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Abstract

Biological dosimetry represents radiation dose and injury assessment and typically involves use of generic classical diagnostics endpoints including i) clinical signs and symptoms, ii) hematology changes, iii) radiation bioassays, and iv) cytogenetic chromosome aberration assays. Emerging diagnostic technologies include i) electron spin resonance (ESR) of solid matric materials like teeth, bone, and nail clippings, ii) ultrasound and thermography to assess acute local injury, iii) plasma bioindicators of radiation injury to specific organs (i.e., bone marrow, small intestine, liver), iv) molecular bioassays (i.e., gene expression), and v) other opportunistic technologies. Current risks for radiological incidents highlight the need to enhance biological dosimetry capabilities for various scenarios including mass-radiological casualty incidents. Gaps have been identified in rapid triage, field-deployable, and reference laboratory radiation dose and injury assessment diagnostic devices approved by appropriate regulatory agencies.
Translational biological dosimetry research studies have used ex vivo human blood and organ cultures radiation models, animal (i.e., murine and Rhesus macaque) in vivo radiation models, and in selected cases samples from humans suspected of radiation exposure. These studies are aimed to identify, validate, and optimize novel biodosimetric-based diagnostic approaches for use to enhance medical readiness for response to radiological incidents. Examples of results from selected novel radiation biomarkers will be presented. No single diagnostic approach is adequate for the varied radiation exposure scenarios. Only a combined approach using clinical classification systems, biomarkers, cytogenetic chromosome-aberration analysis, physical measurements, and other biophysical and biodosimetric indices will ensure the best strategy to formulate early medical-treatment decisions.
Military Radiobiology Institutes provide a unique forum to transition biodosimetry research into operational applications. Activities supporting the establishment of a deployable biodosimetry team and reference laboratory(s) to perform ISO certified dose assessment require sustained contributions but directly compliment on-going translational biodosimetry research and validation activities. Again examples of selected activities related to military readiness in biological dosimetry will be described. Another important activity is in the educational area, where efforts to contribute to military doctrine, standards, and teaching in the radiation biodosimetry are complimentary to a well balanced military radiobiology research program.

1.0
INTRODUCTION

Responders for radiological incidents need to differentiate between the concerned public (i.e., worried well) and exposed individuals for appropriate use of medical resources. In cases of each individual suspected of exposure they need to perform and record exposure assessments. No single assay is sufficient for all complex potential radiation exposure scenarios, especially those involving mass casualties. Multiple bioassays and an integrated approach are required for triage, clinical and definitive radiation biodosimetry [1,2].

Consensus guidance for responses in cases of radiological incidents are available from international [4,5] and national [6,7] sources. The early-phase response is briefly outlined below.

Generic Early-Phase Biodosimetry Guidance
· Perform measurement and bioassay, if appropriate, to determine radionuclide contamination
· Record physical dosimetry measurements, if available
· Observe/record prodromal signs (erythema), symptoms, and clinical bioassays
· Obtain CBC with white blood cell differential immediately, then every 6 hours for 2-3 days, and then twice a day for 4 days 
· Contact qualified laboratory to evaluate performance of chromosome-aberration cytogenetic bioassay, using the “gold standard” dicentric assay for dose assessment
· Consider other opportunistic dosimetry approaches as available
Global radiological threats currently exist. In a recent assessment radiological dispersion devices (RDD) and nuclear attacks were rated as one of the top man-made threats to the United States of America core capabilities [8]. Military resources need to be capable and would likely be called upon to actively participate in responses to many of these radiological threats. A selected list of these threats is shown below.

Potential Radiation/Nuclear Threats in Military Operations
· Terrorist actions involving RDD and an improvised nuclear device (IND)

· “Lost” and / or “hidden” radiation sources

· Military operations in contaminated areas

· Malfunctioning or destroyed nuclear power plant facility in the country of operation

· Civilian-military support operations

At present the United States of America’s Food and Drug Administration has not approved any biodosimetry assays or devices. Biodosimetric tools for triage are quite limited and reference biodosimetry laboratories capabilities for surge response are personnel resource limited. Biodosimetry is a time critical issue. For medical management of radiation casualties all biodosimetry information for dose/organ assessment needs to be available as soon as possible (e.g., in less than two days) for medical decisions, while most established biodosimetry tools nowadays still need more time (e.g., five days and more).

Biodosimetry gaps and requirements were assessed by several groups [1,9]. Table 1 shows recommended priority research areas for advancement of biological dosimetry research as deemed by the Radiological Nuclear Threat Countermeasures Working Group chartered by the U.S. Office of Science and Technology Policy and Homeland Security Council [9].
Table 1: Radiological/Nuclear Threat Countermeasures Working Group Prioritized List of Biodosimetry Research Areas

	Research Areas
	Priority

	Mechanisms of radiation injury
	Top

	Biodosimetry assay automation
	Top

	Biomarkers and devices for biodosimetry
	High

	Training in radiation sciences
	High

	Informational repository of investigational radiological/nuclear treat countermeasures
	High

	Medical follow-up of exposed populations
	High

	Development of animal models
	Medium


Since September 2001 there has been a renaissance in biological dosimetry research efforts to close these identified biodosimetry capability gaps. Emerging diagnostic technologies include i) electron spin resonance (ESR) of solid matric materials like teeth, bone, and nail clippings, ii) ultrasound and thermography to assess acute local injury, iii) plasma bioindicators of radiation injury to specific organs (i.e., bone marrow, small intestine, liver), iv) molecular bioassays (i.e., gene expression), and v) other opportunistic technologies. See Table 2 for the current status of these different approaches.

Table 2: Select List of Provisional and Emerging Radiation Injury and Dose Assessment Methods
	Method
	Status
	References

	EPR

	- teeth (in vivo)
	EPR L-band is potentially able to measure doses as low as 2 to 3 Gy but needs additional development
	[10,11,12,]

	- nails (ex vivo)
	EPR X-band shows a lower limit of detection of 0.5 - 1 Gy
	[10,14,15,16,17]

	Ultrasound & thermography

	- local tissue injury
	In use by many radiation emergency response centers
	[18]

	Cytological

	γH2AX assay
	Validated at high doses in a primate radiation model and low doses in human exposed to radiation for cancer therapy
	[19,20,21]

	Blood plasma - protein immunoassay

	- C-reactive protein
	Acute-phase reaction protein derived from liver and demonstrated both as a biodosimeter and bioindicator of hematology ARS
	[22,23,24,25]

	- Flt-3 ligand
	Bioindicators of bone marrow injury validated in animal and humans
	[26,27]

	- Citrulline
	Bioindicator of injury to small intestine epithelial tissue
	[28,29,30]

	- γH2AX
	Protein associated with DNA double strand break repair
	[31]

	- Multiple proteins
	Candidate multiple protein biomarkers proposed for biodosimetry; multivariate discriminant or linear regression analyses of multiple proteomic biomarkers useful to assess radiation dose in animal model systems
	[32,33]

	Blood cells - gene expression

	- QRT-PCR assay of multiple targets
	Multiple radiation responsive gene targets identified and used in the development of consensus dose-response calibration curves using an ex vivo blood radiation model system
	[34,35,36,37,38,39]

	Urinary biomarkers

	· Multiple targets
	Dose dependent biomarkers are identified but there are different in rodent and nonhuman primates
	[41,42,43,44]


2.0
SYSTEMS APPROACH FOR BIOLOGICAL DOSIMETRY

2.1
Systems Approach

“Systems Thinking” is an approach for problem solving that uses a systems orientation to define problems and opportunities and develop solutions. Figure 1 illustrates this approach for problem resolution. Most importantly is the need to clearly define the problem. An initial design concept is then envisioned. Models should be developed initially as “pilot studies”, which can test and permit review and modification of the design concept. This is followed by more advanced model and protype developments along with further testing. Testing should be done to stretch the limits of the concept design to solve the problem. System testing can be performed also as initial pilots followed by more advanced and complex scenarios to thoroughly test the system prior to deployment.

2.2
Biodosimetry Problem Defined

Consensus guidance recommends early-phase biodosimetry for the management of suspected radiation accidents [1,2,10,45]. The primary purposes for this initial assessment are to: (1) identify individuals with life-threatening radiation exposures who can benefit from early treatment, (2) identify individuals either not exposed to radiation or exposed to low doses that are not life threatening and who can be appropriately managed at a later time, and (3) identify individuals with radiation over-exposures that depending on the available resources are put in the expectant triage category (i.e.,. casualty is expected not to reach higher medical support alive without compromising the treatment of higher priority patients [46].

Dose thresholds and windows typically for acute exposures (i.e., dose rates >40cGy/min) - human radioresponses are typically used to summarize the constellation of biological radioresponses for medical-management guidance of radiation casualties. This approach is often also commonly employed in educational forums to describe human radioresponses. Unfortunately, this “dose-threshold approach” has been applied literally in the specification of requirements for biodosimetry-device development. The “dose” device concept is attractive in its simplicity for use in biodosimetry concept of operations to permit identification of exposed individuals. However, early actions by first receivers and first responders related to medical interventions of suspected exposed individuals require diagnostic information based on radiation-injury bioindicators.

Early-phase biomarkers can be useful both for prediction of dose as well as injury severity to specific organ systems [47]. Biodosimetry devices developed on the basis of the dose concept and organ-specific injury bioindicators could also provide a severity-level indication of radiation injury. This approach is consistent with the Medical Treatment Protocols for Radiation Accident Victims (METREPOL) convention by which measurement of clinical signs and symptoms are associated with the severity of organ-specific (i.e., hematological or bone marrow (BM), gastrointestinal (GI), neurovascular, and cutaneous) acute radiation syndrome (ARS), as developed and advocated by Fliedner and colleagues [48,49] for triage of victims.
Table 3 presents a paradigm shift in biodosimetry requirements from measurement of dose to effects. Here the “triage tool” requirements focus initially on identifying individuals at risk for developing life-threatening ARS and who need immediate treatment as distinguished from those individuals either exposed to non-life threatening radiation doses or not exposed to radiation. First receivers and first responders are typically unfamiliar with dose units, so alternative biodosimetry-device units could simply be ARS risks. Follow-up screening in field and reference laboratories would be expected to provide more-detailed diagnostic information and include severity levels for various ARS sub-syndromes (i.e., BM). Again, the METREPOL ARS-severity scoring system provides a useful convention to provide device outputs based on risks for ARS sub-syndrome severities.

Table 3: Biodosimetry Problem Definition

	Categories
	Triage Tool
	Field Lab
	Reach-back Lab

	Life-threatening:

	  Exposure to dose with ARS risk
	Yes
	Yes
	Yes

	  BM ARS syndrome risk
	
	Yes
	Yes

	  Distinguish ARS sub-syndromes (BM, GI, cutaneous) risk
	
	
	Yes

	  Candidate for BM transplant
	
	
	Yes

	  Monitor recovery
	
	
	Yes

	  Exposure dose of record
	Yes
	Yes
	Yes

	Exposed but not life-threatening ARS risk:

	  Exposure to dose that is not life threatening 
	Yes
	Yes
	Yes

	  Monitor recovery
	
	
	Yes

	  Exposure dose of record
	Yes
	Yes
	Yes

	Concerned public (worried well):

	  No radiation exposure
	Yes
	Yes
	Yes

	  Exposure dose of record
	Yes
	Yes
	Yes


2.3
Design Concept
Triage, clinical, and definitive radiation biodosimetry require clinical assessment of signs and symptoms and use of multiple bioasssays and analytic technologies, since no single assay is sufficient for all potential radiological exposure scenarios. Figure 2 illustrates the multiple parameter biodosimetry approach and highlights those that are currently in use as well as those under development. 
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Figure 2: Multiple Parameter Biodosimetry 
Conventional biodosimetry approaches are shown in boxes with green background and emerging approaches are shown in 

yellow background.
2.4
Model and Assay Developments

Biodosimetry research groups, consistent with a systems approach, have used a variety of simple to more advanced biological radiation models to identify, validate, and optimize candidate assays to advance biodosimetry capability. Table 3 illustrates efforts from the Armed Forces Radiobiology Research Institute (AFRRI) Biodosimetry Research Group and highlight the use of multiple bioassays including cytological, hematology, plasma proteins, and urinary biomarkers in these biodosimetry studies.

Table 3: Radiation Models and Bioassays: 

Selected examples from AFRRI’s Biodosimetry Research Group

	Bioassays
	Human Blood (ex vivo)
	Mouse
	Rat
	Minipig
	Rhesus
	Reference(s)

	CYTOGENETIC assays:

	  Dicentric
	+
	–
	–
	–
	–
	[50,51]

	  Premature chromosome condensation
	+
	
	+
	
	–
	[52,53,54]

	  Rapid interphase chromosome aberration (RICA)
	+
	+
	–
	–
	–
	[55]

	  γHA2X
	+
	
	–
	+
	+
	[19,20]

	hematology:

	  Lymphocyte counts/depletion rate
	–
	+
	–
	+
	+
	[56,57,58,59,60]

	  Neutrophil to lymphocyte ratio
	–
	+
	–
	+
	+
	[56,57,58,59,60]

	Plasma proteomic biomarkers:

	  Amylase activity
	+
	+
	
	
	+
	[56,57]

	  Acute phase biomarkers (i.e., CRP, SAA)
	+
	+
	–
	+
	+
	[25,58,61]

	  Multiple proteomic biomarkers
	+
	+
	–
	
	+
	[25,58,61]

	GENE EXPRESSION BLOOD CELLS

	  Multiple biomarkers
	
	
	
	
	
	[34,35,36,62,63,64,65]

	URINARY BIOMARKERS

	  Amylase activity
	NA
	–
	–
	–
	+
	[Blakely in preparation]

	  Multiple biomarkers
	NA
	–
	–
	–
	+
	[44]


2.5
Prototype Developments and System Testing
System testing should be realistic to the potential scenario that might be encountered in a radiological/nuclear exposure incident. Recent studies at AFRRI have investigated the influence of wounding likely associated with an IND on proposed biodosimetry assays. Blind tests are critical to permit an independent assessment of accuracy of the proposed biodosimetry approach. Exercises and inter-laboratory comparison studies are crucial to demonstrate readiness, capabilities, and competency [66,67,68]. Dose assessment services in cases of real accidents represent a robust system testing of biodosimetry capability [51].

AFRRI’s Biodosimetry Research Group has deployed to U.S. forces a version of our Biodosimetry Assessment Tool (BAT) software BAT data entry screens were developed based on consensus generic guidance and organized into discrete categories (i.e., physical dosimetry, contamination, prodromal symptoms, hematology, lymphocyte cytogenetics, erythema/wound, and infection) to facilitate its practical use during the early-phase response for radiological incidents. The summary report provides a concise output of information on radiation exposure, radionuclide contamination, dose assessment based on biological indicators (i.e., cytogenetic chromosome aberration bioassays, time to onset of vomiting, lymphocyte cell counts or depletion kinetics), and relevant clinical signs and symptoms. The BAT report template is compliant with NATO and international guidance for recording ionizing radiation exposures for medical purposes [69,70].
AFRRI and the Bundeswehr Institute of Radiobiology Biodosimetry Research Groups have used commercial off-the-shelf (COS) equipment for use in deployable biodosimetry applications. In additions, efforts are currently underway to partner with commercial medical equipment developers to develop and validate existing and protype devices for use in biodosimetry applications. 
3.0
OPPORTUNITIES TO TRANSITION BIODOSIMETRY RESEARCH
A wide range of opportunities to transition biodosimetry research for military relevant operational activities are illustrated in Figure 3. These efforts can provide biodosimetry researches insight into the military as well as civilian end-user perspectives in order to better focus biodosimetry research efforts. Scientists from both AFRRI and the Bundeswehr Institute of Radiobiology Biodosimetry Research Groups are actively engaged in these activities including participation in updates to biodosimetry manuals [71] and standards [72], interactions in NATO research task groups [73], and recently a faculty exchange in a joint radiological/nuclear educational program.

Solutions for military medical radiation preparedness should involve a closer collaboration and networking among military radiobiological research institutes within NATO. On-going collaborative research efforts in development of new biodosimetry tools for an immediate/rapid radiation injury or dose assessment and educational exchanges should be sustained.
Military biodosimetry research groups should coordinate with their respective civilian institutes to provide updates on there “subject matter expertise” to provide biodosimetry guidance as well as to develop and exercise responses in case of a mass-casualty radiological incident. Ideally a continuous global civilian-military scientific exchange should be maintained to assure optimum readiness and capability for response to radiological threats.
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Figure 3: Opportunities to Transition Biodosimetry Research for Military Operational Activities

4.0
SUMMARY
Only a combined approach using clinical classification systems, biomarkers, cytogenetic chromosome-aberration analysis, physical measurements, and other biophysical and biodosimetric indices will ensure the best strategy to formulate early medical-treatment decisions in radiation exposure cases. A systems approach involving use of various models and rigorous testing establishes a roadmap for closing identified biodosimetry gaps. Finally, translational biodosimetry research provides many opportunities to incorporate military operational applications that can enhance military readiness for response to radiological incidents.
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Figure 1: System Approach for Problem Resolution
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