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ARTICLE INFO ABSTRACT

Keywords: Inhalation of welding fumes can cause metal accumulation in the brain, leading to Parkinsonian-like symptoms.
Manganese Metal accumulation and altered neurochemical profiles have been observed using magnetic resonance imaging
Toenails (MRY) in highly exposed welders, being associated with decreased motor function and cognition. While MRI is
Eﬁ;arkers impractical to use as a health risk assessment tool in occupational settings, toenail metal levels are easier to
Welding assess and have been demonstrated to reflect an exposure window of 7-12 months in the past. Yet, it is unclear

whether toenail metal levels are associated with brain metal levels or changes in metabolism, which are the root
of potential health concerns. This study investigates whether toenail manganese (Mn) and iron (Fe) levels,
assessed at several time points, correlate with brain Mn and Fe levels, measured by MRI, as well as brain GABA,
glutamate (Glu), and glutathione (GSH) levels, measured by Magnetic Resonance Spectroscopy (MRS), in
seventeen Mn-exposed welders. Quantitative T1 and R2* MRI maps of the whole brain, along with GABA, Glu,
and GSH MRS measurements from the thalamus and cerebellum were acquired at baseline (T0). Toenail clippings
were collected at TO and every three months after the MRI for a year to account for different exposure periods
being reflected by toenail clippings and MRI. Spearman correlations of toenail metal levels were run against
brain metal and metabolite levels, but no significant associations were found for Mn at any timepoint. Cerebellar
GSH positively correlated with toenail Fe clipped twelve months after the MRI (p = 0.05), suggesting an asso-
ciation with Fe exposure at the time of the MRI. Neither thalamic GABA nor Glu correlated with toenail Fe levels.
In conclusion, this study cannot support toenail Mn as a proxy for brain Mn levels or metabolic changes, while
toenail Fe appears linked to brain metabolic alterations, underscoring the importance of considering other
metals, including Fe, in studying Mn neurotoxicity.

1. Introduction

Excess exposure to manganese (Mn) can have a toxic effect on the
brain. In occupational settings, the continuous inhalation of welding and
smelting fumes may lead to Parkinsonian-like symptoms, including
deteriorated cognitive, psychiatric, and motor function. (Cowan et al.,
2009; Josephs et al., 2005; Lucchini et al., 2012) Overexposure has been
associated with interrupting dopaminergic transmission in the striatum,
(Guilarte et al., 2008) increasing oxidative stress in mitochondria within
the basal ganglia, (Tuschl et al., 2013) and causing irregular gluta-
matergic and y-aminobutyric acid (GABA)-ergic signaling, (Dydak et al.,
2011) the primary pathways for excitatory and inhibitory circuitry in

the basal ganglia.

Due to its paramagnetic properties, Mn deposition in the brain
shortens the longitudinal relaxation time T1, which allows for a non-
invasive measurement of brain Mn using magnetic resonance imaging
(MRI). Studies have reported the longitudinal relaxation rate R1 (R1 =
1/T1) to be linearly proportional to Mn deposition in animal models
with high exposure. (Dorman et al., 2006; Duck Park et al., 2007; Fit-
sanakis et al.,, 2006) In humans, R1 values have been found to be
increased in occupational welders overexposed to Mn. (Criswell et al.,
2012, 2015; Dydak et al., 2011; Long et al., 2014a; Monsivais et al.,
2024) In addition to Mn, welding fumes also contain a high percentage
of iron (Fe). Fe deposition in the brain can also be measured using MRI
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as its paramagnetic properties enhance the effective relaxation rate R2*
and it is commonly used as a biomarker of Fe accumulation in the brain.
(Haacke et al., 2005) It has been used as a tool to evaluate Fe accumu-
lation related to Parkinson’s and Alzheimer’s Diseases. (Du et al., 2011;
Gelman et al., 1999; Péran et al., 2010; Rossi et al., 2014; Ulla et al.,
2013) However, the role of Fe in Mn-induced neurotoxicity is still un-
clear. Since Fe is a major component of welding fumes and can be
measured both in toenail tissue and by MRI, it is worthwhile to also
explore whether Fe toenail levels are associated with brain Fe levels or
changes in brain metabolism due to welding fume exposure.

MRI offers another noninvasive avenue to assess the effects of Mn
neurotoxicity via the changes in the brain’s neurochemical composition
through proton magnetic resonance spectroscopy (*H-MRS). Our group
has demonstrated elevated thalamic GABA levels, measured by edited
'H-MRS, in response to high exposure to Mn in welding fumes, (Dydak
et al., 2011; Ma et al., 2018) which was found to be reversible if expo-
sure is decreased. (Edmondson et al., 2019) Furthermore, other human
studies have shown that neurochemical changes are associated with
decreased cognitive and motor function. (Chang et al., 2009; Kim et al.,
2007; Long et al., 2014b) While MRI offers a window into brain struc-
tural and chemical changes, it is not a practical tool for risk assessment
in the individual worker due to the high cost associated with it.

Possible biomarkers of exposure to metals include blood, plasma,
serum, urine, bone, hair, saliva, and nails. (Karyakina et al., 2022) In
particular, toenail metal levels have been explored by multiple groups as
a practical biomarker of exposure to welding fumes. (Grashow et al.,
2014; Laohaudomchok et al., 2011.; Ward et al., 2018) Toenail Mn
levels have been shown by our group, (Ward et al., 2018) and others,
(Grashow et al., 2014; Laohaudomchok et al., 2011) to correlate best
with exposure levels between 7 and 12 months prior to clipping. Because
toenail Mn levels were demonstrated to have the capacity to categorize
individuals into exposure groups (Ward et al., 2018), and since both
toenail levels and Mn-induced hyperintensities in brain MRIs are in-
dicators of Mn uptake and deposition in the body, we hypothesize that
these measurements maybe associated with each other. However, no
such correlation was found in past studies where brain Mn (quantified
by changes in MRI) and Mn in the toenail clippings were measured on
the same day. (Edmondson et al., 2019) One of the challenges lies in
identifying the correct time window for toenail clippings in relation to
MRI scans. Mn clears the brain with a half-life of approximately 3
months in case of cessation of exposure (Griinecker et al., 2013; O’Neal
and Zheng, 2015) and the longitudinal relaxation rate R1 in brain MRIs
has been reported to capture changes in Mn exposure over the past 3
months in individual workers. (Edmondson et al., 2019; Lewis, Flynn,
et al., 2016) Given that it takes approximately nine months for inter-
nalized Mn to reach the tip of a toenail, measurements of brain Mn and
toenail Mn provide information on different time windows of exposure,
which was seen by the fact that MRI values did not correlate with toenail
levels if there was any change in exposure over the past year. (Yeh et al.,
2015) A longitudinal sampling of toenails, especially over the year after
the MRI scan, is necessary to better understand the relation between
these two markers of internalized Mn burden.

Changes in neurotransmitter pathways and neurochemical concen-
tration changes in the brain, caused by Mn neurotoxicity, are at the basis
of potential adverse health effects and diminished cognitive and motor
function. (Chang et al., 2009; Kim et al., 2007; Long et al., 2014b)
Thalamic GABA levels have been found to change according to varia-
tions in exposure within two years.(Edmondson et al., 2019) Thus, if a
marker of individual metal exposure should also serve as a marker of
individual health risk, that marker should relate to imaging biomarkers
of the brain’s Mn and Fe content and/or the brain’s metabolic reaction
to the metal burden. Therefore, this study investigates whether toenail
Mn and Fe levels are indicative of brain Mn and Fe levels and changes in
brain GABA, Glu, and glutathione (GSH - primary antioxidant in the
brain) levels in two brain regions of Mn-exposed welders. In this lon-
gitudinal observational study, a group of continuously Mn-exposed
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welders was examined using MRI/'H-MRS, and their toenails were
subsequently collected at 4 intervals over the following year.

2. Methods
2.1. Subject recruitment

A subgroup of 22 full-time welders (21 male, 1 female) employed at a
truck trailer manufacturer was recruited for this longitudinal study on
toenail clippings, which was nested into a larger neuroimaging study of
occupationally exposed welders (parent study). Welders were mostly
using metal inert gas (MIG) welding and worked 8-10 h shifts for 5-6
days per week. Inclusion criteria consisted of being aged 18 years or
older, being safe to obtain an MRI scan, and being employed as a welder
by the trailer manufacturer for at least the past year. Welders continued
in their jobs and were exposed to welding fumes throughout this study.
Additionally, six non-exposed controls were recruited from the univer-
sity environment to provide annual toenail clippings as part of the
parent study. None of the subjects had a history of neurological or
psychiatric disorders. This study was approved by the Institutional Re-
view Board at Purdue University. Written informed consent was ob-
tained from all subjects prior to participation in the study.

As part of the parent study, all welders visited the Purdue MRI fa-
cility, where they were interviewed about their medical history, life
habits (e.g., diet, smoking, drinking), and about their work history.
Further, they completed a series of motor and cognitive tests, received
an MRI/*H-MRS scan of approximately one hour and provided toenail
clippings. Personal air sampling was conducted on each subject during a
full 8-hour shift at their workplace following their visit to the MRI fa-
cility, as described in Ward at al. 2018. Specifically for this study,
starting at the time of the initial MRI visit (TO), additional toenail
clippings were collected every three months for a year, denoted as T3,
T6, T9, and T12, as illustrated in Fig. 1. Since this is an observational
study, welders continued to work full-time throughout the duration of
the study (T0-T12) and during the full year before the MRI with varying
exposures. Toenail clippings from the six control subjects were only
obtained at TO and T12 to compare variation over time.

2.2. Toenail processing

Toenail clippings were collected and carefully preserved in enve-
lopes, each labeled with subject identification until the preparation
phase. In the preparation process, visible dirt and impurities on the
toenail surfaces were removed manually. Subsequently, the clippings
were placed in 10 mL test tubes. To remove external contaminants, the
toenail samples were cleaned using a non-ionic surfactant (Triton X-100,
1 % in deionized water) in an ultra-sonication bath for 1 hour. The
clippings were then rinsed three times with deionized water (ASTM II)
and dried in an oven for more than 24 hours. The dried clippings were
then weighed using a microscale. The toenail samples were digested in
5 mL of 70 % nitric acid (HNOg3; ARISTAR® ULTRA, Ultrapure for trace
metal analysis, VWR International, U.S.A.) using a microwave digestion
system (MARS 6, CEM co., U.S.A.) for 15 minutes at 200°C. The pre-
pared samples in test tubes were diluted to a 2 % nitric acid concen-
tration and subsequently delivered to the campus-wide Inductively
Coupled Plasma-Optical Emission Spectrometer (ICP-OES) facility for
metal analysis. (Lee et al., 2023) Three ICP-OES measurements were
taken of each participant’s toenail sample dilutions and results were
averaged. The metal concentrations in toenail samples were calculated
by dividing the ICP-OES average results by the weight of the toenail
clippings.

2.3. MRI acquisition

MRI and 'H-MRS exams were performed using a 3 T Siemens Prisma
MRI scanner equipped with a 20-channel head coil. The imaging
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MRI/MRS at T0
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Fig. 1. Study timeline: MRI and initial toenail collection occurred at TO. Additional toenail collections occurred 3, 6, 9, and 12 months after MRI (TO, T3, T6, T9, and
T12). The blue brackets show the exposure periods that are best represented by the respective toenail samples according to the literature. The exposure period best
reflected by the MRI is assumed to be the three months prior to the MRI, shown in red. The exposure period reflected by metabolic changes is unknown, but likely
longer than three months, shown in a red dashed bracket. This study design should enable the MRI and toenail clippings of at least one of the timepoints to be

representative of an overlapping exposure period.

protocol consisted of a fast T2-weighted sequence, acquiring coronal,
sagittal, and axial images (TR/TE = 1500/81 ms, resolution: 0.8 x0.8
x4 mm3) for placement of the MRS volumes of interest (VOIs) followed
by a high-resolution T1-weighted MPRAGE sequence (TR/TE = 2000/
2.05 ms, resolution: 1 x 1 x 1 mm?®). Quantitative T1 mapping was
achieved using a 3D variable flip angle (VFA) spoiled gradient recalled
echo technique (TR/TE = 10/2 ms, resolution: 1 x 1 x 1 mm?, a = 3°
and 17°). A transmit field (Bi) map was also acquired to correct for
radiofrequency field inhomogeneity. Lastly, quantitative R2* maps were
acquired using a 3D multi-gradient recalled echo sequence (mGRE) (TR/
dTE/TEs = 48/4.06/6.28-42.82 ms, resolution: 0.8 x 0.8 x 3.0 mm?).

2.4. R1 and R2* region of interest (ROI) analysis

Anatomical T1-weighted images, T1 and R2* maps were exported as
DICOM files from the scanner and converted to NIfTI files using SPM12.
Individual T1 and R2* maps were co-registered to the T1w images using
affine transformations with the normalized mutual information cost
function in SPM12. Next, the T1w images were automatically aligned to
the Montreal Neurological Institute (MNI-152) T1-weighted template
using the Auto-reorient feature of the hMRI Toolbox, (Tabelow et al.,
2019) which also allows us to apply the same spatial transformations to
the T1 and R2* maps. This step ensures that all images are in the same
general orientation prior to processing and reduces the number of errors

1500
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encountered during processing. The T1-weighted images were then
segmented into grey matter (GM), white matter (WM) and cerebrospinal
fluid (CSF) using tissue probability maps (TPMs) specifically derived
from multi-parametric maps. (Lorio et al., 2014) GM and WM images
were non-linearly transformed to standard MNI space, without modu-
lation, using the DARTEL tool (Ashburner, 2007) and the transformation
matrices were applied to corresponding T1 and R2* maps. At this point,
all three sets of images (T1-weighted, T1, and R2* maps) were aligned in
the MNI common space.

R1 (R1 = 1/T1) and R2* relaxation rates were measured bilaterally
in regions of interest (ROIs) placed in the globus pallidus (GP), putamen
(Put), substantia nigra (SN), frontal white matter (FWM), and the den-
tate nucleus (DN) in the cerebellum. FSLeyes (McCarthy, 2023) was used
to generate the ROI masks and MRIcron (Rorden and Brett, 2000) to
extract the relaxation values. R1 (a proxy for Mn) and R2* (a proxy for
Fe) values from the left and right hemispheres were averaged for every
brain structure. The placement of the defined ROIs is illustrated in Fig. 2.

2.5. MRS acquisition and analysis

GABA+, Glx, and GSH measurements were acquired using the
HERMES sequence (Chan et al., 2016) (TR/TE = 2000/80 ms) with the
editing pulses centered on 1.9 ppm (edit ON for GABA), 4.7 ppm (edit
ON for GSH), and 7.5 ppm (edit OFF for both). 256 averages were

Fig. 2. Axial slices of T1 map (A) and R2* map (B, C, and D) showing ROIs for the FWM (green), Put (yellow), GP (red), SN (orange), and DN (light blue). Ab-
breviations: FWM, frontal white matter; Put, putamen; GP, globus pallidus; SN, substantia nigra; DN, dentate nucleus.
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acquired for edit ON and edit OFF spectra in an interleaved fashion. 8
averages of water reference scans without water suppression were ac-
quired for frequency and phase correction. To determine the thalamic
and cerebellar metabolite levels, the MRS VOI was centered on the right
thalamic region and right cerebellar lobe (30 mm x 30 mm x 25 mm),
as shown in Fig. 3. Spectra were analyzed using Gannet (Version 3.3).
(Edden et al., 2014) Cerebrospinal fluid (CSF) correction was performed
within the Gannet toolbox using GannetSegment, and the CSF-corrected
metabolite values were used for further statistical analysis.

2.6. Statistical analysis

Out of the 22 welders who were recruited, one was excluded due to
bad quality MRI/'H-MRS data, and one did not provide any toenail
clippings. Three more welders were excluded due to their toenail clip-
pings being deemed unreliable because of the calibration error of the
ICP-OES equipment. Overall, 17 welders consisting of 16 males and 1
female has a complete MRI/'H-MRS and toenail clipping analysis for
time point zero (T0) and were included in the statistical analysis. Due to
attrition over time, subsequent time points had fewer and varying
sample sizes for the toenail metal concentrations, as indicated in
Table 2.

For correlation analysis, two hypotheses were tested: a) toenail metal
levels at time points T6-T12 are correlated to brain metal levels as
measured by R1 and R2* at TO; b) toenail metal levels at time points T6-
T12 are associated with neurochemical concentration levels in the
thalamus and the cerebellum measured at TO. All statistical analyses
were performed within the R environment (Posit team (2023), version
2023.6.0.421). A Shapiro-Wilk test of normality was performed on all
variables prior to analysis. Toenail Mn levels, R1 and R2* values were
normally distributed, while toenail Fe levels and several MRS values
were found to be nonnormally distributed. Based on these results, with
the small number of subjects and high potential for outliers to affect the
results, linear relationships were assessed through nonparametric means
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using Spearman rank correlations. Multiple comparison testing was
applied using the Benjamini & Hochberg method (“FDR”) at a = 0.05.
Unadjusted and adjusted p-values are presented when applicable.

Due to the repeated measures of toenail metal levels, we performed
an additional analysis using the generalized estimating equation (GEE)
model, which accounts for the correlation within repeated measure-
ments for a welder over time and provides estimates of the average
response across all subjects. (K.-Y. Liang and Zeger, 1986) The models
were constructed to assess the same relationships as described above
using the gee package in R. The models were constructed to assess the
same relationships as described above using the gee package in R.
Although Generalized Mixed Models (GLMM) were also considered, we
encountered significant convergence issues, likely due to the small
sample size. Consequently, GEE was chosen as a more practical alter-
native given that it can handle the correlation structure of our data and
our small sample size.

Inter- and intrasubject coefficients of variation (CV%) are reported to
compare the variation of toenail metal levels between welders and
controls. The average intersubject CV% was calculated by averaging the
intersubject CVs for timepoints TO and T12, whereas the intrasubject CV
% was calculated by averaging the intrasubject CV for timepoints TO and
T12 over all subjects within each group. Lastly, we calculated the intra-
subject correlations (ICCs) estimates and their 95 % confidence intervals
of the toenail metal levels over time using the ICC function from the
psych package in R, based on a single rater/measurement, consistency,
two-way mixed-effects model (ICC(3)). ICC(3) offers insight into the
consistency of individual time point measurements (Koo and Li, 2016).

3. Results

A summary of the participants’ demographics and toenail Mn and Fe
concentrations at TO is reported in Table 1.

The mean air Mn concentration inhaled by the welders was measured
as 137.0 pg/m> (range: 0.5 — 562.3 pg/m>) and 1114.2 pg/m® (range:

Glx

l GABA+

4 35 3 25 2 15 1 05
Frequency (ppm)
GSH

4 35 3 25 2 1.5 1 0.5

Frequency (ppm)

Fig. 3. The consistency map of voxel placements superimposed on the MNI152 template, demonstrates high reproducibility for the cerebellum (top) and thalamus

(bottom); representative GABA and GSH spectra.
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Table 1
Demographics of study participants.

Subject Characteristics Welders (n = 17)

Age (years) [mean + SD] 45.6 + 12.5
Sex 16 M, 1F
Welding experience 2

<lyr 6
2-10 yrs 1
11-20 yrs 7
21-30 yrs 1
31+ yrs

Race/Ethnicity

Black or African American 2
White 12
Hispanic/Latino 3

Toenail metal levels (ug/g)*

Manganese (Mn)

Min: -0.2
1st Quartile: 5.2
Median: 7.1
Mean: 7.1
3rd Quartile: 9.0
Max: 17

Iron (Fe)

Min: 11.6
1st Quartile: 25.1
Median: 43.8
Mean: 50.1
3rd Quartile: 67.2
Max: 138.8

* Summary statistics for toenails collected from the 17 welders
including those without a complete set of toenail clippings for every time
point.

3.7 - 5264.9 pg/m>) for Fe, measured by personal air sampling, as
described by Ward et al., (2018). Metal level analysis of all toenail
samples from all time points was performed in the same batch of
ICP-OES analysis to avoid fluctuations due to batch differences. Toenail
Mn levels in this cohort of welders were above 3.0 pg/g for all time-
points (Supplemental Figure 1) with a mean of 7.5 + 2.3 pg/g for the first
time point, TO.), whereas the mean toenail Mn values for the control
group at TO was about half (3.3 + 1.9 pg/g). Mean toenail Fe levels in
the welders and controls at TO were 40.0 + 22.0 and 19.5 + 15.8 pg/g,
respectively. Since the toenail Fe values were not normally distributed,
the median and interquartile (IQR) values of toenail Mn and Fe con-
centrations for welders and controls are presented in Table 2, as are
averaged inter- and intrasubject CVs.

Table 2
Toenail Mn and Fe concentrations for each timepoint.
Welders Controls
Timepoint Mn (pg/g) Fe (ng/g) Mn (pg/g) Fe (pg/g)
Median Median Median Median
(IQR) (IQR) (IQR) (IQR)
TO 7.8 (4.6) 29.9 (51.0) 3.3(1.5) 19.5 (11.1)
n=17 n==6
T3 7.1 (4.7) 41.5 (49.7)
n =10
T6 7.4 (1.9) 44.1 (15.7)
n=9
T9 5.8 (2.9) 46.6 (37.7)
n=3_8
T12 5.9 (2.2) 52.6 (35.8) 2.8(2.1) 22.3(18.9)
n=38 n==6
Avg. Inter-CV:t 39 % 62 % 54 % 69 %
Avg. Intra-CV:t 28 % 33 % 23 % 34 %

fInter- and intra- subject CV% for Mn and Fe are calculated using toenails
collected at TO and T12, and averaged across timepoints, or across subjects,
respectively.
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3.1. Correlation between toenail metal levels and MRI metal levels

A summary of ROI values, serving as proxies for Mn and Fe levels in
respective brain regions, is presented in Table 3. We found no statisti-
cally significant correlations between Mn toenail levels and R1 values in
any of the brain ROIs. As for Fe, we found a statistically significant
positive correlation between Fe toenail levels at T3 and R2* in the DN (r
= 0.76, p = 0.04); however, this loses significance when correcting for
multiple comparisons using a false discovery rate (FDR) at 5 % (adj. p =
0.26). No other correlations were found between Fe toenail levels and
R2* values. There were a couple of significant correlations within R1
values across brain regions. R1 in the GP was significantly correlated
with R1 values in the Put (r = 0.46, p = 0.04, adj. p = 0.12) and the DN (r
= 0.65, p < 0.001, adj. p = 0.009). R1 in the DN was correlated with R1
in the SN, but the significance did not hold after correcting for multiple
comparisons (r = 0.47, p = 0.03, adj. p = 0.12). Correlation results are
summarized in Fig. 4.

Correlation between toenail metal levels and brain metabolite levels

A summary of metabolite statistics for the thalamus and cerebellum
is presented in Table 4. In the thalamus, we found a negative correlation
between Glx and toenail Mn at TO (p = —0.62, p = 0.01, adj. p = 0.08).
Toenail Fe was found to negatively correlate with thalamic GABA+ at TO
(p=-0.62,p=0.01, adj. p=0.11) and T3 (p = —0.68, p = 0.05, adj. p
= 0.24), and with Glx at T12 (p = —0.82, p = 0.03, adj. p = 0.16).
Thalamic GSH was not found to correlate with either toenail metal at
any timepoint. In the cerebellum, no significant correlation was found
between GABA+, Glx, and GSH and toenail Mn at any timepoint. While
cerebellar GSH was found to be positively correlated with toenail Fe at
both T6 (p =0.79, p = 0.03, adj. p=0.14) and T12 (p = 0.88, p = 0.007,
adj. p = 0.05), neither GABA+ nor Glx correlated with toenail Fe levels
in the cerebellum. Correlation results are summarized in Fig. 5.

Results from the GEE models showed similar trends with the only
significant result being the positive correlation between cerebellar GSH
and Fe toenail levels (see Supplemental Table 1). In the simpler model
(Spearman correlations), we found that cerebellar GSH and Fe toenail at
T12 were the only statistically significant correlation after correcting for
multiple comparisons. As it can be seen in Figs. 4 and 5, there is high
correlation between the toenail metal levels at different time points
(especially TO and T3 for both Mn and Fe). The ICC(3) for Mn levels
confirms a high intercorrelation for individual measurements (ICC =
0.81 CI: 0.67, 0.91). For Fe levels, the ICC(3) showed a more moderate
intercorrelation for individual measurements (ICC = 0.63, CI: 0.46,
0.81).

4. Discussion

To the best of our knowledge, this is the first in vivo longitudinal
study in welders to investigate the association between toenail metal
levels as biomarkers of exposure to welding fumes and MRI markers of
brain Mn and Fe levels. This study is observational in a regular working
environment in a factory, with no influence on changes in exposure over
time. While a lot of effort was put into reminding study participants to
provide their toenail clippings every three months, the smaller sample

Table 3
Summary of ROI statistics for R1 and R2* values.
Globus Putamen Frontal Substantia Dentate
Pallidus Mean + White Nigra Nucleus
Mean + SD Matter Mean + SD Mean + SD
SD Mean =+ SD
R1 0.96 + 0.78 + 0.99 +£0.13 0.88 + 0.08 0.90 +
/s 0.10 0.06 0.05
s)
R2* 52.8 + 52.1 + 23.8+5.5 40.3 +12.6 32.5+94
/s 17.6 21.1

s)
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Fig. 4. Top: Correlation matrix of brain Mn levels (R1) and toenail Mn levels (A), and brain Fe levels (R2*) and Fe toenail levels (B). Darker blue indicates a strong
positive correlation while darker red indicates a negative correlation. Statistical significance is indicated with asterisks as *p = 0.05, **p = 0.01, and *** p = 0.005
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putamen; SN, substantia nigra; DN, dentate nucleus.

Table 4
Summary of Metabolite statistics for the Thalamus and Cerebellum.
[GABA+] i.u. Mean + SD [GIx] i.u. [GSH] i.u.
Mean + SD Mean + SD
Thalamus 3.51 £1.72 9.41 £2.72 1.24 £1.41
Cerebellum 3.41 +£1.92 8.46 + 2.52 1.19 + 0.48

size of toenail clippings at time points after the MRI is a clear limitation
that needs to be kept in mind throughout the discussion.

Upon inhalation, Mn is absorbed by the olfactory bulbs via the pri-
mary olfactory neurons and subsequently transported both within and
between neurons to reach various regions of the brain. (Tjillve et al.,
1996) In homeostasis, Mn enters cells through a variety of metal ion
transporters such as the Divalent Metal Transporterl (DMT1) and
Transferrin Receptor (TfR), both of which have high affinity for Mn and
Iron (Fe). (Chen et al., 2015; Horning et al., 2015; Tuschl et al., 2013)
Toenails are composed of keratins, a type of fibrous protein that includes
disulfide bridges, believed to bind to metals present in the body as they
grow.(Raab and Feldmann, 2005; Slotnick and Nriagu, 2006)Metals
excreted by the body can attach to nails due to their high sulfur content;
however, it should be noted that the process by which metals are
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integrated into nail structures is still not completely understood.

We primarily examined brain areas of the basal ganglia, the globus
pallidus and putamen, known to have an excess accumulation of Mn
(Baker et al., 2015; Criswell et al., 2012, 2019; Dydak and Criswell,
2015; Lewis et al., 2016) in addition to the frontal lobe, as previous
studies animal and human studies have shown that Mn also accumulates
in the frontal white matter. (Dorman et al., 2006; Guilarte et al., 2006;
Lee et al., 2015; Verina et al., 2013) We also explored the substantia
nigra, which plays an important role in motor planning, reward-seeking,
addiction, and other functions. (Nicola et al., 2000) Ma et al., (2018)
showed that Mn deposition in the substantia nigra and globus pallidus
was directly associated with exposure and elevated thalamic GABA.
Excessive Mn can impair the function of the dopamine-producing neu-
rons in the substantia nigra, although the exact mechanisms by which
Mn affects these neurons are still under investigation. (Jankovic, 2005;
M. Lin et al., 2020; Verhoeven et al., 2011) Furthermore, we included
the dentate nucleus in the cerebellum as part of an exploratory analysis
since it has been shown that increased R1 (a proxy for Mn) in the cer-
ebellum is associated with the past three months of Mn exposure.
(Monsivais et al., 2024) The cerebellum and its associated structures,
including the dentate nucleus, are primarily responsible for coordina-
tion, balance, and fine-tuning of movements (Koziol et al., 2014) in
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addition to nonmotor cognitive, linguistic, and affective processes.
(Baillieux et al., 2008; Beaton and Marién, 2010; Murdoch, 2010;
Schmahmann and Sherman, 1998; Stoodley and Schmahmann, 2010)
While it is not yet clear how excess Mn in the cerebellum affects motor
function, Mn-induced volume decrease has been reported to correlate
with reduced performance in fine motor and executive function tasks in
full-time welders. (Chang et al., 2013) In addition, Monsivais et al.
showed association between lower performance in motor scores with
increased Mn accumulation in the cerebellum. As for Fe, studies have
found increased Fe concentrations in the substantia nigra, globus pal-
lidus, and caudate of patients with Parkinson’s Disease (Griffiths et al.,
1999) and Alzheimer’s Disease, (Lin et al., 2023) with increased Fe
concentrations reported in the caudate, (Lee et al., 2016) and the frontal
cortex, (Long et al., 2014a) however, the effect of excess Fe in the brain
is not known.

Toenail metal levels in this cohort of welders were found to be
similar to the values reported for the welder population of our former
study, (Ward et al., 2018) which reported that toenail Mn discriminates
between controls and welders with 91 % specificity and 94 % sensitivity
at a toenail Mn concentration threshold of 4.14 ug/g. Toenail levels of
all participating welders in this study were above that threshold, while
the toenails from the control group were below this threshold. Ward
et al. also reported average toenail Mn levels in welders to be 6.87 pg/g,

which is in-line with our cohort’s levels of 7.5 pg/g, and 3.3 pg/g in the
control group. (Ward et al., 2018) This indicates that the welders were
clearly exposed to Mn and Fe, which deposited in their toenails, and
distinguished them from non-exposed subjects, as presented in Supple-
mental Figurel.

Nevertheless, in this cohort of U.S. welders, we found no statistically
significant associations between brain Mn levels, measured by MRI, and
toenail Mn levels collected quarterly over a year-long period. Based on
animal studies, brain Mn shows up quickly upon exposure (Dorman
et al., 2002; Griinecker et al., 2013) and is known to wash out with a
half-life of approximately 3 months from the brain. (Takeda et al., 1995)
In contrast, toenail metal concentrations measured in toenail clippings
reflect exposure and deposition into the toenail tissue up to a whole year
in the past, depending on the growth rate of toenails. Thus, our hy-
pothesis was that brain metal levels as imaged by MRI and toenail metal
levels might simply reflect different exposure windows. However, this
study, while investigating specifically correlations between MRI and
different time points of toenail clipping, was not able to shed light on
any relationship. It is clearly possible that this is due to the limitation of
the small sample size. Yet, the fact that both the inter- and intra-subject
CVs for toenail Mn and Fe were comparable between welders and con-
trols, suggests that, while toenail metal levels were elevated, their
variation over the year was within a normal range. This may explain
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why testing different timepoints of toenail clipping did not show another
finding than the null-findings at TO, which already was reported previ-
ously in a different group of welders. (Edmondson et al., 2019)
Edmondson et al. suggests that the lack of a correlation in his data was
likely due to the different time windows of exposure reflected by toenails
and MRI. Yet, he also found that lifelong cumulative exposure levels
modulate the relation between change in exposure and change in R1,
whereas no such modulation was found for the relationship between
changes in toenail Mn with changes in past-year exposure. He already
interpreted this to suggest that the process by which Mn accumulates in
toenails is different than how it accumulated in brain or affects R1. Our
results also may suggest that the relationship between metal deposits in
the brain and in toenail tissue may be more complex than a simple
timing issue, likely because metal accumulation in toenails occurs by a
different mechanism than uptake of Mn and Fe into the brain, which can
even be different for different brain regions.(Dorman et al., 2002)
Furthermore, the physics of how Mn, Fe, and their mixture impact R1
and R2* in MRI adds another layer of complexity that might obscure a
relationship of these internal metal depositions. (Zhang et al., 2009)

Indeed, our network plot visualization (Fig. 4C) of the correlations
among selected brain regions involved in excess Mn accumulation and
Mn toenail levels demonstrate that brain Mn levels and toenail Mn levels
are far apart (weaker correlations). This may suggest that the pharma-
cokinetics of Mn distribution in the human body are too complex to
allow for a simple relationship between brain and toenail Mn
accumulation.

In the case of Fe, we see from our network plot that the relationship
between brain Fe levels and toenail Fe levels is closer together (stronger
correlations). Still none of these relationships survived correction for
multiple comparisons, which may be due to the small sample size, or
may indicate that the relationship between brain Fe levels and toenail Fe
levels again is more complex than reflecting different exposure time
frames.

In the central nervous system, Mn serves as a cofactor for numerous
enzymic processes and is required for immune function and defense
against reactive oxygen species (ROS). (Aschner and Aschner, 2005;
Horning et al., 2015) While the mechanisms of Mn neurotoxicity are still
not well understood, there have been many proposed etiologies,
including the accumulation of Mn in the mitochondria, interfering with
oxidative phosphorylation and leading to the production of ROS; and
interaction with glutamine synthetase, interrupting the production of
excitatory and inhibitory neurotransmitters, Glu and GABA+, respec-
tively. (Horning et al., 2015; Tuschl et al., 2013)

We therefore also explored the associations between changes in the
brain’s neurochemical composition, as assessed by MRS, regarding the
cerebellum and thalamus. The ganglia-thalamo-cortical pathway pri-
marily plays a role in both voluntary movements and the emotional,
motivational, and cognitive processes that underlie and guide these
movements. (Haber and Calzavara, 2009) Previously, studies have
found increased thalamic GABA+ levels in smelters with high Mn
exposure, (Dydak et al., 2011) which was confirmed to relate to fine
motor function. (Long et al., 2014b) While metabolite concentrations
have been found to vary between brain regions, one group reported
metabolite concentrations in the thalamus of a healthy control group to
be approximately 2.51 i.u. for GABA+, 7.72 i.u. for Glx, and 1.22 i.u. for
GSH. (Liang et al., 2024) We have estimated higher GABA+ (3.51 i.u.)
and higher Glx (9.41 i.u.), which supports our previous findings of
increased GABA in the thalamus of welders, (Ma et al., 2018). However,
our estimation of GSH is comparable to the value Liang et al. reported
for the healthy control group. In addition, animal studies of Mn exposure
have found changes in GABA+ levels in other brain regions, including
the cerebellum. (Lipe et al., 1999)

However, we found no statistically significant association between
thalamic metabolites and either Mn or Fe in toenails. From our network
plot visualization (Fig. 5C) of the correlations among thalamic GABA+,
GSH, and Glx and Mn toenail levels we can see that brain metabolite
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levels and toenail Mn levels are far apart, indicating weaker correla-
tions. This could also suggest that toenail Mn levels are not reflective of
changes in metabolite levels at any time interval. When we consider
toenail Fe, we see from our network plot stronger correlations between
brain metabolite levels and toenail Fe deposition, especially between
toenails collected at T12 and thalamic Glx (measured at TO). However,
none of these survived the correction for multiple comparisons. Thus,
this study cannot suggest that toenail metal deposition are indicative of
changes in metabolite concentration in the thalamus at any timepoint.

Similarly, in our network plot visualization of the correlations be-
tween cerebellar metabolites and toenail Mn (Fig. 5D), the points are also
far apart, again, indicating weaker correlations. No association between
cerebellar GABA+ with Mn nor Fe could be found, as determined by the
lack of connections in the network plot. We did, however, demonstrate a
strong positive correlation between cerebellar GSH and toenail Fe at
T12, which survived the correction for multiple comparisons. This
finding was also confirmed by the results of the GEE model, which is best
at estimating population-averaged effects, rather than individual-
specific effects (such as in general mixed models), as suggested in
(Hubbard et al., 2010). Since toenail levels reflect metal exposure and
deposition into toenail tissue 7-12 months prior to clipping the nail,
deposition of Fe measured at T12 occurs at TO-T6, which includes the
time when brain GSH levels were measured (TO). Therefore, the sig-
nificant cerebellar GSH-Fe correlation at T12 may cautiously be inter-
preted that as Fe deposition into toenails increases, GSH also increases in
the cerebellum. Because glutathione has a cyclic pathway, it exists in
two forms, reduced (GSH — most abundant) and oxidized (GSSG).
(Aquilano et al., 2014) With MRS, we quantify GSH in its reduced form.
Therefore, we infer that decreased levels of GSH measured by MRS
indicate a down-regulation of GSH and an increase in GSSG (and thereby
increased oxidative stress), whereas an increase in GSH may be taken as
an upregulation in response to a rise in ROS. Adding this common
interpretation of GSH levels measured by MRS, the significant GSH-Fe
correlation at T12 may reflect increased ROS caused by exposure at
the time of the brain scan.

Our data replicates that toenail metal levels are intercorrelated
across different time points, as already reported by Ward et al., (2018).
The intercorrelations strongly depend on any changes in exposure that
occurred for the specific group of welders at any given time, which will
vary from study to study. In our data the strong correlations between
toenail Mn at TO and T3 indicates that exposure was rather stable a year
to nine months prior to MRI, while possibly more changes happened at
later time points, which show lower correlations. The fact that Mn and
Fe toenail levels may correlate is explained by the welding electrodes
having a fixed ratio of the two metals. Therefore, a correlation is ex-
pected unless there are changes in welding practice or materials in the
work environment, which occurs occasionally in the occupational
environment (e.g. change of welding station). Lastly, the ICC results
further support these findings by quantifying the intrasubject correla-
tions of the measurements, which may indicate strong consistency of
exposure amongst welders and thus contribute to their normal range of
variation in toenail metal levels.

As mentioned before, it is important to note the limitations of this
study. While we began with a sample size of 22, the number of welders
who had a good quality MRI/MRS and toenail dataset (n = 17) and the
sample size of obtained toenail clippings at each time point after TO (n =
8-10 strongly limit the generalization of the results. Furthermore, un-
fortunately, the welders with the highest exposure among the group (in
terms of total airborne exposure and clear T1w hyperintensities in the
GP) did not continue to supply toenails after their first visit. Another
limitation of this study is the lack of a proper control group for the full
longitudinal study design. However, the results from annual toenail data
obtained from six controls in the parent study with the same methods
serve to demonstrate the elevated toenail levels in the study’s welder
cohort and to compare the variability of toenail sampling over one year.

In conclusion, our results were not able to support a role for toenail
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Mn as a biomarker for brain Mn levels or metabolic changes. However,
this does not discount toenails as a sensitive and specific biomarker of
airborne exposure to Mn in career welders, as suggested by multiple
groups (Grashow et al., 2014; Laohaudomchok et al., 2011; Ward et al.,
2018), or that toenails are not associated with other exposure metrics.
Nonetheless, toenail Fe may be more associated with brain Fe deposition
and metabolic changes. Overall, our results may suggest that the uptake
of metals into the brain versus toenails is too distinct and complex to
allow for toenail metal levels to serve as a proxy of changes in brain
metabolism. Lastly, our results suggest that Fe may play a role in Mn
neurotoxicity and that other metals involved in Mn homeostasis should
also be considered in the study of Mn neurotoxicity.
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