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Abstract
Following a mass-casualty nuclear disaster, effective medical triage has the potential to save tens
of thousands of lives. In order to best use the available scarce resources, there is an urgent need for
biodosimetry tools to determine an individual’s radiation dose. Initial triage for radiation exposure
will include location during the incident, symptoms, and physical examination. Stepwise triage
will include point of care assessment of less than or greater than 2 Gy, followed by secondary
assessment, possibly with high throughput screening, to further define an individual’s dose. Given
the multisystem nature of radiation injury, it is unlikely that any single biodosimetry assay can be
used as a stand-alone tool to meet the surge in capacity with the timeliness and accuracy needed.
As part of the national preparedness and planning for a nuclear or radiological incident, we
reviewed the primary literature to determine the capabilities and limitations of a number of
biodosimetry assays currently available or under development for use in the initial and secondary
triage of patients. Understanding the requirements from a response standpoint and the capability
and logistics for the various assays will help inform future biodosimetry technology development
and acquisition. Factors considered include: type of sample required, dose detection limit, time
interval when the assay is feasible biologically, time for sample preparation and analysis, ease of
use, logistical requirements, potential throughput, point-of-care capability, and the ability to
support patient diagnosis and treatment within a therapeutically relevant time point.
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INTRODUCTION
Effective planning for the medical response to a radiological or nuclear incident such as the
detonation of an improvised nuclear device (IND) in a metropolitan setting is complex and
requires an in-depth understanding of how medical triage and treatment will occur. The
details of a response plan are often referred to as the concept of operations (CONOPS) and
include: the goals of the different phases of the response, time course of the response,
responsibilities for specific tasks, means of communications and coordination, and required
resources (Coleman et al. 2009). Based on modeling a 10 KT (kiloton) detonation in a range
of conditions there may be hundreds of thousands of people receiving an absorbed dose of
ionizing radiation. It is likely that up to one million people would require screening for
radiation exposure with a subset deemed at higher risk of clinically significant exposure.
Moderate exposures to ionizing radiation can be survived with early and appropriate medical
intervention based on the received dose of radiation (Knebel et al. 2011). Radiation
disasters, particularly a terrorist detonation of a nuclear weapon, have the potential to create
a ‘scarce resources setting’ where the available resources are fewer than those needed. The
availability of rapid biodosimetry diagnostics will save lives by allowing more accurate
triage and targeting of personnel, equipment, medical countermeasures, and expertise to
those most likely to benefit (Casagrande et al. 2011).

The threshold level of exposure that causes radiation sickness is approximately 0.75 – 1 Gy.
Individuals receiving this dose of radiation may still require medical management and
treatment for symptoms, but delay of treatment could be considered since the level of
exposure is not expected to pose immediate danger to life, allowing for judicious use of
scarce resources in a radiation mass casualty incident. Those individuals receiving >2 Gy of
exposure will have greater biological damage, are at higher risk for the acute radiation
syndrome (ARS) than those with 1 Gy of exposure, and will benefit greatly from prompt
treatment. Early medical intervention for ARS has been shown to improve the survival of
individuals after radiation exposure (Goans et al. 1997), and some medical countermeasures
are most effective when administered within the first 24 hours (Vijay-Kumar et al. 2008,
Chen et al. 2010, Farese et al. 2012). Because exposure to doses of radiation above 2 Gy
increase the probability of an individual experiencing ARS, this is currently the planned
threshold for administering limited supplies of myeloid cytokines for mitigation of the
hematopoietic syndrome in the immediate aftermath of an IND. (Homeland Security
Council 2010, DiCarlo et al. 2011). Biodosimetry is essential to distinguish those who need
immediate medical intervention from those who are candidates for delayed treatment, only
require long-term follow-up, or possibly require no medical care.

At present, there is no biodosimetry method approved by the U.S. Food and Drug
Administration (FDA). In the event of a radiological catastrophe, immediate triage would be
accomplished through a combination of physical dosimetry, history of an individual’s
location, clinical signs and symptoms, and individual hematology assessment, with other
methods such as the dicentric chromosome assay (DCA) used for long-term risk assessment.
The Biomedical Advanced Research and Development Authority (BARDA) within the U.S.
Department of Health and Human Services (DHHS) is working to identify emerging
technologies to enhance the available biodosimetry capabilities. Understanding how these
methods could be used operationally for triage or mass casualty situations will strengthen
the resulting technologies. All methods have their limitations. Physical dosimetry may not
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be readily available for a number of hours after an incident, clinical signs such as time-to-
emesis are not necessarily accurate (Demidenko et al. 2009), and no biodosimetry method
can be used as a stand-alone tool to meet the required surge in capacity with the timeliness
needed. A combination of assays would be likely be necessary to triage the large number of
individuals. First, a point of care (POC) diagnostic device for initial sorting of patients by
exposure, second, a high throughput assay to refine the initial dose estimate so that people
deemed at risk for manifesting ARS over the next few weeks are referred for care, and third,
an assay that is not time sensitive and could be used for estimating long-term cancer risk for
those with some radiation exposure. Currently, the only available POC test is the complete
blood count with white blood cell differential (CBC Differential) that produces the absolute
lymphocyte count used in the lymphocyte depletion kinetic (LDK) assay. However, even
with the available hematology instrumentation present within a local or regional area, it
would be difficult to obtain the number of tests required for those needing assessment.

The operational issues for all assays that must be addressed include: (1) sample collection,
transport, tracking, and processing; (2) assay detection limits; and (3) patient tracking. In
this paper we discuss currently available and emerging methods of biodosimetry and how
they may fit into the current federal operational and logistical framework for medical
response to a nuclear disaster, considering the availability of limited resources. Gaps in
technology are identified that would strengthen further biodosimetry development. Issues
discussed include the dose range where the assay gives usable results, time lag before the
sample can be taken and provide a useful result, time before the assay produces a dose
estimate, and the time interval during which the assay will give accurate results.

METHODS
Information for the time from sample acquisition to dose estimation was gathered by
thorough examination of the methods sections of the primary literature, and when available,
internationally accepted standards and technical manuals (IAEA 2001, ISO 2004, ISO 2008,
IAEA 2011). In this manner, the time zero was kept constant between the assays, and time
needed for sample preparation and readout was taken into account in the overall estimation.
Much of the available literature focused on determination of the threshold level of detection,
and less information was available for the upper limits. Additionally, few studies focused on
the length of time for which the assay would give usable results. When not specifically
stated or examined, this was indicated in the text. As much as possible, all information was
gathered from literature that used human samples rather than animal model data.

RESULTS
Biological assays

Biodosimetric methods based on cellular changes due to ionizing radiation have the
capability to be very specific for radiation, such as that the DCA, and also reflect the amount
of biological damage done to an individual rather than just indicating the dose of radiation
received. However, most of the currently available methods are not very specific to ionizing
radiation exposure, and their results can be confounded by a variety of factors such as age,
disease status, stress, lifestyle, and gender (Fenech 1993, Blakely et al. 2010a, Blakely et al.
2010b, Vral et al. 2011). Nonetheless, after a mass casualty incident, they would be used to
sort people into triage categories for further medical assessment and treatment. The utility of
the method is dependent on the throughput of the assay and the time interval during which it
will give accurate results. Most methods require specialized laboratories for sample
preparation and time to complete the assays, making the logistics of providing large
numbers of these tests challenging. Depending on the biological response pathway being
assessed, there is a limited timeframe during which the biodosimeter will be usable and it
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may not be logistically feasible to perform the test in this time period. Figs 1-2 and Table 1
summarize the operational characteristics of common biodosimetry methods, and are
discussed more in depth below.

Hematological biodosimetry
Lymphocyte depletion kinetic assay—The LDK assay is currently the only
biodosimetric test that can be performed outside a specialized laboratory. The CBC
Differential required for this method is automated and routinely performed in point of care
(POC) settings such as hospitals, oncology centers, and urgent care facilities. Blood samples
drawn at off-site locations can be sent for testing at large commercial referral labs.
Lymphocyte depletion in the peripheral blood can occur after exposure to a radiation dose
above 0.5 Gy with an exponential decline in lymphocytes occurring 12 or more hours after
exposure (Goans et al. 2001, Azizova et al. 2008, Ainsbury et al. 2011). The kinetics of
lymphocyte depletion have been shown to be directly related to the absorbed radiation dose
(Goans et al. 1997, Dainiak et al. 2003, Waselenko et al. 2004). Early literature
recommended that the absolute lymphocyte count initially be measured as soon as possible
and then every 2-3 hours to accumulate the 3-4 data points necessary to generate a LDK
curve (Goans et al. 1997). More recent literature has indicated that the dose calculation can
be simplified and estimated using two lymphocyte counts and the time between blood
samplings (Parker and Parker 2007). For just-in-time use, the Radiation Emergency Medical
Management (REMM) web site (NLM 2012) contains a dose estimation tool derived from
parts of the Armed Forces Radiobiology Research Institute’s (AFRRI) Biodosimetry
Assessment Tool (BAT) which can estimate the dose based on the time of incident and at
least one lymphocyte count (Blakely et al. 2010a, Goans 2010, Sandgren et al. 2010). When
using only one blood sample, the absolute lymphocyte count is compared to a set value from
the normal range calculated for the population to determine the depletion kinetics. However,
normal lymphocyte counts in healthy individuals vary within a range based on age, gender,
race, etc. Therefore, when possible serial blood counts should be used since this will provide
a more accurate dose estimation than a single count (Goans et al. 1997, Parker and Parker
2007).

Currently, there are multiple algorithms in the literature that can be used to calculate the rate
of lymphocyte depletion (Goans et al. 1997, Goans et al. 2001, Goans and Waselenko 2005,
Parker and Parker 2007, Sandgren et al. 2010). Given the same absolute lymphocyte count
and timepoint after exposure, the dose or dose ranges estimated may vary to some extent
based on the algorithms used. This is because the sets of data used for the normal and
exposed populations were different when the algorithms were derived. In order to overcome
this limitation in a mass casualty incident, it will be essential for the same algorithm to be
used for consistent dose assessments, and by extension medical treatments across the
population.

The LDK assay is useful for estimating preliminary doses in the range of approximately 0.5
Gy – 10 Gy (Goans et al. 1997, Goans et al. 2001, Dainiak 2002, Waselenko et al. 2004,
Blakely et al. 2005, Goans and Waselenko 2005, HPA 2009, Ainsbury et al. 2011). To
perform the LDK assay, blood should be drawn as soon as possible after exposure in order
to establish a baseline level at a medical triage setting. This may be difficult to do within the
time needed so the draw could be used as a single data point with the population average
used as a baseline. Once blood is drawn, a point-of-care device could provide a CBC
Differential result in less than an hour. The time to dose estimate will be greater if the blood
sample is sent to an outside testing facility. Based on findings in the literature, the LDK
assay will give results up to 7-9 days after the radiation exposure has occurred depending on
the dose of radiation (Waselenko et al. 2004, Blakely et al. 2005, Riecke et al. 2010). This
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makes it a useful method for triage in the early time period after the event, but not for
retrospective dose determination.

Ratio of neutrophils to lymphocytes—Recently, there has been interest in using the
ratio of neutrophils to lymphocytes (N/L) to determine the level of radiation exposure
(Blakely et al. 2007, Blakely et al. 2010b, Graessle and Fliedner 2010). An increase in the
number of granulocytes, including neutrophils, is seen in the first few days after moderate
radiation exposure followed by a decline, the time of which is dependent on the dose of
exposure (Fliedner et al. 2001, Fliedner 2006, Graessle and Fliedner 2010). The neutrophil
level in a patient can be determined using a CBC Differential, which would allow this
method to be used in the same manner as the LDK assay. The N/L ratio could be used in the
first days after an exposure along with the LDK assay for early phase patient triage, but
additional experimental data and information are needed to further validate this method
before it could be put into routine use. Neutrophil baseline values show inter- and intra-
individual variability similar to that seen for the LDK assay, and would require knowledge
of the patient’s baseline neutrophils count before use. Additionally, patients with burns or
other trauma may have an elevated neutrophil count complicating the use of this method
after an improvised nuclear device incident (HPA 2009).

Use of the total granulocyte count for medical triage guidance is seen in the Medical
Treatment Protocols for Radiation Accident Victims as a Basis for a Computerized
Guidance System (METREPOL) (Fliedner et al. 2001). This system is supported by the
European Commission and uses assessment of hematological (H), neurovascular (N),
cutaneous (C), and gastrointestinal (G) damage early after exposure to predict the prognosis
of the patient and prescribe corresponding medical treatment. Using the 4 systems (H, N, C,
G), the potential for multi-organ failure can be identified. Each system is graded on a scale
of 1-4, with 4 representing a severe impact on the specific organ system. The hematological
damage level in this system is evaluated using platelet, granulocyte, and lymphocyte levels
from blood counts and includes use of the lymphocyte depletion assay. The most important
distinction is between patients graded H1, H2, and H3, with those graded H4, although the
differentiation between H3 and H4 would not be necessary for triage purposes. The H4
category represents irreversible damage to the bone marrow stem cell compartment, and
damage to the hematopoietic system is fatal without the appropriate treatment. Additional
information about the METREPOL system, including how the 4 systems can be used to
triage patients can be found in (Fliedner et al. 2001, Fliedner et al. 2008). This system
requires serial multi-organ assessment so it would be useful for individual patient
management in an expert setting but not for initial mass casualty triage (Fliedner et al.
2009).

Cytogenetic biodosimetry
Dicentric chromosome assay—The (DCA) is currently considered the “gold standard”
for determining the absorbed dose of radiation and has been used in the evaluation of
hundreds of people with suspected and actual radiation exposures. The assay is very specific
to ionizing radiation and low background levels of dicentric chromosomes allow it to be
highly sensitive. This is one of the few assays that can identify a partial-body radiation
exposure (Lloyd et al. 2000, Prasanna et al. 2010). The DCA method has undergone
standardization by the International Organization for Standardization (ISO), although it is
suggested that each laboratory should establish its own calibration curve due to inter-
laboratory variability (IAEA 2001, ISO 2004, ISO 2008, IAEA 2011). A dicentric
chromosome results from the fusion of two centromere-containing fragments of
chromosome. This type of chromosomal damage is considered an unstable aberration and at
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later time periods after exposure requires the use of a correction factor to account for the
removal rate. (IAEA 2001, Thierens et al. 2005, IAEA 2011, Vral et al. 2011).

For the dicentric chromosome assay, blood samples are drawn and cultured in the presence
of mitogen for 48 hours in an incubator. After cell processing, slides are made to obtain
metaphase spreads then stained for observation under a microscope. The metaphase spreads
are scored for the presence of dicentric chromosomes. Traditionally, the chromosomes of
500 to 1,000 metaphase spreads are counted. However, this is extremely time consuming.
Improvements have been made to streamline workflow in the laboratory. These include the
use of barcoded sample containers, robotic liquid handlers, and automated metaphase cell
harvesters, metaphase cell spreaders, slide stainers and coverslippers (Martin et al. 2007).
Two main approaches have been used in order to decrease the time needed to estimate a
dose. First, the employment of automated metaphase finders, and second, reductions in the
number of metaphases scored.

The triage DCA method reduces the amount of time at the microscope by scoring only 50
metaphases or 30 dicentrics (Lloyd et al. 2000, Prasanna et al. 2010). The scoring of 50
metaphases results in an uncertainty of ± 0.5-1.0 Gy (Voisin et al. 2001, IAEA 2011) and
increases throughput up to 20 times (IAEA 2011). After initial triage, more cells can be
counted to assess the risk of radiation-induced cancer. The DCA QuickScan method further
increases scoring speed (Flegal et al. 2010). With no appreciable difference in accuracy
compared to the triage-DCA method, the QuickScan approach allows six times as many
initial dose estimates to be completed within the first day after samples are processed
compared to the classic DCA (Flegal et al. 2010). Depending on the amount of automation,
it has been estimated to take 5-25 hours for one cytogeneticist to score 500-1,000 spreads,
1-2.5 hours for the 50 cell triage mode, and 20 minutes for the QuickScan technique (Flegal
et al. 2010). An additional method for increasing the throughput of DCA analyses has been
the creations of laboratory networks that can electronically share digital pictures of
metaphase spreads allowing cytogeneticists in distant laboratories to score samples and
provide a dose estimate. This method has been tested by laboratories in the U.S. and Canada,
and has proven reliable (IAEA 2011, Flegal et al. 2012).

The DCA has a dose range of approximately 0.1-5 Gy (HPA 2009, AFRRI 2010, Flegal et
al. 2010, Pinto et al. 2010, IAEA 2011, Romm et al. 2011, Flegal et al. 2012). At doses
greater than 5-6 Gy there is no longer a clear dose-effect relationship causing uncertainty in
high dose estimates. Large doses of radiation cause impaired cell proliferation leading to
fewer cells reaching metaphase and therefore fewer scorable cells. A blood sample can be
drawn immediately after exposure has occurred, although it is suggested to wait 12-24 hours
if there could be partial body radiation exposure so that lymphocytes have time to circulate
into the blood from the affected organs (IAEA 2011). It is estimated that the first available
dose estimate can be determined on the third day after the sample has reached the
laboratory, and may take longer depending on the amount of time required to score enough
metaphases (Romm et al. 2009, Flegal et al. 2010, Pinto et al. 2010). Due to the unstable
nature of dicentric chromosomes, the DCA will give results up to 3-6 months post-exposure,
with the length of time highly dependent on the dose of radiation exposure. Analysis after
this time period uses dose-modification techniques or fluorescence in situ hybridization
(FISH) for the analysis of stable translocations (Romm et al. 2009, AFRRI 2010, IAEA
2011).

Premature chromosome condensation assay—In the premature chromosome
condensation (PCC) assay, chemical agents or mitotic Chinese hamster ovary (CHO) cells
are used to cause interphase chromatin to condense into distinct chromosomes. This
condensation allows chromosome aberrations to be visualized directly in lymphocytes,

Sullivan et al. Page 6

Health Phys. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



removing the requirement for progression through mitosis. The number of PCC fragments
above the normal 46 chromosomes is counted. The presence of chromosomal breaks,
dicentrics, rings and translocations can also be measured. The PCC method using CHO cells
is technically more difficult than the chemically induced PCC assay, but provides a quicker
dose estimate because it does not require culturing or stimulation by mitogens.

Conventional microscope scoring of the PCC assay is time consuming because similar to the
dicentric assay, metaphase spreads must be made and identified before any counting can
begin. An automated metaphase finder can be used to speed up the scoring component of the
assay. A triage scoring method has been developed, with 50 rings or 300 PCC cells analyzed
per sample (Lindholm et al. 2010). Lindholm et al. (2010) have compared the DCA and the
PCC assay, and have found that the dicentric assay provides a better estimate at doses less
than 6 Gy, while the PCC assay is better for exposures greater than 6 Gy.

The PCC assay is linear in the dose range of 0.2-20 Gy (Kanda et al. 1999, HPA 2009,
Lindholm et al. 2010). A blood sample can be drawn immediately after radiation exposure,
although DNA repair processes must be taken into account if there is a delay before the
sample is processed. The CHO method for the PCC assay will give a dose estimate in 2-3 h,
while the chemically induced method requires 51 hours before a dose estimate is available
(Kanda et al. 1999, HPA 2009). The PCC method has been used up to 7 days after an
incident (Darroudi et al. 1998a), although depending on the stability of the induced
chromosomal damage, it may be possible for the assay to be useful for months, similar to the
DCA and cytokinesis block micronucleus (CBMN) assays. The PCC assay can also be used
to asses exposure from partial-body radiation exposure (Darroudi et al. 1998b).

DNA damage assays
Radiation exposure causes a variety of cellular responses including delay in cell cycle
progression, double-stranded DNA breaks, and base lesions (Rothkamm and Horn 2009).
Therefore, various types of DNA damage might serve as potential biomarkers. A concern
with these biomarkers for their use after an IND incident is their kinetics of appearance and
disappearance subsequent to radiation injury may make it difficult to utilize their expression
within the time window required.

Gamma-H2AX foci assay—As a result of double-stranded DNA breaks, H2AX protein
in the vicinity of the double strand break becomes phosphorylated during the DNA repair
process. The amount of phosphorylated gamma-H2AX protein peaks approximately 30
minutes after radiation exposure, declines rapidly in the first 24 hours, and returns to
baseline within a few days depending on the dose of radiation (HPA 2009). It is therefore
advised that processing should be performed within 1-2 days of the radiation exposure with
the best time point at about 30 minutes to 1 hour post-exposure (Andrievski and Wilkins
2009, HPA 2009, Rothkamm and Horn 2009, Garty et al. 2010). Antibodies to gamma-
H2AX have been developed and can be used to detect the presence of the protein by flow
cytometry and microscopy. Microscopy provides the more sensitive analysis at low doses of
radiation, but is time consuming requiring 4-6 hours for a dose estimate, while flow
cytometry methods can give a result in about 2 hours. The dose range in which gamma-
H2AX provides an accurate assessment is 0.5-5 Gy (HPA 2009, Garty et al. 2010, Riecke et
al. 2010) for microscopy and 0.5-10 Gy for flow cytometry (Andrievski and Wilkins 2009),
although it has been shown that the total gamma-H2AX intensity levels are dose dependent
and approximately linear up to a dose of 100 Gy (Ismail et al. 2007). The short time window
in which gamma-H2AX can be used as a valid biomarker reduces its viability as a
biodosimetry method after an IND incident.
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Cytokinesis block micronucleus assay (CBMN)—Micronuclei are formed when
chromosome segments fail to separate properly during mitosis and remain in the cytoplasm
instead of passing to the daughter nuclei (Fenech and Morley 1985, Fenech and Morley
1986). Micronuclei are stable chromosome aberrations and disappear with a half-life around
1 year, though they are not specific to radiation exposure (Fenech 1993, Vral et al. 2011).
Cells producing micronuclei die quickly after large doses of radiation exposure, and
combined with delays in cell cycle progression result in fewer cells reaching mitosis. After
72 hours of culture time, cell processing occurs followed by slide preparation. Scoring of
micronuclei is easier than dicentrics and requires less skilled technical staff (AFRRI 2010).
For standard biodosimetry it is recommended that 1,000 binuclear cells be scored with
Voisin et al. (2001) indicating that this counting can be performed in 2 hours. Recent work
by Lindholm et al. (2010) has demonstrated that scoring of 200 binuclear cells allowed the
identification of doses of radiation >1 Gy, and took about 15 minutes. Despite some of the
drawbacks of the CBMN assay, new improvements make the assay more specific to
radiation (Fenech 2010), and enable automated scoring of the assay for high-throughput
analysis (Decordier et al. 2009, Willems et al. 2010).

The CBMN assay has a dose range of approximately 0.3-5 Gy, although it has been
suggested that a range of 0.1-15 Gy may be attainable with modifications to the method
(Darroudi et al. 1998a, Darroudi et al. 1998b, AFRRI 2010, Fenech 2010, Pinto et al. 2010,
Willems et al. 2010, IAEA 2011, Vral et al. 2011). Use of an automated scoring system
results in a lower limit of dose estimation of 1 Gy, although the uncertainty in the
measurement is quite large. A blood sample can be drawn immediately, with the first results
available 3-4 days after culturing and processing has begun (Voisin et al. 2001, Fenech
2010, Willems et al. 2010). Experiments have shown that this method is reliable up to 6 mo
after exposure (Thierens et al. 2005), but with a correction factor the time can be extended to
approximately 1 year (Fenech et al. 1990, Fenech 1993, Vral et al. 2011). ISO
standardization is currently pending for this method, although scoring standards have been
published (Fenech et al. 2003).

Emerging methods -“omic” assays
Many of the novel “omic” science approaches focus on molecular biomarkers that quantify
radiation-induced injury and dose-response. These include proteomics, genomics
(messenger RNA, microRNA), metabolomics, and lipidomics. The use of molecular
biomarkers for estimation of radiation dose and injury for biodosimetry applications can be
challenging to develop for biodosimetry applications. Inherent biomarker variables that must
be addressed include: (1) genetic and epigenetic influences; (2) temporal and inter-
individual variability of biomarker expression; (3) variance of baseline expression; and (4)
other confounders (e.g. medications or supplements being taken, radiation treatment for
cancer, age, or gender). These potential biomarkers from assessable tissues such as blood
need to be validated in relevant animal and human models.

Gene expression biomarkers—Microarray analysis has been used to identify radiation-
responsive genes and signaling pathways in peripheral blood that have an altered response
after radiation exposure including the p53-dependent DNA repair pathway and genes in the
injury repair pathway (Amundson et al. 2001, Paul and Amundson 2008, Meadows et al.
2010). Additional techniques such as quantitative PCR (qPCR) and quantitative Nuclease
Protection Assay (qNPA) have been used to validate and combine this information into a
gene set that can be used to estimate the dose of radiation to which a person has been
exposed (Grace et al. 2002, Grace et al. 2003, Turtoi et al. 2008, Brengues et al. 2010).
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Currently, published results have indicated that biodosimetry using gene expression profiles
are relevant in the 0.1-5 Gy dose range (Riecke et al. 2010). Gene expression biodosimeters
are proposed for point-of-care and high throughput diagnostic device screening tools.
Depending on the method used, preparation needed, and amount of automation available, the
first dose estimate results should be available 9-36 hours after the blood sample arrives at
the laboratory for analysis (Paul and Amundson 2008, Paul et al. 2011). Current gene
expression sets are available for use 48-72 hours after exposure, (Amundson et al. 2001,
Amundson and Fornace 2001, Brengues et al. 2010) although some newer techniques should
extend this time period out to at least 7 days (Meadows et al. 2008).

MicroRNA expression—MicroRNAs are small, non-protein coding RNAs that are
regulatory in nature. They represent a family of highly conserved, small non-protein coding
RNAs that generally negatively regulate protein coding genes (Lewis et al. 2003, Lewis et
al. 2005). Further studies are needed to achieve the in-depth understanding of the complete
dynamics of ‘miRNAome’ patterns in regulating cellular differentiation, proliferation, and
apoptosis, as well as bystander effects and tissue specificities, and their potential use in
partial-body exposure scenarios. MicroRNA (miRNAs) can be found and are stable in urine,
saliva, plasma, serum, and whole blood samples possibly allowing development of a
biodosimeter based off of a more easily collected fluid than blood. Ionizing radiation is
reported to alter expression of a small conserved group of miRNA targets over extended
time (Ishii and Saito 2006, Marsit et al. 2006, Weidhaas et al. 2007, Grace 2008, Jacob et al.
2013).

Protein biomarkers—Through an increase in the understanding of the cellular pathways
involved in the radiation response and advances in technology, changes in the protein profile
can be determined in blood or urine samples (Marchetti et al. 2006, Sharma et al. 2010).
Currently, research is being done using a variety of techniques including western blotting,
enzyme-linked immunosorbent assays (ELISA), flow cytometry, and mass spectrometry to
identify sets of proteins that undergo a change after radiation exposure. Plasma proteins may
be used in combinations that allow mathematical algorithms to use their concentrations
differentially on specific days post-irradiation. Alternatively, multiple markers protein could
be used together with a hematological test such as the LDK assay to enhance their
specificity and diagnostic utility (Blakely et al. 2007, Ossetrova et al. 2007, Blakely et al.
2010b). Platforms for using protein biomarkers are under development, and markers are
being validated.

Metabolic biomarkers—Information from genomics, transcriptomics, and proteomics are
advanced by information provided by the relatively new field of metabolomics.
Metabolomic responses result from proteomic and transcriptomic processes at the cellular
level and may be sensitive indicators of system health of the individual in biological fluids
such as urine and saliva (Coy et al. 2011). As seen with gene and protein expression, the
metabolome is context dependent, differing from cell type to cell type, organ to organ, and
individual to individual (Patterson et al. 2010). Radiation triggers complex molecular and
cellular processes that alter the concentration of metabolites, or small molecules left behind
by metabolic processes in the cell. A number of radiation responsive metabolites have been
identified in the urine of mice, rats, and non-human primates, though few identified
metabolites are found to be markers in all species. Changes in metabolite concentration were
only seen in a limited dose range, primarily 24-36 hours after exposure in non-human
primates (Johnson et al. 2012) These data combined with high-sensitivity, differential
mobility mass spectrometry (DMS-MS) ion mobility spectrometry show potential for the
development of metabolite biomarkers and deployable instrumentation.
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Bio-physically based dosimetry
It is well established that physical changes in dental enamel from extracted teeth are the
most accurate biodosimetric approach for retrospective dose reconstruction. Non-invasive
electron paramagnetic resonance (EPR)-based methods (e.g., in vivo teeth) appear to span
all the relevant and life-threatening radiation doses (0.5-10 Gy) that are required for triage.
Optically stimulated luminescence (OSL) of tooth enamel has been suggested as an
alternative method to EPR. The technology is unique as a physical, in-situ dosimetry assay
for assessing absorbed doses of ionizing radiation.

Electron paramagnetic resonance—EPR, also known as Electron Spin Resonance, is
a biodosimetry method that is based on physical changes that occur in tissues independently
of any biological responses to radiation (Swartz et al. 2010). Ionizing radiation creates a
signal proportionate to the dose of radiation absorbed that is stabilized for a long period of
time (108 -1011 years) if they are in a matrix such as teeth or bones (Swartz et al. 2007). The
signal is also seen in the keratin of fingernails or toenails but are less stable, decaying within
a few weeks (Symons et al. 1995). Additionally, the process of cutting nails for ex vivo
analysis causes the identification of the radiation induced signal to become overly complex
(Trompier et al. 2009, Black and Swarts 2010, Romanyukha et al. 2010, He et al. 2011).

Originally designed to measure radiation dose on isolated exfoliated teeth many years after
an exposure, the recent development of lower frequency EPR has enabled the measurement
of teeth in vivo. Additionally, a field-deployable unit and methods for using either in vivo
fingernails or fingernail cuttings are in the process of being developed and evaluated (Swartz
et al. 2007, Trompier et al. 2009, Black and Swarts 2010, Romanyukha et al. 2010, He et al.
2011, Williams et al. 2011a). One of the advantages of EPR is that it is a non-invasive
procedure and does not require any blood draw to be performed. However, it is necessary for
the person to have teeth present that can be appropriately measured. Additionally, the EPR
signal cannot differentiate radiation delivered over a short time period, such as that found
during an IND incident, from an amount accumulated over time from dental x rays or CT
scans.

The dose response for EPR is linear from 1 Gy up to at least 30 Gy with an uncertainty of
±0.5–1.0 Gy, although higher dose levels have been reported (Derosiers and Schauer 2001,
Swartz et al. 2006, Fattibene and Callens 2010, Williams 2010, Williams et al. 2011a,
Williams et al. 2011b). Scanning of teeth can be done immediately after the exposure as
there are no biological processes that need to occur before sampling. The scanning process
takes about 5-25 minutes per casualty, depending on the number of spectra necessary to
obtain a good signal to noise ratio (Swartz et al. 2007, Williams 2010). Operationally, only
one sample can be scanned at a time, with an estimated 275 people able to be scanned per
machine system per day (Williams et al. 2011a). Therefore in order to measure 500,000
people in 48 hours, 1,000 platforms would need to be operated concurrently, although
location and medical symptomatology could sort out those at highest risk. The logistics of
operating a large number of platforms such as this becomes complex very quickly, and the
cost to provide the tests will increase with the additional instruments. Casualties would have
to be funneled through distinct testing sites, which would hamper evacuation efforts.
Additionally, if the teeth were not in the field of radiation exposure, this method may not be
able to adequately assess the dose of exposure. At this time, ISO standardization is in
progress for this method (Ainsbury et al. 2011).

Optically stimulated luminescence (OSL)—In OSL, material exposed to radiation
(e.g. teeth) gives a signal with an intensity that is proportional to the adsorbed dose (Pass
1997, DeWitt et al. 2010). Measurements are non-invasive and can be used to obtain
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immediate results for rapid triage of exposed and non-exposed populations without the
confounding effects of inflammation, stress, or radiation combined injuries, such as wounds
or burns. While this approach eventually might be applicable to in vivo analyses, it is still
relatively early in its development. Recent literature has indicated that OSL signal from
tooth enamel decreases substantially within the first 12 hours when kept in a wet
environment, such as that found in the mouth (DeWitt et al. 2010, Geber-Bergstrand et al.
2012), and has questioned its usability for acute exposure dosimetry, suggesting that the
sample would need to be processed in the first 24 hours (Sholom et al. 2011). Variability has
also been found between distinct teeth and in different parts of the same tooth. The primary
advantages when compared to EPR are that there is no spectral deconvolution required and
the equipment needed is said to be simpler and more easily made field-ready. In addition to
teeth, OSL has been performed on fingernails and non-biologic samples such as buttons,
business cards, and cellular phones (Beerten et al. 2011, Sholom et al. 2011). These
materials may be more easily assessed since they do not require in vivo testing, and can be
tested on equipment in the laboratory setting.

DISCUSSION
Operational and logistical considerations for biodosimetry use after a radiological or
nuclear incident

When planning for the response to an IND detonation, the following assumptions are used.
The IND detonation will produce a fireball that will create a bright flash of light followed by
a blast wave and thermal pulse. This will be followed by ignition of flammable materials,
destruction of surrounding infrastructure, car crashes, and glass breakage. These conditions
will not only result in flash blindness, burns, and physical trauma, but also in blocked
transportation access making it extremely difficult to get needed supplies and personnel into
the damaged areas, as well as those needing medical care out. Another aspect of a
detonation, the electromagnetic pulse (EMP), poses no hazard to human health, but may
produce a high-voltage surge that would impact electronics. Radiation exposure will occur
through two methods; prompt radiation near the site of the detonation, which gives off
radiation at a high dose for a short period of time, and residual radiation, also termed fallout,
which has a lower dose rate, and the total absorbed dose is dependent on location and
duration of exposure. Sheltering-in-place during the first hours to one day can markedly
reduce exposure (Buddemeier 2010, Homeland Security Council 2010). There will be the
“Dangerous Fallout Zone” (Homeland Security Council 2010) in which people will be at
risk for ARS, and this footprint will reach is maximum size in 1-2 hours and then rapidly
shrink. Fallout will be carried beyond the initial blast site by atmospheric winds and
therefore expose those more distant from the blast site, however, most of them will not be at
risk for ARS. After a detonation, the initial medical response will be performed at the local
and state level followed by federal intervention when requested. The first federal aid could
occur as early as 24 hours post-detonation, with more comprehensive aid requiring at least
72 hours. To protect the general population from fallout a broad shelter-in-place directive
should be given for the first 24 hours.

After the incident, including any time spent sheltering, individuals who have the ability will
self-evacuate to a nearby hospital or medical center to seek care. This will constitute the first
wave of patients who will seek care and begin to potentially consume resources. Many will
have no physical or radiation injury but will be appropriately fearful. With very few
available beds in hospitals even in routine circumstances, the first wave of those who need
immediate medical care will likely overwhelm the hospital capacity (DiCarlo et al. 2011).

Early triage will consist of a combination of medical history, including location during the
incident, time to emesis, physical examination, and blood counts as available. In general, the
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goal of the first dose estimate is to allow for quick assessment in order to provide
information to physicians so they can make treatment decisions, and to allay the fears of
those who have not undergone any significant or measurable exposure. This first method
may have a large uncertainty in the result, but initial dose estimation will not be the only
factor in their treatment course. Biodosimetry is meant to assist medical professions in
patient management, not determine a specified treatment regimen. Each affected person will
be managed medically by how the course of their symptoms and signs changes over time
with modification of treatment as necessary. Secondary or tertiary biodosimetry methods
that require additional time and expertise such as the DCA or CBMN will give a more
precise dose estimate although they may be most useful when the need for results is not
urgent. Further dose refinement may be used to refer ARS patients to the Radiation Injury
Treatment Network (RITN 2012) or other major centers for monitoring.

A model for the planned use of biodosimetry is illustrated in Fig. 3 and includes the different
roles for Point of Care (POC) and High Throughput Screening (HT) techniques. Table 2
details the target product profiles in the BARDA Broad Agency Announcement with the
notable differences between POC and HT (DHHS BARDA 2012). Some technologies may
be useable for both screening modes in that a variation on the assay itself may be useful for
initial triage and a more refined analysis will be useful for injury assessment and medical
treatment. Sample preparation that is more labor intensive and methods with a longer time to
result can be tolerated in a high throughput system.

Medical triage following a nuclear detonation will be a stepwise process and an illustration
as to how this will occur is found in Fig. 4. The general concept is captured by the acronym
“SALT”- Sort, Assess, Lifesaving Interventions, Treatment/Transport, in which there is an
initial Sort (T1 in this Fig.) followed by further assessment, interventions, and treatment. For
a nuclear detonation and in a scarce resource setting, there would be repeated triage as more
information and data are obtained and the resource setting improves. For those who
definitely need medical care the second triage (T2) is intended to separate into prognostic
groups, based on their medical condition and available resources. This is discussed in detail
in Coleman et al. (2011). For some, the dose will be sufficiently high so that they are then
triaged (T3) into a specific treatment group, while others may need the more accurate
discrimination before being triaged (T4). The time line for this type of scarce-resources
based triage is approximately four days as it is anticipated that the need for crisis standards
of care will be over by then, even in the more heavily damaged zones.

The inherent characteristics of a biodosimetry method must be understood to evaluate where
they will deployed and how they will be used in the planned concept of operations for
medical triage shown in Fig. 4. Ideal characteristics for POC and HT are listed in Table 3.
The most important parameters for a POC method are the time that it takes to provide a dose
estimate and the time period in which the assay is useful. A method that has a short time to
result and is usable for at least a week would be advantageous in this setting. Additionally, if
the time between the testing and result is minimal, data management and movement of
casualties through the triage system will be easier. These and other parameters such as ease
of sample collection, type of personnel required to collect or process the sample, and the
complexity of the assay have a direct effect on the method’s capacity or throughput. For
example, a venous blood draw is more difficult and takes longer than a simple fingerstick.
Methods requiring long culture times or microscopic analysis can become labor intensive,
and there are currently few people qualified to perform the assays.

Currently, no single biodosimetry method would be able to meet the testing capacity
required after an IND incident in the timeframe needed. This may be the case after further
research and development as well. Throughput needs can be partially offset by having more
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instruments, although this also requires space, reagents, and technicians at an increased cost.
At the moment, the LDK assay has the greatest ability to meet this need, with some point of
care hematology devices already developed and in use. Cooperative agreements with large
commercial laboratories could be used to meet demand requirements (Adalja et al. 2011).
Regional, national, and international partnerships with clinical cytogenetic facilities can also
be used enhance capacity. Many nations have begun to establish cytogenetic reference
laboratories as well as national and regional networks for support (IAEA 2011).
Additionally, United Nations agencies that provide international cooperation such as the
International Atomic Energy Agency (IAEA) and World Health Organization (WHO) have
established cytogenetic networks (IAEA 2011). However, the use of outside laboratories
requires sample transportation and a method for connecting results back to patients, both of
which would be difficult in an environment with impaired transportation and
communications systems.

Additional challenges such as approval of a new biodosimeter through the regulatory
process (Flood et al. 2007) and the potential challenge of measuring radiation dose in a
special population such as children, pregnant women, or patients who also have burns or
trauma injuries in addition to radiation exposure are also worth noting in technology
development and deployment. These complexities will all need to be addressed before
appropriate biodosimetry architecture can be created.

CONCLUSIONS
Given the size and complexity of a nuclear detonation incident and the triage process for
matching people with resources, biodosimetry assessment is an essential component of
medical triage and overall management of the incident. It is unlikely that a single
biodosimetry method would have all the necessary characteristics for POC and HT use.
Therefore, an integrated system will be necessary consisting of complementary tools that
when used together would give the desired information in a short time span. In addition to
using multiple methods, clinical and laboratory networks will help increase the numbers of
technicians and scientists available to perform the testing and read and interpret the results.
While biodosimetry is extraordinarily useful, it is but one component of medical
management. Effective preparation for a nuclear detonation requires a thorough
understanding of the complexities that will result from this type of incident, including
damage to infrastructure, the needs of the population for medical treatment, and logistics of
transportation of patients and responders. Here, we have focused on understanding the
details of current and upcoming biodosimetry methods and fitting them with the CONOPS,
essentially overlaying the timelines of Figs. 1-3.

The authors anticipate coordinated evolution in CONOPS, biodosimetry technology and
medical care that will model likely flow of people out of the involved area with the potential
impact on a very large region, even the entire country. The ability to accurately and rapidly
triage casualties and concerned individuals will enhance the efficacy of the response, reduce
the scarce-resources imbalance, provide care and reassurance as appropriate to the
individual patients and increase the number of lives saved.
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Fig.1. Dose range in which the indicated assays are able to estimate absorbed radiation dose
The dotted line represents conflicting dose estimate reports for the LDK assay which
indicate the range begins at either 0.5 or 1 Gy. For the gamma-H2AX method; the black
column represents the dose range for the microscopy method, and the white column is
representative of the dose range for the flow cytometry method of measurement.
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Fig. 2. Time phased comparison of currently available dosimetry methods out to one week after
detonation
Dotted lines represent time needed for sample preparation to occur before any results
become available. Note: Some lymphocyte based assays recommend 12hours before
drawing blood to allow lymphocyte circulation from tissues. For the gamma-H2AX method;
the black bar represents the microscopy method, and the white bar is representative of the
flow cytometry method of measurement. For PCC; the black bar represents the CHO method
and the white bar represents the chemical stimulation method.
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Fig 3. Biodosimetry model for using Point of Care and High Throughput Screening Systems for
medical triage after an IND detonation
After the event it is anticipated that one million people could require biodosimetry screening
to determine their dose of exposure to radiation. A point of care device with the use profile
shown in Table 2 is preferred for the initial triage. After the first round of biodosimetry, it is
anticipated that the number of people requiring additional testing will be reduced to around
400,000. More complex methods can then be used on this smaller population to refine initial
dose estimates, with a high-throughput system being preferred.
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Fig. 4. Stepwise triage process for use after an IND detonation
T- triage, DX – differential diagnosis, MD- medical doctor; triage categories are per
Coleman et al. (2011) The time from time 0 until “normal” standards of care are in force
will vary on distance from the incident.
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Table 1
Comparison of biodosimetry method properties

Method Dose Range
(Gy)

Time before sample
can be taken

Time to dose
estimate

Time period when
assay will give
results

Dicentric Chromosome 0.1–5 Immediately 55 + h 3–6+ mo

Assay 0.5–5 (triage) 52+ h

Cytokinesis Block
Micronucleus

0.3–5 Immediately 3+ d 6 mo –1 y

γ–H2AX Immediately 24–48 h

Microscope 0.5–5 4–6 h

FACS 0.5–10 2 h

Lymphocyte Depletion
Kinetics Assay

0.5/1–10 Immediately for
baseline, time needed
for depletion to occur

<1 h per test.
Serial testing
requires 8-48 h.

12 h– 7 d

Premature Chromosome Condensation 0.2–20 Immediately CHO fusion: 2–3 h
Chemical
stimulation: 51 h

At least 1 wk, likely
6+ mo

Gene Expression 0.1–5 Immediately,
depending on when
gene is upregulated

9–36 h Through 48–72 h

EPR (tooth) 1–30 Immediately 5–25 min Lifetime and longer
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Table 2
Target product profiles for Point of Care of High Throughput biodosimetry devices

Point of Care Device (POC) High Throughput Device (HT)

Type of result: Qualitative Quantitative (accuracy ± 0.5 Gy)

CONOPS: Initial Triage / Sorting Injury Assessment / Treatment

Exposure level: 2 Gy (threshold) Range: 0.5–10 Gy

Ease of operation: Easy to operate, minimal
complexity, requires minimal
training. CLIA waived

Laboratory instrument – more labor
intensive, requires training

Device
characteristics

Integrated components – no
separate sample preparation

May include separate components as
needed. High automation desired.

Intended use: Tents, shelters, open settings Labs, hospitals, fixed facilities

# Patients / Event Up to 1,000,000 in 6 days Up to 400,000 (may need multiple
assessments)

Time to result: Rapid but individual sample result
(15 to 30 min)

Up to 24 hours
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Table 3
Important Characteristics for biodosimetry methods to be used after an IND incident

Characteristic Reason

Simple sample collection method Requires fewer specially trained personnel

Field-readiness Samples can be run on site, little sample
preparation required

Short time to result Results can be used to guide treatment more
quickly

High-capacity A large number of samples can be run on one
instrument

Time to result Medical care can begin earlier with a fast time
to result

Dual-utility
Method in routine use, return on investment,
personnel will be trained and used to
performing test

Method standardization Ease of comparing results across laboratories,
systematic training

Specificity for radiation Low background signal, not affected by
confounders such as inflammation or infection

Low inter-individual variation
Baseline would not need to be determined for
each segment of the population (e.g. age,
gender)

Low intra-individual variation
Decreased need for repeated tests, test not
confounded by infection or other medical
treatments

Low uncertainty in the result Decreased need for repeated tests

Stable output signal Increases the amount of time the assay can be
used

Inexpensive sample processing Number of tests required will be large and cost
will add up quickly
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