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Abstract

Purpose of Review Legacy lead exposures persist as a widespread problem. Blood lead is traditionally used for lead exposure
surveillance; however, bone lead proves to be a cheaper, more accessible, and more revealing tool for surveillance that can
be measured using portable x-ray fluorescence techniques. We outline how this approach excels for bone lead measurements.
Recent Findings Portable XRF offers quick, non-invasive in vivo quantification of bone lead. Compared to traditional KXRF
systems, pXRF is limited to cortical bone but allows for quicker and similar results. Current methodologies of lead exposure
need re-evaluation as lead-related disease burden and trends are dependent on both cumulative and acute impacts.

Summary We examined the evolution of XRF techniques for measuring bone lead, comparing current methods with previous
ones. We assessed their accuracy, identified limitations, and discussed potential advances in future techniques. Legacy lead
exposures call for a revitalization of lead surveillance methods, and pXRF measurement of bone lead offers such a solution.

Keywords Heavy Metals - X-ray fluorescence - In vivo quantification - Portable - Surveillance

Introduction

Lead is a significant driver of disease and mortality world-
wide, with studies indicating any exposures has vast impacts
on mortality, neurodevelopment, and cardiovascular health
[1-4]. Traditionally, lead surveillance is done using blood
lead, but these measurements in the context of our public
health standards only reflect acute exposures [5]. Blood lead
in adults has a half-life of about 30 days with studies indi-
cating the youngest children have a blood lead half-life of
a week [6-9]. Lead acts in the body by mimicking calcium
and accumulates in bones [6]. Bone, which turns over slowly
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in the body, serves as a long-term marker of lead exposure
with a half-life of 20-30 years [6, 10, 11]. Even in young
children, where bone turnover is very fast, bone lead can
serve as a biomarker for years of exposure [9, 11]. This is
often discussed in studies of serial lead measurements, many
indicating peak blood lead or cumulative blood lead indices,
indicated with bone lead, better reflects neurodevelopment
over either average or singular blood lead levels [1, 3]. While
bone lead is known to be the better biomarker of exposure
to lead, the use of this valuable technology has historically
been limited by the difficulties of the technology itself.

Traditionally, bone lead is measured using x-ray fluo-
rescence (XRF). This measures the bone non-invasively
in vivo. By far the most successful XRF measurement
systems for measuring bone lead focuses on utilizing the
K-shell of lead, commonly referred to as KXRF measure-
ments [6, 12, 13]. The KXRF systems uses a cadmium-109
radioisotope source for measurement of lead over the mid-
tibia. Although this system produces reliable results, and
iterations have improved detection capabilities, it is rarely
used due to many significant disadvantages [12, 13].

Chief among the disadvantages for the KXRF sys-
tem was the use of a radioisotope source. The use of the
radioisotope source was a major hurdle to most institu-
tions requiring significant regulatory intervention prior
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to receiving the source. Within the United States, this
required amendment of an institutions’ broad scope
license with the nuclear regulatory commission, present-
ing significant burden and disincentivizing institutions.
Further issues abound: 1) global trade restrictions make it
almost impossible in to refresh cadmium sources for these
systems, a biennial requirement; 2) the KXRF instrument
operates using germanium detections, requiring liquid
nitrogen cooling to function; and 3) the dewar, associated
with cooling, makes the instrument more cumbersome
and is far more costly given its association with liquid
nitrogen (a material requirement of refreshing the dewar).
Perhaps most critically, the KXRF requires a 30-min
measurement time. This creates immediate issues with
scalability for institutions and convenience for patients
and participants; when only 16 individuals can be meas-
ured in an 8-h time period, surveillance becomes almost
impossible.

Bone lead measurements have generally provided
stronger associations with health outcomes when com-
pared to blood measures of exposure. However, the KXRF
has substantial issues, restricting its utility to only a few
extremely well-funded institutions worldwide. As such,
there is a pressing need for a device capable of measuring
bone lead in a portable, cost-effective, and convenient
method. This criterion appears to be well met with the
novel portable x-ray fluorescence device, or pXRF.

The pXRF device was first validated in 2016 and lever-
ages a lower energy technology [9, 14, 15]. X-rays from
the device knock out inner shell electrons of an atom.
Because the atom wants to be in a stable configuration,
an electron from a higher shell will deexcite to fill the
created space. In this deexcitation process, the energy is
released as a photon known as a characteristic X-ray. Fig-
ure 1 highlights the physics behind this phenomenon. The
nomenclature of L-shell XRF as well as pXRF refer to
utilizing the X-rays generate from electrons falling from
higher orbitals into the L-shell of the atom. Similarly,
KXREF refers to using the X-rays generated from electrons
from higher orbitals falling into the innermost shell of the
atom, the K-shell.

This technology was previously attempted for utiliza-
tion in bone lead measurement but presented problems
in correcting for soft-tissue thickness [16, 17]. However,
while research has since sufficiently demonstrated the
utility and validity of the research of the novel pXRF
utility, there have been no studies to date that review this
body of literature. In this article, we will summarize pre-
vious literature, the standards for technical specifications
and analysis, and utility of this technique for future stud-
ies to provide an authoritative source on the pXRF for
public health and government entities.
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Fig. 1 Physics behind X-ray fluorescence. K-shell XRF refers to the
technique utilizing X-rays generated with deexcitation to the K-shell.
L-shell or pXRF refer to utilizing the ones generated with deexcita-
tion to the L-shell

Methods
Comparison between KXRF and pXRF

KXRF and pXRF have been compared in a number of
studies to this point. In a population of environmentally
exposed individuals, it was found that KXRF and pXRF
had a correlation coefficient of 0.48 for all participants
[18]. Restricting to only individuals with uncertainty
lower than 10 pg/g from both KXRF and pXRF gave a
correlation coefficient of 0.83 in the study [18]. Previous
comparisons involved both KXRF and inductively coupled
plasma mass spectrometry in comparison to pXRF with
correlations ranging from 0.88 to 0.94 [19, 20]. Finally,
a study using a lower measurement time in children com-
pared KXRF and pXRF giving a correlation coefficient in
the full population of 0.43 and demonstrating significant
differences between lead poisoned and control populations
using the pXRF [8, 9].

Current Technology for use with L-shell XRF for Bone
Lead Measurements

The current methodology utilizes a pXRF from Thermo
Fisher (Thermo Fisher Niton XL3t GOLDD +, Thermo
Fisher Billerica, MA) [15, 18]. Although this is the XRF
utilized in the project, we have found any pXRF with
comparable geometry and radiation detectors would suf-
fice for equivalent measurements given proper calibration
and dosimetry. The system utilizes a standard 50 kV x-ray
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tube with a silver anode operated at 2-W output (40 uA).
A molybdenum anode could be used but corresponding
scattering peaks lower the initial energy from the charac-
teristic x-rays closer to that of elemental peaks of interest.
Silver at 22 keV, after undergoing Compton scattering in
which its emitted X-ray loses some energy after interact-
ing with an electron, produces a secondary peak at 20 keV
[9, 15]. Similarly, molybdenum, initially at 17.5 keV, give
rise to Compton scattered x-rays at about 16.5 keV for an
approximate 160° backscatter geometry.

The backscatter geometry is key to the XRF measure-
ments in bone. Any high-density material will produce sur-
face level interactions and signals within the first few mil-
limeters [21]. A 90° geometry or non-backscatter geometry
for low energy x-rays drastically decreases signal production
through increased skin thickness for attenuation of outgo-
ing signal. In addition, the isotropic production of signal
from XRF will drop significantly with added distance. A
90° geometry adds significant distance when considering a
true in vivo measurement. Even the addition of a few mil-
limeters will lead to a drop in signal of almost 50% [15]. In
a study in 2014, we presented data indicating air gaps were
causing a significant signal decrease based on this same rea-
soning [15]. A significant drop in signal will lead to dramatic
differences in detection capabilities for the overall system.
Finally, the system utilizes a filter of the x-ray beam using
the same high-Z material of the anode. While the Thermo
device uses a silver filter and anode, any similar filtration
combination that preferentially reduces unnecessary low-
energy background and increases high-energy x-rays capable
of producing signals should allow for an optimized measure-
ment. The filter size is dependent mostly on the radiation
detector chosen.

The radiation detector most typical of XRF for L-shell
techniques is a silicon drift detector. Current detec-
tor systems have a wide range of capabilities. Some can
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measure ~ 300 k counts per second utilizing high-throughput
electronics. These systems usually rely on the initial dead
time being closer to 50%, utilizing an electronic counting
technique to include signals ordinarily left out of final analy-
ses. Most XRF’s, including the Thermo XREF, still utilize
a standard counting method with count rates of ~50-60 k
count per second and achieving detection limits capable of
identifying most environmental exposures to lead from bone.
The application of new radiation detectors into pXRF will
allow for a reduction of the bone lead detection limit by a
factor of ~2-3.

Correction for Overlying Tissue

A major drawback of utilizing pXRF technology is the reli-
ance on correction factors to account for overlying tissue
thickness. Overlying tissue thickness has two main roles in
the bone measurements: 1) as an additional attenuator for the
exiting lead signal from the bone towards the detector; and
2) as a perpetuator of an inverse square drop off of signal
by increasing the distance between the sample, we wish to
primarily measure, namely bone, and the detector. These
two factors combine to drop the signal with increasing tis-
sue thickness over bone, which can be seen clearly in Fig. 2
indicating the decrease in 100 pg/g lead phantom signal with
increasing Lucite thickness which is meant to act similarly
to tissue.

Current XRF approaches for measuring bone lead using
L-shell XRF utilize a normalization factor from Compton
scattering for calibration, which chiefly is used to account
for the effect of overlying tissue thickness on the measure-
ment. Specifically, the silver anode Compton scattering
peak was identified as a good predictor of soft tissue thick-
ness [14, 15]. In addition, the Compton scattering peak has
been shown to be reflective of other potential factors in
the measurement of bone lead, such as bone geometry and
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composition [9, 21]. In the initial study from Nie et al., the
anode Compton scattering peak had good predictability of
soft tissue thickness but was not a perfect predictor, which
was similarly found for increasing phantoms of soft tissue
utilized in other studies [9, 14, 15]. This observation was
a direct result of the Compton scattering that served as a
normalization factor for other geometry and composition
anomalies within in vivo measurements. This was confirmed
in further studies utilizing this normalization approach for
varying mass of in samples and when doing comparisons
of bone with and without soft tissue measured via pXRF
[19, 22, 23]. The normalization differences are also evident
when examining the resultant differences from calibrating
with goat bone versus plaster-of-Paris phantoms [15]. Fur-
thermore, the Compton scattering peak identified could be
fit using a traditional gaussian. In this case, the peak itself is
heavily skewed due to the surrounding x-ray anode interac-
tions but is sufficient to utilize a summation of channel inten-
sities from within plus or minus 0.5 keV from the Compton
scattering peak at 20.5 keV.

The Compton scattering normalization was built into the
calibration alongside the 100 pug/g phantom for measure-
ments of signal decreases with relative increasing Lucite
thickness [15, 18, 19]. The calibration for concentration
was found to act linearly with increasing counts propor-
tional to concentration, but a polynomial fit was best used
for decreasing counts based on increased Compton scatter-
ing from Lucite [15, 18]. This interaction would normally be
an exponential decay, but experimental measures before and
after soft tissue removal confirmed that the polynomial fit
worked best [19]. Given the linear relationship with counts,
the primary calibration requires a high concentration plaster-
of-Paris lead standards and tissue equivalent plastic such
as Lucite of varying thickness from 1 to 5 mm. This range
of Lucite was shown to give enough predictability to the
calibration fit without introducing geometry errors [18, 19].
The beam exits the x-ray aperture at about a 10° angle to the
right angle norm. Thus, may be difficult to present a 1 cm?
phantom perfectly within the beam structure at more than
5 mm of soft tissue phantom.

Fitting of the XRF Spectra

Identification of the lead signal was tested in multiple ways
using the 10.5 and 12.6 keV lead L-shell peaks [15]. The
L-alpha peak at 10.5 keV is a frequently utilized peak in
XREF due to its higher yield compared to the corresponding
L-beta peak at 12.6 keV. However, the alpha peak demon-
strated some severe difficulties in disentangling the inter-
actions with zinc (K-shell), mercury, and arsenic (K-shell)
peaks in the same energy region [9, 15]. Alternatively, the
beta peak is far removed from elements typically seen in
biological material. Thus, for bone lead the beta peak is
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primarily used for quantification [9, 18]. The fitting method
utilized was a standard gaussian fit with an exponential back-
ground to identify net counts of the beta peak for lead [9].
This equation

x—b)2

+d * exp [x*f],
c

a x exp [—O.S(

where x is the energy corresponding with the energy spec-

tra, a is the gaussian height, b is the gaussian location, c is
the gaussian width, d is the background intensity, and f cor-
responds with the exponential decay of background inten-
sity. We restricted fitting to within 12.56 to 12.66 keV for
peak location, and the radiation detector properties dictate
the width of the peak c to be approximately 0.05 keV, but
we gave a range of 0.01 to 0.1. For the fitting to resolve,
the width and peak location need to have flexibility, as the
background levels can change both parameters. The mini-
mum peak width can typically be set lower than the radiation
detector gain but should be higher than zero to avoid. This
balance avoids false negatives and false positives in the fit-
ting method based on noise in the spectra. An example of a
fitted peak is shown in Fig. 3.

Units of Bone Lead Measurement

The units for measurement were identified to be pg/g bone
mineral, which would be equivalent and comparable to pre-
vious studies utilizing KXRF [20]. Previous studies using
inductively coupled plasma mass spectrometry (ICPMS),
KXRF and pXRF confirmed the units for measurements
and conversion factor from the initial calibration in dry
bone [20]. Our previous work highlighted measurements
using the standard calibration with plaster-of-Paris doped
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Fig.3 Example fitted lead L-beta peak from pXRF measurements
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bone phantoms to calculate in vivo bone lead from pXRF
and KXRF, along with lab bone samples measured using
pXRF, KXRF, and ICPMS. In comparison with all of this
data, there was found to be a conversion factor of approxi-
mately 1.5 from the standard dry bone pXRF calibration for
in vivo bone lead measurement in order to change the units
to microgram per gram bone mineral content [15, 18, 21].

Uncertainty Measures and Statistical Treatment

Initial studies attempted to take into account the added
uncertainty of normalizing for soft tissue thickness, but
consistently came up with an overestimation of uncertainty
measures [14, 15, 21]. The final method used a simple error
propagation from standard counting statistics based entirely
on the peak statistics from the lead L-beta line [9, 18, 24].
This error propagation method can be calculated using the
equation

VBKG

="

Net
where o is the uncertainty as one standard deviation, BKG is
the background counts under the lead L-beta peak, and Net
is the net counts from the lead L-beta peak.

Similarly, to previous KXRF measures, the pXRF pro-
duces a point-estimate of bone lead. This means that if the
actual results are close to zero, the estimate can be negative.
Typically, other spectroscopy techniques will incorrectly
identify these are below a detection limit and cut them off at
0 — biasing the data artificially. Studies using KXRF meas-
urements identify that this unnecessarily biases the meas-
urement analyses for the aggregate data [25]. Thus, the data
should be analyzed as is when utilizing negative results to
account for instrumental inaccuracies within the calcula-
tion. However, many analyses have additional considerations
since exposure data is quite often skewed and non-normal
[26]. For these concerns, it is generally best practice to dem-
onstrate either a trend across quartiles of the data or use a
transformation. However, it is still appropriate to give non-
transformed results and, in some cases, may give valuable
information. Generally, reporting all analyses and potential
changes under transformation gives the most accurate data
for the broader scientific community.

Finally, it has been shown that uncertainty weighting for
analyses can be used if the uncertainties are high enough
to warrant it [18, 21, 27]. This technique utilizes an inverse
squared weight generated by the uncertainty as a normali-
zation dictated by Weight = % where U is the uncertainty
given by the counting statistics and spectral fitting. Depend-
ing on the statistical approach these weights may or may not
need to be normalized to 1 within the aggregate data. How-
ever, this was shown to be unnecessary if the uncertainties

of the underlying data are low enough to be ignored, such as
with the 5-min bone lead measurements in Zhang et al. 2021
[18]. Generally, uncertainty is considered low, if either the
uncertainty itself is less than the measurement result or the
uncertainty is less than 10 pg/g.

Measurement Time

The time for each measurement has changed iteratively along
with the identification of the optimized methodology [9, 15,
18-20]. Initially two-minutes was thought to produce count-
ing statistics capable of environmental exposures, but this
inadequately represented the complexity of in vivo measure-
ments [9]. While a 3-min measurement is now considered
optimal, for populations with more soft tissue thickness and
correspondingly greater uncertainties this was shown to be
too little [18]. In more recent studies, it is suggested that this
be based primarily off live-time of the detector with a range
of measurements from 3 to 5 min depending on the uncer-
tainties produced during measurements [18]. As mentioned
below, dosimetry dictates below a ten-minute measurement
to be safe, but experimentally a 5-min measurement is more
than sufficient to minimize the uncertainty based on soft
tissue thickness [18, 28]. In practice, the live time of the
detector, which is displayed on-screen during measurements,
is the best indicator of relative precision of the measurement.
Thus, rather than using an arbitrary time, we generally use a
live time to match with the level of statistical certainty nec-
essary for measurements, which will vary the real time based
on an individual’s characteristics but give a standard statisti-
cal certainty. For example, an individual with a larger bone
and thin soft tissue could have a measurement time of less
than 3-min, but an individual with a small bone and higher
soft tissue, giving less overall useful counts for our measure-
ment, could have a measurement time of greater than 3-min.

Radiation Dose from pXRF Measurements

A comprehensive dosimetry assessment was done as part
of a previous study utilizing the pXRF [28]. This study
was completed using a standard 2 W x-ray tube with 50 kV
and 40 microamps x-ray tube. Using optically stimulated
luminescent dosimeters the highest dose we could achieve
with a 3-min measurement to the ~0.2 cm? of the OSLD
was 103.7 mSv, which could serve as a check on any new
XRF sources to ensure operating within safe limits. In said
study, a Monte Carlo simulation was believed to give the
most accurate results for dosimetry purposes by perfectly
evaluating the voxels that would have received any expo-
sure. Using this simulation, we found that a conservative
estimate for total body effective dose was 3.4 uSv with a
3-min measurement. The normalized skin and bone doses
were averaged only over the leg of individuals, and when
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considering the total bone and skin area, the total body effec-
tive dose would diminish by an additional factor of > 10 to
approximately 0.34 uSv (0.034 millirem). For reference, this
dose from the pXRF system is comparable to that of the
KXREF system each system for adults or children having a
dose of <5 puSv [9].

Although radiation doses from such a small beam is an
anomaly to many health physics practitioners, it is akin to
the treatment of ‘hot particles’, which were used in the estab-
lishment of skin dose limits for occupational health [29, 30].
The current deterministic risk from a 3—5-min measurement
is 100-200 times less than any dose necessary to cause any
potential effect [28]. Thus, the radiation dose from a pXRF
measurement is nominal — representing incalculable risk to
an individual, in light of the negligible total body radiation
dose contributing to potential risk of cancers. For compari-
son, more radiation is achieved from natural background
or cosmic sources in a given 12-h period than is achieved
from a single pXRF measurement. The radiation dose from a
single pXRF measurements is 1/30th of typical chest x-rays
and, depending on dental x-ray parameters, can be less than
1/3rd of a dental x-ray. The dose is less than one receives
from being on an airplane for 3 h.

Discussion
Limitations of PXRF Bone Lead Measurements

There are some limitations to the use of the pXRF in rela-
tion to less convenient devices. First and foremost, soft tis-
sue thickness may create issues with precision, although
much less so when using longer measurement time based
on a recent study of in vivo measurements [18, 19]. In prac-
tice, most individuals have a soft tissue thickness that is
low enough to be accurately measured for bone lead at the
mid-tibia [21]. It also seems that additional uncertainty gen-
erated by soft tissue is fairly meaningless utilizing consist-
ent live times for adequate statistics [18]. Utilizing a cut-off
for uncertainty is likely still the best practice for dealing
with any individual level data, but aggregate data should be
treated as-is with point-estimates.

Comparison to Radioisotope based KXRF Bone Lead
Measurements

Previous bone lead measurements using cadmium-109 based
KXRF would give two main advantages over currently uti-
lized pXRF technology. First, the KXRF energy allows for
investigations identifying cortical and trabecular bone meas-
urements, whereas pXRF L-shell measurements can only
measure cortical bone. Studies of the pXRF measurement
of bone found that it is limited to measurements of cortical
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bone because the energies of these X-rays do not allow for
penetration to the trabecular bone to get a signal [21, 31].
Even in cases of bones that are primarily trabecular, the cor-
tical bone appears to be the only site measured [21, 31].
This is in contrast to KXRF measures which utilized both
primarily cortical, at the mid-tibia, and primarily trabecu-
lar, at the patella, bone sites to differentiate between read-
ily accessible lead in bone and long-term storage of lead in
bone [6, 32]. Cortical bone, measured at the mid-tibia, does
give the best estimate for long-term cumulative exposure to
lead, leading to decades of exposure time [6, 10]. Secondly,
uncertainty measures have the potential of varying based on
individuals. This has not been confirmed as a problem in a
major cohort study, but, if it is shown to be problematic, the
solution would be to routinely perform uncertainty weighted
analyses. Previous KXRF measures did not completely over-
come this issue, as the uncertainty would still change with
radioisotope decay over the course of data collection. Utiliz-
ing a cut-off for uncertainty is often incorporated in KXRF
measurements with an uncertainty above 10 or 15 pg/g rec-
ommended to be removed [32].

Previous Studies of L-shell XRF

Previous utilization of the L-shell technique for measure-
ment of bone lead was done first in the early 80’s [33]. The
technique was tested in children utilizing a 15-min measure-
ment time [17]. This study accounted for skin thickness by
utilizing a correction alongside ultrasound measurements.
The system utilized as part of this study was found to be
valid for identification of bone lead, but the skin thickness
correction proved difficult and drastically impacted the
detection capabilities. A key factor for the detection dif-
ferences in this system, versus the currently utilized pXRF
technology is the geometry for measurement and radiation
detector technology. The 90° geometry made signal-to-noise
and detection limits much greater than the currently utilized
XRF technique. This basically created a situation in which
the variability from background was greater than the signal
generated during actual bone lead measurements. Addition-
ally, the soft tissue correction without using spectral results
made it impossible to account for other geometry issues
experienced during in vivo measurements, such as slight
changes in bone geometry which could account for dras-
tic changes in signal and measured lead concentration for
L-shell energies.

More recently, Todd et al. utilized the L-shell technique
similar to the setup in the early 2000’s [16, 34, 35]. The
90° geometry would have reduced difficulties with signal
to noise but likely increased skin thickness perturbation
of results. Similarly, a tissue correction factor was used in
this study, but, unfortunately, would not have accounted for
the other confounding variables in the geometry that would
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have been included in the anode Compton normalization for
pXRF measurements. In these studies, Todd et al. points to
the inadequacy of correction based on soft tissue alone, as
adipose and soft tissue have differing attenuation factors for
the signal [34, 35]. Thus, a normalization based on spectral
features creates a much easier methodology when account-
ing for the myriad variables in measurements.

Future Utilization and Technological Advances
for the XRF and Bone Technique

L-shell lead measurements using a pXRF likely are the
start of a revitalization of exposure assessment for other
elements known to accumulate in bone. Many heavy met-
als like arsenic and uranium are bone seeking elements due
to the properties similar to calcium and could be measured
with this system [24, 36]. Nutritionally essential elements
oftentimes are bone-seeking and involved in body homeo-
stasis, such as copper and zinc [37, 38]. The low energies
of the pXRF would warrant caution when looking at ele-
ments such as manganese with characteristic energies of
5.9 keV that would be absorbed quickly in overlying tis-
sue, but the elements with slightly higher energies or that
accumulate in bone at higher concentrations could easily
be quantified. Figure 3 illustrates this point effectively by
demonstrating the peaks for nickel, iron, and zinc from an
in vivo measurement.

Technological advances in radiation detection allow for
drastic increases in signal to noise and counting statistics
in terms of XRF measurements. Semi-monoenergetic peaks
can be obtained using optical properties and are utilized in
different XRF devices to reduce the background otherwise
created from bremsstrahlung to almost null [39-41]. In this
instance, semi-monoenergetic refers to X-ray peaks that do
not consist purely of a single energy, but are close to being
so (small range of energies around the peak). This can give
a signal to noise ratio that is unprecedented in current XRF
techniques. However, optics can severely limit the beam flux
from the initial x-rays — impacting the overall signal produc-
tion as well. More studies on how these two beam types
compare are needed.

High throughput detector electronics have been imple-
mented in benchtop XRF but underutilized in the pXRF
counterparts [42]. This would drastically decrease detec-
tion limits for most elements, as the in vivo measurements
already have dead times within the optimal 50% range for
these electronics to be fully utilized and may decrease detec-
tion limits by a factor of 2. Similarly, the small form factor
of these detectors would easily allow for a multi-detector
setup as has been done with previous KXRF techniques [12,
43]. Relatedly, high energy x-ray tubes capable of producing
energies above 88 keV can be utilized to measure the K-shell
of lead without many of the limitations of traditional KXRF

technology [21, 44]. Additionally, this would allow for the
potential of measuring both cortical and trabecular bone
sites, which is a major current limitation, for comparisons
in epidemiological studies; many previous studies indicated
differences between the two biomarkers in terms of health
outcomes [32, 45-48].

A novel micro-XRF grazing approach, utilizing the
L-shell XRF energies for bone lead measurement, is being
tested [49, 50]. Currently the detection limits are similar to
the pXRF approach with a much more complex geometry. If
the geometry for in vivo measurements could be replicated
without additional time needed for setup and verification,
the device could prove very useful for future bone metal
detection. However, the device in its current state uses a
longer measurement time than pXRF approaches to achieve
similar results [49].

Conclusions

The pXRF is a much more widely available method for
measurement of cumulative lifetime lead exposure and
should be leveraged in more studies and surveillance pro-
grams. It is more convenient for participants and patients
through a reduced scan time(3—-10 min, depending on indi-
vidual characteristics, versus 30 min), is much more afforda-
ble, can be transported easily given its handheld form factor,
and may likely prove even more useful in future iterations
and when examining other metal exposures. In considera-
tion of lead exposure, it is clear that current methodologies,
especially for assessment in children, need re-evaluation as
the blood lead levels and half-lives become more of a limita-
tion to ongoing studies and population surveillance [8, 9].
This presents a critical gap in public health and emphasizes
the requirement of more accurate testing. Despite efforts to
reduce lead exposure, a significant number of children have
elevated levels. Hautptman et al. postulate as many as half of
all children in the United States display elevated blood lead
levels with Lanphear et al. demonstrating increased mortal-
ity from the adults still suffering from the lingering impacts
of legacy lead exposures [1, 2, 51-53]. This number may
continue to remain high given the limitations inherent to
blood lead testing and the limited number of population-
based studies with measures of bone lead; a limitation rec-
tifiable with more advanced and comprehensive exposure
assessments, such as the pXRF — already proven to work
well in determining exposure levels in children [8].

When cumulative lead exposure is poorly measured,
health-related outcomes in later life may be attributed to
other causes. For example, a study published in 2023 pos-
its that estimations of lead-induced cardiovascular disease
related to mortality are almost always due to hypertension,
but that lead exposure has myriad effects that contribute
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to cardiovascular disease, of which a primary signal is not
hypertension (e.g., hardening of the arteries). The authors
estimated that the actual global burden of lead exposure is
closer to 5.5 million (six times higher than previous esti-
mates) [54]. While we have indeed made great progress in
lead surveillance, blood alone is insufficient, providing a
limited scope and requiring substantial resources in order to
determine consistent low-levels [5, 55]. This poses a major
risk to children and adults, especially when research has
shown the increased risk of lead exposure more broadly, and
from sources that have not previously been investigated [1,
2, 56, 57]. Integrating the pXRF device in surveillance and
monitoring is essential, given its considerably strengths rela-
tive to the limitations of blood lead testing. States and policy
makers should consider the pXRF device in future programs
targeting lead remediation, prevention, and monitoring.
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