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Abstract 

This paper introduces an early prototype of a decision support tool (DST) for evaluating the logistical considerations of biodosimetry methods. Biodosimetry methods allow the estimation of an individual’s radiation exposure and facilitate the process of screening the population into treatment categories following a potential large-scale nuclear or radiological event. The DST was implemented using the STELLA® software for evaluating the performance of six different dosimetric methods, three are the current international guidelines and three are under advance development. The DST was used to compare the performance of the dosimetric methods under different potentially exposed population sizes, different screening center capacities, and taking into consideration the process times for each of the dosimetric methods. Preliminary results given the model’s assumptions showed that Electron Paramagnetic Resonance dosimetry of tooth enamel out performed the other methods. Future work on the DST would incorporate variance in the capacity and utilization of the screening centers, as well as the dosimetric methods’ specific effectiveness to assess the radiation dose. Finally, this work showed that the DST is a useful tool for the emergency response community to evaluate the effectiveness of various strategies for preattack stockpiling and capacity building, and postattack distribution and dispensing of biodosimetry technologies.

1.0
Introduction

1.1
The Context

In the aftermath of catastrophic radiological event involving mass casualties, the response capability of the local responders will be severely compromised and insufficient [1]. One of the key issues that will arise in such event is the likely large population who may have received radiation doses ranging from background levels to those large enough to cause medical consequences [2, 3]. It has been recognized that these individuals would need to be assessed for exposure level so that, if needed, appropriate treatment can be given [4, 5]. Significant work has been done by others to estimate the likely numbers and distribution of mass casualties using computer simulation, that takes into account factors such as topography, weather pattern during the event, and other environmental factors. A full review of such results can be found in Knebel and colleagues, and Buddemeier and colleagues [3, 6]. The international community as well as the U.S. government have set up guidelines for dealing with the potentially large numbers of people looking for medical attention and needed radiation dose assessment. However, both in the U.S. and abroad these guidelines rely on methods that have not been demonstrated to be reliable and effective in these circumstances [7-9]. The unusual circumstances especially include the logistical complexities of using those methods in a mass casualty incident. The logistical considerations include among others: the handling, labelling, transport and tracking of individual samples; the managing of local versus federal inventories of disposables and supplies; the set up and management of Radiation Treatment, Triage, and Transport (RTR) facilities as part of the “concept of operations” [6, 10, 10]; and capacity and availability of medical facilities and personnel. A recent paper by DiCarlo and colleagues [11] presented the results of computer simulation that demonstrate the mismatch between the likely number of casualties and available resources to deal with the casualties at different levels of severity of a nuclear incident. They concluded that the RTR sites that would form near the epicenter are likely to have severe resource scarcities for effectively screening and triaging the affected population. Under these mass casualty circumstances, it is evident that the medical emergency response system would need to quickly and reliably screen out the worried well from the population with true significant radiation exposures in order to effectively triage the victims to treatment categories to decrease the demand on the medical system so that the appropriate medical care could be given to those that need it the most.

1.2. United States and International Guidelines for Radiation Dosimetry

The U.S. and the international guidelines for radiation dosimetry promulgate the use of two kinds of radiation dosimetry approaches: time to emesis for mass casualty screening in the field; and the use of cytogenetic biodosimetry, using a network of distant laboratories, for individual dose assessment to guide medical interventions. However, both methods have some significant limitations in their effectiveness and efficiency for dealing with mass casualty radiological events.

Time to emesis has some considerable problems in that there are variations in the individual responses to the effects of radiation and how fast symptoms manifest in the individual. These variations have been characterized by Demidenko and collegues [9] and show a relative error in the dose estimate of 190%. Furthermore, the other major problem with the time to emesis approach is that it relies on the individual’s ability to accurately remember the precise time of the onset of vomiting. Finally, the current tools for correlating this clinical symptom to the appropriate level of dose were developed with a severe population selection bias, because there are no available data regarding how many people did not present the symptom, even when exposed to significant levels of radiation. Nevertheless, time to emesis can be a logistically simple method for estimating radiation dose at the individual level after a catastrophic mass casualty event because it does not require any complicated test, or equipment.
The cytogenetic based assays sometimes used for dosimetry, e.g., the dicentric chromosome analysis (DCA), and the lymphocyte depletion rate (LDR), have the advantage that they are very sensitive to lower doses and correlate strongly with the biological effect of the radiation at the individual level. However, in terms of their logistical demands, all the biologically based methods require the collection of tissue samples and a wide ranging set of complex processes before dose estimates can be attained for the individual. Some of the biologically based methods (DCA) need the samples to be sent to a sophisticated laboratory for measurement, and the results need to be matched back to the individual days after the sample was collected [12]. 

However, there are newly developed and not yet validated and approved technologies that could be useful to complement the process of screening and triaging mass casualties. The federal government in the U.S. is investing considerable amounts of money into the development of new kinds of biodosimetry technologies [4] some related to the cytogenetic based methods and others based on physical and permanent changes in human tissues that are not confounded by biological processes. One such technology is L-band Electron Paramagnetic Resonance (EPR) dosimetry, which measures physical changes in tooth enamel due to radiation exposure, does not rely on extracted samples and can be measured immediately after exposure using a deployable system, and with a short cycle time and a simple process [7, 13-16].
1.3
Evaluating Biodosimetry Methods

Traditionally, comparative effectiveness in the clinical domain has focused around comparing clinical procedures or technologies that are currently under clinical use and used under a traditional clinical setting to diagnose or treat a specific disease. This approach does not fit well with evaluating and comparing technologies and clinical procedures that would be used in the context of a large-scale public disaster. Nicolalde and colleagues proposed an augmented comparative effectiveness framework that takes into account the critical factors in using a clinical technology in a disaster setting [8, 15, 17]. These factors include not only the technologies’ specific effectiveness (i.e., true-positive and true-negative rates) as in the traditional comparative effectiveness approach, but the additional logistical and technology efficiencies for the intended disaster context in which the technologies would ultimately be used (e.g., usability by novice operators, ability to obtain results under field conditions, process time, throughput, system queuing, among others). For a full review of logistical differences associated with the intended use, see publications by Nicolalde, Flood and colleagues [8, 15, 17].

The new augmented comparative effectiveness frameworks has been implemented at a theoretical level in the context of evaluating the clinical methods and biodosimetry technologies for assessing the level of radiation dose received by individuals after a catastrophic nuclear event, and taking into account the different dosimetry methods’ specific process time, throughput and effectiveness. Specific dosimetry method processing and cycle times were reviewed and published [8, 18] and a dynamic simulation model was implemented to evaluate each of the dosimetry methods to determine their performance for screening mass casualties [19].

1.4.
Simulation based modeling for emergency response.

In order to evaluate alternative clinical procedure and technologies for use under catastrophic situations, simulation based modelling is particularly appropriate given the limitations of the rarity of such events and the difficulty of evaluating alternatives in a real event. Simulation based modelling for emergency response has been widely used, especially in the field of general emergency preparedness, for natural and manmade disasters, including radiological events. For example, Goans and colleagues simulated the number of survey stations required in a mass casualty radiation event using discrete event simulation [20], and French studied the need for multi-attribute decision support tools in the event of a radiation accident [21]. Furthermore, in the field of bioterrorism preparedness, in particular for anthrax attacks, Bravata and colleagues developed a simulation model to evaluate different supply chain strategies to respond to a catastrophic attack and the ability to dispense prophylaxis and antibiotics to a large number of potentially infected people [22, 23].
2.0
Objective

The overall objective of this project is to develop a policymaker-friendly decisions support tool (DST), based on dynamic simulation, to evaluate the effectiveness and logistic considerations of biodosimetry methods. In this paper we present a preliminary prototype that is implemented to compare six dosimetry methods, based on the time to obtain radiation dose estimates at the individual level. The goal is to estimate the relative logistic demands on the emergency response system in terms of the number of measuring stations or laboratory capacity needed for making measurements.
3.0
Method

3.1
Scenario and Assumptions Used in the Model
The scenario for this simulation model is the detonation of a 10-kiloton Improvised Nuclear Device as described in the Department of Homeland Security’s National Planning Scenarios [24]. We assumed the number of casualties fleeing the affected area and victims seeking medical treatment to be approximately 1,000,000 people based on approximate numbers published in the literature. For more detailed casualty estimates refer to Dallas and collegues, Buddemeier and colleagues, DHS, and DiCarlo and colleagues [2, 3, 11, 24].
We assume that the local and/or Federal Government will set up RTRs facilities surrounding the affected areas to which all ambulatory individuals will be directed for dose estimation measurements using one or, potentially, a combination of the alternative biodosimetry technologies (the management of non-ambulatory individuals is not covered in this work). The Federal Government, in their concept of operations (CONOPS), has described the likely setup of a system to accomplish screening and triage of victims [25]. For the simulation model we assume that the time for each individual to reach one of the Radiation TReatment, TRiage, and TRansport (RTR) facilities is constant across the number of hours, and is equivalent for all RTRs. However, in reality the hourly rate of arrivals at a given center would be an average, not a constant, and would differ at each RTRs and might follow a non normal distribution. Future implementations could model variations in these assumptions, in order to evaluate their impact on the policy decisions. The model presented here assumes an arrival rate of 1000 individuals per hour at the set of all RTRs combined, based on previously published work by others [26]. We also assumed that the RTRs are set up to receive all possible incoming potential victims (such as in large local non-healthcare facilities like school gymnasiums or meeting halls) and, while other types of screening or gathering of information or preliminary treatments are likely to occur, the rate of interest here is those presenting for biodosimetry for purposes of triage 
3.2
The Dosimetric Methods Being Compared

The policymaker-friendly DST developed in this project compares 6 biodosimetry methods, including the three existing methods found in the U.S and international guidelines for radiation biodosimetry [27, 28]: dicentric chromosome analysis (DCA), lymphocyte depletion rate (LDR), and time to emesis. It also includes three dosimetry methods in advanced stages of development: Block Micronucleus, g- H2AX[29, 30], and in vivo Electron Paramagnetic Resonance (EPR) tooth dosimetry [31].
The biodosimetry methods are compared based on two critical time constraints associated with each methods: a) the window of time when sampling and measurement are valid, and b) the methods’ specific measurement process time for obtain the individual dose estimates. For a full discussion and review of these critical parameters see Flood and colleagues [8].
In summary, the time variables modelled in this project are: W1 – the time after the event before a sample can be validly obtained for measurement; this time is particularly important for biological samples which can be delayed to wait for biological responses to manifest; W2 – the time throughout which sampling remains valid to obtain; this time is also particularly relevant to the biologically based samples when they are affected by the body’s repair mechanism; and finally W3 – the time after the sample has been taken to when triage decision is made;  this time applies to all dosimetry methods and pertains to the specific cycle times and throughput. Table 1 show the specific time values for each of the dosimetry methods.

Table 1: Time data for six of the alternative dosimetry methods used in the DST.

	
	Current Guidelines 
	Dosimetry under Advanced Development

	Dosimetric Methods:
	Dicentric

Chromosome Analysis
	Lymphocyte Depletion Rate 
	Time to Emesis
	Cytokinesis – Block Micronucleus
	γ- H2AX
	In vivo EPR of Tooth

	W1=time after event before can sample
	0
	12hr
	<10 min to >2 hr
	0
	0
	0

	W2=time throughout which sampling remains valid to obtain
	> 6 mo
	48hr
	2 to 48 hr or longer if  self-recalled
	12 mo
	few - 16 hr 
	> Lifetime

	W3=time after sample is taken to triage decision 
	several days, i.e., 5 – 9 da
	1.5 to 2 days 
	< 5 min
	5 days
	2 days
	< 15 min


Adapted from Flood and colleagues 2011 [8]. 

3.3
The Dynamic Event Simulation Model
The DST was implemented using a dynamic event simulation computer modelling tool, STELLA® version 9.1.4 from ISEE Systems Incorporated (Lebanon, New Hampshire). Figure 1. Shows a snapshot of the model structure.
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Figure 1. The Dynamic Simulation Model Implemented in Stella®
The dynamic model was implemented by simulating the flow of potential victims (upper half on Figure 1) and the flow of the windows of time during which there is an opportunity to make the dose estimate measurement (lower half of the model in Figure 1) connected by a set of triggering events, which correspond to the W1, W2, and W3 times. In the STELLA® simulation software rectangles represent stocks (amount of something quantifiable), and the arrows with the faucet symbols represent events that provide either input- or output-quantifiable elements into the stocks. Each of these elements was implemented as an array of plausible values for each of the six dosimetry methods being evaluated, so that the model could be examined for its sensitivity to the actual time each step takes. The flow of potential victims starts in the leftmost rectangle titled “Unexposed Population” and ends in the rightmost rectangle titled “Triaged population” after traversing through a sequence of events. The first event is the process of receiving a potential exposure due to the catastrophic nuclear incident that occurs at time 0. At this point the population moves into the “Exposed Not Screenable” rectangle, waiting until the time when sampling is valid. The second event is when the population “becomes screenable” after the onset of W1 window begins, i.e., it is the time after first waiting for some of the biological samples to manifest a change. At this point the population enters the “screenable” rectangle. The population remains until either moved to the “sampling” and screening process or until the “Time window of opportunity” for screening closes. This window of opportunity is driven by the ending of the W2 window, which can occur when the biological repair mechanisms that would take effect after radiation exposure would likely confound and compromise the validity of the radiation dose measurements. Finally, after “sampling” the population enters into the process of “being triaged” which depends on the W3 time (including time to convey the results to people performing triage) to then end up in the “triaged population” stock.
The simulation run time is 100 hours (approximately 4 days) in increments of 1/32 of an hour (approximately 2 minutes). The run time corresponds to the early phase of Acute Radiation Syndrome, which ranges from 0 to 5 days depending on radiation dose, and during which early intervention is most likely to be effective [32]. The model also assumes that the RTR centers will be deployed immediately after the event, although, in reality deployment time of any dosimetry capacity may take more than 24 hours.

3.4
The DST User Interface

A simple yet flexible user interface was developed for policy makers to interact with the dynamic simulation model. The user interface is comprised of two panels, one for running the simulation and displaying dynamic results (Figure 2.) and a second panel for configuring and setting the parameters of the simulation model (Figure 3). 

The Simulation Control Panel (Figure 2.) is comprised of six bar charts, each corresponding to one of the six biodosimetric methods under evaluation. Dynamic results presented in each bar chart are color-coded to highlight the different stages in the screening process, as described in the previous section. For example, red represents the exposed population; black, the population in the process of being sampled to obtain results; and green represents the number of triaged individuals. Other DST controls include a play button, and stop button, as well as a button that would export data for further analysis and/or for displaying graphics using other software tools. The tabs provide navigation between the Home screen, and the Configure, Simulation and detail Model panels. Finally, the two indicators in the upper right corner indicate when exposures are occurring and the time lapse after the nuclear event.
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Figure 2. The Decision Support Tool Control Panel
The configuration panel enables the user to vary the population potentially exposed, the arrival rate of the potential victims to the screening centers, and the W times for each of the six dosimetric methods under evaluation, as described above. The user can perform different runs of the DST with different settings for each of these variables, thus providing a very flexible and simple way to compare the performance of each dosimetric methods under different scenarios and assumptions. For this prototype of the DST we have implemented a range of 1000 to 1,000,000 potentially exposed individuals and an arrival rate range of 100 to 2000 individuals per hour to all RTR centers combined. The W times were implemented based on previously published data summarized in Table 1.
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Figure 3. The Configuration Panel of the DST

4.0
Results

Results reported here using the prototype DST simulate combinations of population sizes (1,000; 500,000; and 1,000,000) and hourly arrival rates (1,000 and 5,000) assuming “best-case” conditions, i.e., no variance in processing times, optimal system utilization, and no system failures. Table 2 displays the number of potential victims that are able to be triaged at the end of four days, using each of the six biodosimetric methods with two different arrival rates, 1,000 and 5,000 individuals per hour, and assuming different population sizes.

Table 2. Population Triaged After 100 Hours (~ 4 Days) Using Different Biodosimetric Methods And Assuming 3 Initial Population Sizes and 2 Hourly Arrival Rates.

	Initial

Population Size


	Dicentric Chromosome Analysis
	Lymphocyte Depletion Rate 
	Time to Emesis
	Cytokinesis – Block Micronucleus
	γ- H2AX
	In vivo EPR of Tooth

	Assuming hourly rate of arrival of 1000 people

	1000
	0
	1000
	1000
	0
	1000
	1000

	500,000
	0
	47,000
	47,000
	0
	15,000
	99,600

	1,000,000
	0
	47,000
	47,000
	0
	15,000
	99,600

	Assuming hourly rate of arrival of 5000 people

	1000
	0
	1000
	1000
	0
	1000
	1000

	500,000
	0
	234,800
	234,800
	0
	74,800
	498,100

	1,000,000
	0
	234,800
	234,800
	0
	74,800
	498,100


Some key results from the different runs of the DST are:

· Electron Paramagnetic Resonance (EPR) performed the best, in all cases where the initial population was greater than 1000, providing results for 2 to 6 times more individuals than the other 3 biodosimetry methods capable of providing results within the 100 hour timeframe. For populations of 1000 (or less), its performance was equal to the other three.
· Time to Emesis was able to triage about half of population that EPR could in the same amount of time. The smaller number is due primarily to its being less reliably reported 48 or more hours after exposure.

· Lymphocyte Depletion Rate performed similarly to the time to emesis method, due to its limited time window of opportunity (W2 time) to obtain valid measurements from the biological samples.
· Gamma –H2AX was able to triage about 1/6 the number of individuals. This smaller number is due to the 16 hour window in which the samples are valid for measurement.

· Cytokinesis - Block Micronucleus and Dicentric Chromosome Analysis were not able to triage any individual in the 100 hour timeframe. This is due to the fact that the screening process time (W3) is more than 5 days for these methods.
4.1
Number and Capacity of RTR Centers

One of the most important highlights provided by the DST is the means to understand the relationships between the population sizes potentially exposed, the capacity of the RTR centers – in terms of handling arrival rates – and the technology specific time windows of opportunity to perform the dose measurement. For example, if the local or federal responders decided to set up RTRs that can handle a flow of 1,000 individuals per hour, they would have to set up 10 of such centers, using EPR dosimetry to assess the radiation dose of one million victims. (And because each EPR instrument can only process 10 to 12 people per hour, each RTR would need to have 100 instruments.) Alternatively, responders could decide to set up 2 RTR centers that can handle the flow of 5,000 individuals per hour to measure the same total number of victims. These results of course are under the assumptions modelled in this project including sufficient supplies, technology or facilities to perform the tests or make the measurements, and manpower to carry out the respective tasks, optimal system utilization, no system failures, and equivalent dosimetric assessment accuracy for all methods to perform the initial triage. However, in reality these factors would decrease the performance of each RTR and would require the system to build extra capacity to compensate for inefficiencies.

5.0
CONCLUSIONS

This paper introduced a decision support tool (DST) based on a dynamic computer simulation model for evaluating the logistical performance of six different biodosimetric methods and their associated technologies. The DST was developed to be a policymaker-friendly tool in which policymakers can vary key parameters such as potential population size, capacity of the screening centers to receive potential victims, and the specific process times and throughput for each biodosimetric method. Policymakers could use the tool to prepare for what types of capabilities are needed in a large or a small nuclear event by varying the population size. Local or federal responders could also use the tool to define the flow capacity of the screening centers based on space, personnel and supplies consideration and to determine the impact of such capacity planning on the ability to triage a given population size. For instance, EPR dosimetry in its current state of development requires at least one operator per machine to make between 10 to 12 measurements per hour. If we assume that each machine can operate for 23 hours a day, each machine will require at least 3 operators over a 23 hour period. Consequently, a RTR center equipped with 100 EPR dosimeters, as described in the example above, will require at least 300 operators. In comparison, the time to emesis method does not require any equipment or complex measurement procedure thus requiring less manpower and potentially achieving higher throughput. Finally, policymakers could use the DST to direct investment on specific dosimetric technologies based on the relative performance of each dosimetric methods in regards to the process time for obtaining dose estimates.

Finally, future work on the DST will include incorporating variations for all the process time variables as well as incorporating sensitivity and specificity of each method, recognizing that they may vary in the quality of the triage decision. Furthermore, the model can be expanded to include different proportions of people exposed to different levels of radiation and to incorporate finer data about cycle time for each of the biodosimetry methods, along with the possibility of performing several biodosimetric methods in parallel. In summary, results from an improved DST could be very useful for developing and informing the requirements for the infrastructure needed to screen and triage people after a nuclear event.
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