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Abstract

Background and objective—Toenail is an advantageous biomarker to assess exposure to
metals such as manganese and mercury. Toenail Mn and Hg are in general analyzed by chemical
methods such as inductively coupled plasma mass spectrometry and atomic absorption
spectrophotometry. In this project, a practical and convenient technology—portable X-ray
florescence (XRF)—is studied for the noninvasive /n vivo quantification of manganese and
mercury in toenail.

Material and methods—The portable XRF method has advantages in that it does not require
toenail clipping and it can be done in 3 min, which will greatly benefit human studies involving
the assessment of manganese and mercury exposures. This study mainly focused on the
methodology development and validation which includes spectral analysis, system calibration, the
effect of toenail thickness, and the detection limit of the system. Manganese- and mercury-doped
toenail phantoms were made. Calibration lines were established for these measurements.

Results—The results show that the detection limit for manganese is 3.65 pg/g (ppm) and for
mercury is 0.55 pg/g (ppm) using 1 mm thick nail phantoms with 10 mm soft tissue underneath.

Discussion and conclusion—We conclude that portable XRF is a valuable and sensitive

technology to quantify toenail manganese and mercury in vivo.
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Introduction

Manganese (Mn) is an essential element, and its high-level exposure has been related to
many chronic health effects especially to adverse neurological outcomes (Crossgrove and
Zheng 2004, Jiang et al. 2006). Mn is a common metal that exists in food, water and soil.
Moderate-to-high levels of Mn exposure have been reported among populations of workers
occupationally exposed to Mn, such as ferromanganese welders (Wang et a/. 1989) or steel
smelting workers (Wennberg ef a/. 1991). Mn overexposure in the human body has been
investigated over the last few decades (Rodier 1955, Crossgrove and Zheng 2004, Bowman
et al. 2011). Brain is the most vulnerable target in relation to Mn accumulation. Mn-induced
damage to the central nervous system can lead to chronic neurobehavial disorders
resembling Parkinson’s disease, which has been confirmed in many studies (Wang et al.
1989, Levy and Nassetta 2003, Jiang et a/. 2006).

Mercury is a toxic heavy metal. Adverse health outcomes from Hg exposure to the general
population have been a significant public health issue for many decades. The US
Environmental Protection Agency (EPA) recently announced to reduce the reference dose
(RfD) for methylmercury (MeHg) intake from 0.3 pg/kg/day to 0.1 pg/kg/day (US EPA
2011). Hg exposure comes from a variety of sources, e.g. inhaled mercury vapor from the
environment or dental amalgam and methylmercury (CH3Hg™) by seafood consumption.
Inorganic mercury and MeHg are the two chemical forms of Hg that accumulate in the
human body after exposure, each with different metabolisms and clinical toxicological
features. Generally speaking, most inorganic mercury can be rapidly excreted from the
human body through urine. However, as a common element from consuming seafood, MeHg
is the more cumulative neurotoxicant targeting the human brain. Many Hg-associated
chronic neurological disorders and human developmental issues have been reported, such as
disability of fine motor skills and verbal memory (Agency for Toxic Substances and Disease
Registry 1999; Staff 2000).

Previous studies have evaluated the use of toenails as a biomarker of Mn and Hg exposure
with promising results. Compared to the short half-life of Mn and Hg in other traditional
biomarkers such as blood and urine, toenail is an advantageous cumulative biomarker which
typically reflects exposures in a relatively longer period, e.g. Mn exposures over 7-12
months (Laohaudomchok et a/. 2011). In addition, total-Hg concentrations in toenails is
significantly correlated to the concentrations of MeHg in blood and occipital lobe cortex
(Bjorkman et al. 2007), therefore, it is a good indicator of MeHg exposure. Furthermore,
toenail is generally less contaminated compared to hair and fingernail.

The goal of our current work is to explore a practical and convenient portable X-ray
fluorescence (XRF) technology to quantify the concentrations of Mn and Hg in toenail /in
vivo. The portable XRF technology was developed and validated in our group, and was
successfully used to noninvasively quantify the bone lead concentration /7 vivo within 3 min
(Nie et al. 2011, Specht et al. 2014, 2016). Furthermore, portable XRF applications in
different metal assessment in human nail and nail clippings have been widely investigated in
recent studies (Gherase and Fleming 2011, Mclver et a/. 2015, Fleming and Ware 2017).
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The current project investigated a calibration method of the potable XRF device to quantify
Mn and Hg concentration in human toenail /n vivo.

The portable XRF technique has benefits over the standard inductively coupled plasma mass
spectrometry (ICP-MS) approach, since it requires no collection of toenail clippings and can
be processed within a short period of time in a more cost-effective way. Additionally, this
technique overcomes the poor sensitivity of atomic absorption spectrophotometry (AAS)
method for Hg exposure assessment due to its extreme volatility. To develop this novel
technology, the system design was optimized to obtain a lower detection limit for Mn and
Hg, contributing a better measurements precision /17 vivo at lower metal concentration.
Furthermore, simultaneous assessment of Mn and Hg can be performed with the portable
XRF device.

Clinical significance

. Moderate-to-high-level exposure to manganese (Mn) and low-to-high-level
exposure to mercury (Hg) are associated with adverse health effects, especially
neurological disorders.

. In vivo portable X-ray fluorescence (XRF) is a convenient and fast way to assess
manganese and mercury exposures.

. The portable XRF technology has been calibrated to quantify Mn and Hg
concentrations in human toenail /n7 vivo.

. The sensitivity of the system allows for simultaneous exposure assessment of
both metals.

Material and method

Portable XRF device

A customized portable XRF device with improved technology in geometry and detector was
used in this project (XL3t GOLDD+, Thermo Fisher Scientific Inc., Billerica, MA). The
portable XRF device has an energy span up to 50 keV and uses a thermoelectric-cooled
silicon drift detector with 25 mm? area and 1 mm thickness. The X-ray tube settings were
optimized for Mn and Hg measurements with a voltage of 40 kVp and a current of 50 pA. A
variety of filter combinations with different thickness can be selected in this device. A silver
(Ag) and iron (Fe) combination filter was selected in our study, which provides the best
detection limit for the measurement of Mn and Hg in human nail. Figure 1 illustrates a
schematic configuration of heavy metal assessment in nail with the portable XRF device.
Our study focused on investigating the K-shell characteristic X-ray produced by the
photoelectric interaction in toenail for Mn quantification and the L-shell characteristic X-ray
for Hg concentration assessment. Those detected X-rays are further processed and digitized
by employed electronics in the device.
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Nail phantom

A polyester resin—salt mixture substitute for nail phantom was selected in order to simulate
the attenuation properties of human nail (Roy et a/. 2010) at the relevant K-shell X-ray
energy of 5.90 keV for Mn and L-shell energy of 9.99 keV for Hg. In Table 1, elemental
composition, density and mass attenuation coefficient for resin, salt, nail phantom and
human nail are listed. According to the table, by mixing a mass of 95% commercial
polyester resin (Bondo Corp. Atlanta, GA) and 5% salt (Morton Salt Inc., Chicago, IL),
human toenail can be successfully simulated.

Different concentrations of Mn and Hg were doped into the nail-equivalent phantoms with a
range from 0 to 50 ppm (0, 5, 10, 15, 20, 30, 45 and 50 ppm). A manganese (1) nitrate
solution (Flinn Scientific Inc., Batavia, IL) with a concentration of 0.24 g/mL was used for
the Mn phantoms. The mercury solution was an atomic absorption spectrometry standard
(Fisher scientific company LLC, Bridgewater, NJ) with a concentration of 1 mg/mL. After
looking up the range of nail thickness found by Johnson and Shuster (1994), nail phantoms
with 1.0 and 3.0 mm thickness were formed by pouring well-mixed resin into a plastic
rectangular shape mold of 2.2 x 2.4 cm. Furthermore, Lucite plates were used to simulate
the soft tissue underneath toenails. To study how the soft tissue thickness under the nail will
affect the system calibration and data analysis, measurements were made for 0 and 50 ppm
phantoms with 14 different thicknesses of Lucite (from 0 to 14.56 mm) placed under the
phantom. Background counts under the Mn X-ray peaks for the 0 ppm phantom were plotted
against Lucite thickness. The net Mn X-ray counts for the 50 ppm phantom versus Lucite
thickness was also plotted. One centimeter Lucite was used as soft tissue backing under the
nail.

Spectrum analysis

Multiple-peak fitting was conducted for spectral analysis. The Mn K peak region was fitted
over a range from 5.7 to 6.2 keV. A noticeable Fe K, peak generated from surrounding
shielding of the portable XRF device is found in the spectrum with energy of 6.4 keV. This
coupled Fe peak significantly interferes with the peak of interest. In addition, the Hg L1
peak found at 9.99 keV is at the right edge of and slightly overlapping with the Lg; peak of
tungsten (W), which is the main composition of the collimator and tube base in the portable
XRF device itself. Mn and Hg spectrum were analyzed independently, with our multiple-
peak fitting technique using the same function as listed in Equation (1) and a least-squares
algorithm. Peak of interest and peak of interference were fitted simultaneously with the same
Gaussian distribution for each to represent the net X-ray count. A scattering peak in the Mn
spectrum and a W Compton peak in the Hg spectrum was fitted with the third Gaussian
function. A constant was used to describe the background.

(x—By® =)’

20-i/ln/H 26%’e/W B 202
f(x) = Aye §+Ae +Aje +A; (1)

2
()C - Bz)

Biomarkers. Author manuscript; available in PMC 2018 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 5

where Ay, A; and A, represent the amplitude of peak, By, By and B, are the positions of the

peaks, and o ysp=Hg, 0 Fe=1yand o are the variances. Az is the background.

Radiation dose assessed with TLDs

Results

In order to estimate the dose of the system at the skin surface, four thermoluminescent
dosimeters chips (TLDs) with diameter of 0.5 cm were placed at the window surface of the
portable XRF device, which covers ~1 cm? area. A 3 mm blank nail phantom was placed on
the top of TLD chips. After measuring the phantom for 3 min, the TLDs were read out by a
TLD reader equipment (Harshaw TLD 4000; Harshaw Partnership, Solon, OH, USA).

Spectrum fitting for Mn and Hg

As described in the Material and method section, Fe in surrounding shielding of the device
generates an Fe K, peak which is located adjacent to the Mn K, peak. Figure 2 shows an
example of the Mn spectrum and its fitted curve, where a 1-mm 50-ppm Mn-doped toenail
phantom was measured for 3 min. As shown in the figure, there is a significant amount of Fe
contributing to the background counts in the Mn region, particularly, interfering the net
count determination for relatively lower Mn concentrations. Furthermore, a scattering peak
was found in the region ~6.2 keV, which also interferes with the Mn peak. Using the multi-
peak fitting and least-square algorithm, the obtained XZ of fitted spectra for all phantoms
range from 0.89 to 1.40.

The multiple-peak fitting algorithm was also applied in the Hg spectrum analysis, as the W
Lg1 peak with energy of 9.67 keV and relative density of 67% is overlapping with the Hg
L1 peak. Figure 3(a) shows the fitted curve in the spectrum measured with a 1 mm of 50
ppm Hg-doped toenail phantom. As shown in the figure, a W Compton peak interferes with
the W Lg; peak, and hence a third Gaussian function was used to describe this peak. The
fitted XZ of all phantom measurements (0-50 ppm) ranged from 1.31 to 1.85.

AW Lg, peak with energy of 9.96 keV and relative density of 21% is indistinguishable from
the Hg L1 peak. This peak is noticeable with 0 ppm Hg-doped phantom showed in Figure
3(b). As mentioned earlier, W comes from the portable XRF device itself. Therefore, the W
peaks are expected to be consistent with the same setting among the phantoms. Hence, the
interference of the W Lg, peak can be extracted from the intercept of calibration line without
being added to the spectral fitting.

Lucite/soft tissue thickness

Figure 4 shows the total background counts under the Mn K peak for the 0 ppm phantom
versus Lucite thickness. The background increased with the increase of soft tissue and then
flattened at ~10 mm. This is expected because the scattering increases with the increase of
the soft tissue thickness, and saturates at certain thickness. Figure 5 shows the net counts of
50 ppm Mn-doped phantoms versus Lucite thickness. The p value of the fitted linear
regression curve was 0.63, which indicates that the obtained slope was not significantly
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different from zero at a 5% level, and that the net count of the Mn peak is not associated
with the soft tissue thickness underneath the toenail.

Calibration line of toenail Mn and Hg

Based on the developed method of spectrum analysis described in the previous sections,
calibration lines are created using Mn- and Hg-doped nail phantoms. The calibration lines
established by 1- and 3-mm Mn-doped phantoms are shown in Figure 6(a), and the obtained
RZ were 0.995 and 0.993, respectively. A calibration line was also made for 1-mm toenail
phantoms with 10 mm of Lucite placed underneath to simulate the /n vivo situation (Figure
6(b)). The /A2 of this calibration line was 0.989.

The calibration lines of 1- and 3-mm Hg-doped phantoms associated with L, 1 peak are
shown in Figure 7(a), while the calibration line of the 1-mm phantom with 10-mm Lucite is
shown in Figure 7(b). The /2 obtained were 0.985, 0.994 and 0.988, respectively. The
concentration of the indistinguishable W Lg, peak is associated with the intercept
(parameter ain figures) of the established calibration line, which needs to be extracted to
quantify the Hg concentration /n vivo with the portable XRF.

The toenail Mn and Hg concentrations for /n vivo measurements can be calculated from the
in vivo spectra and the calibration lines shown in Figures 6(b) and 7(b).

Detection limit of the portable XRF device

The Mn- and Hg-doped 1-mm toenail phantoms with 10-mm Lucite were used for the
calculation of detection limit of the system. The detection limit was calculated as in
Equation (2).

DL=2>:<60ppm=2*

Where, BKGy is the background count within 3 min under the K or Ly peak for the 0-ppm
phantoms, s/ope is the slope of the calibration line illustrated in the previous section. Table 2
shows the results of detection limit in pug/g for both Mn at the K, region and Hg at the L1
region.

Dose of the portable XRF device

With the TLD chips, the average entrance dose to the 1 cm? nail area was measured to be 43
mSv, and the dose to the tissue under the nail is expected to be smaller. To be conservative,
entrance dose was assumed to be a skin entrance dose. Skin surface area for a reference man
is 1.9 m2 (Verbraecken et al. 2006), and a total body bone area is 0.23 m2 (Looker et a/.
2013), hence, the whole body effective dose was estimated to be 0.21 pSv with conservative
calculation. In the previous study for bone lead (Pb) (Specht et al. 2014), entrance dose was
obtained as 31 mSv. The skin entrance dose is comparable in these two studies, given that
slightly different X-ray tube settings and a different number of TLDs were used. As the
shallow dose is defined as the dose averaged over a 10 cm? area of skin, a 43 mSv entrance
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skin dose to 1 cm? skin is ~1% of the allowable yearly occupational extremity dose limit of
500 mSv. The risk of exposure to 0.21 uSv of radiation is negligible comparing to the annual
background radiation dose of 3.6 mSv for general population in USA.

Discussion

The current study investigated the feasibility of quantifying Mn and Hg in toenail in vivo
using portable XRF technology. The investigation mainly focused on the methodology of
spectral analysis, system calibration, effect of toenail thickness on results, detection limit,
and the associated radiation dose to a human subject. Compared to the method of assessing
metal concentrations in bone, XRF toenail metal measurements do not have the issue of soft
tissue attenuation because the target is toenail, which is unencumbered by overlying tissues.

The impact on signal collection from toenail thickness was investigated in our study. As
shown in our results, the net counts of the peak of interest are close to equivalent in the 1 and
3 mm toenail phantoms. This is due to the high photon attenuation associated with the
characteristic X-rays generated in the two different thickness phantoms. Using theoretical
calculations, more than 95% of the Mn K, X-ray will be attenuated in 1 and 3 mm toenail
phantoms; and the attenuation of Hg L, X-ray in 1-3 mm toenail phantoms ranges from 50
to 87%. Even though the number of characteristic X-rays produced inside the phantom
should increase with thicker phantoms, only a small quantity of net counts are detectable due
to such increasing self-absorption in the sample. Thus, the calibration for in vivo
measurements does not change significantly over different toenail thicknesses. According to
Johnson and Shuster (1994), human’s great toe-nail thickness ranges from 0.83 to 1.69 mm.
Hence, 1-mm phantom with 10-mm Lucite was selected for methodology exploration and
system calibration. Even though the tissue under nail was not directly related to photon
attenuation, it affects the background under the interested X-ray peaks due to the increase of
Compton scattering with the increase of the soft tissue. As a consequence, the increased soft
tissue led to a worse detection limit of the system, until the saturation of the scattering is
reached.

The detection limit of the portable XRF system for Hg exposure assessment /n vivo was
achieved as 0.55 ug/g (ppm), which was comparable to the toenail Hg level found in general
population by Ohno et al. (2007) and by Alfthan (1997). With such this sensitivity, we
conclude that /n vivo quantification of Hg with the portable XRF is feasible. Standard
approaches for toenail metal exposure analysis, such as ICP-MS, AAS or CVAS (cold vapor
atomic fluorescence spectroscopy), require nail clippings and the analysis procedure can be
very time consuming. More importantly, the volatility of Hg can result in a more
sophisticated preparation method for some of the approaches. In contrast, the portable XRF
technique provides a quick 3-min measurement, which helps avoid the difficulties in
collecting toenail clippings, and allows for the analysis of data in a more cost-effective way.

The detection limit for toenail Mn quantification was 3.65 pg/g with 10 mm of Lucite and 1-
mm toenail phantoms. Even though the sensitivity of Mn is not as good as Hg in low-level
exposure, the portable XRF can still can be considered as a competitive technique for high-
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exposure population, which is supported by the fact that a weighted mean of 4.22 ppm nail
Mn was found in the general population by Slotnick et al. (2005).

The detection limit for the system could be improved further using different device
specifications specifically optimized for the measurements, including selection of filter
combination, X-ray tube settings, and fitting algorithm. Note that in the Mn spectrum
analysis, a higher uncertainty of the Mn net count was obtained due to the simultaneous
peak fitting for both Mn and Fe. Furthermore, a scattering peak was found in the region ~6.2
keV. Even though a Gaussian function was adopted to fit this scattering peak, the origins of
this peak remain unclear and proper identification of the peak would lead to a more precise
fitting procedure.

In future work, the portable XRF system will be validated by measuring Mn and Hg
concentration in toenail /n vivoin a population study, and comparing these results with Mn
and Hg concentrations obtained from collected toenails analyzed by standard ICP-MS and/or
neutron activation analysis (NAA).

Conclusion

The current study explored the use of portable XRF technology for the assessment of Mn
and Hg in toenail /7 vivo. The detection limit of the device for toenail Mn and Hg were
calculated to be 3.65 and 0.55 pug/g, respectively. The detection limit for the system could be
improved further using different device specifications specifically optimized for the
measurements. Future study will investigate the quantification of Mn and Hg with the
portable XRF in toenail /n vivoin a human population, and the results will be compared
with standard approaches.
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Figure 1.
Schematic configuration of portable XRF device in nail phantom measurement.
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Figure 2.
Observed and fitted Mn K, peak in company with Fe K, peak for the 50 ppm Mn toenail
phantom.

Biomarkers. Author manuscript; available in PMC 2018 June 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zhang et al.

Page 12

(@ *

Counts/s

9 92 94 96 98 10 102 104 106

Energy [keV]
(b) 2 . . . . . . . ;
- Wigr Oppm
16 -

| W Compton peak

Counts/s

9 92 94 96 98 10 102 104 106
Energy [keV]

Figure 3.
(a) Observed and fitted Hg L1 peak in company with W Lg; peak and its Compton peak for

the 50 ppm Hg toenail phantom. (b) Observed and fitted Hg L4 peak in company with W
Lg1 peak, its Compton peak and W Lg; peak for the 0 ppm Hg toenail phantom.
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Total background counts under Mn K, peak for 0 ppm Mn-doped phantom versus Lucite

thickness.

Biomarkers. Author manuscript; available in PMC 2018 June 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al.

1500

1400

1300

Net counts
= o
(=] o
o (=]

1000

900

800

Figure 5.

o * Net counts of 50ppm Mn-doped phantom
— Fitted curve
R*=0.02
bl T T T ~ T % T 4 X T ¥
-2 0 2 4 6 8 10 12 14

Lucite thickness [mm]

Net counts of 50 ppm Mn-doped phantom versus Lucite thickness.

Biomarkers. Author manuscript; available in PMC 2018 June 05.

Page 14



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al.

(a) 1000

800

600

400

Net counts

200

1mm Mn-doped phantom
R?=0.995

a=21.61%13.1 counts

b =17.3 £ 0.5 counts/(ug/g)

3mm Mn-doped phantom
R?=0.993

a=-1.0% 15.0 counts

b =17.6 + 0.5 counts/(ug/g)

* 1mm
= 3mm
1mm calibration line
- === 3mm calibration line

(b) 1200

0 10 20 30 40 50
Concentration [ug/g]

1000 +

800 -

Net Counts

+ 1mm Mn phantom with 10 mm Lucite
—— Calibration line

R?=0.989 T
a= 2261 21.4 counts 1
b =19.3 £ 0.8 counts/(ug/g)

Figure 6.

0 10 20 30 40 50
Concentration [ug/g]

Page 15

(a) Calibration line of 1 and 3 mm Mn-doped phantoms with portable XRF. (b) Calibration

line of 1 mm Mn-doped phantoms with 10 mm Lucite with portable XRF.
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(a) Calibration line of 1 and 3 mm Hg-doped phantoms measurements with portable XRF.
(b) Calibration line of 1 mm Hg-doped phantoms with 10 mm Lucite measurements with

portable XRF.
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