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Abstract

Finite element analysis is used to evaluate and design L-band surface loop resonators for in vivo
electron paramagnetic resonance (EPR) tooth dosimetry. This approach appears to be practical and
useful for the systematic examination and evaluation of resonator configurations to enhance the
precision of dose estimates. The effects of loop positioning in the mouth are examined, and it is
shown that the sensitivity to loop position along a row of molars is decreased as the loop is moved
away from the teeth.
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INTRODUCTION

Electron paramagnetic resonance (EPR) tooth dosimetry is being developed to allow
retrospective assessments of individual exposures to ionizing radiation following events
where it is suspected that large numbers of people could have been affected. EPR is the
process by which unpaired electrons absorb microwave radiation in the presence of a static
magnetic field. lonizing radiation creates unpaired electrons, or free radicals, throughout the
body. While most of these react rapidly and disappear in tissues such as teeth, bones,
fingernails, toenails and hair, the unpaired electrons are persistent and can be used for
dosimetry (Gordy et al. 1955; Brady et al. 1968). This project focuses on the in vivo
measurement of the relative number of unpaired electrons in tooth enamel using EPR
spectroscopy to estimate the dose of ionizing radiation, but the results should also be
applicable to other resonators for in vivo measurements.

This paper uses finite element analysis (FEA) to characterize existing surface loop
resonators (Salikhov et al. 2003; Walczak et al. 2005) and to optimize the detection loop for
maximum dosimetric sensitivity. The potential advantage of this approach is that it enables
the systematic examination of a range of structures so that many parameters can be
effectively examined to facilitate development of more optimal configurations. It would be
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very time-consuming and inefficient to construct and physically test the many different
resonators that would be required to examine all plausible configurations, but with
simulation of the structures and calculated characterizations of their performances, such
construction can be reserved to verify the predictions from the simulations and test the most
promising designs.

Considerable work has been done toward the development of in vivo EPR tooth dosimetry
(Iwasaki et al. 2005a and b; Swartz et al. 2005, 2006, 2007; Williams et al. 2007). A static
magnetic field, referred to as Hy, is created with either a permanent magnet or an
electromagnet that is typically oriented through the head from ear to ear. A surface loop
resonator is shown in Fig. 1, which resonates at 1.2 GHz. The authors are interested
primarily in the components of the RF magnetic field that are perpendicular to Hy because
they are the components absorbed by the electrons, which give rise to the dosimetric EPR
signal. It is assumed the magnetic field modulation is uniform across the sample and parallel
to Hy. Interactions between the modulation field and the resonator are not included in the
simulation.

The goal of the research described in this paper is to investigate the effect of tooth vs. loop
positioning for existing detection loops. The finite element model is presented; the
parameters used to evaluate the performance of different resonators, loop configurations,
and tooth/loop positioning are described; and the results of the various studies are presented.

FINITE ELEMENT MODEL

Ansoft Corporation’s High Frequency Structure Simulator (v11, HFSS) was used to solve
the electromagnetic fields of the resonators considered here. As with the analytical solution,
the numerical solution depends on the material properties and boundary conditions. For all
simulation results presented here, the boundary of the simulation region is defined by a
perfectly conducting box that is placed sufficiently far from the resonator so that interactions
with the loop are negligible. In eigen-mode solutions, models that used a perfecting
conducting boundary condition took considerably less time to solve than models with an
absorptive boundary condition. No significant difference in the solution was found between
the two boundary conditions. The electrical properties of all materials used in the FEA
model are listed in Table 1. The detection loop is made of 0.8-mm-diameter silver wire with
a 0.3-mm-thick polytetrafluoroethylene (PTFE) coating. The transmission line is composed
of PTFE and copper. The resonator box is brass and is used to shield a set of internal
inductively-coupled loops and electrical components from external fields. A microCT model
of a molar was imported into HFSS, which includes an enamel layer, a dentin layer and pulp
at the center. It is assumed that the densities of the enamel and radical centers within the
enamel are uniform. The conductivity of the pulp was obtained from the “Nello Carrara”
Institute for Applied Physics website (IFAC-CNR 2007) for a frequency of 1.2 GHz. The
electrical properties of the dentin and enamel were obtained from Hoshi et al. (1998).

CHARACTERIZING RESONATOR PERFORMANCE

The HFSS simulation results in a vector map of the magnetic and electric components of the
microwave field within the enamel and surrounding volume, from which a filling factor can
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be calculated. Fig. 2 shows a field map of the magnitude of the components of the magnetic
field that are perpendicular to the static field through the cross-section of the molars. HFSS
also provides an estimate of the quality factor and resonant frequency of the resonator,
which depend on the dielectric losses within the sample.

An EPR signal is proportional to the microwave energy absorbed by the free electrons and is
measured in volts. The performance of a resonator is characterized by the signal amplitude.
A signal amplitude can be calculated (Feher 1957)

S=xnQvFPn )

where y is the magnetic susceptibility of the sample, 7 is the filling factor, Qg is the
unloaded quality factor with sample, and Pj, is the incident microwave power. The magnetic
susceptibility y, is proportional to frequency; thus, when comparing two resonators with the
same sample at the same frequency, this ratio is equal to unity. If, as in a simulation, the
incident microwave power is assumed to be constant and the sample is not saturated, the
signal amplitude is proportional to the product of »and Q, both of which depend on the
positioning of the loop relative to the teeth under consideration. The filling factor is an
indication of the amount of useful RF magnetic field in the tooth enamel. It drops off rapidly
as the teeth are moved away from the loop. The filling factor is given by

Hs

n=

@
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where, Uy represents the total energy stored in the magnetic field of the entire simulation
region and Uy is the energy stored in the sample by components of the RF magnetic field
that are perpendicular to the static field (in the Z-direction). This can be further defined

UHSZUHS,W:%#Ofo -H}dV+[Hy - H;,‘dVS (3)
where H is the value of the RF magnetic field, H" is the complex conjugate of the RF
magnetic field and the volume of interest, and V; is all the enamel present in a model. The
quality factor, Qg, is a measure of the energy stored in a system to the energy dissipated, and
it increases as the resonator is moved away from the molars and dielectric losses decrease.
Lossy tissue, such as gums, degrades the Qqg-values substantially and should be kept away
from the RF field of the loop. In this work, the quantity 7Qg, which is unitless, is used to
characterize the performance of each loop/tooth configuration.

Several simulations were conducted to evaluate the effects of the tissue surrounding the
teeth and the tooth/loop positioning. The effects of tooth/loop positioning for a 10-mm
circular loop are described. Since these simulations do not include the effects of the lossy
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tissue surrounding the teeth, it is shown that the presence of gums reduces the Qg-values.
Finally, in vitro experimental verification of the HFSS calculations are provided.

Tooth/loop positioning

The effects of loop positioning were investigated using HFSS for a circular loop 10 mm in
diameter. The product of the filling factor, 7, and Qg-value for each position is plotted
versus loop position for three different spacings between the loop and the molars in Fig. 3.
For this investigation, the loop was moved along a row of three molars. When the loop is
only 0.25 mm from the molars, the mean value of 7Qg is 5.06 and the standard deviation is
0.17. Sensitivity of the EPR signal to loop position can be characterized by the relative
deviation (defined as the standard deviation divided by the mean) of 0.0336. When the
distance between the molars and loop is increased to 0.75 mm, the mean value of 7Qq is
3.75, the standard deviation is 0.155 and the relative deviation is 0.0413. When the distance
between the molars and loop is increased to 1.25 mm, the mean value of 7Qq is 2.55, the
standard deviation is 0.06, and the relative deviation is 0.0235.

Accordingly, the sensitivity of the EPR signal to changes in position along a row of molars
is reduced by 30% by spacing the loop away from the teeth. This is consistent with a general
reduction in the microwave power within the enamel as the spacing increases, but a
concomitant increase in the homogeneity of the microwave power within the enamel leads to
a reduction in sensitivity to the irregular surfaces of the teeth. The magnitude of the signal is
also reduced as the loop is moved away from the molars, but this could be addressed by
increasing the incident power as the spacing is increased to maintain the microwave power
within the enamel.

Dielectric losses in tissue

As shown in Fig. 4, the in vivo measurement of tooth enamel takes place surrounded by
lossy tissue. Efforts are taken to distance the cheek and tongue from the measurement
volume, but the tissue of the gums necessarily remains in closer proximity. Including such
lossy tissue in the finite element model reduces the signal by significantly reducing the Qg-
value. For example, the Qg-values predicted by HFSS for the model shown on the right side
of Fig. 4 is 170. HFSS predicts the Qg-value to be 580 when only the loop and molars are
present. The Qg-value obtained from the HFSS simulations correlates to the measured Q of
existing resonators. For example, the typical measured Q for an empty resonator is between
450 and 500. The typical measured Q for a resonator in the mouth (as shown in Fig. 4) is
between 175 and 225. The measured values of Q are consistent with the results obtained
from the HFSS simulations.

Experimental vs. simulation results

The normalized signal amplitude calculated from the HFSS results is compared to the in
vitro measurements of a single molar. The results are shown in Fig. 5. The normalized signal
amplitude is proportional to 7Qy and has been scaled by a constant to account for different
amplification factors between the experimental and simulated results. The normalized signal
amplitudes decrease at the same rate for both the simulation and measurement, indicative of
accuracy of the modeling used in the FEA simulations. It should be noted that the effects of
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saturation are not currently included in the described simulation. Both the native and
radiation-induced EPR signals in tooth enamel are saturable (Iwasaki et al. 2005), and in the
conventional experimental configuration with the detection loop of the resonator spaced
~0.25 mm above the surface of a molar tooth and a typical incident microware power of 50
mW, both signals are within saturation. However, the non-linearity introduced by saturation
can be considered a second-order effect, and despite the exclusion of saturation effects in the
simulation, the results here correspond well with the experimental data.

CONCLUSION

The potential value of the use of FEA using HFSS for the development of optimized surface
loop resonators is indicated by the results described in this paper. The results here
demonstrate that FEA of the resonator structures can accurately predict their experimental
behaviors and that the simulations can be used to characterize the important effects of
detector loop positioning and dielectric losses. It was shown that the measured Qg of a
resonator, with and without a sample, matched the Qg-value predicted by the HFSS
simulations.

One of the most promising avenues to increase the sensitivity of EPR tooth dosimetry is the
development of optimized resonators with a detection loop that are designed to optimally
balance maximization of the EPR signal amplitude with minimization of the sensitivity to
detection loop position. An example of an approach to accomplish this goal was described
here. By increasing the separation between the tooth surface and the detection loop, a more
uniform magnetic field is established over the tooth volume with decreased sensitivity to
variation in position. This is reflected both by the decreased relative deviation of 7Qq during
translation across a row of teeth shown in Fig. 3 and the decreasing slope of the normalized
signal amplitude shown in Fig. 5 for greater separations.

Another approach being investigated to optimize this compromise is the use of larger
detection loops that average over greater volumes of tooth enamel to decrease sensitivity to
fine anatomic features. In order to systematically perform this optimization with a number of
interrelated design variables in a time-efficient manner, it is necessary to incorporate
theoretical analysis and numerical simulation of the structures into the development plan.
However, given the complexity of the detector loop shapes and enamel volumes, accurate
simulations provide information that is not effectively addressed by pure theoretical
analyses. It is expected that simulations such as these will provide critical guidance for the
further development of resonators and measurement procedures for rapid, robust, field-
deployable EPR tooth dosimetry for the screening of large populations potentially exposed
to ionizing radiation.
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l Transmission
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Detection
Loop

| Detail: loop and molar

Fig. 1.
Top: A picture of an existing L-band resonator designed for tooth dosimetry (Walczak et al.

2005). The key components of the resonator are labeled. The detection loop is placed on the
teeth and the transmission line connects the detection loop to inductively coupled loops in
the resonator box. The coupling adjust knob is used to achieve the best coupling in the
measurement environment. Bottom: A model used to simulate a resonator in HFSS. The
direction of the static magnetic field, Hg, is shown and is parallel to the Z-axis. The inset on
the lower-right is a close-up of the loop and molar.
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Fig. 2.
A field map of Hyy, the magnitude of the components of the RF field perpendicular to the

static field, is shown when the distance between the loop and molars is 1.25 mm. The static
magnetic field, Ho, is directed into the page as indicated.
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7Qq is calculated for different loop/tooth positions as a 10-mm-diameter circular loop is
translated along a row of molars. Each line represents a different spacing between the cusps

of the molars and the bottom edge of the loop.
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Fig. 4.
The picture on the left shows the in vivo measurement environment. The transmission line is

seen and commercial dental putty is used to position the detection loop and separate the
measurement region from the lossy tissue such as the tongue and cheek. The picture on the
right shows the model used to simulate the in vivo measurement environment. The
rectangular region surrounding the molars represents the gums in the FEA model.
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A comparison of the normalized signal amplitude predicted from the results of HFSS
simulations and experimental measurements for a single isolated molar. The zero position is
when the lower edge of the loop rests on the surface of the molar. The position is the relative

distance between the molar and loop.
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