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Abstract

Introduction: In order to cope medically with an event where large numbers of individuals may have been exposed to levels of radiation that could lead to acute clinical effects, it is essential to be able to rapidly and accurately differentiate individuals who probably have had clinically significant exposures (so that they can be entered into the medical system) from those who do not need medical intervention (so that the response system is not overwhelmed by them and essential personnel can resume their assigned tasks). The capabilities of electron paramagnetic resonance (EPR) spectroscopy to rapidly measure radiation-induced paramagnetic species, along with the persistence of such species in certain tissues (teeth, finger & toenails, bone, and hair), has led EPR to become a promising method to measure absorbed  dose in potentially affected individuals. 

Rationale: The technical requirements for developing these capabilities into practical non-invasive tools that could be applied effectively in such an event are daunting but remarkable progress has already occurred. 

Methods and Results: Developments using EPR tooth dosimetry based on measurements of the upper incisors in situ have matured sufficiently such that it has received major federal funding to complete its development into an automated deployable device suitable for use by non-expert operators. This effort is being carried out at Dartmouth in collaboration with General Electric. This approach appears to be feasible for carrying out initial triage in the field to determine immediately whether an individual has a high probability of having received at least 2 Gray. Complimentary methods based on nails are under way using both nail clippings and measurements of nails in situ. The use of nails provides the additional capability of determining the homogeneity of the exposure. The method using nail clippings has recently had a major advance as the causes for the apparent variation among samples have been identified and practical methods developed to minimize these effects. The most likely application of this approach is to measure clipped nails transported to specialized laboratories. In vivo EPR using nails in situ has also made significant progress, with the emergence of methods to measure nails in situ using new resonator concepts that permit measurements to be made in situ using higher frequency (9 GHz) EPR.

Conclusions: The three types of EPR methods of biodosimetry have attractive properties for triage in large-scale radiation events. The promising instrumental capabilities include: 1) to measure dose under point-of-care/field conditions using in vivo measurements of teeth or nails, 2) to determine homogeneity of exposure using multiple nail sites, 3)a method to utilize self-derived samples for confirmation of dose using nail clippings. We conclude that EPR methods are likely to be very useful additions to the methods used for immediate triage in the field and may also be useful in facilitating decisions on treatment.

1.0
INTRODUCTION

In order to cope medically with an event where large numbers of individuals may have been exposed to levels of radiation that could lead to acute clinical effects, it is essential to be able to rapidly and accurately differentiate individuals who probably have had clinically significant exposures (so that they can be entered into the medical system) from those who do not need medical intervention (so that the response system is not overwhelmed by them and essential personnel can resume their assigned tasks). The capabilities of electron paramagnetic resonance (EPR) spectroscopy to rapidly measure radiation-induced paramagnetic species, along with the persistence of such species in certain tissues (teeth, finger & toenails, bone, and hair), has led EPR to become a promising method to measure absorbed  dose in potentially affected individuals. 

This paper provides an overview and up-to-date status report of the use of electron paramagnetic resonance (EPR) dosimetry for large-scale radiation events. This paper details three complimentary EPR dosimetry approaches: in vivo tooth dosimetry, in vivo nail dosimetry, and in vitro (ex vivo) nail dosimetry. These approaches vary somewhat in their roles for dosimetry but are based on the same general phenomena: (1) ionizing radiation generates unpaired electrons (usually free radicals) in proportion to the absorbed dose; (2)EPR can selectively and sensitively detect and quantify the number of unpaired electrons; (3)in some tissues (e.g., teeth, nails, and bone) these free radicals are sufficiently stable to be measured by EPR long after irradiation (from weeks to years); (4)the EPR methods are capable of determining whether an individual has received a radiation dose that puts him/her at risk for the acute radiation syndrome (ARS).

The aim of the dosimetry program at the Geisel Medical School at Dartmouth (Hanover, NH) is to produce a prototype of one or more dosimetry devices that meet the needs for effective and efficient triage after a large-scale radiation exposure event and that can be operated by minimally trained personnel. Dartmouth’s targeted end product is the development of a dosimetric system that a medical device company can use to manufacture FDA-approved instruments. In collaboration with General Electric (GE) and with support from the Biomedical Advanced Research and Development Authority (BARDA), Dartmouth is developing a prototype of one such device based on in vivo measurements of incisor (front) teeth. With support of the CMCR program of NIAID (NIH) fundamental studies on EPR dosimetry using nails as well as teeth also are underway.

EPR dosimetry has a number of characteristics that make it especially suitable for triage during large radiation exposure events (Swartz et al. 2007, Swartz et al. 2012):

1. It is based on physical processes that are not confounded by most types of trauma and stress that are likely to occur in a major radiation exposure event unless there are direct major physical changes such as charring from heat, which should be readily apparent. 

2. The tissues used for the measurements should always be present and in a known position on the body, i.e. the person’s tissues act as the dosimeter and are naturally present.

3. The measurable effect of radiation occurs instantaneously upon exposure, is independent of the rate of exposure, and reflects the cumulative dose.

4. The measurements can be made for a considerable time after the event during which triage and assessment would be pertinent (from immediately up to several weeks after exposure using nails and indefinitely using teeth) (Black and Swarts 2010; Desrosiers and Schauer 2001; Symons et al. 1995; Trompier et al. 2009).

5. Since the in vivo measurements are non-destructive, repeated measurements can be made as needed.

6. Measurements can be made at the site of the event (i.e., analysis at a distant laboratory is unnecessary), with immediate readout of the estimated dose (Williams et al 2011b). Measurements of nail clippings can be adapted for detailed analysis and archival storage at distant laboratories when the logistics of the situation make such analyses feasible. 

7. With the exception of ex vivo analysis of nail samples that are obtained by simple clipping, measurements are noninvasive.

8. Measurements using teeth and nails can be used to estimate the dose at multiple anatomical sites, thereby indicating whether exposure is homogeneous.

9. EPR dosimetric measurements can be made with throughput times of less than 10 minutes

10. The entire process, from measurement to results can be made with devices operated on site (shown definitively for tooth dosimetry, not yet demonstrated for nail dosimetry).

11. It appears feasible to make the instruments operable by non-expert personnel.

12. Because the method is based on physical changes, patients undergoing total body irradiation (TBI) are suitable test subjects, providing a means to test effectiveness directly in human subjects (Williams et al 2011a). 

There are some characteristics that are likely to limit the applicability of EPR techniques in some situations: 

1. They measure dose at the specific site that is measured (i.e., in the teeth or nails) and do not reflect the biological implications of the dose for the individual.

2. They provide only total cumulative dose over the period when the radicals interrogated are stable (which is indefinite for teeth and up to several weeks for nails). If there are prior exposures during this period, they will affect the observed signals in an additive manner. 

3. While some of the EPR techniques have been shown to have sufficient resolution for initial triage, to date they have not been demonstrated to have sufficient dose resolution to guide medical treatment after the initial triage step.

4. Their application may not be feasible to measure all individuals. The in vivo tooth dosimeter requires the presence of a suitable tooth that does not have extensive restorations or caries and the ex vivo nail technique requires suitable nail length for clipping.

5. EPR tooth dosimetry does not directly measure dose from neutrons, because of the paucity of hydrogen nuclei in enamel. (But if complementary measurements are available that are affected by neutrons and gamma, this potential limitation could become an advantage when both methods are used together, i.e., allowing differential determination of how much of the exposure was due to neutrons vs. gamma radiation).

Individual variations in factors such as tooth and nail anatomy, exposure of the tooth enamel to UV light, and nail hydration will contribute to variations in the EPR signal amplitudes and, therefore, variations in dose estimate.  However, based on studies to date and the literature (Sholom et al. 2010), these variations are expected to be small for the purposes of triage for ARS and efforts are underway to further minimize their effects.
2.0
Physical Biodosimetry Based on EPR Measurements of Teeth In Vivo 

2.1 
Introduction 

Our approach builds on the relatively mature method using isolated tooth enamel, adding the capability of making the measurement in situ (Fattibene and Callens 2010). The development of ex vivo tooth dosimetry has demonstrated the value of teeth as dosimeters, although it is not suitable for addressing the unique challenges of rapidly screening a large population with a range of exposures for identification of individuals likely to experience ARS (Flood et al. 2011; Swartz et al. 2011). This need has been met by the development of instrumentation and procedures that enable quantitative EPR measurements to be made in vivo. Because tissues non-resonantly absorb the frequencies used for measurements in isolated tooth enamel, the measurements in vivo require the use of lower frequency EPR. The developments are aimed to provide a device that can assess thousands of individuals over the short period when treatment or mitigation must be initiated.

We have produced and tested an operational prototype of a deployable L-band (1200 MHz) EPR tooth dosimeter that enables measurement of intact teeth in vivo with a completely noninvasive procedure (Fig.1) (Swartz et al. 2010, 2011; Williams et al. 2011a; Williams et al. 2011b). The electronics for EPR detection and magnetic-field sweeping are contained in a single deployable instrument rack that can be powered using the public electric supply or an electric generator. The system can be transported in two rugged Pelican-style boxes and put into operation in approximately 20 minutes; thereafter, individual measurements can be made with data acquisition times of 6 minutes or less. This prototype is appropriate for use by expert or non-expert operators trained through established measurement protocols. 

2.2 
In Vivo Measurements of Radiation Dose  

An assessment of the use of upper incisor measurements for dose estimation and screening has been performed with volunteer subjects who have not been exposed to significant levels of ionizing radiation and patients who have undergone total body irradiation as part of bone marrow transplant procedures.  Measurements were performed in a clinical laboratory setting according to a standard method that includes the serial collection of multiple 60-second sets of EPR data which are analyzed and averaged to estimate the amplitude of the radiation induced signal in the tooth enamel. 

For these in vivo measurements, proper positioning of subjects’ heads within the magnet, with the teeth of interest located inside the central volume of homogeneous magnetic field, is established and maintained using a custom-built platform, which is fixed to the magnet. A bite block is mounted to the underside of the platform and effectively guides the subjects as they position themselves and assists them to remain immobile during the measurements (See Figure 1). Non-invasive measurements of the teeth in situ are made using custom-built external surface loop resonators that have been adapted specifically for intra-oral measurements (Williams et al.  2010). These resonators are equipped with automatic tuning and coupling control circuitry to minimize effects of minor motion of subjects and to facilitate fully automated operation of the spectrometer (Hirata et al. 2000, Salikhov et al. 2003). The resonator used for incisor measurements has a detection loop with an internal diameter of 7-8 mm, which covers most of the surface of a single incisor tooth and is configured to measure the front surface of the tooth. At the current stage of development, the resonator is positioned by a suitably trained operator using a non-magnetic and lockable articulating arm (MJR Medical Supply Inc., Huntington, NY, USA). Developments are under way to mechanically automate this process to increase reliability and remove the need for operator expertise or discretion. For each measurement, the resonator is covered with a hygienic plastic  following accepted dental practices. A reference standard containing perdeuterated Tempone (15N-PDT) (Sigma-Aldrich, St Louis, MO, USA) is fixed to the resonator as a quality control measure, enabling direct verification that the proper instrumental parameters are set and that instrument performance is within tolerances. Instrumental parameters include 4 G Zeeman modulation at 20 kHz, scan width of 25 G, and scan time of 3 sec. Following positioning of the subject in the magnet, the entire data collection process from initial tuning to the completion of data collection is completed in <10 min. 

The spectra for each of the serially-acquired sets are analyzed using model-based non-linear spectral fitting to estimate the average amplitude of the radiation-induced signal (Demidenko et al. 2007, Williams et al. 2010). For dose calibration experiments, which always have information about the true doses, the precision of the EPR dose estimates are assessed using the standard error of prediction (SEP), 
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i are the known doses.

Recruitment to support the development of in vivo EPR tooth dosimetry is ongoing and to date almost 300 volunteers have been measured, of whom more than 20 are patient-volunteers who have had radiation therapy that resulted in in vivo radiation to the teeth. These measurements were acquired with instrumentation that has been in development over the time period.  These measurements have also been performed in a number of different settings, including deployment under simulated field-conditions. Since EPR measurements are non-destructive, noninvasive, and the signal is indefinitely stable, independent repeated measurements can be performed, as has been true for many of both unirradiated subjects and irradiated patients. 

Figure 2 presents an analysis of 59 volunteers, both unirradiated normal volunteers and TBI patients. Measurements of patients in this analysis include one for a patient who received a single prescribed fraction of 1.5 Gy, 12 in patients who received a single fraction of 2 Gy, and 3 serial measurements made in one patient who received fractionated TBI to a total dose of 12 Gy. 

The estimated RIS amplitudes were used to estimate an in vivo dose-response curve, in which the EPR signal in volts was related to the known dose. These data demonstrate three important findings: First and perhaps most important: the dose response curve for measurements made in vivo, including patients whose radiation occurred in vivo, are linear.  Second, the standard error of inverse predication based on these data is 1.25 Gy; which is very encouraging because of the many available steps that should lead to very significant improvements. Last, the standard deviations of the RIS amplitudes, for the 0, 2, and 12 Gy doses where multiple measurements with multiple subjects were acquired, appeared to be uniform across doses. This latter observation is consistent with having an additive instrumental noise source present, rather than the variability being due to interpersonal variations in dose response. This in turn is indicative that we can improve the precision by improving the instrument, rather than needing to do this by correcting for interpersonal confounders and any additive instrumental noise source that is not related to interpersonal variation in dose response.   
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	Figure 1 (left): The existing deployable EPR tooth dosimeter, includes a self-contained compact electronics and display unit and 60 lb permanent magnet. 

Figure 1 (right): An integrated bite block and lip retractor is designed to provide optimal positioning and full comfort for the subject. 
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	Figure 2: 59 In vivo measurements of unirradiated and irradiated volunteers using upper incisor teeth illustrate the linear dose response curve with measurements made in teeth that were irradiated in situ (TBI patients). For boxes at 0 Gy and 2 Gy, the central mark is the median, the edges of the box are the 25th and 75th percentiles, and the whiskers extend to the most extreme data points. These data establish an in vivo calibration curve with a 1.25 Gy SEP. 


2.3 
Field Deployment  

The ability to use the tooth dosimeter in the field has been demonstrated in a series of deployment exercises, including operation at a local firehouse, an international EPR conference, in the lobby of the hospital and three annual Dartmouth Cancer Center fundraisers held in tents (Williams et al. 2011b).  The largest group measured to date was at the 2011 Dartmouth Cancer Center fundraiser, where 83 volunteers were measured over a period of 12 hours using two L-band EPR tooth dosimetry systems. Consistent with prior deployment exercises with similar manually controlled instrumentation, an overall throughput of approximately 15 minutes per subject was established. Measurement procedures (which were not optimized for maximal throughput) included serially performed procedures to educate volunteers prior to measurements, an average of 5.8 minutes of EPR data collection, and additional time for cleaning of the systems and replacement of disposable parts in between measurements. For each subject, EPR data were collected with adequate sensitivity for dose estimation, although the precision of these estimates was not as high as that currently acquired under laboratory conditions. 

A major effort to streamline these operations via instrumental improvements to the L-band tooth dosimeter is underway through the contract from BARDA. This effort includes developments to increase detection sensitivity of the dedicated RF bridges and resonators and full automation for positioning of subject and resonator and spectrometer operation, so it can be operated with no prior experience. We also are extensively investigating the effects of potential variations due to characteristics of individuals such as age and anatomical variation of the teeth.

2.4 
Ongoing and Future Developments for In Vivo Tooth Dosimetry 

In summary, EPR tooth dosimetry can discriminate dose levels for triage (i.e., 2 Gy) in less than 6 minutes of measurement time. The existing L-band EPR tooth dosimetry system which focuses on measurements of the upper incisors is undergoing further refinements at Dartmouth in collaboration with GE and an international team of instrumental EPR experts to improve sensitivity and reliability and operability by non-experts, with the aim of having an FDA approved system ready for manufacturing within 3 years.

While the L-band system is currently the most mature technology for EPR tooth dosimetry and will be the first available for widespread use, with support from NIAID we also are developing alternative EPR detection strategies for tooth dosimetry that could provide additional sensitivity that could be used to further increase throughput or to provide higher levels of precision so it could be used for medical management of ARS. We are focusing on approaches using higher frequency and/or time domain.  

3.0
Physical biodosimetry based on ex vivo EPR measurements in nails 
3.1 
Introduction

The use of RIS in fingernails and toenails as a method for estimating an individual’s radiation-exposure dose was first suggested by Brady et al. (1968) and Symons et al. (1995) in their early studies of irradiated nail clippings. This approach is very appealing because almost everyone has finger and toenails and if the multiple sites are measured, clear information on the homogeneity of the exposure becomes available. Recently studies by Black and Swarts (2010), Reyes et al.(2008, 2009), Romanyukha et al. (2010), Swartz et al. (2007, 2010), Trompier et al.(2007, 2009),and Wilcox et al.(2010) show that nail clippings irradiated ex vivo generally exhibit linear dose dependence within the clinically relevant range of 0-10 Gy. The principal challenge to the development of ex vivo EPR nail biodosimetry as an employable tool for triage is that a mechanically-induced signal (MIS) is generated when an individual’s nail is clipped, and clipping is required to obtain the sample for the assay. (Fig.3) (Black and Swarts, 2010; Reyes et al., 2008; Romanyukha et al., 2010; Swartz et al., 2007, 2010; Trompier et al., 2007; Wilcox et al., 2010). The presence of this MIS limits the ability to directly quantify the RIS in an irradiated nail clipping.
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3.2 
Approaches for estimating RIS by removing the effects of the presence of the MIS
The critical problem is that some of the components of the MIS spectra overlap with that of the RIS. There is considerable indication that there is a specific component of the MIS that may be very similar or identical to that of the RIS, although its spatial distribution may be different. The MIS is probably generated principally along the area where the nail was clipped, while the RIS should be randomly distributed. Several approaches have been developed to remove the interfering MIS.

One approach to remove the effects of the MIS method involves treating the nail clipping with water or a redox agent, such as thiols or ascorbic acid, to eliminate the radicals responsible for the MIS. This method takes advantage of an expected differential distribution of the radical centers, with MIS thought to be located predominantly along the cut edge and RIS distributed throughout the bulk of the nail clipping.  Thus, a short exposure of the nail clipping to water or a redox agent is expected to preferentially affect the stability of the edge-localized MIS radicals, thereby eliminating the MIS and leaving the RIS. While these treatments have been assessed and shown to remove the MIS (Black and Swarts 2010; Romanyukha et al. 2007), they also result in decreased RIS. Although it may be possible to account for the effect of such a treatment on the RIS through carefully controlled conditions, other techniques that can selectively remove the interfering MIS without affecting the RIS are preferable. This is an active area of our research which will be reported elsewhere.

The currently most effective methods to estimate the contribution of the MIS to the observed spectra use analytic approaches based on the characteristic features of the EPR spectra of the MIS. Previously we have used selective removal of the spectral components of the multi-component MIS spectrum through spectral decomposition. This method has been tested for its ability to estimate the RIS in nail clippings irradiated to 0, 1, 2, 4, and 8 Gy (He et al. 2011). Reference spectra for the three spectral components that comprise the MIS (a singlet, a broad anisotropic signal, and a doublet) were acquired and a simple decomposition algorithm was used to subtract the MIS spectral components and measure the remaining RIS in the irradiated nail spectra. The EPR spectra of the MIS-singlet are very similar or identical to those of the RIS and therefore to decompose the spectra it is necessary to use other parts of the MIS signals to estimate the magnitude of the MIS-singlet. A test of this method showed the expected linear dose response for the RIS when the mean values of the measured RIS were plotted (He et al. 2011). An analysis of the group means of the RIS measurements resulted in a standard error of inverse prediction of 0.25 Gy (Draper and Smith 1998). However, when the data were analyzed as dose-response curves for individual sets of nails, the results did not lead to a satisfactory discrimination for effective triage. The variability in the RIS measurement was mainly due to the variability in the MIS-singlet/MIS-broad ratio that was used to estimate the MIS-singlet component of the composite MIS. Therefore, the MIS-broad signal was used to estimate the MIS-singlet by assuming a constant MIS-singlet/MIS-broad ratio and similar stabilities of the two signals in clipped nails. 

When using the spectral decomposition approach described above we have found that the variation among samples is greater than desired, due in large part to the variable influences of water content of the nails and exposure to oxygen on the stability of MIS and RIS.  However, when these nail properties are controlled, satisfactory dose resolution is achieved. The latest results using this approach are shown in Figure 4. A manuscript providing details of the approach is in preparation, but the principal result, shown in Figure 4, indicates that EPR dosimetry based on nail clippings now appears poised to be an effective method for triage.
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3.3 
Ongoing and Future Developments for Ex Vivo Nail Dosimetry
Ex vivo EPR nail biodosimetry to screen large numbers of samples will likely be done at remote sites, where conditions can be better controlled, avoiding artifacts from differences in handling due to variations in moisture, temperature, and other variables. In a remote setting, it will also be feasible to use more complex technical approaches, such as high-frequency EPR measurements and dose-additive methods. For example, Q-band (35 GHz) to enhance the spectral decomposition approach for removing the MIS is being evaluated. The work of Romanyukha et al. (2011) has shown an increased resolution of g-anisotropies in the RIS and MIS-singlet spectra in the Q-band over that seen in the X-band spectra. This enhanced resolution of field-dependent spectral features may aid in discrimination of the two signals during spectral decomposition in the analysis of irradiated nail clippings. The potential of Q-band and other higher frequencies (e.g., W-band at 95 GHz) to assist in the analysis of RIS and MIS in freshly clipped nails is being investigated further.

The dose-additive method to calibrate the RIS in nail clippings is expected to provide further improvements in dose-estimate precision for ex vivo EPR dosimetry (The effectiveness of this calibration technique will depend on further characterization of the dose response of RIS in nails, such as the dependence of the dose response on nail water content (Reyes et al. 2009) The dose-additive method will likely require that the water content of the nail clipping be within a range that is representative of the distal extension of the whole nail when attached to the nail bed. This range will ensure that the dose response represented by the incremental changes of the RIS produced with each additive dose is similar to that of the dose-dependent response in vivo.

Because demographic variables (i.e., gender, age, and race) that result in changes in nail composition may also alter the dose response of the signal in nails, their potential confounding impact will be further investigated and modified techniques developed (i.e. alternative calibration schemes) to accommodate any changes in the dose-response that these factors may cause.

With these improvements in spectral analysis, along with the efforts to refine the ex vivo irradiated nail model to simulate the in vivo situation, we anticipate that ex vivo EPR analysis of nail clippings will be developed into an effective biodosimetric method for retrospective dosimetry in mass casualty radiation exposure events. We are especially looking at employing this approach in combination with self-clipping by the individuals into pre-prepared containers with subsequent analysis at remote laboratories. The samples could be archived until there is a need for the measurements to be made, based on the results obtained with other techniques and/or clinical features and/or an indication that the individual was in a site where there was a significant potential for clinically significant radiation exposure to have occurred. 

4.0
Physical biodosimetry based on in vivo EPR measurements in nails 
4.1 
Introduction
The measurement of the RIS in unclipped nails in vivo would provide several advantages. It would eliminate the MIS introduced by clipping, thereby bypassing the need for methods needed to separate RIS from MIS induced by clipping. It also would assure that the method could be used in all subjects who have an intact finger or toe. The necessary instrumentation and measuring techniques could readily be made for use in the field, paralleling the processes described for in vivo EPR for teeth. Because this technique allows independent measurements to be taken at several body sites (i.e., both hands and feet), it can directly determine if an exposure was heterogeneous or homogeneous. Finally, as with in vivo EPR tooth dosimetry, results would be available immediately after the measurement and would not require further data processing.

Because the intensity of RIS in nails is lower than that found in tooth enamel, higher EPR frequencies (e.g., X-band at 9 GHz) than those commonly used to measure RIS in teeth (L-band) are needed to obtain the required detection sensitivity. In contrast to nail clippings, which are low in water content, EPR spectrometers using conventional higher frequency EPR resonators cannot be used in the presence of soft tissues, such as fingers or toes, because they absorb the microwave energy used to detect the RIS. Therefore, we have focused on the development of resonant microwave structures with electromagnetic fields shaped to penetrate into the nail but not into the tissue underlying the nail plate. 

In collaboration with the National EPR Center at the Medical College of Wisconsin (Milwaukee, WI), Dartmouth has made considerable progress in developing such structures. At present, we have achieved sufficient sensitivity in model systems and soon will begin studies in human fingers using artificial nail models, fingers from cadavers, and human fingers. The latter studies with irradiated nails will be done in collaboration with DFCI, using patient-volunteers undergoing TBI.

4.2 
In Vivo Fingernail Resonators 
Using Ansoft’s High Frequency Structure Simulator (HFSS, version 13), four structures have been optimized for in vivo biodosimetry using EPR techniques: a TE102 rectangular cavity with a sample aperture, a novel hemispherical TE121 resonator with a sample aperture, a surface resonator array, and a dielectric resonator (Fig. 5).





Figure 5: Resonators being developed for in vivo measurements of nails
Previous studies (Ikeya and Ishii 1989; Ikeya et al. 1994) have used rectangular TE102 resonators with am aperture for surface spectroscopy, but the other three configurations are novel structures for such measurements. Extensive HFSS simulations have been conducted on the surface aperture, surface array, and hemispherical resonator designs.

In our studies, the rectangular TE102 has shown promise as a surface-aperture resonator for use at X-band (9.5 GHz) for EPR in vivo spectroscopy (Fig. 5a). The surface resonator array (Fig. 5c) provides another promising geometry in which seven transmission-line resonators are placed in parallel positions to create a continuous and sensitive volume that samples only the nail and minimizes sampling of the underlying living tissues. In addition, we are considering a new resonator, the hemispherical TE121 cavity (Fig. 5b). This geometry is suitable for resonators using an aperture because the spherical θ index is the second wave number, where the magnetic field adds in the center of the resonator and produces two times the magnetic field of the rectangular TE102 equivalent magnetic field when the aperture is placed along the TE102 end wall. Figure 6 shows three of the resonators with the finger in place for the measurements.
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4.3 
Ongoing and Future Developments for In Vivo Nail Dosimetry
The four designs of in vivo nail resonators are being evaluated and appear to meet efficacy and safety requirements at their current stages of development. These designs are being optimized and tested in appropriate phantoms of fingers with nails and cadaver fingers. The next step will be to test these designs directly in human subjects, using normal volunteers with simulated RIS placed on their nails and then we will make measurements in patients undergoing TBI. No insurmountable obstacles are expected to the implementation of this approach for effective dosimetry in the field.
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6.0
conclusions
In the event that large numbers of people are potentially exposed to levels of radiation that could lead to ARS, effective and rapid triage is essential. Existing guidelines, such as those provided by the International Atomic Energy Agency (2005) that make use of signs and symptoms, time to emesis and lymphocyte depletion rates, are unlikely to be effective in such circumstances. Physically- and biologically-based biodosimetry methods that can be conducted on-site, providing close to real-time dose estimates, may be the solution to filling the need for rapid and accurate retrospective dose estimation. Biologically-based methods have the ability to provide information on biological responses to not only the radiation exposure but combined injuries as well. Because physically-based biodosimetry is much less likely than biologically-based biodosimetry to be confounded by acute factors (e.g., simultaneous physical injury and stress) or individual factors (e.g., variations related to gender, age, diet, or health conditions), these physically-based methods, and more specifically EPR dosimetry, should be especially valuable during initial triage for estimating dose. In addition to having fewer or no confounding factors, EPR offers distinct advantages for large-scale triage. In particular, EPR measurements can be made any time after the exposure, the results are available immediately after the measurement, and the technique is suitable for automation.

Three different but complimentary applications of EPR dosimetry are under active development and appear to be quite promising. Tooth dosimetry, using the upper incisors, is poised to be developed into a practical deployable method. In vivo nail dosimetry is also likely to be field deployable. Dosimetry based on nail clippings may be a complementary method, providing the capability to process a large number of samples if both transportation of samples and connecting the results to the individual are feasible. 
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Figure 6: Photographs illustrating the position of fingers in resonators for in vivo nail dosimetry (A) the SRA resonator; (B) rectangular TE102 cavity aperture resonator; and (C) hemispherical TE121 aperture resonator





Figure 3.a: Representative EPR spectra from a 


sample of clipped nails that received 6 Gy irradiation, immediately after cutting. The original spectrum is shown in blue, and the fitted spectrum using the new fitting model is in red.
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Figure 3.b: The Fitted MIS and RIS components from the same sample in Figure


3.a.
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Figure 4: Dose response curve from 15 sets of clipped nails from individual donors. Each set received doses of 0, 1, 2, 4, 6 Gy. The error bar is the Standard Error of the Mean (SEM).
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