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There is an imperative need to develop methods that can rapidly and accurately determine individual exposure to radiation for
screening (triage) populations and guiding medical treatment in an emergency response to a large-scale radiological/nuclear
event. To this end, a number of methods that rely on dose-dependent chemical and/or physical alterations in biomaterials or bio-
logical responses are in various stages of development. One such method, ex vivo electron paramagnetic resonance (EPR) nail
dosimetry using human nail clippings, is a physical biodosimetry technique that takes advantage of a stable radiation-induced
signal (RIS) in the keratin matrix of fingernails and toenails. This dosimetry method has the advantages of ubiquitous availabil-
ity of the dosimetric material, easy and non-invasive sampling, and the potential for immediate and rapid dose assessment. The
major challenge for ex vivo EPR nail dosimetry is the overlap of mechanically induced signals and the RIS. The difficulties of
analysing the mixed EPR spectra of a clipped irradiated nail were addressed in the work described here. The following key
factors lead to successful spectral analysis and dose assessment in ex vivo EPR nail dosimetry: (1) obtaining a thorough under-
standing of the chemical nature, the decay behaviour, and the microwave power dependence of the EPR signals, as well as the
influence of variation in temperature, humidity, water content, and O, level; (2) control of the variability among individual
samples to achieve consistent shape and kinetics of the EPR spectra; (3) use of correlations between the multiple spectral compo-
nents; and (4) use of optimised modelling and fitting of the EPR spectra to improve the accuracy and precision of the dose esti-
mates derived from the nail spectra. In the work described here, two large clipped nail datasets were used to test the procedures
and the spectral fitting model of the results obtained with it. A 15-donor nail set with 90 nail samples from 15 donors was used to
validate the sample handling and spectral analysis methods that have been developed but without the interference of a native
background signal. Good consistency has been obtained between the actual RIS and the estimated RIS computed from spectral
analysis. In addition to the success in RIS estimation, a linear dose response has also been achieved for all individuals in this
study, where the radiation dose ranges from 0 to 6 Gy. A second 16-donor nail set with 96 nail samples was used to test the spec-
tral fitting model where the background signal was included during the fitting of the clipped nail spectra data. Although the dose
response for the estimated and actual RIS calculated in both donor nail sets was similar, there was an increased variability in the
RIS values that was likely due to the variability in the background signal between donors. Although the current methods of
sample handling and spectral analysis show good potential for estimating the RIS in the EPR spectra of nail clippings, there is a
remaining degree of variability in the RIS estimate that needs to be addressed; this should be achieved by identifying and
accounting for demographic sources of variability in the background nail signal and the composition of the nail matrix.

INTRODUCTION To accomplish the needed initial screening, it is

In the response to a large-scale radiological /nuclear
event (i.e., an event where triage is needed to
achieve balance between the capabilities of the
medical system and the number of individuals
potentially at risk), it will be necessary to conduct
dosimetry as the first level of triage to identify those
individuals who should enter the next stage of the
medical system to deal with the potential onset of
acute radiation syndrome. The initial triage step is
to separate the largest segment of the potentially
exposed individuals who have been irradiated to
doses under 2 Gy from those who may have received
doses over 2 Gy!! =¥,

necessary to develop methods that can rapidly and
accurately determine individual exposure to radiation.
However, in a mass casualty scenario, determining
individual exposure to a level of accuracy and preci-
sion that is required for assessing the need for medical
intervention will be difficult by conventional methods
due to the absence of standard personal dosimetry
devices (i.e., film badges). This limitation can, however,
be overcome through the use of biodosimetry methods
that are based on measuring dose-dependent changes
in one or more physical or biological responses to the
incident radiation, either directly on an individual or
in samples (i.e., blood, urine, hair, nails, etc.) collected
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from an individual *~7. Essentially, an ever-present
dosemeter that is based on the individual’s own tissue is
substituted for an external dosemeter.

Two types of biodosimeters are currently under
development: those based on biological responses to
radiation and those based on physical or chemical
changes that occur in materials collected from an
individual. Biological biodosimetry assays, based on
parameters such as DNA damage, gene activation,
cytokine levels, and metabolic products, show good
response to radiation exposure; therefore, they have
the potential to function as estimators of the dose re-
ceived by an individual®. However, these responses
are typically not specific to the radiation exposure but
are instead radiation-induced perturbations within
the normal variances and response to damage of cel-
lular, organ, or system function; thus, they are
affected by other factors (i.e., previous disease, varia-
tions in baseline and simultaneous perturbations such
as wounds, burns and extreme psychological and
physical stress), both with regard to the magnitude
and time-dependent changes in the response”. The
combination of these multiple factors on the measured
biological response may make these assays better
suited for the second stage of triage in which the
focus is on determining an individual’s response.
Complimentary to biologically based methods are
physically based biodosimetry methods, which
measure the physical or chemical changes that occur in
external materials (i.e., cloth, glass, plastic, etc.)
among the personal effects or biological materials (i.e.,
teeth, hair, nails) collected from an individual® 7~!2.
Because physically based biodosimetry methods are
not affected by the factors that can affect biological
responses, they are more amenable to measuring dose
and also offer the ability to assess dose distribution
over an individual. These dosimetry approaches,
however, do not provide direct information on an
individual’s response to the radiation‘".

One physically based biodosimetry method that is
being developed takes advantage of the chemical chan-
ges that occur when fingernails or toenails are exposed
to radiation. This produces relatively stable chemical
species with unpaired electrons in the keratin proteins
that comprise the nails. These radicals can be sensitively
detected and quantified by electron paramagnetic reson-
ance (EPR) spectroscopy™ 7+ 8 1011 1319 The radi-
ation sensitivity of nails is relatively high, and the
radicals are sufficiently stable over time due to the con-
densed nature of the keratin proteins in nails"* 9.
Furthermore, the number of radicals is proportional to
the magnitude of the dose over a wide dose range. These
are the motivations for our study of the feasibility and
methodology of nail EPR dosimetry for poI()ulation tri-
age in case of mass casualty radiation events®™ & 13-17),

There are two approaches to measuring the radiation-
induced signal (RIS) that arises from the formation of
the radicals that are formed in the nail. A clipping of

the nail can be collected and measured ex vivo using
conventional EPR instrumental techniques. However,
cutting the nail produces a mechanically induced signal
(MIS) in the clipping® 7 1 18 19 This MIS directly
overlaps with the RIS, preventing the direct measure-
ment of the RIS in the clipping. This interference can be
overcome by avoiding the need to obtain a nail clipping
and instead making direct measurements of the RIS in
the nail plate using an in vivo EPR technique similar to
that used for in vivo EPR tooth dosimetry® !> 20,
However, in vivo EPR nail method is not sufficiently
advanced at the current time to be used in EPR nail
dosimetry. Therefore, methods are being developed
to account for the MIS interference and provide ac-
curate measurements of the RIS in irradiated nail
clippings®: 7+ 8 10 12, 14.17.18)

One such method uses spectral fitting methods to
quantify the individual signals from the MIS and
RIS, thereby allowing the RIS amplitude in the
overall nail spectrum to be determined. Herein, we
describe a linear regression spectral fitting model that
uses two spectral components to individually describe
the MIS and RIS, thereby deriving an estimate of the
RIS content within a clipped nail spectrum. To
achieve sufficient accuracy of the two-component
spectra, a number of methodological considerations
were addressed to insure the stability of the compo-
nent signals underlying the MIS and RIS throughout
the process from nail collection to measurement of
the EPR spectrum of the clipped nail. This study
describes the sample-handling methods that have
been developed and the application of the two-com-
ponent spectral fitting model in the analysis of irra-
diated clipped nail spectra from a dose-response study
of nails from 23 healthy donors.

MATERIALS AND METHODS
Sample preparation

Sets of nail clippings were collected from 23 volun-
teers. Each volunteer contributed clippings from six
nails. To remove the MIS from harvesting the nail
clipping during sample collection and prevent the re-
generation of a background signal, all nails were
soaked in water for 20 min, surface wiped dry with
Kimwipes, placed in mylar bags containing molecular
sieve and an iron powder-based O, scavenger, and
further dried under dry nitrogen gas in a glove bag.
The water content of the water-treated nail clippings
was monitored indirectly by the effect that it had on
the signal amplitude of an internal standard for all
samples until a consistent, minimum level (maximum
internal standard amplitude) was obtained, usually
within 1-2 h under the drying conditions of the glove
bag.
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Experimental procedure

To emulate a radiation disaster scenario, the dry nail
clippings were first irradiated and then cut to simulate
the harvesting of the nail clipping. Prior to irradiation
(pre-IR), the EPR spectrum was measured for each
sample to obtain the background signal that may
have not been removed from the initial nail clipping.
Then, of the six nails from each donor, two nails
received a sham dose of 0 Gy, and the remaining nails
received a dose of 1, 2, 4 or 6 Gy from a 137Cs source.
EPR spectra were acquired post-irradiation (post-IR)
to obtain the actual RIS signal. The six nails were then
cut into small pieces to simulate harvesting of the nail
clipping from in vivo irradiated nails, and EPR spectra
were measured immediately (post-cut) to obtain the
combined MIS and RIS spectra. All sample handling
was done in glove bags purged with dry air.

Instrumental settings

Spectra were acquired on a Bruker EMX X-band
EPR spectrometer with a High-Q resonator. The
centre field of the magnet was set at 3500 gauss and
the sweep width was 150 gauss. The modulation fre-
quency was 100 kHz, with an amplitude of 5 gauss.
The microwave incident power was 0.4 mW. Spectra
were acquired as the average of five scans using a time
constant of 40.96 ms and sweep time of 40 s. The
amplitude of each nail spectrum was normalized
both to the signal of a reference standard (singlet at
g = 1.98 from a standard supplied by Bruker BioSpin,
Bilerica, MA, USA) located inside the cavity below
the nail sample and to nail mass.

RESULTS AND DISCUSSION

The detection and quantification of the RIS in nail
clippings acquired from individuals who potentially
have been exposed to ionising radiation will require a
reliable method to eliminate the interference of the
MIS from the required clipping of the nail. The
approach described here uses a spectral fitting proced-
ure and model that is based on a well-defined set of
basis spectra for MIS and RIS spectral components
to derive an estimate of the RIS signal in irradiated
nail clippings. For this approach to be successful,
three steps were taken: (1) the MIS, RIS, and back-
ground signals and their spectral properties were thor-
oughly studied; (2) a nail sample-handling method
was developed to control the stabilities of the compo-
nent signals after the nail clipping is harvested to
ensure consistency in the match of the spectral ele-
ments in the EPR spectra; and (3) a spectral model
was developed to provide an estimate of the RIS in-
tensity in the nail EPR spectrum.

Characterisation of the MIS and RIS signals

As described in previous work® 7 19 the MIS is
composed of four signals. Figure 1 shows three of
these signals produced by the harvesting cut, which is
needed to collect the nail clipping from exposed indi-
viduals. These three signals are: (1) an 18 gauss
doublet (MIS-doublet), (2) a rhombic anisotropic
spectrum covering 150 gauss (MIS-broad), and (3) a
singlet with a 10 gauss line width (MIS-singlet).
Underlying these three signals, and coincident with
the MIS-singlet, is a background singlet signal. Also,
the RIS is coincident with these signals. Of these
signals, the MIS-doublet and the MIS-broad can be
easily distinguished from the other signals due to
well-separated spectral features and differences in
either their stability or microwave power saturation
behaviour.

The stabilities of the MIS and RIS spectral com-
ponents differ with time after cutting and irradiation,
respectively. These stabilities are dependent on the water
and oxygen content of the nail, in addition to ambient
temperature®'?. Of the three MIS components, the
MIS-doublet is the least stable, with a lifetime of 20—60
min depending on the water content and temperature of
the nail. The MIS-broad and MIS-singlet have similar
stabilities within the first 20-30 min following the
cutting, but the MIS-broad is found to be less stable
than the MIS-singlet at longer times; the MIS-singlet is
the last remaining signal in clipped nails. The RIS has a
stability and power saturation behaviour similar to the
MIS-singlet. Therefore, approaches to exploit differ-
ences in the stabilities or microwave power saturation
behaviour of the MIS-singlet and RIS to differentiate
these two signals have not been successful in nails re-
ceiving doses under 10 Gy 7 19,

The individual spectral components of the MIS
and the RIS can be isolated and used as well-defined
basis spectra. Based on these spectra, a spectral
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Figure 1. The three spectral components of the MIS: MIS-
doublet (dotted), MIS-broad (hashed) and MIS-singlet
(solid).
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decomposition method was developed, whereby the
RIS amplitude can be determined indirectly. The
method relies on subtraction of the MIS-doublet and
MIS-broad signals from the nail EPR spectrum, fol-
lowed by an estimation of the MIS-singlet and RIS in
the remaining signal. The estimation of the MIS-
singlet is calculated from the MIS-broad signal ampli-
tude using a predetermined constant (i.e., the ratio of
the MIS-broad to MIS-singlet amplitudes). This ratio
was determined based on studies of these two MIS
components in multiple donor nails, which showed
similar signal ratios across nail donors within the first
60 min following harvesting of a nail clipping. The
RIS amplitude is then estimated from the difference
between the residual sample signal and the estimated
amplitude of the MIS-singlet. Testing of this signal
analysis in a 30-donor validation study demonstrated
that RIS estimates can be obtained at doses as low as
1 Gy with a linear dose response within a 0—-10 Gy
range'”.

One outcome of this validation study was a higher
than expected relative standard deviation (RSD) of
26% for the amplitude ratios of the MIS-broad/MIS-
singlet. A similar RSD of 25% was found for the
inter- and intra-individual variability of the RIS and
MIS-singlet amplitude estimates. However, the con-
sistency of the MIS-broad/MIS-singlet ratio is critical
to determining the MIS-singlet and the RIS in the
spectral analysis method. To accurately estimate the
MIS-singlet amplitude based on the MIS-broad amp-
litude, control of the variability in this ratio must be
attained. Subsequent investigation found that the
variability in the MIS-broad/MIS-singlet ratio was
likely due to variation in the water content of the nails
that accentuated differences in the decay kinetics
between the two signals®.

To improve the stabilities of the EPR-detectable
species in the irradiated clipped nail samples, the
sample handling procedure was modified. The
purpose of the modification was to control the water
and oxygen content of the nail clipping following har-
vesting. As has been noted, the water content of the
nail clipping influences the stabilities of the MIS- and
RIS-component signals® 7', Reducing the water
content in nails increases the stability of all spectral
components in the irradiated clipped nail. Oxygen is
also important in the decay of the MIS-doublet. As
shown in Figure 2, exposing the nail clipping to a ni-
trogen gas atmosphere reduces the oxygen content,
thereby minimizing the loss of signal. Therefore, we
anticipate that by reducing both water and oxygen
content after harvesting the nail clipping, the inten-
sities of the MIS and RIS components in the nail clip-
ping can be retained at or near those produced
immediately after the cut.

To achieve control of the MIS and RIS stabilities
after harvesting a nail clipping, several modifications
to the nail handling and storage procedure have been
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Figure 2. Decay of the MIS in fingernail clippings exposed
to ambient air (A) or carbon dioxide (B) over 60 min
following cutting. Under air, the MIS-doublet undergoes
rapid fading as seen by the decrease the intensity of the peak
at 3520 G, with some minor fading of the MIS-broad as seen
in the peak centred at 3460 G. However, under carbon
dioxide the fading is dramatically slowed for all the MIS
spectral components. The peak at 3545 G is the Bruker
reference standard.

developed and implemented. These include place-
ment of the nail clippings under a dry, inert gas, such
as nitrogen or carbon dioxide, within mylar bags to
reduce the water and oxygen content of the nails fol-
lowing harvesting. Addition of a desiccant and an
oxygen scavenger to the mylar bags further assists in
the reduction of water and oxygen, respectively. As is
shown in Figure 3, placement of nail clippings within
a mylar bag immediately after harvesting stabilised
the MIS-broad and MIS-singlet and greatly reduced
the decay rate of the MIS-doublet. This stabilisation
provided good correlation between the three MIS
spectral components (Figure 4A and B). Notably, ex-
cellent correlation was achieved between the MIS-
broad and MIS-singlet signals, which is critical to the
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Figure 3. Signal amplitudes of the MIS-doublet (triangle),
MIS-broad (square) and MIS-singlet (circle) as a function of
time after harvesting nail clippings that are then placed
under an atmosphere of dry nitrogen gas. The signal
amplitudes of the MIS-broad and the MIS-singlet remain
constant for at least 7 d when the nail clipping is kept under
nitrogen gas within the mylar storage bags (data not shown).
The MIS-doublet achieves a constant positive value after
25-30 min under nitrogen and remains stable for at least 7 d.

use of the MIS-broad signal as a means to indirectly
measure the MIS-singlet intensity in the nail clipping
spectra.

Another factor that must be controlled in the nail
clippings is a variable background signal. This signal
varies in intensity depending on the treatment and
storage conditions of the nail clipping"* '®. In the
nail models that were used in the validation studies of
the spectral fitting model, the nail clippings were pre-
conditioned by soaking in water, followed by drying
under air or nitrogen gas, to return the nail to its
original physical state and to also remove the MIS in
the original harvesting cut®™ 7 % '8 A Jow-intensity
background signal remained in the nail following the
preconditioning, which slowly increased over a period
of several days to a maximum value. This “rebound”
in the background signal was greatly reduced by
keeping the clipped nails in dry, inert gases (Figure 5).
Therefore, by storing the nail clippings in mylar bags,
the “rebound” in the background signal intensity can
be controlled, thus minimizing its influence on the vari-
ability of the background signal in the sample spectral
analysis.

Spectral fitting model

The spectral model that has been developed incorpo-
rates the three MIS signal components and the RIS.
Based on the stabilities of the MIS and RIS signals
that have been achieved with the nail sample-handling
method described above and the consistency in the in-
tensities of the components in the overall MIS spec-
trum, a composite basis spectrum can be used to
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Figure 4. Correlation of the signal amplitudes of the MIS
spectral components after 30 min under dry nitrogen in
mylar bags. Good correlation is shown between the MIS-
singlet and MIS-broad (A) and the MIS-doublet and MIS-
broad (B) amplitudes in 60 individual nail samples.

model the MIS, rather than fitting the three individual
MIS spectral components. Figure 6 shows the com-
posite MIS basis spectrum that is the mean of the
MIS spectra acquired from 60 individual nail samples
and was used in the fitting model. The RIS basis spec-
trum (Figure 6) is the first derivative of a Lorentzian
function, which provides a fit to the actual RIS.

In the first test of the spectral fitting model, the
two-component spectral fitting was applied to the
analysis of sets of nails acquired from 15 donors, with
6 nail clippings from each donor irradiated to doses
of 0—6 Gy for a total of 90 individual nail clippings.
Prior to the analysis, the pre-IR EPR spectra were
subtracted from the post-IR and post-cut EPR
spectra for each nail clipping. This allowed a test of
the spectral fitting model for the MIS and RIS spec-
tral components without interference from the back-
ground signal and provided the amplitude of the
actual RIS (from subtraction of the background
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Figure 5. Background signal intensity in nail clippings that

have been soaked in water for 20 min and then air-dried

under nitrogen (A) or oxygen (B) for 4 h. Exposure of nail

clippings to nitrogen after the water treatment prevents the

‘rebound’ in the background signal amplitude. The peak at
3545 G is the Bruker reference standard.

spectrum from the post-IR spectrum). Because the
background signal has a g-value that is virtually iden-
tical to that of the RIS, it is currently impossible to
differentiate these two signals in a spectral fitting
model. Therefore, the contribution of the background
signal to the overall nail spectrum will be treated sep-
arately by a post-analysis adjustment that is described
later.

Analysis of the individual post-cut nail spectra
(without background) was conducted using the two-
component spectral linear, least-squares fitting
model. Figure 7 demonstrates the goodness of fit of
the combined MIS and RIS basis spectra to these
spectra in a typical nail clipping that received a 6 Gy
dose. Figure 8 shows the difference between the post-
cut and fitted spectra and the absence of residual
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Figure 6. The basis spectra used in the two-component

linear regression spectral fitting model. The MIS (solid) is

the composite of the MIS-doublet, MIS-broad and MIS-

singlet signals and is the average of 30 MIS spectra obtained

from the post-cut spectra of the unirradiated nail samples,

after subtraction of the pre-IR (background) spectrum. The
RIS (hashed) is a simple Lorentzian function.
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Figure 7. Two-component fit of the MIS and RIS basis

functions (red) to the post-cut spectrum of a nail clipping

that received a 6 Gy dose (blue) after subtraction of the
background.

signals. This result confirms the ability of the two-
component spectral model to provide an excellent fit
to the experimental nail data. A comparison of the
estimated RIS calculated from the fitting model to the
actual RIS obtained from post-IR nail spectra
(without background) in Figure 9 demonstrates good
agreement between the linear dose response of the
estimated and actual RIS. Therefore, the two-compo-
nent model is able to accurately determine the RIS in
the irradiated clipped nail spectra.
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Figure 8. Residual spectrum after the linear regression fit of the two-component model to the post-cut spectra acquired from
the six nail samples (irradiated to doses of 0, 1, 2, 4 or 6 Gy) in five donor nail sets.

The combined dose response of the RIS in the nail
sets from the 15 donors revealed a linear relationship
between the mean amplitude of the estimated RIS and
the radiation dose to the nail clippings (Figure 10).
The slopes and intercepts calculated from a linear re-
gression analysis of the combined dose response of
the estimated RIS and actual RIS (Table 1) show that
the dose response was similar for both RIS values.
A receiver operating characteristic (ROC) analysis of
both the estimated and actual RIS to discriminate 0
and 1 Gy from 2, 4, and 6 Gy demonstrated the pre-
dictive power of the assay, with area under the curve
(AUC) values of 0.90 and 0.92, respectively (Table 1).
Based on the dose-threshold recommendation for
medical triage in the case of a radiation event, we uti-
lized 2 Gy as the threshold for ROC analysis."* ¥

Although the two-component spectral fitting
model accurately estimated the RIS amplitude in the
clipped nail spectra, this was only accomplished by
prior removal of the background signal. For the pur-
poses of providing dose estimates from unplanned
human exposure to radiation, the spectral fitting
model must be applied to the analysis of clipped nail
spectra that may include a background signal.
Therefore, the amplitude of the RIS estimate that is
calculated would include the background amplitude.
Because the background and RIS overlap in the nail
spectra, and also have similar power saturation prop-
erties, a spectral fitting model cannot be developed
that will provide separate estimates of these two

spectral components. Instead, the RIS estimate that is
calculated is adjusted for the background by assuming
a constant mass-dependent value in clipped nails.
This assumption is based on the low variability in the
background amplitude that has been measured in fin-
gernails in another study'®.

A second analysis of clipped nail spectral data
acquired from a 16-donor study was conducted using
the two-component fitting model, but this time in-
cluding the background signal in the nail clipping
spectra. As part of this analysis, a mean and standard
deviation for the background amplitude of 10.5+2.3
was calculated from the average of the background
amplitudes (normalised to nail mass) measured in the
pre-IR spectra acquired for each of the 96 individual
nail samples. Plotting the average actual and esti-
mated RIS* amplitudes (* indicates that the actual
and estimated amplitudes are a combination of the
RIS and background amplitudes) across donor nail
sets for each dose (Figure 11) shows dose-response
relationships that are similar in slope to that obtained
in the previous spectral fitting test (Figure 10). Again
there is good agreement between the actual RIS* and
estimated RIS* as was seen in the first test of the spec-
tral fitting model, but with offsets that are proportion-
al to the mean background amplitude (Table 1).
Therefore, our results suggest that the background
signal in nail clippings may be treated as a constant
for the purposes of calculating the RIS amplitude
from the combined RIS plus background amplitudes
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Figure 9. Comparison of the dose response of the estimated RIS (square), determined from spectral fitting and the dose
response of the actual RIS (circle) in all 15-donor nail sets. The actual RIS was obtained by subtracting the pre-IR spectrum
from the post-IR spectrum.
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Figure 10. Plots of the mean estimated RIS (circle) and
actual RIS (diamond) amplitudes for all 15-donor nail sets
calculated without the background included during the
spectral fitting. The error bars represent the standard error of
the mean. The lines represent the linear regression analysis
of the dose response of the estimated and actual RIS
amplitudes calculated for all 90 nail clipping samples.

determined by spectral fitting analysis of irradiated
nail clippings.

An ROC analysis of the data from the second ana-
lysis of the clipped nail spectra, where the estimated
RIS* and actual RIS* values were corrected for back-
ground, showed a decrease in the AUC of the assay in
comparison with those calculated in the 15-donor
nail set (Table 1). This decreased sensitivity between
the first and second of these spectral analyses was
likely the result of a relatively high variability in the
background (22% RSD), which would not have
affected the estimated and actual RIS calculated in
the 15-donor nail set data because the actual back-
ground in each nail sample was subtracted from the
fingernail prior to the spectral analysis. The back-
ground measured in the 16-donor nail set was higher
than the 8% reported by Reyes e al.'®. This differ-
ence may be due to the nail sample preparations used
by the two groups. The longer cut edge in the nail
handling here may lead to a higher background amp-
litude and variability if the background signal is
related to the extent of the cut edge. This issue should
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Table 1. Linear regression analysis of the dose response of the
RIs amplitude and (SEIP) ROC analysis of the dose-response

data.
Slope® Intercept® AUC®
Spectral fitting after background is subtracted
Estimated RIS 1.59+0.12 1.84+0.38 0.90+6
Actual RIS 1.42+0.10 3204030 09245

Spectral fitting with background included followed by post-
fitting background correction for RIS

Estimated RIS* 1.48+0.15 —0.15+0.48 0.83+9
Actual RIS* 1.61+0.16 1.11+0.51 0.87+7
*+ I SE.

PAUC calculated from the ROC analysis of the estimated
and actual RIS values derived from the spectral fitting of
clipped nail spectra, without (RIS) or with (RIS¥)
background included during the spectral fitting. The error
values represent 1 SD.

30

——e—— Estimated RIS*

Actual RIS*

Estimated RIS® Background Adjusted
Actual RIS* Background Adjusted

|

[he]
o

Signal Amplitude
S o

Dose (Gy)

Figure 11. Plots of the mean estimated RIS (solid lines) and
actual RIS (hashed lines) amplitudes for all 16-donor nail
sets with the background included during the fitting analysis
but no post-fitting correction for background (circles) and
with a post-fitting correction for background (diamonds).
The error bars represent the standard error of the mean. The
lines represent the linear regression analysis of the dose
response of the estimated and actual RIS amplitudes
calculated for all 96 nail clipping samples.

be further explored as another step to controlling the
background in clipped nails.

There are other potential sources of the background
signal in nail clippings that need to be investigated.
Spectral noise has a large impact on the accuracy of
signal amplitude measurement, and further refine-
ments in spectral filtering are required to reduce this
influence. The composition and properties of nails
differ with sex, age, race, disease state, nutrition, and
other factors®! ¥, These differences may also have

an influence on the levels of the background signal in
nails. Thus, the use of more than one background ad-
justment value may be required, depending on the
factors that influence the level of the background
signal in nails.

The stability of the RIS must also be addressed.
There will likely be a delay of perhaps several days
between the time of exposure in a radiation/nuclear
event and the time when samples can be collected for
retrospective dosimetric analysis. Studies have shown
that factors such as nail water content and tempera-
ture have an effect on the stability of the RIS in
nails® 771% 29 Therefore, the variation of water
content in the distal extension of the in vivo nail plate
under various ambient conditions should be studied
to determine the kinetics of RIS decay. From this in-
formation, the amplitude of the estimated RIS that is
determined from the spectral fitting model can be

extrapolated back to the time of exposure®.

CONCLUSION

The success of the ex vivo EPR nail dosimetry
method where the RIS amplitude is estimated
through linear regression based on spectral fitting
depends on controlling the water and oxygen content
of the nail following clipping. This is due to the need
to control the stability of the three MIS components
in the nail, thereby maintaining a consistent overall
MIS spectrum. With these controls in place, good
agreement has been obtained between the estimated
RIS calculated from the two-component regression
model and the actual RIS measured in the post-IR
spectrum before the final cutting. However, the ROC
analyses revealed remaining variability in both of the
RIS values. A large source of this variability was due
to the variability in the background signal in the nail
samples. Additional studies of the factors that con-
tribute to the background signal are needed to more
accurately account for the background in the esti-
mated RIS that is derived from the two-component
spectral fitting model.
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