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Abstract

Lead based ammunition is a primary source of lead exposure, especially for scavenging wildlife.
Lead poisoning remains the leading cause of diagnosed death for the critically endangered
California condors, which are annually monitored via blood tests for lead exposure. The results of
these tests are helpful in determining recent exposure in condors and in defining the potential for
exposure to other species including humans. Since condors are victim to acute and chronic lead
exposure, being able to measure both would lend valuable information on the rates of exposure
and accumulation through time. A commercial portable x-ray fluorescence (XRF) device has been
optimized to measure bone lead in vivo in humans, but this device could also be valuable for field
measurements of bone lead in avian species. In this study, we performed measurements of bone Pb
in excised, bare condor bones using inductively coupled plasma mass spectrometry (ICP-MS), a
cadmium 109 (Cd-109) K-shell x-ray fluorescence (KXRF) system, and a portable XRF system.
Both KXRF and portable XRF bone Pb measurement techniques demonstrated good correlations
with ICP-MS results (r=0.93 and r=0.92 respectively), even with increasing skin thickness (r=0.86
between ICP-MS and portable XRF at 1.54 mm of soft tissue). In conclusion, our results suggest
that a portable XRF could be a useful option for measurement of bone Pb in avian species in the
field.
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1. Introduction

The use of lead-based ammunition in hunting has drastically increased lead (Pb) exposure to
a great number of wildlife and humans in the US.(1, 2) Lead-based ammunition in the form
of bullets for center-fire and rim-fire ammunition is a primary source of exposure as weight
loss, or fragmentation, of the projectile results in sometimes hundreds of ingestible particles,
some so small they cannot be identified with the unaided eye.(1, 3) Scavenging wildlife,
who might feed upon animals killed with Pb-based ammunition are most affected.(4-7)
California condors, a critically endangered species, undergo regular monitoring and testing
and have demonstrated some of the ill-effects from lead exposure. Fifty-three percent of
free-flying California condor deaths are attributed to Pb poisoning, the leading cause of
diagnosed death in the wild-flock.(8, 9) The relationship between lead and condors is well
understood because condors are monitored on an individual level, but it is highly probably
that other species where calcium has a central role in bodily function are affected similarly
by Pb, which primarily acts by mimicking calcium.(10-12) Currently, condors are primarily
being monitored for Pb exposure by annual blood-lead analyses. The results from testing
allow for a better understanding of recent exposure for the condors and of the potential
exposure to other species including humans. Lead shot has been restricted nationally for use
in hunting waterfowl within the United States and Canada, but lead-based ammunition is
still widely used in many forms for other types of hunting and dispatch of domestic stock
simply because of its mass, density, availability and cost relative to less dense metals.(2)

Since today’s free-flying condors have been found to have both acute and chronic Pb
exposure, measuring lead with a biomarker more reflective of the cumulative Pb stores in the
body will add to our understanding of both short and long-term rates of exposure and
accumulation. In human exposures, bone Pb has a half-life of years to decades, and over
95% of the Pb in the body is finally stored in the bones.(13, 14) It would make sense for the
biokinetics to be similar in other species, thus, measuring bone Pb of condors would allow
us to track the chronic, life-long exposure of Pb.

Traditionally, bone Pb is measured using a cadmium-109 based K-shell x-ray fluorescence
(KXRF) system, which is restricted to measurement in labs due to its size, radioisotope
restrictions, and 30-minute measurement time.(15) This device uses the higher K-shell
energy for Pb quantification, and therefore has less dependence on soft tissue thickness due
to less attenuation of the x-rays at this energy. Modern Cd-109 KXRF system (with a
cloverleaf high-purity germanium detector setup) has a detection limit of 2-3 ug/g bone
mineral.

Recently a portable x-ray fluorescence (XRF) device was validated for use in measuring
bone Pb /n vivoin humans.(16, 17) The portable XRF has the advantage of being handheld
with only a 3-minute measurement time, which would be optimal for measuring in the field.
This device uses the L-shell of Pb for quantification and has an x-ray tube source. Since the
energies in this device are much lower, the attenuation of soft tissue can be significant. Thus,
calibration approaches have been developed to correct for soft tissue thickness in the
measurement. Nonetheless, the detection limit is still dependent upon the overlying soft
tissue (1.8 ug/g and 11 ug/g at 1 mm and 5 mm of soft tissue respectively).(16)
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XRF technology could be used to measure bone Pb /n vivo in condors to help monitor their
lifetime exposure levels. Portable XRF technology, being handheld and battery powered, has
significant advantages specifically for these types of field measurements. Bone Pb
monitoring will help guide intervention and policy to possibly interrupt a preventable
pathway of Pb exposure to wildlife and humans. In this study, we validated the use of both
KXRF and portable XRF to measure bone Pb in condor bone samples, and compared the
values to those obtained using inductively coupled plasma mass spectrometry (ICP-MS).

2. Materials and Methods

2.1 Condor Bone Samples

Seventeen condor bone samples were obtained from specimens held at the University of
Arizona. They were bare bone samples taken from the avian equivalent of the tibia. The
bones themselves were several centimeters in length and about one centimeter in width.
Figure 1 below displays a sample of one of the condor tibia bones measured in the study.

2.2 KXRF bone Pb measurement system

2.3 Portable

We used a KXRF bone Pb measurement system in this study to both further validate the
portable XRF data and validate the use of XRF for condor bone measurements in
comparison with ICP-MS measurements. The setup of the device is the same as used in
previous studies.(16—-18) The system uses four 16 mm diameter high-purified germanium
(HpGe) detectors with 10 mm thickness, four feedback resistance pre-amplifiers, four digital
signal-processing systems, and a computer. A 135 mCi Cd-109 source is used to irradiate
condor tibia bone or bone equivalent samples to produce the Pb K x-rays. The Cd-109
source requires site-specific licensing and is not easily transportable. The bone Pb
measurements (one measurement per sample) were taken for 30 minutes with the HpGe
detector. The spectra were analyzed using an in-house peak-fitting program and the final Pb
concentrations were calculated.(19, 20) The whole body effective dose from this system was
measured to be 0.26 uSv for human adults.(21)

The condor bone samples were placed 3-5 cm from the Cd-109 source. The condor tibia
bones varied slightly in size, but the center of each sample (center of the diaphysis) was
aligned with the source. If bone structure is similar to humans, this should also be the area
with most cortical bone and least trabecular bone, which would reflect the longest
cumulative exposure.

XRF bone Pb measurement system

The portable XRF used for the bone Pb measurements in this study was the Niton XL3t
GOLDD+ model from Thermo Fischer Scientific Inc. (Billerica, MA). These and other
similar systems typically cost between $30,000 and $50,000. Since the devices use an x-ray
tube source, they typically need to be licensed for use, but the process is much simpler than
with the radioisotope source used in the KXRF. This is the same device as used in previous
studies of bone Pb measurements.(16, 17, 22) The commercial device allowed for
customization, which we used to optimize x-ray tube settings and filtration to be used for /in
vivo measurements. An optimized setting of 50 kV, 40 pA, and filter combination of silver
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and iron were selected for bone Pb measurements as found in our previous study.(16) The
device uses a thermoelectric cooled silicon drift detector with 25 mm? area and 1 mm
thickness. The device was calibrated using lead doped bone phantoms made of plaster-of-
Paris ranging from 0, 5, 10, 15, 30, 50, and 100 ppm Pb and soft tissue phantoms made of
Lucite, which are detailed in our previous work.(16) The spot size of the x-ray beam is <1
cm? and the phantoms in use were large enough to completely cover the x-ray beam area.
With these configurations, the skin dose to a human subject was estimated to be 31 mSv to a
1 cm? area and the total body effective dose is 3.6 uSv for the 3-minute measurement.(22)

The condor tibia bones were measured (one measurement for each bone with each Lucite
thickness) with the device in its stand, so that the samples could be laid as flat as possible
against the beam aperture and detector. Samples were measured at the same point as with the
KXRF measurements, the midpoint of the length of the bone (center of the diaphysis). The
bones were also measured with different Lucite thicknesses (0.54, 1, and 1.54 mm) to
simulate soft-tissue covering the bones, which would increase measurement uncertainty and
the corresponding detection limit for the portable XRF bone Pb measurement. We chose
Lucite as a skin phantom, as Lucite was shown in a previous study using the same device to
produce spectra that were identical to human skin measured over cadaver tibia.(16) The
measurements were analyzed using standard peak fitting with a Gaussian and exponential
background with signal related to concentration from a standard calibration curve obtained
from measurements of Pb doped plaster-of-Paris and Lucite phantoms.(16)

2.4 ICP-MS Measurements

The ICP-MS measurements were done at the University of Idaho’s Analytical Sciences
Laboratory. The measurements were made from the intact bone by using a 1 cm sample cut
from the end of each bone (a cross-section about 3—4 cm from the center of the diaphysis),
removing any soft tissue, drying, and grinding the bone. The sample was then digested in
trace metal grade nitric acid (69%) using a Tecator open block digestion system. The
samples were digested at 30° Celsius for 6 hours, then at 70° Celsius for 1 hour with a 1
hour ramp time, and finally at 120° Celsius for 8 hours with a 1 hour ramp time. Each
sample weighed 0.25 £ 0.05 g. The digested samples were diluted to 10 mL with Type 1
water and analyzed for total lead using an Agilent 4500 ICP-MS. Standard quality control
included initial and continuing calibration verification, reagent blanks, and a standard
reference material.

2.5 Statistical Analysis

We used R to identify linear regressions and correlation coefficients between each of the
bone Pb measurement techniques. The uncertainty values for the portable XRF
measurements were determined as in previous studies using counting statistics in the fitted
area for Ph.(23) The uncertainty (o) of each measurement was calculated using the following
equation,

¢ X / BKGJ;GrOSS

Net (1)

o=
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, where c is the concentration, BKG is the background counts as estimated by our fitting,
Gross is gross counts over the area of the fitted peak, t is measurement time, and Net is the
net Pb counts from the Gaussian function in our fitting. Uncertainties for the KXRF
measurements were determined similarly using counting statistics from the fitted area and
normalization. Negative values for bone Pb are left as such because they represent the point
estimate of bone Pb with uncertainty in the measurement. If an individual measurement is
close to zero then the point estimate from that individual can be negative with the associated
uncertainty. By keeping these values we can include the uncertainty of the measurements
into our analysis and keep from biasing our continuous results. This is similarly done in
epidemiological studies using the values as a continuous level of exposure.(24)

3. Results

3.1 Condor tibia bone samples

Table 1 shows the ICP-MS, KXRF, and portable XRF measured Pb levels of the 17 bare
condor tibia bones recovered in this study. The units shown are microgram Pb per gram dry
bone.

3.2 Correlation between KXRF and ICP-MS bone Pb measurements

Figure 1 shows the correlation between KXRF and ICP-MS bone Pb measurements. The
KXRF readings were consistently a little higher than the ICP-MS, but the correlation was
quite high (r=0.93; p=1.23, Std. error=0.12; p=<0.001).

3.3 Correlation between portable XRF and ICP-MS bone Pb measurements

Figure 2 shows the correlation between portable XRF and ICP-MS bone Pb measurements.
The portable XRF measurements were slightly lower than ICP-MS, but with almost the
same correlation as KXRF and ICP-MS (r=0.92; $=0.82, Std. error=0.089; p<0.001).

3.4 Correlation between portable XRF and KXRF bone Pb measurements

Figure 3 shows the correlation between portable XRF and KXRF bone Pb measurements.
The portable XRF measured just above half the level from the KXRF, but the correlation
remained quite high indicating a possible issue in quantification (r=0.94; p=0.635, Std.
error=0.058; p<0.001).

3.5 Portable XRF bone Pb measurements with added soft tissue

Soft tissue was simulated using Lucite slabs of 0.54, 1.08, and 1.54 mm thicknesses. The
correlation values and uncertainties for portable XRF (pXRF) measurements at each Lucite
thickness compared to both KXRF and ICP-MS bone Pb results are shown in Table 2. The
mean bone lead did not change with the addition of Lucite, and the uncertainty in the
measurements only went up slightly. We also did a repeated measure of the condor bones
with 1 mm of Lucite thickness and found the differences to be non-significant with a p-value
of 0.97 using a Mann-Whitney-Wilcoxon test.
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4. Discussion

Monitoring bone Pb levels of wildlife should allow for easier identification of lifetime
exposure levels to further understand the environmental hazards of metals. Bone Pb, when
measured alongside other possible covariates such as age and location, give us a better idea
of the risks and average exposures of wildlife to Pb. From our results, there is excellent
agreement between the different measurement approaches. These results also support the
viability of monitoring condor bone Pb levels /in vivo using XRF. The average uncertainty of
2.4 + 1.0 ug/g for KXRF measurements and 1.3 + 0.5 ug/g for portable XRF measurements
demonstrate that each of these techniques could be used to effectively quantify bone Pb level
for wildlife, and distinguish highly exposed individuals from normal environmental
exposures.

The condor tibia bones were all free of soft tissue for our measurements. This would lower
the uncertainties for KXRF and portable XRF measurements. The KXRF is much less
sensitive to changes in soft tissue thickness, so we primarily focused on the associated
changes with portable XRF measurements.(25) We used Lucite as a proxy for soft tissue in
our measurements, which was shown previously to produce almost identical spectra to
human skin measured in cadaver tibia bones.(16) There was an overall slight increase in
measurement uncertainty with the addition of 1.5 mm of Lucite (1.3 to 3.0 ug/g), which we
expected. Even with this increase in soft tissue the uncertainty remains quite low, and the
correlation value did not change by a significant margin nor did the quantification change
significantly. The detection limit for portable XRF bone Pb measurements was shown to be
about 10 ug/g for skin thicknesses of 5 mm(16), which would be sufficient for measurement
of any avian species. Avian species will likely have much thinner soft tissue thicknesses,
and, thus, an even lower detection limit. This shows great promise for using the portable
XREF for in-field measurements of live caught birds, which would allow for much greater
ease of monitoring chronic Pb exposures.

The uncertainties for the KXRF bone Pb measurements are higher than we would have
predicted. This is likely because the samples themselves were much smaller than we would
typically have in human bone measurements. The KXRF measurement typically has a cone
beam shape due to collimation of the cadmium-109 source, which will produce signal
throughout the bone due to the high energy. Thus, the KXRF measurements sample over a
large portion of the bone and, for smaller bone samples, give smaller sampling area and
lower signal, which increases uncertainty in the counting statistics and quantified results.(25)
For live specimens, the bone will be longer and have a larger sampling area than seen with
the samples measured here. Thus, true /n vivo measurements may have a larger sampling
area and signal during measurements, which would give a lower uncertainty than what we
found in this study.

The quantification of the XRF measurements should be equivalent in the units presented.
The KXRF bone Pb results had an average of 15.4 ug/g and the ICP-MS bone Pb results
average was 14.0 ug/g. KXRF data is normalized to the coherent scattering peak in the
spectra, which gives results in ug/g bone mineral as a consequence. The KXRF was
converted from ug/g bone mineral to ug/g dry bone to be comparable to ICP-MS results
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using the factor of 1.5 that represents the difference between bone mineral and dry bone. All
results shown use these same units for comparison between the analytical methods. The
portable XRF result should be close to ug/g dry bone from the calibration using plaster-of-
Paris phantoms, if we assume that differences in the bone matrix for the portable XRF would
have little impact over the quantification results. In our previous study, we compared
quantification results when using a plaster-of-Paris calibration standards and ground bone
calibration standards, which showed little to no difference between the two methods.(16)

The average of the portable XRF bone Pb results of 12.2 ug/g was slightly lower than
predicted, which could be a result of poor geometry during measurements with bare bone.
Slight grooves in the bone or unaccounted for air space would cause a lower signal and,
therefore, a lower quantified result. /n7 vivo measurements would not have these same issues,
since these grooves in the bone would be covered by soft tissue, which would also prevent
unaccounted for air space. We can account for the soft tissue in our calibration to correct the
signal for the changes in geometry. In addition, the bone section measured by ICP-MS was
taken from a section not measured by either portable XRF or KXRF, which would introduce
some variability between measurements (which also means our correlation estimates
between XRF and ICP-MS are likely underestimated compared to what would be found if
the same exact bone portion was measured with each). As the measurement location changes
from the center of the diaphysis to the epiphysis, the composition of the bone changes from
mostly cortical (~95% at the center of diaphysis in humans) to become higher percentages of
trabecular bone.(26) This would result in different accumulation and resorption rates with
the differences in bone type. Previous work in human tibia has shown that the results do
change along (-0.11 ug/g/cm proximal distal location from mid-tibia) and within (between
5-10 ug/g greater at the surface of the bone).(27) However, since the bias is in the opposite
direction of the core and surface, and the proximal distal location variability is quite small,
this does not seem to explain our current results. More study is needed to identify whether
this is a conversion issue, effect of the difference between measurement methods, or effect
from the sample geometry.

In summary, both KXRF and portable XRF bone Pb measurement techniques demonstrated
good correlations with ICP-MS results. The uncertainties of each technique were low
enough to feasibly measure bone Pb /in vivo. At higher levels of soft tissue thickness the
portable XRF should have higher uncertainty, but this is unlikely to be much of an issue for
avian species. Portable XRF would be the optimal device for measurement of bone Pb /n
vivo on avian species in the field given the impracticality of Cd-109 KXRF measurements in
the field.
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Highlights

. California condors have extensive chronic exposure to lead reflected in their
bone.

. KXRF, portable XRF, and ICP-MS bone lead measurements shared strong
correlations.

. Portable XRF is well-suited for field measurement of bone lead in avian
species.
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Figure 1.
One of the condor tibia bone samples.
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Figure 1.
Correlation between KXRF bone Pb measurements and ICP-MS bone Pb measurements in

condor tibia bone samples.
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Correlation between portable XRF and ICP-MS bone Pb measurements in bare condor tibia

bone samples.
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Figure 3.
Correlation between portable XRF and KXRF bone Pb measurements in bare condor tibia

bone samples.
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Table 1

Pb measurements and uncertainties for ICP-MS, KXRF, and portable XRF measurements of 17 bare condor

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

tibia bones (n=17 for each measurement technique).

Average | Maximum | Minimum | Standard

Deviation
ICP-MS (ug/g) 14 45 03 15
KXRF (ug/g) 15 65 -3.3 20
KXRF Uncertainty (ug/g) 24 5.8 1.2 1.0
Portable XRF (ug/g) 12 51 1.2 13
Portable XRF Uncertainty (ug/g) 1.3 2.8 0.8 0.5
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Linear regression results from portable XRF bone lead at 0.54, 1.08, and 1.54 mm compared with KXRF and

ICP-MS bone lead.

Regressed KXRF Bone Lead ICP-MS Bone Lead pXRF pXRF
against Coefficient Coefficient Bone Lead  Uncertainty
pXRF (p-value, Std. Error)  (p-value, Std. Error)  Mean+SD Mean+SD
0.54 mm Lucite 17421 2.8+0.8
Slope 1.00 (<0.001, 0.10) 1.17 (<0.001, 0.21)

Intercept 1.38 (0.59, 2.48) 0.6 (0.89, 4.24)

Rho 0.93 0.82

1.08 mm Lucite 17+21 2.4+0.9
Slope 0.98 (<0.001, 0.11) 1.25 (<0.001, 0.18)

Intercept 2.05(0.47, 2.78) -0.23 (0.95, 3.51)

Rho 0.91 0.88

1.54 mm Lucite 14417 3.0£1.1
Slope 0.73 (<0.001, 0.12) 0.98 (<0.001, 0.15)

Intercept 3.08 (0.89, 2.89) 0.65 (0.83, 2.98)

Rho 0.85 0.86
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