0-10.0 1 Large

0.0-25.0 2 7

0.01-1.0 0.05 Large

0.0-25.0 2 Fair

7

7

7

Hours

7

Hours

7

7

7

Hours

Co-60

Cs-137

Co-60

Thermal neutrons

Co-60

Co-60

Co-60

20 MeV neutron

a-137

CO-60

Automated, but non-specific to radiation

Possibility of interpenon variabilities

DNA repair sensitive

Time consuming, labour intensive

DNA repair sensitive, nonspecific

DNA repair sensitive, nonspecific

Large background in unirradiated cells

Similar response from both irradiations

Time dependent, &it sensitive

Automated and programmable

Of limited use

Of limited use

Of limited use

Not being tested in bununi

Of limited use

Of uses in accidental dosinxtry

Not suitable for dosimetry

Of limited use

Should be explored further

Not being tested in bumans

lOy

• Small, S20%; Fair. £50%; Large,

5 Post-exposure



Table 12. Current Status of ESR Dosimetry to Detect and Quantify Exposures to Ionizing Radiation

RcfeROCC Ytmr Sample 1» VITO Exposure DcneRanKtl StnaiUvHy» UaatrUfaly» Stability* RadktfcmSptcMcHy StrcsxUalorWt*!

Chuttal.

Dalgamo and McQymont

Indovinaet aL

Nakajiroa

Shimano et i l

Regulla and Dcflner

KaietaL

NakajimaandOuuki

Nishiwaki and Shimano

Desrosiers

Ishiietal.

Desrosienetal

Nakajima et al.

AldrkhetaL

Creeostock and Trivedi

Serezhenkov et aL

Yamanaka et al.

TchenetaL

TrivedJ and Grccnstock

19î9Alanine

1989 Human finger nails, hain

1989Alanine

1989 Sugar, Mother-of-Pearl

1989 Human looih

1989 Medicine tablets

1990 Medicine tablets

1990 Sugar

1990 Human teeth

1991 Human bone

1991 Human teeth

1991 Beagle bone

1991 Sugar

1992 Dental enamel

1992 Human hair and nail

1992 Human teeth

1993 Human tooth enamel

1993 SugaT'siUicon pellets

1993 Sugar, human hair

No 0.0-10.0

No 0-150

Yes 0.0-5.0

No 0.0-15.0

Yes, Dental x-rays 0.0-6.0

Yes, Radiation accident 10-100

No 0.0-20.0

No 3.0-38.0

No 0.0-35

Yes, Radiation accident 7.0-69

Yes. Chernobyl aeddent 0.0-5.0

Yes.hoIonium-166 7

Surrogate exposure 0.0-0.7

No 0.05-20

No 0.1-5.0

Yes, Chernobyl accident 0.0-1.4

Yes 1-1000

No 0.0-10.0

No 0.0-10.0

0.1

0.2

05

0.05

05

10

1

7

3

7

0.1

7

0.05

05

0.1

0.1

2

05

05

Small

Small

Low

Fan-

Pair

Very small

Small

Fair

Small

Fan-

Fair

7

Large

Small

Fan-

Very small

Small

Very small

Very small

Months

Hours

Months

Months

Months

Yean

Months

7

Yean

Years

Years

Months

Months

Yean

Weeks

Yean

Yean

Months

Months

10 Mev electron

Co-60

6 MV X-ray

Co-60

X-ray

Co-60

Co-60

Co-60

Co-60

Co-60

General radiation

Linear dose-response

Complex signals, rapid signal fading

Tissue-equivalent dose monitoring

Linear response, minimal fading

Stable, reproducible signals

Tissue-equivalent dote estimation

Surrogate materials for dosimetry

Less variability among samples

Independency of BSR signal to other factors

Slight fading

Non-invasive dose recording by ESR

Bone-seeking radionuclides Good for bone dosimetry

General radiation

Co-60

Co-60

General radiation

Co-60

Co-60

Co-60

Tissue-equivalent dose monitoring

Tooth «traction, beating effect

Variability in human hair, nails signals

Comparable to cytogenetic techniques

Invivodosimctry

Tissue-equivalent dose monitoring

Tissue-equivalent dose monitoring

Used in radiotherapy planning

Not for routine uses

For radiotherapy planning

For retrospective dosimetry

For retrospective dosimetry

Used for retrospective dosimetry

For retrospective dosimetry

For accident dosimetry

For retrospective dos imetry

Used for retrospective dosimetry

For emergency dosimetry

For local exposure dosimetry

For retrospective dosimetry

For retrospective dosimetry

Of limited use

For retrospective dosimetry

For accidental dosimetry

For retrospective dos imetry

For emergency dosimetry

IGy
#2GY
• Small, S20%; Fair. S50»; Large. 2 5 0 *
S Post-exposure



Table 13. Same-person Comparison of Estimates of Radiation Dose (Gy)
Obtained by ESR Spectrometry and Cytogenetic Hethods*.

Person

1
2
3
4
5
6
7
8
9
10
11

Dental Enamel ESR
Spectrometry

0.40
0.39
0.29
0.20
0.18
0.11
0.11
0.06
0.16
0.09
0.19

Blood Lymphocyte
Cytogenetic

0.50
0.15
0.30
0.20
0.10
0.25
0.10
0.10
0
0
0

*Serezhenkov et al. (1992)



Table 14. Strengths and Veaknesses of BSR Dosimetry.

Strengths

• Measures absorbed dose
» Dose dependent (linear)
• Stable, persistent signal
• High precision and reproducibility
• Instrument-based analysis (minimizes

human error and subjectivity)
• Bxposed samples are stable, can be

re-read without erasing the signal,
and can be stored for or retrieved
after long periods (good for
archiving)

• Independent of radiation type, energy,
LET and dose-rate (can be used for
unknown or nixed radiation fields)

• Measures chronic (occupational) and
acute (accident) exposures

• Integrating
• Prospective and retrospective

dosimeter

Veaknesses

• Somewhat invasive (teeth, bone)
. Some samples not tissue equivalent
• Inter-indivldual variability in

background and radiation
response (hair, nails, dry skin)

• Fairly insensitive (0.1-0.5 Gy)
• Hay need to use surrogate samples

(sugar, clothing, jewellery,
medication, confectionery)
for supplementary dosimetry

• Problens of monitoring internal or
inhomogeneous dose distributions

• Probleas with sample preparation
(inhomogeneity, preventing
artefacts)



Table 15. Summary of Evaluation of Bio-techniques

Bio-Indicator

Type

Target (Cell, Sampling (invasive Radiation Applicable Sensitivity Post-Exposure

Tissues or or non-invasive) Specificity Dose-Effect (± % Gy) Applicability (Hours,

Body) (Type, Energy Range (Gy) Days, Months, or

and Years)

Dose-Rate)

Haematological Indicators Bone marrow. Bone marTow sampling No specificity 0.5-5.0

(Bone marrow and cells, Blood blood is invasive and painful.

cells)

0.5 ± 50"» Days, months

Germ Cell Indicators Human sperm Non-invasive Not shown 0.5-6.0 0.2 ± 3 0 * Months

Lmmunological Indicators Human

(Lymphocyte subpopulations, lymphocytes

Immunoglobulin production by

lymphocytes, Lymphocyte

stimulation Mixed lymphocyte

culture)

Blood sampling Not radiation 0.5-5.0

(relatively non-invasive) specific, some

dose and dose-rale

specificity exist

0.2 ± 70% Transient (hours, months)

Membrane Biomarker

Indicators

Cytological Indicators

(Chromosomal aberrations,

Dicentrics, Micronuclci)

Genomic Indicators

Fluorescence in situ

hybridization (FISH)

Human

lymphocytes

Human

lymphocytes

Human

lymphocytes

Blood sampling Low LET types 0.005-0.5

(relatively non-invasive)

Blood sampling No specificity 0-5

(relatively non-invasive) known for

dose-rate, doses

Blood sampling Some specificity 0-5

(relatively non-invasive)

? (high Hours (24-48 h)

uncertainty)

0.2 ± 50% Years, months (dicentrics

are not persistent)

0.1 ± 30% Months to years

Mutation Expression Human Blood sampling No specificity 0-5

(Glycophorin A locus, T-cell lymphocytes (relatively non-invasive) known

receptor genes, HPRT locus,

Human leukocyte antigen A

(HLA-A) assay)

D N A Damage Indicators Urine, blood Non-invasive Not yet

established

0.1-5.0

1.0 ±75% Months

Hours, days

Body Huids Indicators Urine, blood. Except for blood Unknown

(Urine Metabolites, Blood salivary gland sample, non-invasive

Biochemicals, Salvia)

1.0-5.0 1.0 ± 75% Hours, days

Other Indicators

(Hair, Skin)

ESR

Hair and skin Less invasive

Tooth, bone, Tooth, bone (invasive)

hair, nail, sugars energy, type and

etc dose-iate

independent

Yes, for dose

and dose-rate,

but not for

radiation types

Absorbed dose,

0.2-5.0

0-100

0.1 ±50%

0.1-0.5(10%)

Days

Years



Applied to Radiation Dose Monitoring

Reliability (Can
interference factors affect
the bio-indicator system?)

Suitability (Is the system good
for screening or monitoring?)

Remarks (Is the bio-indicator system
validated in exposure situation, or has it
been tested for dose monitoring?)

Yes (ace. gender, stress, etc.) Good for screening and monitoring the exposure. Yes. tested for many radiation accidents. Techniques are

know-how teclinlogy is readily available useful for medical treatment planning

Probably not (data not available) Of limited use since applicable to only half of the Tested with limited success in radiotherapy patients. Not

population. Good for judging gonads doses of much use in biodosimelry. but suitable for molecular

epidemiology or radiation risk evaluation

Yes. susceptible to

imnumological factors

(hormone, stress, infection,

variability, etc.)

Good for monitoring and screening,

the knowledge to score immunological

parameters is readily available in hospitals

Yes. techniques have been employed in radiotherapy

patients, but reliability is poor. Should watch for new

lecluiologies and concepts in immunology

Inter-individual variability,

ace. etc.

May be useful for screening the population:

Techniques have not been established for

biological dosimetry

No. only tried in in vitro systems, under development,

could be useful in biomoniloring

Yes (.age. infections etc.) Good for screening and monitoring, tecliniques

have been used in radition accident dositnetry,

manual scoring is lime consuming

Yes. validated for human

dosimetry in recent emergencies. Amenable to automation

In development stage, mostly

applied to in vitro irradiation.

Good for retrospective dositnetry for doses more

than 0.5 Gy. Amenable to automation

Yes. have been ascd in occupational exposures and in the

Chernobyl and A-bomb survivors. Most promising

technique

Large uncertainties in dose

estimates, inter-individual

variabilities and radiation

response

Provided estimates of dose in A-bomb survivors,

poor correlation with physical dosimetry. other

assays for mutation expression are under

development

Yes. have been tested for A-bomb survivors and

radiotherapy patients, but must wait until better assays are

tested. Can be useful for biological dosimetry

Inter-individual variabillies Suitable for biodosimeiry.with the emergence of No. only tested in in vitro and animal systems. Shows

new techniques promise of becoming a reliable biodosimctery tool

Uncertainties in dose estimates,

inter-individual variabilities and

radiation response

Suitable for monitoring and screening the

population

Yes. widely used in radiotherapy patients (both for high

doses and local irradiation). New chemical biosensor

technology has ability to improve the method

Reliability and reproducibility is Suitable for local exposure monitoring and dose

high, but the techniques have not estimates

been validated

No. but hair could be a good sample for estimating dose

to a localized area of the body. Promising and should

be explored

No effect of inter-individual

variabilities, reliable dosimetry

Suitable for accidental, emergency and

retrospective dosimelry. Availability of portable

ESR machine and microwave cavities can allow

for rapid screening

Yes, ESR has been used in all types of radiation accidents

and exposures. It has been identified as the most

promising technique for in vivo and in vitro dosimelry.

ESR can provide lifetime dosimetry
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RECENT DEVELOPMENTS IN
BIODOSIMETRY

A. Trivedi and C.L.Greenstock
AECL Research

Chalk River



OBJECTIVES

To review and critique the published literature.

To update information in AECL-10245 (December 1990).

To assess existing biotechniques.

To evaluate their potential for monitoring low-level radiation
exposure.

>
ro



WHAT IS BIODOSIMETRY?

Provides an estimate of radiation exposure by estimating physical,
chemical or biologically-relevant dose in biosamples or surrogate
materials.



WHY STUDY BIODOSIMETRY?

Clinical Aspects. Diagnostic and therapeutic radiation
dose monitoring.

Radiobiological Aspects. Cause-effect relationship,
toxicology, carcinogenesis,
mechanisms.

Epidemiological Aspects. Risk estimation and prediction.

Occupational Aspects. Identifying individual susceptibility,
establishing and testing safe limits.

>



SCOPE OF THIS STUDY

• Emphasis on human data.

• Emphasis on in vivo studies.

• Emphasis on occupational and emergency exposures.
>

• Emphasis on practical considerations of biodosimetry.



METHODOLOGY

On-line searching of computer data bases (1990 onwards).

Flagged 800 original research papers, reviews and editorials.

Around 200 publications merited investigation.
•

Examined the devices or techniques that offer future promise, «
but have not been tested or developed for biodosimetry.



Haematological Indicators
(Blood cells, bone marrow cells)

Strengths Weaknesses
• Useful for doses • Large uncertainties due

greater than 1.0 Gy. to inter and intra-sample
variability.

• Suitable for acute • Transient response
radiation exposures. (days-weeks). >;

i

Comments: Used in screening exposed individuals. Useful for medical
treatment planning.



Germ Cell Indicators
(Sperm cells)

Strengths Weaknesses
• Less inter-individual • Limited to males,

variability.

• Automation amenable. • Moderate sensitivity
(0.5 Gy).

• Site-specific (localized
exposure)

Comments: Untested in humans for biodosimetry. Suitable for
molecular epidemiology.
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Immunological Indicators
(Blood lymphocytes)

Strengths Weaknesses
Useful for whole-body • Common stress response,
dose of ^1 Gy. Poor reliability.

Automation amenable. • Require extensive expertise.

Comments: Should watch for new techniques and concepts in
immunology for future bio-markers.
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Membrane Biomarker Indicators
(Blood lymphocytes)

Strengths Weaknesses

Able to detect 0.1 Gy. • Not dose-dependent.

Simple, rapid screening • Prone to confounding
method. factors.

Automation amenable. • Non-persistent.

Comments: Capable of screening a population inexpensively and
promptly. Only tried in vitro.
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Cytological Indicators
(Chromosomal aberrations)

Strengths Weaknesses
• Highly sensitive • Subjective, labour-intensive,

(0.1 Gy) time-consuming.

• Dose dependent • Considerable skill and
(up to 4 Gy) expertise required.

• Proven applicability • Difficult to automate. >
for retrospective "
dosimetry.

Comments: Widely used bio-technique for radiation emergencies and
accidents.



Cytological Indicators
(Micronuclei)

Strengths Weaknesses

• Less sensitive • Non-persistent (months).
(0.5 Gy)

• Partial automation • Large variabilities,
achieved.

• Rapid, convenient. • Require time-dependent
analysis.

Comments: Used in accidental dosimetry.



Genomic Indicators
(FISH)

Strengths Weaknesses
• Moderately sensitive • Time-consuming, expensive.

(0.5 Gy).

• Facilitate scoring of • Require extensive expertise,
stable damage.

• Persistent (years) • Inter-individual variability.

• Amenable to automation.

Comments: Powerful, versatile new technique useful for retrospective
dosimetry and radiation carcinogenesis.
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Genomic Indicators
(Mutation expression)

Strengths Weaknesses

Less sensitive • Problem with variable
(more than 0.5 Gy) baseline and radiation

response.
Applied to A-bomb • Age-dependence,
survivors.

Comments: Poor reliability for quantifying radiation exposure. No
correlation with physical dosimetry.



Genomic Indicators
(DNA damages)

Techniques are in the developmental or pre-developmental
stages.

Limit for radiation sensitivity is -1 Gy, but may be
increased substantially (0.05 Gy).

Shows promise of becoming a biomonitoring tool.

Comments: Technical advancement can aid in detecting early changes.
Suitable for monitoring radiation-induced genetic
damages.
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Body Fluids Indicators
(Urine, blood and saliva)

Strengths Weaknesses

Less sensitive • Influenced by physiological
0.5 Gy). and environmental factors.

Rapid, inexpensive. • Unreliable dose assessment.

Somewhat non-invasive. • Nonpersistent.

Comments: Good for screening high radiation exposures. Widely used
in radiotherapy patients (both for high doses and local
irradiation).

o
I



Other Biological Indicators
(Hair and skin)

Applicability of hair as a biological indicator in humans is
not established.

The skin is of limited use in biological dosimetry. >
-«4
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Biophysical Indicators
(ESR)

Strengths Weaknesses

Quick, simple, sensitive • Invasive sampling of
(2:0.1 Gy), non-erasive solid samples (e.g., tooth),
and reliable (± 20%).
Compatible with most • Reliance on surrogate
practical criteria. materials.

Comments: Measures physical absorbed dose and is independent of
individual radiosensitivity and biological response.

Convenient archiving and multiple retrospective analyses
of the biosamples can provide life-time dose.
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Other Biophysical Indicators

NMR Limited to high dose monitoring;
unsuitable for biological dosimetry.

OSL Promising technique; Should be
watched for future development.

NAA Only for neutron exposure;
Knowledge of spectra required.

TL Surrogate materials (e.g., jewels,
tiles) used in constructing the
retrospective dosimetry.

LL Applied to localized population dose
assessment.

>
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Techniques to be Watched

Molecular techniques Mutational spectra analyses
using DNA probes, PCR and
RFLP.

Chemical biosensors

Physical techniques

Non-invasive monitoring of
enzymes and metabolites in body
fluids.

Atomic Mass Spectrometry,
Electrospray Ionization Mass
Spectrometry techniques for
changes in biosamples.

>
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CATEGORY OF BIO-TECHNIQUES

Exposure Type

Short-term (hours, days), acute
(emergencies)

Intermediate-term (weeks,
months), Multiple fractionated
(clinical and medical situations).

Long-term (months, years),
Life-time accumulative
(occupational exposures)

Appropriate Choice

Immunological indicators,
Haematological indicators,
Biochemical indicators,
DNA damage markers.

Cytogenetic indicators
(chromosomal dicentrics and
rings, micronuclei), Cell
surface bio-markers.

ESR dosimetry,
Chromosomal translocations
(FISH), Mutants
(glycophorin A)

>
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CONCLUSIONS
None of the methods meets all of the requirements and the practical
criteria listed for appropriate biodosimetry.

Some of the methods offer promise in complementing results of
personal dose surveillance and substituting for physical dosimetry in
the event of doubtful exposures.

Many of the biological indicators currently being examined reflect
only recent, not cumulative, exposure to radiation.

Only bio-indicators suitable for long-term retrospective dosimetry are
ESR samples (bone, teeth) and stable chromosomal translocations
using FISH technique.

Other bio-indicators are unstable or non-persistent or are rapidly
removed (days or weeks) in vivo by cell renewal or other
physiological processes.



SUGGESTED APPROACHES

One approach is to employ a battery of relevant and sensitive tests
on the same exposed sample rather than rely on one test for valid
and reliable information.

Another approach is to combine indicators of physical dose (e.g.,
ESR) with the biomarkers of biologically-relevant dose (e.g., >
FISH) for appropriate dose information. CO
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FUTURE GOALS

Most promising bio-techniques must be applied:

• to address the inherent variability and confounding factors that
reduce reliability and reproducibility in biodosimetry, and

• to improve the statistical significance of dose-effect
relationships for quantifying radiation exposures. i


