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Abstract
Background—To prepare for a possible major radiation disaster involving large numbers of
potentially exposed people, it is important to be able to rapidly and accurately triage people for
treatment or not, factoring in the likely conditions and available resources. To date, planners have
had to create guidelines for triage based on methods for estimating dose that are clinically
available and which use evidence extrapolated from unrelated conditions. Current guidelines
consequently focus on measuring clinical symptoms (e.g., time-to-vomiting), which may not be
subject to the same verification of standard methods and validation processes required for
governmental approval processes of new and modified procedures. Biodosimeters under
development have not yet been formally approved for this use. Neither set of methods has been
tested in settings involving large-scale populations at risk for exposure.

Objective—To propose a framework for comparative evaluation of methods for such triage and
to evaluate biodosimetric methods that are currently recommended and new methods as they are
developed.

Methods—We adapt the NIH model of scientific evaluations and sciences needed for effective
translational research to apply to biodosimetry for triaging very large populations following a
radiation event. We detail criteria for translating basic science about dosimetry into effective
multi-stage triage of large populations and illustrate it by analyzing 3 current guidelines and 3
advanced methods for biodosimetry.

Conclusions—This framework for evaluating dosimetry in large populations is a useful
technique to compare the strengths and weaknesses of different dosimetry methods. It can help
policy-makers and planners not only to compare the methods’ strengths and weaknesses for their
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intended use but also to develop an integrated approach to maximize their effectiveness. It also
reveals weaknesses in methods that would benefit from further research and evaluation.
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1 Introduction
There is growing recognition worldwide of the need to develop integrated and effective uses
of biodosimetric methods to assess unexpected exposure to radiation in the event of a large-
scale event (Simon et al. 2010; Alexander et al. 2007). The context of needing to prepare for
a large-scale event brings particular challenges, not only to rapidly evaluate potentially
hundreds of thousands of people to determine whose exposure level would benefit from
treatment for Acute Radiation Syndrome (ARS), but to do so within chaotic and
compromised systems of transportation, communication, and health care delivery (Gougelet
et al. 2010).

Because of the recognized importance of being prepared for such possibilities, several
governments have undertaken broad programs to develop new methods of biodosimetry and
medical countermeasures against radiation, with the aim of speeding up the pathway from
basic science investigations to practical, deployable means to accomplish this daunting task
(Grace et al. 2010). Nevertheless, at present there are very few methods available for
approved use in such events, and even these have had little or no evaluation within the
context of triaging hundreds of thousands of people with compromised healthcare and other
systems.

The usual circumstance of conducting comparative evaluations of clinical methods to
diagnose or treat ‘the same’ disease focuses only on methods currently in practice. Such
evaluations assume ‘usual’ clinical care settings and, by implication, ignore any special
contexts pertaining to use in a large-scale public disaster.

We argue that it is necessary and constructive to build a framework for evaluating
biodosimetric methods that takes into account the traditional scientific standards and rigor
applied to clinical problems, while also recognizing the complexities of the particular
context of a public health disaster involving radiation. We focus on evaluating biodosimetric
methods currently approved and used in guidelines for mass triage. However, because this
framework can inform policy makers, we also illustrate its applicability to biodosimetric
methods under development.

2 Contexts for Evaluating Biodosimetry
Briefly, four contexts distinguish effective biodosimetry in large-scale events from the
context for screening a population under ordinary circumstances:

2.1 Assumptions about Impact on People and Systems in the Immediate Area
The capability of current and developing methods of biodosimetry to efficiently triage
potential victims of radiation accidents or terrorism varies in proportion to the number being
assessed and the complexity of transporting and treating them. In this paper, we adopt the
assumptions of the US government for planning responses, i.e., a10 kiloton (KT) improvised
nuclear device (IND) explodes in an urban setting (Grace et al. 2010; Waselenko et al. 2004;
National Security Staff, 2010). This scenario predicts that up to a million people may seek to
know if they received an exposure justifying treatment for ARS, of which 200,000 are likely
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to have received a significant dose. (We assume the standard 2 gray [Gy] is the threshold
dose for healthy adults.) The initial task then is to determine which of the one million
seeking dosimetry could potentially benefit from treatment for ARS, so they can be triaged
for further consideration.

Several factors complicate effective triage in the face of such a massive surge of victims.
First, victims may experience concurrent injuries and burns; consequently, they may need
non-ARS treatment, and sampling or measuring them with dosimetry may be impacted.
Perhaps more importantly, concomitant injury interacts with radiation to exaggerate the
impact (Ledney and Elliott, 2010; Blakely et al. 2010). Therefore, injured individuals (or
others such as children or people with unrelated health problems) may require assessment at
levels accurate below 2 Gy. Second, the blast and associated dangers are likely to produce
mass fear and confusion, mass exodus with unknown destinations for people who are
mobile, difficulty in transporting victims and products out of the area or devices and
emergency personnel into the area, severely compromised local health care capabilities
along with destruction of medical records and credentials of medical personnel, and severely
damaged infrastructures such as buildings to use for triage and treatment, power and water,
and communication networks (Gougelet et al. 2010; Bell and Dallas 2007).

2.2 Policy-Relevant and Practical Imperatives and Constraints on Biodosimetry
Initial triage imposes special constraints. Its purpose is to rapidly determine which people
might need treatment or further assessment for ARS and, in order to reduce the surge on the
healthcare system, which should not enter the healthcare system immediately. Thus,
biodosimetry methods for initial triage need to be able to triage a million people within a
few days, where samples or measurements are collected under ‘field’ conditions near the
event. All field-related activities need to be operated independently of the healthcare system,
without external sources of power and water, and preferably minimizing field-use of
specialized facilities, expertise or devices. Field activities must also fit within the larger
context of an integrated emergency response, i.e., responses are expected to be fully
operational within 1 to 3 days of the event, and there are separate sites for evacuation, for
first-aid/triage, and for use of healthcare facilities. Since the government plans to address the
need of the population at large under emergency conditions, dosimetry should also be
available to vulnerable populations such as pregnant women, children, and the elderly and
disabled.

The technical requirements for initial triaging include that it be accurate enough to identify
anyone with a dose above a threshold for consideration of urgent treatment for ARS (usually
2 Gy but thresholds might vary to fit special populations, injured individuals or available
resources). To fit the needs for triage, samples for dosimetry need to be obtainable as soon
as possible following the event and remain obtainable for a period of up to at least one week.
Results should be available as quickly as possible to facilitate triaging for treatment and
minimize difficulties in re-finding the person. Because the intent is to reliably keep people
out of the local healthcare system who do not need care, methods should minimize
misidentifying anyone as being below the threshold (‘false negative assignment’) so that
very few people who could benefit are overlooked for receiving treatment. Unfortunately,
this criterion concomitantly increases the likelihood of false positives, i.e., misidentifying
people as being above the threshold. For this and other reasons, dosimetry for secondary
triage, with more accurate dose estimation, is needed to permit better-informed triage or
treatment decisions. Secondary triage, involving fewer people, can use more resource
intensive methods or which require expertise and specialized facilities offsite to analyze
(Grace et al. 2010; Fliedner et al. 2001). (These considerations are built in Figure B,
discussed below in 3.2.)
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Given the above considerations and the capability and feasibility of each method for serving
as a basis for triage, researchers and policy-makers alike have called for an integrated
approach where several methods are used at their most efficient and effective level (cf.
Swartz et al. 2011; Grace et al. 2010).

3 Methods: Building a Comparative Conceptual Framework
Fortunately, there is no need to ‘reinvent the wheel’. Current evaluative models, although
designed for usual clinical settings, can be adapted.

The US National Institutes of Health (NIH) recently called for a greater focus on the need
for effective and scientifically-based translations of basic science into human applications
(clinical science) and their culmination into evidence-based use in patients (practice settings)
(Zerhouni 2003; Sung et al. 2003). The basic NIH model (represented by the boxes in Figure
A) was seen as inadequate to the task of translating discoveries in basic science into
everyday practice. To redress these problems (see triangles in Figure A), improved methods
and attention were needed at two stages of translation: T1= the translation of findings from
basic science to human use and T2= their subsequent translation into healthcare practice.
Westfall et al. (2007) posited that this revised model still overlooked vital scientific areas,
i.e., successful translation into practice also requires adding T3=the dissemination and
implementation sciences.

3.1 A Modified Translational Science Model to Apply to Dosimetry (Figure A)
Further adaption of the NIH model is needed to develop, evaluate and implement dosimetry
for triage in a large-scale radiological event. For example, T1 in the NIH model relies on
Phase 1 and 2 Randomized Control Trials and other clinical studies to establish the efficacy
for use in humans. In contrast, T1-level studies in dosimetry by necessity cannot simulate
the conditions of a large-scale terrorist event. Their ‘use’ in humans rely instead on studying
ex vivo irradiated samples or use cancer patients who received partial or whole body
irradiation as part of their therapy. Such studies can establish proof-of-concept, but they can
be poor models to evaluate efficacy of dosimetry techniques for their true intended use. For
example, ex vivo irradiation may not have the same effects as in vivo irradiation. Cancer
patients’ additional therapies (e.g., chemotherapy or anti-emetics) and underlying illnesses
or injuries may interact with or obscure some biodosimetric markers for radiation.

Consequently, evidence gathered following small-scale nuclear accidents is often substituted
(Goans et al. 2001). Such studies require a different set of statistical assumptions and design
considerations, and have different limitations about how well they model large-scale
radiation events or radiation associated with INDs.

While these differences in T1 are important to understand, they have been the subject of
considerable focus, and we do not detail them in our analysis.

At T2, meta-analysis and structured literature reviews are conducted (cf. Cochrane
Collaboration, 2010; Burgers et al. 2003; Fervers et al. 2006; Morris 2000), to build
evidence-based clinical guidelines and comparative effectiveness models. This is a critical
and currently missing element in evaluating dosimetry, and therefore this paper focuses
especially on adapting T2 methods to compare methods for dosimetry in large-scale events.

T3 considerations become particularly important for emergency preparedness because
treatment of patients in academic medical centers (the usual clinical science setting) is
especially unsuited as a model for treating 100,000s of panicked people in field conditions.
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(Some critical T3 aspects are indicated in Figure B and Table 1 but not detailed in this
paper.)

3.2 A Comparative Effectiveness Model for Biodosimetry (Figure B)
Figure B presents our framework for comparing the different biodosimetric methods for
large-scale radiological events. Note: Figure B focuses only on the methods and concepts of
T2. Figure B assumes T1 studies have established the efficacy of the dosimetry methods and
assumes T3 studies have established appropriate application to ‘patients’ and their
clinicians.

3.2.1 Staged Triage—In parallel with planned scenarios in the US (Grace et al. 2010) and
UK (Fliedner et al., 2001), a staged plan for medical triage is modeled, with:

• A primary level of triage (1° triage) occurring as soon as possible following the
event where the full set of people present for a threshold determination of above
and below 2 Gy,

• A secondary level of triage (2° triage) is performed on the subset of people
identified as potentially above the threshold where more refined estimates of dose
are made; and

• Organ-specific/biologic responses to radiation dose are monitored for the further
reduced subset of people with evidence of ARS, to determine their treatment
regimen.

3.2.2 Estimating Population Size—To illustrate the changes in magnitude of people at
each stage of triage based on biodosimetry, we start with the US planning scenario
estimates. The remaining numbers in Figure B are hypothetical, to illustrate the winnowing
at each stage of triaging, the complexities of misidentification in the triage classifications,
and the correction of dose estimates as people flow through the triage and medical response
system.

3.3 Systematic analysis of Methods for Triage using Figure B’s Framework
Concurrently with describing our framework in greater detail in Figure B, we present an
analysis of 6 types of biodosimetry in Table 1, based on this framework. The first three are
the principal existing guidelines that are usually listed in official guidance and consensus
documents (REMM, 2010; Rojas-Palma et al. 2009): dicentric chromosome analysis (DCA),
lymphocyte depletion rate (LDR), and time to emesis. The last three are dosimetry methods
in advanced stages of development; two are biologically-based biodosimetric methods using
the Rapid Automated Biodosimetry Tool (RABiT) system to perform two types of
cytokinesis: Block Micronucleus and γ-H2AX (Garty et al., 2010; Turner et al., 2011). The
third is a physically based biodosimetric method: in vivo tooth dosimetry (Williams et al.
2011). The analysis in Table 1 compares the six methods with respect to the times needed to
obtain results for use in triaging; sources where published are also noted there. Below we
discuss this framework using two methods detailed in Table 1.

3.3.1 Two Dimensions for Comparing Methods in Figure B—We identify two
dimensions to compare the effectiveness and feasibility of different modalities for dosimetry
at different levels of triage and in the context of a large-scale event: the windows of time
when sampling and measurements are valid and the logistical processes involved in order to
provide the final results to a clinical decision-maker.

3.3.1.1 The Windows of time when sampling and measurements are valid:
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• W1 refers to the time after the event before sampling is valid. For example, for
LDR, W1=12 hours because it takes time for the lymphocytes to undergo
apoptosis. For tooth dosimetry with EPR, W1=0 because the physical changes
measured occur instantly.

• W2 is the entire window during which a sample is valid to obtain. Continuing these
examples, W2=48 hours for LDR because the subsequent changes after this period
no longer predict dose. For tooth EPR, W2=the foreseeable lifetime of the person
because the changes are stable in tooth enamel for thousands of years.

• W3 is the total amount of time after a sample is taken until a triage decision can be
made, i.e., the total logistical considerations detailed below.. W3=1.5 to 2 days for
LDR, because it takes that long to process once sampled. In EPR tooth dosimetry,
W3=15 minutes, i.e., the time from when a person sits in the device until a result is
available to the medical triage physician and person. Note that W3 can overlap with
W2 if the sample is taken early within the W2 window, or W3 can be much shorter
than W2 if W2 extends weeks or years. (Although not noted in this framework, a
sample taken during the appropriate W2 window could be processed so as to be
measurable later.)

3.3.1.2 Process Logistics: from obtaining samples to using the results: The Process
timeframes (P1 to P6) measure the average time for each logistical step to be completed,
beginning after sampling has occurred and ending when the results are available for the
clinician to triage the patient.

Typically, only sample preparation (P3) and measurement times (P4) are reported in the
literature. Continuing our example, both LDR and tooth EPR do not require an incubation
period or complex measurements and so both require only a few minutes for sample
preparation and measurement.

However, a complete evaluation in the context of the methods’ intended use requires
looking at the entire set of logistics involved, including transportation and communication.
For biodosimeters analyzing blood—including LDR—a minimally trained person can take a
sample in under 5 minutes. However, LDR requires serial (at least 3) collections of blood
over a period of 12–24 hours. For tooth dosimetry, no ‘sample’ is needed; instead the
measurements require proper placement of the device on the tooth; less than 5 minutes is
needed now and automation is projected to reduce placement time to less than a minute.

If transportation of samples to remote, highly specialized facilities for processing (P2) and
long-distance communication of individual results are needed (P5 and P6), a number of
hours to days may be required. For example, LDR samples need to be transported to a
clinical laboratory for analysis and results conveyed later to the clinician who may in turn
need to relocate the victim. For tooth EPR, where measurements are performed in the field
with immediate output of results, these processing times are near negligible.

3.3.2 Other Dimensions in T1 and T3 (not detailed in this paper)—Though not
detailed in this paper and Table 1, other factors are key to comparing the different methods
and to deciding which are most appropriate for primary or secondary triage or in assessing
treatment response. For example, in T1 the relative sensitivity and specificity of the dose
estimate, especially when assessing special populations, is important. In T3, the feasibility
of handling the volume of cases and the suitability for its intended use need to be considered
(and none of the current or developing modalities has been well-evaluated for this intended
use). Subtleties abound too, such as whether or not the dose estimate is cumulative or dose-
rate dependent, site specific (irrespective of whether the actual dose was whole or partial
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body), or applicable to special populations such as children without further adaptation (e.g.,
do they require different technical details or calibration curves?)

4. Conclusions, Discussion and Next Steps
Starting with the overall NIH Translational Science Roadmap, we have begun an analysis of
triage under an assumption of a 10 KT IND. Our framework modified the existing
evaluative scientific methods and adapted the criteria to fit the context of a being applied to
a large-scale public disaster. We applied these criteria to 3 current guidelines for triaging
victims and 3 advanced biodosimetric methods under development. This framework
provides a useful way to compare and contrast the feasibility of these methods to meet the
needs for triaging at the primary level (where potentially millions of people present for
potential treatment for ARS) or at subsequent stages of triaging (where only people with
substantial evidence of exposure are further evaluated).

Rather than comparing methods to choose the best option, our framework supports what
others have called for: an integrated approach to triage large numbers of people for effective
care for ARS. While some have focused on integrating triage by building an effective
network of facilities to handle the surge needs for one method of biodosimetry (Christie,
Chu and Carr, 2010), others have urged using the information from several methods for
estimating an individual’s dose, e.g., by using a formula or multiparametric approaches
(AFRRI 2011; Rjecke, Ruf and Meineke 2010). Here we espouse the approach others have
advocated (Grace et al. 2010, Swartz et al. 2011) that seeks to maximize effective triaging
by creating tiers of assessment. The first tier focuses on techniques that can quickly manage
large numbers in the field with immediate feedback based on whether the exposure exceeded
a threshold. Higher tiers have fewer people to evaluate and can therefore use more
specialized facilities and expertise to estimate the dose with greater precision and perhaps
with more sensitivity to the victim’s biologic responses.

Arguably all three definitions of an integrated approach are needed. Our framework and
approach emphasizes the needs to make comparisons across methods, paying particular
attention to the context of their intended use. More information needs to be gathered, based
on rigorous definitions of the logistical assumptions, to make these comparisons. In addition
to those criteria identified in this paper, comparisons need to include important criteria such
as the basic sensitivity and specificity of the estimates made by each method under the
conditions that mirror their intended use.

As complex as this model may appear, it needs to take into account additional considerations
about how well each method can handle special populations such as people injured during
the event, those with chronic conditions that may confound the estimates, children, and
pregnant women. These and other subpopulations may not be able to be assessed at a given
tier by one method, so that having multiple approaches as each tier may be needed.

A final note: integration of biodosimetric methods, by any definition, requires being able to
trace the patient and his/her samples and results across multiple settings and under chaotic
communication and transportation infrastructures. The effectiveness of integration will be
greatly reduced in those countries (like the US) that do not use a universal identifier for
healthcare services.

For all these reasons, we feel that it is vital to develop a thorough and well-validated
framework for evaluating the strengths and weaknesses of biodosimetry as applied to a
variety of likely scenarios using dosimetry for triage. Comparative evaluation is needed for
all methods, including the current guidelines, since none has been fully evaluated for this
intended use.
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Figure.
Figure A: Adapting the Translational Roadmap of the National Institutes of Health
Figure B: A Comparative Framework of Biodosimetric Methods: Criteria to Assess Three
Levels of Triaging Victims for Ultimate Treatment
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