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Abstract

The principle of biodosimetry is to utilize changes induced in the individual by ionizing radiation
to estimate the dose and, if possible, to predict or reflect the clinically relevant response, i.e., the
biological consequences of the dose. Ideally, the changes should be specific for ionizing radiation,
and the response should be unaffected by prior medical or physiological variations among
subjects, including changes that might be caused by the stress and trauma from a radiation event.
There are two basic types of biodosimetry with different and often complementary characteristics:
those based on changes in biological parameters such as gene activation or chromosomal
abnormalities and those based on physical changes in tissues (detected by techniques such as
EPR). In this paper, we consider the applicability of the various techniques for different scenarios:
small- and large-scale exposures to levels of radiation that could lead to the acute radiation
syndrome and exposures with lower doses that do not need immediate care, but should be followed
for evidence of long-term consequences. The development of biodosimetry has been especially
stimulated by the needs after a large-scale event where it is essential to have a means to identify
those individuals who would benefit from being brought into the medical care system. Analyses of
the conventional methods officially recommended for responding to such events indicate that these
methods are unlikely to achieve the results needed for timely triage of thousands of victims.
Emerging biodosimetric methods can fill this critically important gap.
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Requirements for dosimetry for various types of radiation events

This paper attempts to provide a systematic overview of the principles and practice of
biodosimetry. We consider three types of scenarios:

1 A large-scale radiation event in which many are potentially affected and
therefore early triage is the most pressing need. Planners and researchers use
differing magnitudes to define large-scale events, ranging from as few as 100
people to a million or more.
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2. A small-scale radiation event such that it is practical to enter all potentially
affected individuals into the healthcare system for initial evaluation and
subsequent care. Most of our experience with biodosimetry comes from radiation
accidents involving very few, up to a few dozen, people.

3. An exposure where the focus is only on long-term effects. In this paper, this
primarily includes identifying people whose exposure was potentially high
enough to warrant long-term follow-up but who did not warrant immediate triage
for acute care. Survivors identified as needing immediate care would also be
monitored long term.

We especially focus on the needs following a large-scale radiation event such as a major
nuclear power plant malfunction or terrorism involving release of radioactive material and/or
radiation exposure, because this will be the situation where there will be the most urgent
need for biodosimetry for rapid decision making. In a large-scale event involving hundreds
of thousands of people, the medical system will be incapable of coping with all potentially
exposed individuals. In some instances, such as the nuclear power plant accident that
occurred in Japan in 2011, the number of life-threatening exposures may be very small, but
the need for large-scale measurements may still exist because of a lack of trust in
reassurances from authorities. If an event does involve significant exposures, such as a 10-
kiloton nuclear weapon detonated in a large urban area, there may be more than a million
people who would be appropriate to be evaluated for exposure (Buddemeier and Dillion
2009; Gougelet et al. 2010; Grace et al. 2010; Waselenko et al. 2004). Then it will be
essential to have an effective initial triage, so limited resources can be focused on those who
are most likely to have received a dose high enough to potentially benefit from treatment for
acute radiation syndrome (ARS), by distinguishing them from those who would not.
Preferably, such information would be based on knowing the dose for each individual.
However, the consensus for triaging very large populations based on dose is to set a
reasonable cutoff of dose received, below which treatment is not expected to impact survival
rates and above which treatment is necessary to improve survival rates. This cutoff is
generally set at 2 gray (Gy). The threshold could plausibly be set higher, e.g., 3 Gy if the
numbers of affected individuals were beyond the capabilities of the medical system (DiCarlo
etal. 2011; Grace et al. 2010; Rea et al. 2010; Flood et al. 2011). There are circumstances,
including combined injury, when the threshold could be set lower, e.g., 1 Gy. In any case,
the likely uncertainty allowed for initial triage is related to the precision appropriate for
clinical decision making, such as £0.5 Gy around the threshold.

Following an initial screening to identify individuals who need immediate medical attention,
a second stage, with more refined assessments of the absorbed dose, likely coupled with
information about the patient’s biological reactions to radiation and other information
indicative of exposure, can help direct effective clinical management (Coleman et al. 2009;
Flood et al. 2011, 2012; Grace et al. 2010).

The requirements for a small-scale event are quite different in many important ways. If all
potentially affected individuals can be entered into the healthcare system for diagnosis,
monitoring, and care, then the emphasis changes to understanding the biological
implications of the injury for the individual, not the dose per se. There is much less need for
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rapid estimates of the dose, particularly for whole-body exposures (which is the focus of this
paper), and the goal changes to providing information for treatment decisions. In this case,
techniques such as those based on changes in white cells may be very effective as well as
biodosimetry techniques that reflect the implications for the individual.

The requirements for understanding long-term effects such as cancer and deleterious
mutations are different than for the acute effects. The doses involved are likely to be much
lower. The need changes to techniques that can provide estimates of dose many months or
years after the event.

It should be noted that this analysis does not include biodosimetry and related techniques for
internal exposures from radionuclides. Those need to be addressed by very different
approaches that involve detection of the radioactivity from the radionuclides, and the
calculation of resultant doses is very complex and uses quite different techniques. Similar
considerations apply to radioactivity induced by neutrons.

Potential means to assess dose for a radiation event

Before turning to the discussion of biodosimetry for various types of events, it is useful to
outline the other methods currently available to assess dose.

Conventional physical dosimetry

Dose estimates based on conventional physical dosimetry can be based on direct
measurements of radiation via physical dosimeters or environmental monitoring devices for
radiation or on J/ndirect measurements by calculating likely dose based on known
characteristics of the event and the individual’s distance from the source and the duration of
the exposure. These methods, while useful for some scenarios such as overexposures from
small-scale accidents, are very unlikely to be adequate for prompt assessment of individual
exposures in large scale. Conventional physical dosimeters require that they be worn
routinely and/or prepositioned, neither of which is likely to be practical or effective for large
events. Also, when indirect methods, based on calculations of the dose distribution from the
characteristics of the event, are used to assess individuals’ exposures, serious problems arise
when applied to large-scale populations. Problems include the considerable time needed to
reconstruct and calculate the dose distribution, along with difficulty of relating such results
to individuals due to uncertainties about their location at the time of the event and their
duration of exposure. Moreover, medical triage of large populations based on indirect
methods may not be very acceptable to individuals because of distrust of these types of
“statistical” estimations about a group and/or about the reliability of the authorities.

Alternative physical dosimeters

Alternative modes of physical dosimeters have been used for small incidents, such as
optically stimulated luminescence (OSL)- or electron paramagnetic resonance (EPR)- based
studies of objects in the environment. These also have been investigated for use for large-
scale events, including techniques such as deliberately embedding radiation-sensitive
materials in objects commonly carried by individuals (e.g., credit cards, cell phones) or
researching the dosimetric properties of their current construction (e.g., plastic buttons, glass
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covers on watches; Bassinet et al. 2010a, 2010b; Sholom and Chumak 2010; Trompier et al.
2010, 2011; Yordanov et al. 2002). Others have suggested identifying potential adventitious
physical dosimeters, such as estimating dose due to radiation-induced changes in nearby
physical structures (such as brick buildings; cf. Buddemeier 2010). However, they also have
some disadvantages that render them impractical for large events and initial triage, including
whether they are likely to be available and usable to estimate a personal dose, whether the
material being queried is consistently manufactured so as to have a known native signal or a
uniform response to radiation. For example, Trompier et al. (2013) reported that cell phones
were constructed from several types of glass; moreover, 14 % of phones they tested used
glass that did not respond to radiation, and the majority of phones used a glass that exhibited
a signal prior to radiation. Sholom et al. (2011) used OSL to measure business cards, plastic
buttons, and nails and found that samples often exhibited strong signals prior to radiation
and showed rapid fading of the signal after a few hours of storage in ordinary laboratory
lighting.

It should be noted that physically based biodosimetric techniques, in contrast, assess dose by
directly measuring the physical changes in tissues of individuals such as their bone, teeth,
hair or nails and therefore are quite distinct from the alternative physical dosimeters because
of their nature and that they always are in a known place in the subject.

Individual dosimetry based on clinical sighs and symptoms

Because of these likely problems with estimating dose using conventional physical
dosimeters or calculations of exposures, current advice as offered in various official
documents, Web sites, and consensus papers emphasizes methods to measure radiation
effects by directly observing each individual’s response (Alexander et al. 2007; Buddemeier
and Dillon 2009; Buddemeier 2010; CDC 2006; Grace et al. 2010; Gonzalez 2007; US
Department of Health and Human Services 2013). This has been useful for small events but
does not readily extend to large-scale events. To triage large numbers of people and the
likely scenario of infrastructure problems during the first few days following a major
disaster, an objective analysis of the current methods to assess dose to carry out initial triage
following a large event indicates that effective triage is not likely to be achieved using what
is currently available and recommended (Flood et al. 2011, 2012; Nicolalde et al. 2012;
Swartz et al. 2010, 2011).

The methods that conventionally are recommended for assessment at the level of the
individual are clinical signs and symptoms, and assays based on changes in white cells.
There are, however, no clinical signs and symptoms that are characteristic for ionizing
radiation that occur promptly enough to facilitate triage, with the possible exception of time
to emesis. The situation with time to emesis is complex, however. This is a “test” that can be
carried out by nonexperts in the field, and if it occurs, it happens within hours to days.
Ronald Goans and associates have assembled a moderate-sized database (107 individuals)
principally comprised of people exposed at Chernobyl but also of about 20 individuals from
the REAC/TS database, in which they have plotted the relationship between time to emesis
and estimated dose (Goans 2002). While in their publication, they clearly indicate the
potential limitations of these data [see also Demidenko et al. 2009 and the radiation
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emergency medical management Web site (US Dept. Health and Human Services 2013;
Flood et al. 2013) for further elaboration on these potential limitations], there has been a
tendency to advocate the use of time to emesis well beyond its statistical validity and to
ignore other shortcomings in these data. For example, the published data have an uncertainty
of several gray in the prediction of dose from time to emesis (Demidenko et al. 2009). In
addition, the published relationship does not include individuals who did not vomit. While
Goans and coworkers have provided some data on this aspect from the early whole-body
irradiation therapy program at Oak Ridge (Goans et al. 2001), there remain several problems
in generalizing their results to other events: (1) The populations involved in the accidents are
not representative of the population that would be exposed in a large-scale incident. For
example, the people exposed at Chernobyl to high doses of radiation also suffered from
complex injuries including extensive skin damage, total body irradiation, extreme stress
including overheating and had a very different demographic profile (i.e., they were mostly
young and male) than the general population. (2) The use of the existing data does not take
into account the very real potential, especially in a large-scale event, of psychosocial origins
of emesis (including fear and contagion of witnessing others vomiting). And (3) the use of
this endpoint potentially could be further confounded by the use of emetics by terrorists to
cause fear and misidentification of radiation levels by adding emetics to a small device such
as a radiation dispersal device (dirty bomb).

White cell-based biodosimetry

There are five types of commonly considered approaches: dicentric chromosome analysis
(DCA), premature chromosome condensation, cytokinesis block micronuclei (CBMN),
fluorescence in situ hybridization (FISH), and lymphocyte depletion rate (LDR) (Fenech
2011; Ainsbury et al. 2011). Some of these have been applied successfully for small-scale
incidents and/or for epidemiological assessment of large-scale events. But their suitability
for large-scale use in the field seems very challenging, because the capacity for carrying out
the assays would be overwhelmed by events involving even a few thousand individuals
(Flood et al. 2011; Gougelet et al. 2010; Parker and Parker 2007; Wojcik et al. 2010;
Maznyk et al. 2012). All of these share the need for removal of blood samples into special
containers (but this can be done in some cases with a simple pinprick). More importantly,
currently they all require processing by expert personnel. There also are varying degrees of
special equipment needed. All five of the approaches might be challenged by the needs for
throughput. The FISH and DCA assays require at least 4-5 days of processing until results
will be available. The LDR assay requires obtaining several samples from each victim over
time. While several authors have proposed modifying the conventional DCA under disaster
circumstances requiring triage by scoring fewer metaphase spreads (Lloyd et al. 2000;
Vaurijoux et al. 2009; Romm et al. 2011; Beinke et al. 2013), DCA still requires experts to
analyze and so entails only modest increases in throughput. There have been some
significant efforts to improve throughput for some assays, such as by automating the sample
flow for CBMN (Garty et al. 2010; Turner et al. 2011) or by simplifying the culturing and
scoring techniques for CBMN (McNamee et al. 2009; Fenech et al. 2013; Romm et al.
2013). Horn and Rothkamm (2011) suggested extending the number of days that Gamma-
H2AX could be valid for dosimetry by combining protein bio-markers and examining the
temporal patterns. Rothkamm et al. (2013) compared four laboratories’ scoring after 2 and
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24 h following irradiation and varying numbers of scored cells (20-50 cells) and found
evidence that low and high doses could be discriminated with sufficient accuracy despite
some inter-laboratory differences.

These developments, while promising, tend to require modifications in the methods that
result in lowering the accuracy of the method, i.e., reducing the standards needed for “triage
mode” decisions. Moreover, they tend to implicitly confine the capacity to respond to
relatively small “mass events.” For example, Pinto et al. (2010) in their review suggest that
the maximum number of people to be assessed for purposes or triage-mode dosimetry ranges
from tens to hundreds of individuals. Two surveys assessed the current capacity of
laboratories in Europe (Wojcik et al. 2010) and worldwide (Maznyk et al. 2012) to perform
biologically based biodosimetry including DCA, FISH, CBMN, and gamma-H2AX. Their
evaluations also suggest that—despite current attempts to build networks of laboratories,
simplify and automate the methods, and reduce the requirements for triage-level sensitivity
and specificity of the results—a maximum number of victims between 100 and 3,000 could
be assessed in a timely way to support triage using these methods.

The nature of biodosimetry

Having briefly reviewed the basic types of other dosimetry methods available, we turn to the
underlying theory and various purposes of biodosimetry. For the purposes of this discussion,
we now consider the emerging methods of biodosimetry that have the potential for
significantly advancing the ability to assess the risk to individuals. The principle underlying
these biodosimetric techniques is to utilize changes in the tissues of the individual induced
by ionizing radiation as a quantitative measure of the amount of radiation energy that was
absorbed (Swartz et al. 2010; Flood et al. 2011). There are potentially many parameters that
could be measured (Brengues et al. 2010; Coy et al. 2011; Flood et al. 2011; Gougelet et al.
2010; Ossetrova et al. 2010; Rana et al. 2010), and some/most of them were already
addressed above. There are several different potential approaches for biodosimetry: (1)
measure the radiation-induced changes directly when they occur in amounts that are not
normally present even under pathological conditions, e.g., physical changes such as stable
free radicals (Fattibene and Callens 2010) or products such as volatile gases (Phillips et al.
2013), (2) measure the biological response to the damage cause by the radiation, e.g., by up-
regulation of genes (genomics) (Paul and Amundson 2008) or protein products (proteomics)
(Marchetti et al. 2006), and/or (3) measure the biologically modified products from the
radiation (metabolomics) (Ainsbury et al. 2011; Coy et al. 2011).

Note: In the discussion, we have not considered approaches that might plausibly also be
considered biodosimetry, based on damage to white blood cells (WBCs) or clinical
symptoms which do reflect parameters within the individual.

Specific purposes of biodosimetry

There are a number of different uses for biodosimetry, which require different features for
optimal utility. The potential applications include:

1 Determining who needs to go into the healthcare system initially.
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2. Determining more definitively who needs to go into the healthcare system after
the initial triage.
Guiding treatment by dose estimates.
Guiding treatment by estimates of homogeneity of the exposures
Guiding treatment specific for damage to particular organs such as the lung.

Monitoring the effectiveness of therapy.

N o g k&~ W

Estimating long-term risks/consequences.

Desired properties of any biodosimetry technique

An ideal biodosimetric technique would meet several specific criteria. While it is unlikely
that a single technique would meet all of these criteria, they may be achieved by a
combination of approaches. The needs for these characteristics also will vary with the type
of event, so there can be no “gold standard” that addresses all of the purposes noted above.
Key criteria include the capacity for the parameter to:

1. Be specific to ionizing radiation;

2. Have well-known effects by type of radiation and by dose rate;

3. Be unaffected by prior health status or concurrent perturbations such as wounds
or stress;

4, Have a well-characterized dose—response that is either unaffected by individual
variations or known for the type of individual being measured (e.g., based on
gender);

5. Reflect biological implications to the individual;

6. Have a constant or well-known response over the full period of relevant times;

7. Allow to provide results quickly;

8. Allow to be accomplished for the population at risk within the appropriate time
frame; and

9. Be suitable for the expertise that is likely to be available for the circumstances in

which they will be used.

Biologically based biodosimetry—Biodosimetric methods that use biological
responses to ionizing radiation have the potential to provide information that is more directly
related to the clinical consequences of the radiation for a particular individual. Since it is
well established that the biological effects of the same amount of a damaging event will vary
among individuals, individualized determinations of the effects can be quite important for
medical decision making, because treatment is likely to be most effective when based on the
individual’s specific responses to radiation rather than simply “treating the dose.” While
some biologically based assays involve the detection of unusual molecules, the vast majority
of the biologically based biodosimetric techniques are based on the principle of estimating
the dose by assessing the magnitude of the responses of cells and tissues to any damaging
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events. In general, these responses involve existing systems whose function is to respond to
physical injury or pathophysiological processes such as disease. There are many such
systems, usually involving complex interactions, which therefore provide a rich array of
changes to assay for the purpose of dosimetry. One such type of biologically based assay
measures the responses themselves. Genomics, for example, estimates dose by assaying the
activation of genes that were up or down-regulated as a part of the damage-response
pathways. Another type of biological assay detects the presence of products produced by the
pathways to carry out the responses to radiation damage, such as proteins (proteomics) or
messenger ribonucleic acid (MRNA). Some assays detect the presence of small molecules
that are produced directly by the radiation or, more typically, the metabolic products
resulting from the damaged molecules (metabolomics). Alternatively, assays can assess
indicators produced during the process of repair, especially those related to deoxyribonucleic
acid (DNA) such as 8-hydroxyguanine or fragments of DNA.

All of these types of assays share common features that lead to potential advantages as well
as potential challenges for their use as biodosimeters. There are two very important potential
advantages:

1 They have the potential for reflecting the biological consequences of the
radiation dose in a particular individual. As described above, this type of
information is more valuable for clinical decision making than is the dose,
because individuals vary in their responses and, consequently, treatment should
take into account the individual’s reaction to injury. For example, individuals
may respond to the same dose with quite different degrees of suppression of the
bone marrow, which in turn should influence decisions about whether or when to
consider bone marrow transplant.

2. They use the biological response as a type of amplifier. This amplification of the
response leads to the potential to be very sensitive, thereby allowing more
accurate and specific dose estimates.

There are, however, also several potential limitations of this type of biodosimetry that curtail
its applicability as a technique, especially for initial triage in large-scale events:

1. Because these techniques usually are based on biological pathways for
responding to injury, they are not specific to ionizing radiation and thus cannot
uniquely corroborate whether the response was due to injury from ionizing
radiation.

2. This in turn complicates any interpretation about radiation exposure if the person
was exposed to any concomitant injuries such as stress, burns, and physical
trauma (which are likely to occur in the postulated event) or even to recent and
unrelated injury from disease or its treatment.

3. Even without other injury, the fundamental temporal pattern of any damage-
response pathway results in complex temporal changes that seriously complicate
the interpretation of the measurement and limit the time during which the assay
can be validly sampled. The pattern usually begins with an induction period
between the occurrence of the damaging event and the up-regulation or down-
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regulation of the response element, resulting in a delay in being able to observe
the product. This period is followed by a period of active response, during which
the level of the response and the amount of the products of the response are
rapidly changing. In many cases, this is followed by a plateau period, when there
is a constant amount of the product. Finally, the system returns toward and
finally reaches its original baseline level. Since these temporal changes impact
the level of the response that is present, the timing of when the sample is
collected is important to take into account in assessing dose.

4 The baseline level of the pathway and the product will be affected by
physiological variations among individuals and especially by effects from
preexisting conditions. Information about the baseline level, even if knowable
under some circumstances, is unlikely to be known for an individual in a major
radiation event.

5. The timing and extent of changes in the pathway and the product also will be
affected by the same factors that affect the baseline level.

These factors taken together tend to limit the feasibility of using biologically based assays
for initial triage of large-scale events, which are likely to use temporary facilities with initial
staffing by response teams located nearby to the event. However, if it is possible to elicit
information about prior medical conditions and concurrent injuries, the utility of these
assays would be enhanced. Their value also increases if these assays can be repeated over
time, thereby allowing determination of temporal trends. Importantly, because they also have
the potential for indicating the biological consequences of the radiation dose, their results
can guide more specific treatment decisions.

Thus, to take advantage of their strengths and minimize their limitations, the biologically
based biodosimetry methods are arguably better suited if used to care for people after they
have been initially triaged for care, using methods more suitable for initial triage, and/or
used for small events where all potentially affected individuals can be placed into the
healthcare system. The principal advantage of using these techniques in secondary stages of
triage for large-scale events or in small events is because it is more feasible that these stages
will take place in an organized medical facility housing the subjects and the expertise needed
to carry out the techniques. For example, such facilities would minimize or eliminate the
problems associated with requirements to transport samples to a specialized offsite
laboratory for analysis and be able to report results to appropriate medical decision makers
who are to take advantage of their strengths and minimize their limitations.

Physically based biodosimetry

Physically based biodosimetric techniques assess dose by directly measuring the physical
changes in a person’s tissues. When the products of the radiation-induced changes in tissues
are unique, or at least occur with a much greater frequency or magnitude than normal, then
the changes measured are likely to be very specific to ionizing radiation. The two most
frequently used physically based biodosimetric techniques are EPR (Fattibene and Callens
2010) and OSL (DeWitt et al. 2010). When used for biodosimetry, EPR measures the
amount of free radicals induced in hydroxyapatite (present in tooth enamel and bone) or
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keratin (in nails) from exposure to ionizing radiation. Biodosimetry using OSL measures the
response in tissues such as teeth to absorbing energy from ionizing radiation.

Unfortunately, the use of OSL as a physically based biodosimeter is critically limited by the
fact that ambient light rapidly degrades the signals observed with OSL, thus requiring the
person (or sample) to be kept in the dark following exposure until OSL measurements can be
taken (McKeever et al. 1997; Yukihara et al. 2007; Sholom et al. 2011). This limitation, until
resolved, renders this approach impractical for most radiation incidents, including triage.

EPR biodosimetry methods, in contrast, that rely on bone or enamel biopsy or extracted
teeth have been used successfully for long-term retrospective analysis or corroboration of
dose in small accidents or major events such as Chernoby! (see review in Fattibene and
Callens 2010). However, these techniques are severely limited in their usefulness for triage
by their invasive process, inducement of permanent injury, and their need for analysis by
specialized facilities and expertise.

EPR techniques that can make in vivo measurements (such as on teeth or nails) or which are
minimally invasive (such as using clipped nails) have been shown to be feasible for
obtaining data under the postulated conditions (Swartz et al. 2007; Williams et al. 2011; He
et al. 2014). These are currently being extensively developed at Dart-mouth via a NIH
Center for Medical Countermeasures Against Radiation (CMCR) dedicated to EPR
biodosimetry. Developments also are underway from other funding aimed at producing a
food and drug administration approved field deployable dosimeter based on in vivo EPR
measurements of incisor teeth in situ, using minimally trained, nonexpert operators to obtain
immediate read-out of results.

The remainder of this discussion focuses on these minimal or noninvasive uses of EPR for
biodosimetry for triage.

In great part because EPR of teeth and nails are physically based biodosimetric methods,
they have a number of potential characteristics that make them especially suitable for initial
triage of large-scale radiation events (Swartz et al. 2007). These include:

1. They are based on physical processes that are not confounded by most types of
trauma and stress (including the injuries most likely to occur in a major radiation
exposure event). Major physical changes to the teeth or nails that might impact
the ability to detect dose, e.g., charring from heat, should be readily apparent.

2. The measurable effect of radiation on the teeth or nails occurs instantaneously
upon exposure, is independent of the rate of exposure, and reflects the
cumulative dose, albeit only at the site of the nails and teeth.

3. The measurements can be made immediately and throughout the time after the
event during which initial triage and assessment for ARS would be pertinent (i.e.,
measurements on nails can be made up to several weeks after exposure and can
be made indefinitely on teeth) (Williams et al. 2011; Black and Swarts 2010;
Desrosiers and Schauer 2001; Symons et al. 1995; Trompier et al. 2009).
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Since the in vivo measurements are nondestructive, repeated measurements can
be made as needed.

Measurements of teeth and in vivo nails can be carried out nearby the event (i.e.,
the instrument if deployable), analysis at a distant laboratory is unnecessary, with
immediate readout of the estimated dose after measurement (Williams et al.
2011). Measurements of ex vivo nail clippings can be adapted for detailed
analysis and archival storage at distant laboratories when the logistics of the
situation make such analyses feasible.

With the exception of the ex vivo analysis of nail samples (these require simple
clippings), measurements are noninvasive.

Measurements using teeth and nails from multiple limbs can be used to compare
estimates of the dose at multiple anatomical sites (or in combination with other
biodosimetry methods); thereby providing evidence whether exposure is
homogeneous or heterogeneous.

EPR dosimetric measurements can be made with throughput times from
measurement to results of less than 6 min per subject, with devices deployed to
the locale at or nearby the event and which are being developed to be operated by
nonexpert personnel, after minimal training (e.g., based on a few minute video)
(Williams et al. 2011).

Because the method is based on physical changes, patients undergoing
therapeutic whole-body irradiation (or involving exposure to the teeth and/or
nails) are suitable test subjects, providing a means to directly test the
effectiveness of measurements made in human subjects who were irradiated in
vivo. (Biologically based biodosimetric techniques, in contrast, are typically
confounded by diseases and treatments, such as chemotherapy; consequently,
most of their development and testing must be done in irradiated animals or with
ex vivo irradiation of human samples).

The physically based biodosimetric techniques have, however, other characteristics that are
likely to limit their applicability in some situations:

1.

They assess dose at the specific site that is measured (i.e., in the teeth or nails)
and do not reflect the individual’s specific biological reactions to the exposure.
While only knowing the dose (rather than reactions to injury) is sufficient to
inform initial triage decisions, it is a disadvantage for secondary stages of triage
and especially in individualizing decisions about medical treatment.

They provide only total cumulative dose over the period when the radicals
interrogated are stable. Thus, if there had been significant prior exposure to the
measured sites within the sensitive time of the technique (which is indefinite for
teeth and several weeks for nails), the predicted dose from the event would be
overestimated.

While the EPR techniques have sufficient resolution for initial triage (e.g., within
a half a gray of the cutoff for triage, which is usually two gray), to date, they
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have not been demonstrated to have sufficient dose resolution to guide medical
treatment afterthe initial triage step.

4, Some individuals may not be able to be measured. For example, vivo tooth
dosimetry requires the presence of enamel on a suitable tooth (i.e., without resin
or caps over the surface), while ex vivo nail clipping dosimetry requires
sufficient nail length to clip.

5. Because of the paucity of hydrogen nuclei in enamel, EPR tooth dosimetry
cannot directly measure dose from neutrons. However, if EPR is used in
conjunction with complementary measurements that are affected by both
neutrons and gamma, EPR’s insensitivity to neutrons could offer an advantage by
allowing differential determination of how much of the exposure was due to
neutrons versus gamma radiation.

Pulling it together: the characteristics of different types of biodosimetry

that best address the needs in the three scenarios involving unknown

radiation exposures

Biodosimetry, i.e., providing assessment of dose at the individual level, is likely to be
valuable for all three scenarios—small- and large-scale events involving potentially acute
symptoms from exposures to radiation and, while not detailed here, for long-term risk
assessment. The differences in needs pertain to their varying types of information that is
needed, the needs for precision in the estimates, and the logistical concerns for obtaining and
using the information.

Biodosimetry techniques required for small events, where the possibility of monitoring and
treating all victims is feasible, need to provide information to determine whether therapeutic
intervention is needed and, if so, then also to help monitor the effectiveness of the
interventions. Triage per se is not needed, and it is feasible to use methods that require
expertise and specialized facilities. In contrast, in large-scale events, the information needed
for initial triage is to identify and severely reduce the number of people who must enter the
healthcare system. However, even for people who are triaged out of health care, their results,
if valid at lower levels of exposure, can be useful for long-term surveillance of health
consequences.

Needs for small-scale events and secondary triage of large-scale events

Approaches well suited for small-scale events include those that are accurate to within about
0.5 Gy (the precision needed for differential clinical decision making) and along a
continuum from ~1 to >10 Gy. It becomes fully feasible also to use methods based on
changes in WBCs. Response for small-scale events would potentially benefit from using
methods that can indicate the individual’s biological response to the dose. Thus, biologically
based biodosimetry would be especially useful, while physically based biodosimetry would
be less applicable. Secondary (advanced) triage for large-scale events where the focus is on
dose assessments shares some of the characteristics of biodosimetry for small-scale events,
if the goal of the initial triage, i.e., to significantly reduce the number of people needing to
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be further assessed and treated in the healthcare system, is reached such that the number is
consistent with the capacity to provide effective care. In this situation, estimates of the
biological implications of the dose will be especially valuable.

In addition, because many small incidents involve mishandling of radiation sources,
exposures may be very asymmetric. In such cases, there is a special need for biodosimetry
techniques that can determine localized doses to the affected areas. For example, EPR
dosimetry of nails has been very valuable in determining doses delivered to fingers from
handling sources (Trompier et al. 2011).

Needs for large-scale events

In large-scale incidents, there is a different critical need to identify people, through initial
triage, who do not require immediate medical attention for radiation injury. There is also a
need for secondary (advanced) stages of triage decision making to further insure that people
tri-aged initially for care have in fact received a dose above the cutoff and then for a more
refined estimate of dose received and determining the biological responses to injury in order
to guide medical management. (It may be necessary and probably adequate for the initial
stage of triage to include using dose estimates from representative samples of people who
were exposed under similar conditions, measuring some and extrapolating to people who
were known to be in the same location at the time of the event).

Methods for initial triage need to have the capacity to obtain the sample and then provide the
results to the decision makers for triage during the window of time for initial triage, i.e.,
from about 1 to 7 days. Initial triage will require only modest dose resolution, since it should
focus on whether the individual has received more or less than the cutoff for initial triage,
usually considered to be 2 Gy, although higher values might be used. Highly desirable
characteristics of methods for initial triage in large-scale events include:

a. They can be applied reliably at any time after the event (i.e., it is undesirable to
need to wait for a response to evolve).

b. The results of the measurements are immediately available after the
measurement.

C. They do not require expert personnel to collect in vitro samples (or to measure if
method is in vivo) or require specialized facilities and experts to analyze the
samples.

d. They do not require transporting samples to a distant site because of the

potentially overwhelming logistical considerations such as limited transport and
coordination problems, which would make it difficult to reconnect results to the
individual at a time after the original sampling or measurement.

With only two possible exceptions (i.e., c-H2AX and micronuclei, (Garty et al. 2010; Turner
et al. 2011)), these requirements for timing and the logistical constraints make it very
challenging to use biologically based biodosimetry or WBC-based dosimetry for initial
triage. On the other hand, physically based biodosimetry is likely to be especially useful for
the initial triage. The radiation-induced changes detected by these techniques occur
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immediately after the exposure occurs. It is feasible to make the measurements in the field,
and these are not likely to be confounded by concurrent or prior pathophysiology or
individual variations.

Criteria for accuracy for deciding on techniques suitable for initial triage should be weighed
toward avoiding false negatives (inappropriately turning people away from further
assessment or treatment). Still, of course, even for initial triage, there will be a strong
advantage from combining dose estimates by one or more biodosimetric techniques with any
and all other information that helps to assess whether the individual has a reasonable
probability of having received a dose that can lead to significant short-term effects and can
therefore could benefit from entering the healthcare system or being further evaluated.

On the other hand, false positives at initial triage (falsely identifying people to obtain
secondary assessments) are more acceptable because these will have a good chance of being
reversed at the secondary triage stages. In the second stage of triage, individuals who have
been initially triaged into the system are further assessed for the extent of their exposure and
the presence of radiation-induced injury to determine the level of care that they will need.
This stage includes recognizing the possibility that some will be found to be “false
positives,” i.e., who do not need immediate care and therefore can be removed from the
system.

The needs for dosimetry at this secondary stage of triage will be significantly different than
those for initial triage (dose resolution and biological implications for the individual will be
more important), and the circumstances will be more similar to small-scale events (because
of the smaller number of subjects and the location in a clinical care setting). Therefore,
secondary triage may be best carried out where expert personnel, and facilities are available
directly or by transfer of samples or victims. Transportation of samples to distant sites will
be more feasible because of the relaxation of the need to get prompt results and the
feasibility of getting the results back to wherever the subject is located. Biologically based
biodosimetry may be especially useful for this advanced stage of triage because multiple
samples can be taken. In this stage, the potential for biologically based biodosimetry to
indicate the biological implications of the dose also will be potentially very valuable. In this
setting, the white cell-based techniques also will be more feasible, although for those with
limited throughput, their use may still be challenged by several hundred or more subjects.

Needs for long-term risk assessment

The characteristics for biodosimetry for estimating long-term risks require biodosimetric
techniques that can measure low doses and samples that remain valid for many years. Unlike
the needs for dosimetry for acute injury, the techniques can involve considerable processing
and specific expertise. These very special requirements and procedures have led to the use of
two principal approaches for this scenario: the use of long-lasting cytogenetic changes,
especially FISH, and in vitro EPR of enamel isolated from exfoliated teeth (see Kleinerman
et al. 2006; Fattibene and Callas 2010). While not generally addressed in the context of
focusing on acute health problems, preparations suitable to use samples later on for long-
term assessments are appropriate to plan in advance so that the information is not lost.
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Conclusion

The needs for the different accidental scenarios vary significantly. By considering these
needs, the most appropriate biodosimetric approaches can and should be utilized when
available. In all three scenarios, all available sources of information should be utilized to the
extent that they are available, including clinical signs and symptoms. In particular, dose
estimates at specific geographic points, based on calculations or measurements
(““conventional physical dosimetry’”) not specific to individuals, may be available. It also is
likely that, regardless of any official guidelines to the contrary, decisions to triage individual
subjects will occasionally need to be based on measurements of other individuals who were
in similar exposure situations and can therefore be expected to have had the same exposure,
including families that were together and people in the same room at the time of the
exposure. For large-scale events, we conclude that physically based biodosimetry should be
especially useful in the very early phase of a large-scale event for initial triage, while
biologically based biodosimetry may be especially useful for guiding therapeutic
interventions after the initial triage.
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