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Abstract 
Introduction: In a major event, military or civilian, involving thousands who may have been exposed to ionizing radiation, the capacity to rapidly and accurately determine whether or not an individual’s exposure warrants further medical evaluation or immediate treatment for acute radiation syndrome (ARS) is crucially important for effective medical management and conservation of available manpower.  Current guidelines for triage in such major events use methods to estimate dose (a) that are approved for medical use but based only on evidence of efficacy in small-scale events or (b) whose evidence does not require official approval before use, because they are not based on drugs or devices. However, there are likely to be conditions unique to large-scale radiation events that differ from the usual circumstances in medical care, including: the need to urgently assess thousands of people, in a compromised local medical infrastructure and a world-wide medical infrastructure that is ill-equipped to handle the surge or deal with the full logistics where triage based on sample assessment requires re-locating people who may be in evacuated settings and without access to usual communication, shelter, or transportation. Existing guidelines need to be re-evaluated and advanced methods need to be considered using a comparative framework and integrative plan that is realistic in light of these conditions.
Rationale: Dosimetry methods, both current guidelines and those under advanced development, need to be evaluated for their capacity to effectively meet the needs for triage decisions in large-scale events including: the validity and accuracy of the dose estimate and the capacity to deliver timely patient-specific information for the purpose of triage in a scenario involving thousands of people and a chaotic, compromised infrastructure.
Methods and results: We modify models for comparative effectiveness in usual care to take into account the situation-specific needs for triaging a large population assuming a major radiation disaster. The assumed conditions include the need to screen up to a million persons for exposures leading to total body doses >2 gray. Criteria for examining the evidence base for each method include data quality and statistical quality (e.g., accuracy of the estimate of exposure, minimized false negatives, maximized true positives). Criteria for appropriateness include feasibility (e.g., available facilities, equipment or expertise needed, elapsed time before results are available) and ease of obtaining results under the specified conditions (e.g., invasive sampling or not, transportation requirements for samples, ease and speed to obtain and communicate results for triage). Conclusions: We reexamined the evidence in light of these criteria and scenarios regarding 3 dosimetry methods commonly used in plans for medical triage (time-to-emesis, lymphocyte depletion rate, dicentric chromosome analysis) and 3 advanced methods under development (two types of cytogenetic changes: block micronucleus and γ- H2AX and in vivo electron paramagnetic resonance tooth dosimetry. Factors assessed include data accuracy, the expertise and facilities needed, time to perform the assay, and throughput. We conclude that medical management plans should be modified to use a multi-staged triage system taking into account the strengths and weaknesses of current guidelines and advanced methods.
1.0 	INTRODUCTION: BACKGROUND AND SIGNIFICANCE OF EVALUATING RESPONSES TO UNEXPECTED RADIATION DISASTERS

Preparing for and responding to the unexpected, especially within the context of terrorism or major natural disasters involving radiation exposure to the general public, brings special challenges for federal and local policy makers who are charged with preparing for and responding to these emergencies as well as the healthcare and emergency response systems charged with caring for potential victims (Coleman et al. 2011; Knebel et al. 2011). The Japanese nuclear power accident at Fukushima Prefecture in March 2011 was a reminder of how complex the response to radiation can be, especially when coupled with compounding effects such as the devastating earthquake and tsunami and an evolving and volatile situation at the power station and changing wind and sea conditions.

These challenges are made even more difficult because the current scientific approach to develop and evaluate the comparative effectiveness of techniques needed to address large-scale and rare disasters usually is based on unrealistic assumptions, e.g., that the health care system can respond; that the techniques will be adequate to the demand; that they will be carried out by trained experts, who individually and as a team are familiar with the problems and the techniques; and that ‘surge’ conditions regarding the sudden and large number of victims can be handled. 

2.0 ADVANCING A MODEL OF COMPARATIVE EFFECTIVENESS 
This paper discusses the scientific criteria to evaluate and compare the effectiveness of six biodosimetric methods—three already used and three in advanced development but not yet approved for deployment.  The basic goal of each method is to identify people whose exposure warrants consideration for immediate treatment or mitigation of the acute effects of radiation exposure. However, the context for this evaluation—the need to perform these methods in a large-scale unexpected disaster—is critical to comparing their effectiveness. Unlike the usual context for comparing screening or therapeutic approaches, the situation is overwhelming in urgency, numbers, and chaotic conditions. 

2.1 The Context for a Large-scale Radiological Event
Federal planning guidance documents describe a possible scenario involving a large-scale radiological event where a 10-kiloton improvised nuclear device (IND) is exploded in a major metropolitan area (Grace et al. 2011; National Security Staff 2010; Knebel et al. 2011). The local population is likely to be profoundly fearful that they may have been exposed or contaminated by radiation. Victims will have almost no information to confirm or disconfirm their exposure to radiation and most people in the area will virtually simultaneously want to seek healthcare, at least to be evaluated for exposure and/or to begin mitigating efforts or treatment for acute radiation syndrome (ARS). 

Estimates are that one million people, located in the relatively small radius around the IND, will be worried that they have been potentially exposed to radiation and will seek healthcare in the local region. Of these, about 80% will not need treatment, i.e., their exposure, if any, would be below a treatment threshold of 2 gray (Gy)[footnoteRef:1]. Meanwhile, neither they nor the local healthcare providers will be very knowledgeable about the symptoms, the consequences, or what to do about them. Moreover, the entire local infrastructure will be disrupted: transportation will be chaotic; virtually all in the area may attempt to flee if they can. Communication, power, food, water, and shelter will be compromised, especially during the first several days following the event. Victims may be separated from their loved ones and trying to be reunited. The effects of the IND may also compromise their usual health care providers and facilities, and emergency response teams may take time to be set up. Official estimates are that local efforts will be the only available sources for at least 24 hours up to 72 hours, when federally organized radiation response teams and their stockpiled supplies will begin to arrive on the scene (National Security Staff, 2010, p 42). [1:   A 2 Gy threshold is widely used to estimate the dose above which a person has a relatively high risk for dying from ARS without treatment. This threshold is likely to be much lower to comparably assess the risk of anyone who also has a traumatic injury or burn. For simplicity’s sake, this paper uses the assumption that there is only one threshold. ] 


In addition, there are logistical considerations specific to each type of biodosimetry method regarding when and how to obtain samples, transport samples to appropriate facilities for evaluation, and then ultimately to re-connect the information about the estimated dose to the person making the decision whether to triage a given victim to enter into the care system. The model proposed here seeks to take these considerations into account in comparing the effectiveness of biodosimetry methods.

2.2 Six Biodosimetric Methods 
Before discussing the criteria, we introduce the six biodosimetry methods being evaluated. The first three are the principal existing guidelines that are usually listed in official guidance and consensus documents (REMM, 2012; 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 cytogenetic assays: 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 using electron paramagnetic resonance (EPR) (See Swartz et al. in this proceedings and Williams et al. 2011). These are listed in Table 1 (adapted from Flood et al. 2011) and evaluated below. 

2.3 Comparing Methods in this Context: Past Efforts
Relevant criteria to compare the effectiveness of different methods in this context involve more than their accuracy in assessing dose and the timeliness of the methods. It includes the feasibility of being carried out in the context, its ability to evaluate the ‘entire’ population affected, and the capacity needed to get from sample to triage decision. 

In a previous paper (Flood et al. 2011), we developed a preliminary model, adapted from the National Institutes of Health’s (NIH) translational model, and compared 6 different biodosimetric methods, focusing on one dimension: the times associated with each method to reach an initial decision to triage people.  We also proposed a winnowing strategy, triaging in multiple steps. (Others have made similar proposals, c.f. Riecke, Ruf, and Meineke 2010 and Alexander et al. 2007; AFFRI 2011.) The rationale was that the initial triage (starting with 1 million people) should focus primarily on two factors related to the accuracy of estimating exposure: (a) the method’s accuracy to identify people above or below a treatment threshold (to try to identify the 800,000 who do not need care) and (b) the method’s ability to minimize false negatives (so that people who were triaged not to receive care were correctly assessed). Subsequent triage levels then could refine the dose estimate (to improve identification of what type and how much treatment is needed for survivable doses or to identify extremely high doses which were unlikely to respond to treatment) and to reduce the false positives. This tiered approach could be organized to identify methods to take advantage of their comparative strengths and reduce the impact of any weaknesses or logistical difficulties.
2.4 Comparing Methods in this Context: Current Efforts
This paper expands the model by introducing 4 criteria to evaluate the comparative effectiveness of different methods for biodosimetry. The criteria to evaluate their ability to triage a large population include: time-dependent feasibility, accuracy, proportion of the population eligible to be measured by the method, and resources needed to be capable of meeting the demands. In addition, the usefulness of modelling and exercise-based simulations of the methods in context are briefly discussed. 

2.4.1 Time-dependent feasibility 
In our prior work, we evaluated the methods using three types of windows of time (W). W1 refers to the time after a radiological event before sampling or assessment can be valid.  These six methods (see Table 1) all have a relatively short time to wait following an event for collection of samples to be valid to measure. In general the biologically based biodosimetry samples need a small window for the biological marker, whose damage or response to damage is being observed, to have time to change sufficiently to assess dose. In contrast EPR tooth dosimetry does not needs a window of time for the radiological effect to be measurable, although in the first 24 hours there are small, very predictable changes which could be adjusted for in assessing dose if necessary.

Table 1: Comparing Times for the Six Biodosimetry Methods

	
	Current Guidelines for Dosimetry
	Dosimetry under Advanced Development

	Types of Dosimetric Methods:
	Dicentric
Chromosome Analysis
	Lymphocyte Depletion Rate (LDR)
	Time to Emesis
	Cytokinesis – Block Micronucleus
	γ- H2AX
	EPR of Tooth
Enamel

	W= Windows of time when able to sample or measure with validity

	W1=time after event before can sample
	0
	12
(a)
	<10 min to >2 hr (a)
	0
(b)
	0
(c,d)
	0-4 hrs
(e)

	W2=time throughout which sampling remains valid to obtain
	> 6 mo
(f,g)
	48hr
(a)
	12 to 48 hr (a) or longer if  self-recalled
	12 mo
(h)
	few - 16 hr (c,d,f)

	> Lifetime
(e)

	W3=time after sample is taken to triage decision [~sum of P times below]
	several da, i.e., 5 – 9 da
(a)
	1.5 to 2 da 
	< 5 min
(i)
	5 da
	2 da
	< 15 min
(f)

	W4=time when triage decisions are needed
	Between 1-3 days and 2 weeks; earlier is better—especially for high exposures

	P = Processing time once sample has been obtained* [occurs during W2 and W3]

	P1=prepare, obtain sample, label with identification
	5 min
	10 min
	3 min
	3-5 min
(j)
	3-5 min
(j)
	~3 min 
(k)

	P2=transport sample to device/facility/personnel
	2 – 96+ hr
	2 – 12 hr
	0
	2 – 12 hr
	2 – 12 hr
	0 
(l)

	P3= prepare sample to measure, including any incubation or waiting time
	46-48 hr 
 (c,f)

	10 min
	0
	included in P4
	included in P4

	<5 min
 (l)

	P4= perform measurements leading to dose estimates
	1 hr
(c,f)
	8 hr to get 3 serial results
(a)
	0
	68-76 hr 
 (m)
	4 hr (n); 3 sec/well
RABiT (a)
	~5 min
 (l)

	P5=communicate results to treatment decision makers
	12 hr
	12 hr
	0
	12 hr
	12 hr
	0 
(l)

	P6=locate victim to inform about decision
	24 hr
	24 hr
	0
	24 hr
	24 hr
	0 
(l)



Notes for Table 1: Not noted is the time between an event and transporting the people, consumables and any devices to the field to obtain samples. We use the federal government’s assumption that all will need about the same time, i.e., 1 to 3 days, for field emergency medical sites to be operational.
Sources: (a) Berger et al. 2006; (b) Albert et al. 2009; (c) Golfier et al. 2009; (d) Turner et al. 2011; (e) Kleinerman et al. 2006; (f) Roch-Lefevre et al. 2010; (g) Roy et al. 2006; (h) Fenech 1993; (i) Demidenko et al. 2009; (k) Ivannikov et al. 2006; (j) Brenner 2010; (l) Williams et al. 2010; (m) Kirsch-Volders and Fenech 2001; (n) Avondoglio et al. 2009.

W2 refers to the time during which sampling remains valid to obtain. Again, the biological based methods tend to have a period beyond which sampling is not valid, because the marker no longer is accurate in assessing dose. The 4 biological based assays vary considerably, ranging from very short (16 hours after the event) to several months. Time to emesis is hard to categorize in this window. Although the symptoms can onset within 2 hours after the event and then are likely stop within two days, people could recall the event for much longer. An issue for dose assessment related to time to emesis is how accurate the recall is, for purposes of assessing dose, after several days have passed. EPR tooth dosimetry is stable indefinitely (for millions of years) and so remains valid to sample for the lifetime of the person.

W3 is the sum of all of the processes and times that occur between taking the initial sample or measurement and providing the information to the right people in order to make a triage decision. W3 is broken down into six steps (see the steps labelled P in Table 1). Interesting to note in the table is the relative absence of reporting of process times in the literature. Some report the time once a sample is taken for it to incubate; others report the processing time in the laboratory setting per se; none report on the likely time to collect and then transport a sample to a remote laboratory or to communicate the results to an appropriate decision-maker to carry out a triage decision. Yet these are critical in the context of evaluating a large-scale unexpected event. Table 1 uses assumptions about these transport and communication times and applies them consistently to each method as appropriate, but simulations or other methods are needed to verify these assumptions.

W4 (not previously reported) is the timeframe when the initial triage decisions are useful to make, i.e., to begin life-saving and mitigating healthcare. This timeframe applies uniformly to all biodosimetry methods but is an important criterion to evaluate their feasibility to be used in this context. Recall that the federal radiological response teams will not be present for 24 to 72 hours after the event to conduct sampling or measurements in the field.  However, the reason to triage people with doses above the threshold is to begin appropriate treatment for ARS, including isolating victims to avoid infection or starting some mitigating agents. These efforts, to be most effective, need to begin within 2 days to 2 weeks after the event -- especially for people with higher doses. The actual times required are difficult to state precisely, because the mitigation/treatment methods are under development and likely to change, so there is a reasonable basis for putting value on early knowledge of the triage measurements[footnoteRef:2]. [2: There are time-related logistical factors that may differ for each of the currently available treatment and mitigating agents and those under advanced developed, such as when to initiate them. There are also time-related logistical differences related to how individuals respond to exposure, such as which type and stage of acute radiation syndrome they are experiencing (e.g., are their symptoms reflecting bone marrow or gastrointestinal syndrome or are they in the prodromal or latent stage?). (See DiCarlo et al. 2011.) While arguably, these considerations will also impact the timeframe for assessing dose and acting on a triage decision, their inclusion in this model at this time is beyond the scope of this paper. For simplicity’s sake here, we assume that the triage decision needs to be made within 10 days of the event, hence each biodosimetry method is compared based on the assumption that the decision makers need the results available within 10 days to carry out the next steps of assessment or to begin treatment.] 


Thus, some biodosimetric methods, if they need to rely on the federal response teams, may not be useful at all, since samples must be taken before the response team arrives and stored until they arrive and can help transport them to remote laboratories. Moreover, if the initial triage system is designed primarily to winnow down the numbers to a more reasonable number, then the subsequent methods need to take into account who has already been assessed as being above the threshold. That is, they should be evaluating the 200,000 people with true positive results (plus the people with false positive results) rather than the initial one million. Comparative analysis of the methods should also examine their coordinated use to winnow out the healthy on the one hand and more carefully evaluate the dose of those above the threshold. 

Taking all 4 windows of time into account, the two methods that show the most promise for initial triage are time-to-emesis and in vivo tooth dosimetry with EPR. That is, they have the most favourable windows to ‘sample’ and the shortest time from getting from sample to a triage decision in the hands of the appropriate person.

2.4.2 Accuracy of Dose Estimates
Accuracy is defined as the proportion of both true negative and true positive out of all people evaluated. For purposes of this paper, we illustrate comparing the methods regarding their ability to discriminate whether people received a dose below or above the threshold of 2 Gy, using a receiver operating characteristic (ROC) curve to express this information. This definition of accuracy applies especially well to the initial triage decision, because it is a discrete screening decision. In contrast, a staged triage system and/or in a triage decision that leads directly to treatment, the accuracy of the estimate to assess the true Gy absorbed is of paramount importance for medical decision-making. 

In the context of developing a model to compare the effectiveness of different methods to assess dose, policy planners have stated that the goal of initial triage is to minimize false negatives, i.e., the initial focus should be on not turning away anyone who might be above the threshold. Thus, the emphasis initially is on getting the ‘negative results’ right, rather than the more usual focus on getting the ‘positive results’ right. Because these comparisons across methods are critically important, we illustrate their use in this paper using ROCs, but note that readers should be cautious when considering the general applicability of these results and to recall that the derived ROC for each method is highly dependent upon the data and the study design..

Figure 1 (adapted from Demidenko et al. 2009) provides empirical evidence about the accuracy for the two methods that have the most favorable windows for initial triage: time to emesis (vomiting) and EPR. The results displayed are based on the assumption of determining whether the people being evaluated for triage received a dose above or below a threshold of 2 Gy. (See the Demidenko paper for details of the methods and data for time to emesis and Williams et al. 2010 for EPR.) 

Looking first at vomiting, we focus attention on two times to onset: (a) the recommended timeframe to evaluate onset of vomiting, i.e., within two hours of exposure, and (b) within 4 hours. The data reported in Figure 1 at 2 hours following the event suggest that the specificity (the ability of the method to identify negative results correctly) is fairly high (86%) and the sensitivity (the method’s capability to correctly identify people whose exposure was above the threshold) is well above random (66%). While the false positive rate (14%) at two hours appears to be low, in large scale events where 80% of the population being assessed is expected to be below the threshold of 2 Gy, there will still be a very large number of false positive cases. Moreover, looking instead at the accuracy when onset occurs within 4 hours, the false positive rate increases to 46%, specificity drops to 54% while sensitivity increases to 86%. 

[image: ]
Figure 1: Calculated Receiver Operating Characteristic (ROC) curves and Area under the ROC (AUROC) for EPR tooth Dosimetry and Time to Vomit. See Demidenko et al. 2009 for details on methods and data for time to vomiting and Demidenko et al. 2007 and Williams et al. 2010 for details on EPR. 

As portrayed in Figure 1, EPR appears overall to perform better (defined as having fewer total errors of either false positives or false negatives) than time to emesis. From the point of view of initial triage, comparisons of accuracy need to focus on how well the test does when false negatives have been minimized. Because test errors overall (false negatives and false positives) are logically interrelated for a given test, minimizing false negatives results in higher rates of false positives. Therefore, the important comparison to make involves the trade-off in how well the test performs at a given false positive rate. The ROCs portrayed here suggest that EPR appears to outperform vomiting in this regard. For example at a rate of 10% false positive results, the vomiting method correctly identified the true results only about 50% of the time compared to 80% for tooth dosimetry using EPR.  

Although the ROC curve can be a useful tool to assess the accuracy of dosimetric methods, there are important qualifications about how strictly valid such comparisons are. In this case, these ROC curves have been based on measurements in different populations, have used different ways to assess ‘true’ dose and have different study designs for the population included. In particular, the vomiting data come from radiation accidents (84 Russian workers responding to the 1986 Chernobyl nuclear power plant accident and 15 cases involving gamma-ray accidents and 10 criticality incidents occurring during the period 1941-2001). Dose received for the emesis cases was estimated using a variety of methods, usually calculated from location relative to the source and duration. The database included only cases that were exposed and who vomited at some time following the event; thus negative cases were restricted to those who received a dose but who were below the threshold and those whose vomiting occurred past the time of onset being evaluated. In contrast, the EPR data were based on six extracted whole molar teeth placed in a gap in the dentation of two volunteers and then measured in the context of in vivo measurements, using a standard method for EPR acquisition. Using a Cs-137 irradiator, five of the teeth were given known doses of 2, 5, 10, 15, and 30 Gy. EPR spectra for all 6 teeth were acquired daily, as described above, for three days, in both volunteers. The spectra were then adjusted for tooth-size of each molar, by dividing each signal by the empirically-based correction factor, , where a and b are measurements of the sizes of the teeth in two orthogonal directions in millimeters. 

We recently analyzed newly available data from in vivo tooth dosimetry (using improved resonators and measuring incisors; see Williams et al. 2011a and 2011b) as well as for emesis using data reported by Solovyev et al. (1991). Their data detailed the number of instances of vomiting as well as its onset; the combination of duration and onset resulted in a statistically significantly improvement in prediction accuracy for time to emesis.  While these data share the same caveats previously described, they suggest that EPR may out-perform use of vomiting to correctly identify people whose exposures were below the threshold. 

While not detailed here, there is evidence that several of the biologically based methods have greater precision in estimating the true dose, above and beyond the threshold triage decision needed initially. 

Taken together there are three important qualifications to bear in mind about accuracy. (1) Direct comparisons of reports of accuracy are difficult to make and should be assessed carefully and critically. (2) Accuracy differs in concept and methods when considering the need for a dichotomous decision (initial triage) versus the more nuanced and more precise dose estimate needed for treatment (which is not discussed here). (3) Policy makers might want to consider the trade-offs between better and poorer accuracy in terms of identifying false negatives and false positives for planning triage. For example, if both time to emesis and EPR tooth dosimetry were available for making initial triage decisions, positive results from vomiting might be taken as an indication that the victim should be assessed by a method with greater precision to determine dose and/or to eliminate false positives. However, people with a negative result (i.e., no vomiting) should be followed by EPR measurements before making an initial triage decision because EPR results appear to be more accurate in assessing true negatives, i.e., people who should be triaged not to receive further evaluation or any treatment.

2.4.3. Proportion of the Population Eligible to Be Measured 
As already described, at a large-scale event involving an IND in a large metropolitan area, about one million people are expected to seek biodosimetry.  Extrapolating from the general US population, about 24% or 240,000 are likely to be children under the age of 18. Should they be measured too?  Have the dose estimates of each of the methods been tested in children? (Actually, some of the methods have been evaluated using human samples irradiated ex vivo so they haven’t been tested in vivo in adults either.) Moreover, the treatments and mitigators that would be used for doses above the threshold have also not been well tested for use in children, and there is considerable evidence that children may respond differently to radiation and to treatments for it. Other groups such as pregnant women may have different responses to radiation for at least some markers and different responses to treatments. We have previously alluded to dose estimates and responses differing for people who have experienced recent or concomitant trauma or burns. These groups need to be potentially omitted from the triage decision or at least measured or analyzed differently. However, these concerns about vulnerable groups apply to all types of biodosimetry. There are also circumstances unique to each method that limit their applicability to a part of the population seeking information about their exposure. 

Table 2 presents data relevant to being eligible to be measured by in vivo tooth dosimetry. The current instrument being developed at Dartmouth for this purpose interrogates at least one upper central incisor. This tooth selection offers several advantages for serving a general population, including having fewer cavities and fillings in these teeth in general, being easy to access in a comfortable sitting position, and being the first permanent teeth that children get (around age 8). However, these teeth are also the most likely to be capped or bleached for cosmetic reasons and are subject to injury in fights or sports. Using a national survey of dental health of the US population, the percent of people with measurable incisors is listed by age cohort, along with the percent of the population that falls in each age cohort.  Assuming that children as well as adults could be measured, 78% have measurable teeth. (Assuming only adults >18 years can be measured, 81% have measurable incisors.) The age cohorts ranging from 12 to 39 have the highest percentage of measurable teeth (well over 96%) while the very youngest and oldest have the lowest (well under 50%).  There is no evidence that EPR dosimetry would harm or be affected by pregnancy or being a child. However, there may be no known safe treatment if they were to be triaged for care.

	

Age Group
	Enamel
Presentb

	Enamel
Absentb
	Cumulative %
of US Population with Enamelc
	% of US Population in
Age Group

	0-5
	0.9%
	99.1%
	0.1%
	5.7%

	6-11
	85.0%
	15.0%
	7.7%
	9.0%

	12-17
	99.8%
	0.2%
	16.7%
	9.0%

	18-39
	96.0%
	4.0%
	47.3%
	31.9%

	40-59
	81.1%
	18.9%
	69.9%
	27.9%

	60-69
	56.5%
	43.5%
	74.2%
	7.7%

	70-79
	49.2%
	50.8%
	77.1%
	5.8%

	80+
	42.0%
	58.0%
	78.3%
	3.0%



Table 2: Percentages by age group of US population with at least one measurablea permanent upper central incisorb

Definitions used in table:
a) A “measurable tooth” is defined for EPR in vivo dosimetry to be a permanent upper central incisor for which there is at least some enamel present on the facial (front) surface, which is where the current (2012) resonator loop is placed to assess evidence of exposure to radiation.
b) Enamel was considered present if at least one permanent upper incisor was present and had at least some enamel present on the front surface (i.e., was not completely covered by a restorative material). Enamel was absent if the tooth was missing or the enamel was covered. 
c) Percent enamel present and absent for an age group was based on the individuals for whom data were collected within each age group.
d)  Cumulative percentages were calculated from the percent of each age group with enamel present. Population sample weights were provided by NHANES for each person completing the medical/oral exam within a given two year cohort; 1775 individuals with no data on teeth were included in weightings to obtain the correct population estimates. Population estimates were constructed with contingency tables for structured survey data using the survey package (Lumley 2004, 2011) in R (R Development Core Team, 2012)
Notes: 
• Data on teeth were compiled from the National Health and Nutrition Examination Survey (NHANES) conducted from 1999-2004 (CDC, 1999-2004). n=25,257. Detailed data on tooth surface conditions were not collected after 2004. Data on population distribution by age was obtained from the US Census.
• Rao and Scott adjusted Pearson’s χ2 for main effects of the presence of a measurable tooth differing by age group = 9138, df = 14, P < 0.0001.

Pregnancy or other causes associated with nausea and vomiting, including most notably the potential for psychogenic vomiting, could impact the accuracy of time to emesis. There is an additional problem that the data on time to emesis cited above by Demidenko et al. (2009) do not take into account the sizeable fraction of people who do not vomit after exposure to ionizing radiation. Similarly the biological based methods that assess white blood cell counts would not be accurate in their assessments if people had severe neutropenia. This could be the result of being on active chemotherapy or total body irradiation, particularly for blood cancers, or having diseases such as aplastic anaemia, congenital or Vitamin B12 or copper deficiency or who were taking medications such as Flecainide (a class 1C cardiac anti-arrhythmic drug). Viral infections can cause mild neutropenia. The percent of the impacted population who might be unable to be measured accurately by these methods is difficult to estimate, but is probably substantially lower than the group not measurable by EPR.

2.4.4. Capacity: The Resources Needed to Meeting the Demands
Another important dimension to evaluate is the amount of resources—the numbers and expertise of people and facilities, supplies and instruments—needed to carry out the process, starting with initial procurement of the sample, observation or measurement and ending with a result delivered to the provider who is in a position to act on a triage decision. This capacity assessment needs to be capable of occurring within the W4 timeframe, i.e., the time starting when the radiation response team and facilities are initially in place to receive victims and the latest possible time when initial triage decisions need to be acted upon.  For these analyses, we assume that timeframe for the federal radiation response team and facilities to be operational is the 9 day period from day 1 following the event to day 10 after the event.

For time-to-emesis, the observation of vomiting (frequency and time of day) is potentially reportable to a decision-maker by the victim, without necessarily needing an intermediate recorder or even requiring physical presence. There are pros and cons to assuming that the victim can reliably report this information—especially up to 10 days after the event— or that the triage decision can be made remotely without seeing the person to assess other aspects of their report and health. Nonetheless, this method seems to require minimal expertise of the recorder and can be quickly processed (here we assume 5 minutes each, to record identifying information, inquire about time, frequency and intensity and query about non-radiation causes). It also should require the fewest resources among these six methods and arguably can be started by local responders and so can begin after one-half day, i.e., enough time to allow the symptom to onset as well as to set up local response efforts. Thus, assuming that 1,000,000 people (all the adults and all the children) need to be processed in the 9.5 days that the local and federal radiation response system is available, about 2700 five-minute sessions could be completed by one recorder, assuming that the recorder can work 24 hours a day for 9.5 days. A more realistic expectation is an 8-hour day, spread across a longer period to provide breaks, so that three recorders are needed to accomplish these 2700 sessions. However, the information needed to triage is available after recoding so the entire process can be completed quickly. To process 1 million people in 9.5 days at 5 minutes between starting each interview people, from recording to triage, approximately 1100 recorders are needed.

EPR tooth dosimetry is being developed to be fully automated, so that the operator of the instrument need not have any particular expertise and can be trained with a 15-minute video to be included with the software.  Each person can be measured by a dosimetry instrument within 5 minutes, with an expected turnaround, from entry of a person to the next entry (including change of disposable supplies and any cleaning), can be done in 7 minutes, with information immediately available to make the triage decision. The instrument is designed to be used 23 hours a day, with maintenance for one hour once a day. So each instrument can process about 200 people per day at ideal performance. So, the number of instruments needed to process in 9 days all those victims (assuming all adults and all children) from the 1,000,000 who have measurable teeth (about 80%) is about 445 instruments; about three times that number of operators would be needed as well, assuming an eight hour day as above.  This figure assumes ideal performance of all machines throughout the period, which is not a very good assumption, so presumably about double that number would be a more conservative estimate.

Capacity estimates for the biologically based methods are similarly complex. Obtaining samples is relatively simple and quick, consisting of a blood prick or a swab of the victim’s cheek. Each method has a window when sampling is valid that, for biological markers, sometimes elapses before day 10; in these cases, the 1,000,000 people may need to be processed more quickly than within the 9 days of W4. In such cases, enough disposables and supplies and collectors need to be on hand at the radiation response center to collect valid samples and to allow time to transport them to labs and complete the process to a decision to triage by day 10. Proper storage of the sample for transportation to remote labs is a part of evaluating resources needed for these methods to succeed as well as coordinating sending samples to various labs so as to help manage the numbers each lab can service effectively. One biologically based method requires valid samples to be taken before the federal radiation response team arrives, so that all samples for 1 million people need to be taken by local officials within 16 hours following the event. Another method takes 48 hours to incubate once received in the laboratory, further placing time pressure on the total lab time available to process one million samples and return results to permit triage.  Even where high throughput is used (such as the RABiT that can process 30,000 cytokinesis assays once received and prepared for analysis), the amount of time to get samples to the lab and the results back to the triage manager reduces the days available for the laboratory’s work to approximately 6 days. Having only six days implies that about 170,000 samples need to be processed daily and that again assumes ideal performance of the processing and people under surge conditions.

These numbers about capacity needed to accomplish the goal of initial triage are daunting. They underscore the importance of being much more efficient than having all million people really get all 6 tests. For example, the two quick and relatively simple methods (EPR and time to emesis) could be integrated into an initial triage system that tries to minimize false negatives (a problem especially for time to emesis) and make most efficient the triage of positive results to an additional level, where false positives can be identified. The greater accuracy of the biologically based biodosimeters could be effectively used to further guide treatment decisions and the capacity of the system to produce results would be enhanced if their use was limited to those people initially triaged for treatment by time to emesis combined with EPR.

2.5 Usefulness of Modelling and Exercise-Based Simulations In Context

The above discussions are designed to emphasize the importance of evaluating and comparing the methods in the full context of a major radiation disaster. To date, none of these methods has really been tested in this full context. Instead, some evaluations depend on using samples irradiated ex vivo; some use animal models to estimate accuracy. Others use experiences in the field but for accidents involving tens of people rather than many thousands of victims. Because of the rarity of large-scale radiation events, simulations become all the more crucial to compare the effectiveness of methods. In a companion paper in these proceedings (Nicolalde et al. 2012a), these methods are compared using the timeframes in W1 through W3, based on a review of the literature for these methods and explicit assumptions where no data exist. Although currently omitting dimensions discussed in this paper such as accuracy and capacity and the overall timeframe for obtaining using triage decisions, these computer-based simulations illustrate the impact of changing the numbers of victims and other important factors that influence their comparative effectiveness.

In addition to computer simulations, EPR tooth dosimetry has been regularly used in field-based exercises to simulate use of the machine outdoors, in a truck, in a firehouse truck bay, in a large lobby, and with power supplied by remote generators and measurements occurring under considerable time pressure from people waiting in line (Williams 2011a; Nicolalde et al. 2012b). Two of these simulation exercises are illustrated in Figure 2, where measurements were made under a tent and in a truck in a school soccer field with walk-in volunteers. We have measured over 80 people in a given exercise and experienced successful measurements in the rain, with strong wind gusts, fluctuation in the power supply, and curious passers-by. These exercises have pushed us toward simple ergonomic configurations to speed up throughput and ways to help make people as comfortable and relaxed as possible. We have learned that people feel more comfortable with an open setting where people can observe what is happening to others than in an enclosed private setting.
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Figure 2: Prototype in vivo EPR tooth dosimetry systems have been operated successfully in “field conditions”, including measurements of walk-up volunteer subjects at an annual biking cancer fundraiser. About 200 subjects were measured inside a tent, using power supplied by a remote generator. Field simulations were also performed inside a small rental truck, in the truck bay of a firehouse, and in the lobby area of a local hospital.
In a related exercise where we have trained x-ray and radiation oncology technicians to operate our instruments independently, we have learned how to organize the flow of software presentation to simplify the tasks and to automate many of the instrument interfaces. 
3.0 SUMMARY
A model for assessing the comparative effectiveness of biodosimetric techniques in the context of their intended use for initial triage of a very large population potentially exposed to ionizing radiation in a terrorist event has been advanced. Several dimensions to evaluate their effectiveness have been proposed and illustrated using six current or advanced methods for biodosimetry. Time windows have been expanded to include the available timeframe for obtaining results to add triage. In addition, the accuracy of the estimates, any potential restrictions on victims for whom the method could be applied, and the resources needed to carry out the dosimetry tasks in context have been described and evaluated. The importance of conducting simulations to evaluate the methods in context was also illustrated. 
The overall conclusion based on these comparisons is not that one method is clearly superior for all dimensions evaluated. Rather these analyses suggest the need for policy-makers to plan an integrated approach that takes advantage of the relative strengths of each method in this context and minimizes their weaknesses. 
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