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ABSTRACT

Manganese (Mn) is a neurotoxicant that many workers are exposed to daily. There is limited knowledge about how changes
in exposure levels impact measures in magnetic resonance imaging (MRI). We hypothesized that changes in Mn exposure
would be reflected by changes in the MRI relaxation rate R1 and thalamic c-aminobutyric acid (GABAThal). As part of a
prospective cohort study, 17 welders were recruited and imaged on 2 separate occasions approximately 2 years apart. MRI
relaxometry was used to assess changes of Mn accumulation in the brain. Additionally, GABA was measured using
magnetic resonance spectroscopy in the thalamic and striatal regions of the brain. Air Mn exposure ([Mn]Air) and
cumulative exposure indexes of Mn (Mn-CEI) for the past 3 months (Mn-CEI3M), past year (Mn-CEI12M), and lifetime (Mn-
CEILife) were calculated using personal air sampling and a comprehensive work history, whereas toenails were collected for
analysis of internal Mn body burden. Finally, welders’ motor function was examined using the Unified Parkinson’s Disease
Rating Scale (UPDRS). Median exposure decreased for all exposure measures between the first and second scan. DGABAThal

was significantly correlated with DMn-CEI3M (q¼0.66, adjusted p¼ .02), DMn-CEI12M (q¼0.70, adjusted p¼ .006), and D[Mn]Air

(q¼0.77, adjusted p¼ .002). DGABAThal significantly decreased linearly with DMn-CEI3M (quantile regression, b¼15.22, p¼ .02)
as well as D[Mn]Air (b¼1.27, p¼ .04). Finally, Mn-CEILife interacted with D[Mn]Air in the substantia nigra where higher Mn-
CEILife lessened the DR1 per D[Mn]Air (F-test, p¼ .005). Although R1 and GABA changed with Mn exposure, UPDRS was
unaffected. In conclusion, our study shows that effects from changes in Mn exposure are reflected in thalamic GABA levels
and brain Mn levels, as measured by R1, in most brain regions.
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Excess Mn exposure can lead to a parkinsonian disorder called
Manganism, a disease characterized by behavioral, movement,
and cognitive impairments, that was first described in cases of
chemical plant workers (Couper, 1837). Since Manganism was

first described in 1837, exposure levels for workers have been
markedly reduced in many countries. Yet, reports of cognitive
deficits (Bowler et al., 2006, 2001, 2011; Roels et al., 2012) as well
as increases of motor symptoms (Racette et al., 2012b, 2017) due
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to Mn exposure are still status quo. One population that contin-
ues to be exposed to Mn are welders, who are exposed to
Mn-containing fumes (Bowler et al., 2006; Cook et al., 1974; Long
et al., 2014a; Mena et al., 1967; Racette et al., 2012a). It has been
observed that once motor symptoms appear, they remain even
after exposure ends and typically do not improve with levodopa
treatment (Perl and Olanow, 2007). No alternate form of treat-
ment has been established to date. Therefore, it is necessary to
determine whether welders are at risk of Mn toxicity before any
symptoms develop.

Having a method that can quantify brain Mn would be ideal
as a metric for assessing how Mn contributes to a welder’s risk
(Meyer-Baron et al., 2013). One possible method uses magnetic
resonance imaging (MRI). Due to the paramagnetic properties of
Mn, the metal acts as a contrast agent, much like gadolinium, a
commonly used contrast agent for diagnostic medical MRI
scans (Fornasiero et al., 1987; Silva et al., 2004). Areas with a
higher concentration of Mn will show up brighter on a T1-
weighted image. Previous studies have shown that brain MRIs
of Mn-exposed subjects show increased T1-weighted intensities
in the basal ganglia, reflecting Mn accumulation (Bock et al.,
2008; Chuang et al., 2009; Criswell et al., 2012; Dorman et al., 2006;
Dydak et al., 2011; Lehallier et al., 2012; Long et al., 2014a;
Matsuda et al., 2010). However, although the increased intensity
is believed to be proportional to Mn accumulation (Dorman
et al., 2006), the ability to fully elucidate the relationship has
been difficult. Recently, the change in the relaxation rate R1
(where, R1¼ 1/T1) was found not to be linearly proportional to
lower occupational levels of Mn exposure (Lee et al., 2015),
rather reflective of short-term exposure (Lewis et al., 2016).

Another method, magnetic resonance spectroscopy (MRS),
measures biochemical concentrations of metabolites and neu-
rotransmitters in vivo. c-aminobutyric acid (GABA), the primary
inhibitory neurotransmitter of the central nervous system, has
been measured using MRS and was found to be higher in the
thalamus of Mn-exposed welders when compared to non-
exposed controls (Edmondson et al., 2015; Long et al., 2014b; Ma
et al., 2018). A similar result was also found in idiopathic
Parkinson’s disease (PD) patients (Dydak et al., 2015; O’Gorman
Tuura et al., 2018). It is possible that Mn has an effect on nigros-
triatal dopaminergic neurons that may trigger an imbalance of
neurotransmitters in the basal ganglia, such as changes in
GABA concentration in the thalamus (Dharmadhikari et al.,
2015; Dydak et al., 2015; Guilarte et al., 2008; Long et al., 2014b;
Racette et al., 2011, 2012b), but the effect could also be further
downstream in other basal ganglia nuclei. Nonetheless, with
work history indicating exposure to Mn, an increase in GABA
could potentially be a reliable marker for Mn toxicity. Yet, the
GABA levels appear to be dynamic, just as is the exposure, and a
single GABA level at 1 time point does not provide enough infor-
mation about the effect of Mn exposure on the neurotransmitter
levels.

Our initial study (Ma et al., 2018) found significantly higher
thalamic GABA in highly exposed welders (air exposure
> 0.24 mg Mn/m3) compared to lower exposed welders (mean air
exposure 0.13 mg Mn/m3) and controls. Additionally, R1 was
higher in the globus pallidus (GP), substantia nigra (SN), frontal
white matter (FWM), and caudate nucleus (CN) in highly ex-
posed welders compared to lower exposed welders and con-
trols. Although thalamic GABA (GABAThal) was correlated with
past 3 months and past year Mn exposure windows, R1 was not,
thus suggesting that the relationship between R1 and Mn expo-
sure may be complicated by a nonlinear relationship between
Mn exposure and Mn accumulation in the brain. To get a better

understanding of the dynamic effects of low-level chronic Mn
exposure in the workplace, we therefore conducted a longitudi-
nal follow-up study to test the following hypotheses: (1) the
change in GABAThal would be proportional to the change in Mn
exposure and (2) the change in R1 would be proportional to the
change in Mn exposure.

MATERIALS AND METHODS

This study is a follow-up study of a previous study as described
in Ma et al. (2018). This study was approved by the Biomedical
Institutional Review Board at Purdue University. Written in-
formed consent forms were obtained from all subjects prior to
the participation in the study.

Recruitment. Subjects were recruited from the same U.S. truck
trailer manufacturer cohort as in Ma et al. (2018). Of 32 welders
in the first study, 17 male welders (N¼ 17) elected to participate
in a follow-up study. All subjects visited the MRI facility for ap-
proximately 4 h on a weekend. During this time, they were
interviewed about their medical history, work history, and
health-related habits (eg, diet, smoking, and drinking).
Additionally, they were given a neurological exam from a quali-
fied neurologist and received an MRI scan lasting approximately
1 h in length.

Exposure assessment. Exposure assessment was performed in the
welders’ workplace with the identical procedure as described in
Ma et al. (2018) and Ward et al. (2018). Briefly, an exposure model
using each participant’s individual work history combined with
air sampling data was used to estimate each participant’s Mn
cumulative exposure index (Mn-CEI). Average air Mn concentra-
tions for each factory department were estimated using an av-
erage of all personal air samples collected from each
department. Each personal air sample was collected over the
duration of a full work shift (8 h). Our sampling methods used
SKC aluminum cyclones with a cut-point of 4 lm, which collects
the respirable particles capable of penetrating to the alveolar
regions of the lungs, as well as deposit in the brain via the olfac-
tory pathway. The samples were collected inside the welding
helmet for welders and on the shoulder in the personal breath-
ing zone for control subjects.

For each participant, the Mn-CEI was calculated as a summa-
tion of the individual exposure from the current employer, past
employers, and off-the-job welding for the given exposure win-
dow in (mg/m3) years (Ward et al., 2018). Mn-CEIs were calcu-
lated for the following exposure time windows: exposure over
the past 3 months (before the MRI measurement), exposure over
the past year, and cumulative exposure over their working life-
time (back to age 18). The Mn-CEI for the current employer was
then calculated by summing over the measured average respi-
rable Mn exposure for each department an individual has
worked in during the respective time window, multiplied by the
time worked at this department. For cumulative exposure includ-
ing past employers or for off-the-job welding, the exposure model
utilizes additional information from a detailed work history ques-
tionnaire, as well as weighting factors accounting for ventilation,
welding frequency, welding type, base metals, and use of respira-
tor to better estimate the individual’s past exposure based on per-
sonal history (Laohaudomchok et al., 2011) For our study, the
different exposure windows can be conceptualized (in order of
closest to the scan) as recent ([Mn]Air, Mn-CEI3M) and distant (Mn-
CEI12M, cumulative lifetime Mn exposure Mn-CEILife).
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Toenails. Toenail clippings were acquired at the first scan (S1) and
second scan (S2) and placed in small envelopes for storage.
Analysis of clippings was performed as described in Ward et al.
(2018), but briefly described here. External contamination was re-
moved using a surfactant solution (1% Triton X-100) for 20 min.
After being rinsed with distilled deionized water, the toenails
were dried, weighed, and then dissolved by microwave nitric-
acid digestion. The digested samples were then analyzed using
inductively-coupled plasma mass spectroscopy (ICP-MS). Toenail
Mn concentrations ([Mn]Toenail) are reported in units of lg/g.

MR spectroscopy. All MRI acquisitions were obtained using a 3T GE
Signa MRI scanner with an 8-channel head coil. We obtained
GABA-edited spectra using MEGA-PRESS (TR/TE¼ 2000/68 ms, 256
Averages) (Mullins et al., 2014) in 2 volumes of interest (VOI), tha-
lamic (25 mm� 30 mm� 25 mm) and striatal (25 mm� 30 mm�
25 mm) regions of the brain. Spectra were quantified using
LCModel V6.3-1B (Provencher, 1993) and a basis set generated by
density matrix simulation using GABA coupling constants from
Kaiser et al. (2007). The GABA signal in these spectra also includes
contributions from coedited macromolecules and homocarnosine
and is therefore commonly referred to as GABAþ. However, for
the sake of simplicity, we refer to the measure as GABA. The thal-
amus VOI was centered on the right thalamus whereas the stria-
tal VOI was centered over the right striatum, but included parts of
the GP, putamen, CN, and thalamus (Figure 1). This overlap was
intentional in order to detect any possible contribution of striatal
GABA signal in the large thalamus VOI. Water reference scans
without water suppression were used for phase and frequency
correction. Cerebrospinal fluid (CSF) correction was performed by
first segmenting 3D T1-weighted images into 3 components: gray
matter (GM), white matter (WM), and CSF (SPM8, Wellcome
Department of Imaging Neuroscience, London, United Kingdom).
Percentages of each component were calculated for the VOIs us-
ing a home-made Matlab code and then GABA levels were cor-
rected for CSF to obtain corrected GABA concentrations
(Chowdhury et al., 2014).

Relaxometry. We used MRI relaxometry to assess relative brain
Mn accumulation in vivo. Whole brain 3D T1 relaxation time

mapping was performed using a dual flip angle (3
�

and 17
�
) tech-

nique (Christensen et al., 1974) consisting of 2 spoiled gradient
echo images (SPGR, TR/TE¼ 6.36/1.76 ms, bandwidth¼ 2.24 Hz/
pixel, matrix dimension¼ 256� 192, resolution¼ 1 mm�
1 mm� 2 mm). Whole brain T1 maps were then generated using
an in-house program written in Matlab (The MathWorks,
Natick, Massachusetts). T1 was calculated for each pixel based
on repetition time (TR), flip angle (a), and a factor that is propor-
tional to the equilibrium longitudinal magnetization (r) (Sabati
and Maudsley, 2013). T1 values were calculated in 4 brain
regions of interest (ROIs) chosen based on prior studies (Criswell
et al., 2012) that showed high Mn deposition in the GP, SN, CN,
and FWM. Circular ROIs with an area of 30 mm2 were measured
bilaterally on T1 maps, using the ROI tool in Matlab and Osirix
(Pixmeo, Switzerland). R1 values were then calculated as the in-
verse T1 relaxation time (R1¼ 1/T1) and then averaged over left
and right hemispheres.

Unified Parkinson’s Disease Rating Scale. Subjects’ motor abilities
were examined by a certified neurologist using the MDS-Unified
Parkinson’s Disease Rating Scale Part III (UPDRS-III) (Goetz et al.,
2007). Rigidity scores were calculated as the summation of 5
items: rigidity in the neck, in the left and right upper extremi-
ties, and in the left and right lower extremities. Tremor scores
were calculated as the summation of 7 items: left and right ki-
netic tremor of the hands, rest tremor amplitude in lip/jaw, and
rigidity in the right, left, upper, and lower extremities.
Bradykinesia scores were calculated as the summation of 5
terms: right and left finger-tapping, right and left hand move-
ments, right and left pronation-supination movements of
hands, right and left toe tapping, and right and left leg agility. A
higher UPDRS score indicates a worse motor performance with
total UPDRS scores 15 or below being considered
nonsymptomatic.

Quality assurance. In an effort to ensure all measurements were
reliable and stable across both scans, quality assurance (QA)
measurements were performed frequently and consistently.
These included repeating the MRI and MRS procedures detailed
above in phantoms and volunteers. For testing R1, we used a

Figure 1. Magnetic resonance spectroscopy (MRS) voxel placement and spectrum. A, Shows the thalamic voxel of interest (VOI) in blue (lower square) and the striatal voxel

in yellow (upper square). B, Representative difference spectrum for quantifying c-aminobutyric acid (GABA) in the thalamic VOI. GABA is indicated by the doublet at 3.0 ppm.
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spherical phantom filled with a solution doped with Mn
whereas for testing MRS, we used a spherical phantom filled
with a 2.0 mM GABA solution. QA testing showed that R1 meas-
urements in phantoms had a mean of 0.63 s�1 with a coefficient
of variability (CV) of 15.5%, whereas R1 in volunteers had a
mean of 0.64 s�1 with a CV of 8%. For GABA, phantoms showed
a CV of 2.5% whereas volunteers had a CV of 15%. Voxel place-
ment used specific landmarks within the brain and thus was
stable across both time points. CVs across subjects in the tha-
lamic and striatal VOI GM were approximately 15% for both
time points, whereas thalamic WM was 7% and striatal WM was
13%. When comparing voxel placement between both scans,
there was on average a difference in 0.1% for thalamic and stria-
tal GM and less than 0.1% difference between WM and CSF in
each VOI.

Statistical analysis. All statistical tests were performed within the
R environment (R Core Team, 2017). A Shapiro-Wilk test of nor-
mality was performed on all variables prior to analysis. Mn ex-
posure metrics as well as R1 were nonnormally distributed.
Therefore, nonparametric methods were employed when
assessing relationships with Mn exposure metrics and R1.
Wilcoxon Signed Rank nonparametric tests were used to mea-
sure differences in Mn exposure and R1 parameters between S1
and S2. Welch 2 sample t tests were uses to assess differences
between S1 and S2 in GABA. Differences scores (D) were calcu-
lated where: D¼S2 – S1. Spearman partial correlation tests were
used to assess correlations between different parameters, such
as R1, GABA, and exposure.

For our study we chose to control for cumulative exposure as
measured at S2, rather than age at S2. Spearman partial correla-
tion results using age rather than cumulative exposure were vir-
tually identical, with the correlations controlling for cumulative
exposure being slightly more significant. Therefore, controlling
for cumulative exposure is roughly equivalent to controlling for
age, but more relevant in the context of this study. Multiple
comparison testing was applied using the Benjamini &
Hochberg method (“FDR”) to partial correlations. Unadjusted
and adjusted p-values are presented when applicable.

Due to the small number of subjects and high potential for
outliers to affect the results, we assessed linear relationships
through nonparametric means using quadratic regressions by
estimating the median. To assess interactions, a multiple quan-
tile regression model was used with the included interaction
term. For the interaction analysis, the best model was deter-
mined by using an F-test. Multiple quantile regressions were
performed using the quantreg package in R.

RESULTS

Exposure assessment for the 17 subjects recruited for a second
scan from the original cross-sectional cohort of welders from a
local factory (Ma et al., 2018) are shown in Table 1. Welders had
an average age of 40.9 (SD¼ 9.7) years at S1 and 42.4 (SD¼ 9.7)
years at S2.

Changes in Workplace Were Reflected by Changes in Measured
Exposure and Imaging Parameters
For the median welder, Mn exposure over the time window
3 months prior to scan, (Mn-CEI3M) decreased by 50% from 0.0.31
(IQR¼ 0.014–0.048) mg/m3 * year to 0.017 (IQR¼ 0.006–0.027) mg/
m3 * year (p¼ .07); and Mn exposure over the time window 1 year
prior to scan (Mn-CEI12M) changed significantly from 0.134
(IQR¼ 0.066–0.199) mg/m3 * year to 0.067 (IQR¼ 0.024–0.109) mg/

m3 * year (p¼ .03). For the median welder, air Mn concentration
([Mn]Air) decreased from 0.110 (IQR¼ 0.075–0.145) to 0.087
(IQR¼ 0.079–0.110). Finally, toenail Mn concentration
([Mn]Toenail) dropped significantly from 5.63 (IQR¼ 4.67–7.57) to
5.490 (IQR¼ 4.375–6.975) lg/g (p¼ .02) (Figure 2).

Between S1 and S2, R1 values in regions of interest changed
dramatically as well. Median R1 lowered in the CN from 0.746
(IQR¼ 0.70–0.86) s�1 to 0.731 (IQR¼ 0.67–0.77) s�1 (p¼ .057), low-
ered in the GP from 0.936 (IQR¼ 0.90–0.969) s�1 to 0.88
(IQR¼ 0.84–0.95) s�1 (p¼ .03), lowered in the SN from 0.872
(IQR¼ 0.80–0.921) s�1 to 0.72 (IQR¼ 0.66–0.76) s�1 (p< .0001), but
increased in the FWM from 1.16 (IQR¼ 1.09–1.23) s�1 to 1.42
(1.25–1.55) s�1 (p¼ .001). Results are suggesting there was less
Mn in most of these regions in S2 compared to S1, with the ex-
ception of FWM. Finally, we found that GABAThal decreased sig-
nificantly (p¼ .0005) on average from 2.012 to 1.206 mM whereas
no significant decrease in striatal GABA could be measured.
Taking into account the normal variance in our acquisitions as
tested by our phantoms and controls, the changes in GABAThal

(40%) and R1 in the SN (17.3%) and FWM (15.3%) between S1 and
S2 were all outside of normal variance expected.

Correlations With Changes in Exposure
To test whether changes in neurochemistry in the brain may be
due to changes in Mn exposure, MRS was used to measure
changes in neurochemistry in 2 separate voxels within the basal
ganglia. In the thalamus voxel, DGABA was strongly correlated
(q¼ 0.77, p< .0001, adj. p¼ .0002) with change in air concentra-
tion (D[Mn]Air) (Figure 3), with the change in exposure 3 months
prior to scan (DMn-CEI3M) (q¼ 0.66, p¼ .001, adj. p¼ .02), and past
year (DMn-CEI12M) (q¼ 0.70, p¼ .0004, adj. p¼ .006), all suggesting
that with greater positive changes in Mn exposure, there are
corresponding greater positive changes in GABA. In the striatal
voxel, DGABA was not significantly correlated with any changes
in Mn exposure.

To assess whether the change in exposure had any relation-
ship with the observed differences in R1 between S1 and S2, we
performed Spearman partial correlations, controlling for cumula-
tive Mn exposure (Mn-CEILife) at S2. SN R1 had a significant corre-
lation with DMn-CEI3M after controlling for cumulative exposure
at the S2 (q¼ 0.50, p¼ .036, adj. p¼ .23) however this relationship
did not survive multiple comparison adjustment (Table 2).

D[Mn]Toenail was significantly correlated (q¼ 0.64, p¼ .006,
adj. p¼ .05) with the change in Mn exposure 7–12 months prior
to scan (DMn7–12M), but was borderline significant after

Table 1. Subject Exposure Assessment

Scan 1 Scan 2
N 17 17

[Mn]Air (mg/m3) 0.11 (0.075–0.145) 0.087 (0.079–0.110)
MnToenail (lg/g) 5.63 (4.67–7.57) 5.49 (4.38–6.98)
Mn-CEI3M (mg/m3 * year) 0.031 (0.014–0.048) 0.017 (0.006–0.027)
Mn-CEI7–12M (mg/m3 * year) 0.055 (0.031–0.069) 0.033 (0.012–0.054)
Mn-CEI12M (mg/m3 * year) 0.134 (0.066–0.199) 0.067* (0.024–0.109)
Mn-CEILife (mg/m3 * year) 0.875 (0.40–2.441) 1.05 (0.592–2.44)

Median (interquartile range [IQR]) Mn exposure values for all participants. Air

Mn and Toenail Mn were directly measured whereas cumulative exposure in-

dexes (CEIs) were estimated using Air Mn and a work history questionnaire.

Although all values decreased between Scan 1 and Scan 2, only Mn-CEI12M was

significantly lower in Scan 2 (p¼ .03).

*p< .05.
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adjusting for multiple comparisons. D[Mn]Toenail was not signifi-
cantly correlated with DR1 in any region of interest or DGABA in
either the thalamic or striatal areas. No significant correlations
were found between any Mn exposure metric and UPDRS score.

Linear Relationships Between Mn-CEIs and GABA But Not R1
For relationships that were significantly correlated, an addi-
tional test was performed to see if the relationship was linear.
Of all significant correlations, only DGABAThal (b¼ 15.22 [95%
confidence interval, CI]¼ 7.45–26.01), p-value¼ .02) was linearly
associated with an increase in DMn-CEI3M where for every
0.01 mg/m3 * year change in DMn-CEI3M leads to a 0.15 mM me-
dian increase in DGABAThal concentration. DGABAThal was also
linearly associated with an increase in air concentration
(b¼ 1.27 (95% CI¼ 0.87–8.22), p-value¼ .04). For every 0.1 mg/m3

D[Mn]Air, we see a 0.13 mM median increase in DGABAThal con-
centration. There were no linear relationships between expo-
sure measurements and DR1, including toenails.

Mn-CEILife Interacts With the Effect of [Mn]Air on R1
After controlling for Mn-CEILife at S2 in our spearman partial
correlations, we wanted to elucidate how a welder’s Mn-CEILife

might be affecting the relationship between more recent expo-
sures and R1, GABA, or [Mn]Toenail. Therefore, interaction analy-
ses were performed using quantile regression analysis with Mn-
CEILife at S2 included as an interaction term. Using the F-test
method to compare regressions with an interaction term and
regressions without, we found that for 3 of the 4 tested regions
of the brain, Mn-CEILife had a significant interaction with D[Mn]Air

where, as Mn-CEILife increased, the effect of D[Mn]Air on R1 de-
creased. In the SN, the median slope of R1 versus D[Mn]Air dif-
fered by �0.18 (p¼ .005), by �0.45 in FWM (p¼ .04), and by �0.15
in CN (p¼ .009) for 1 unit change in Mn-CEILife as measured at S2
(Figure 4). The median slope of R1 versus D[Mn]Air was estimated
to differ by �0.16 s�1/(mg/m3) (p¼ .59), but this was not signifi-
cant. Interactions between DGABAThal and Mn-CEILife at S2 were
also tested. Although not statistically significant, Mn-CEILife may
interact with DMn-CEI3M, changing the median slope of

Figure 2. Changes in welders between Scan 1 (S1) and Scan 2 (S2). A, Changes in past 3 months cumulative exposure indexes (CEI) (Mn-CEI3M), past year CEI (Mn-

CEI12M), air Mn concentration ([Mn]Air), and toenail Mn concentration ([Mn]Toenail). B, Changes in R1 in 4 different regions of interest in the brain: caudate nucleus, fron-

tal white matter, globus pallidus, and substantia nigra. C, Changes in c-aminobutyric acid (GABA) levels in 2 regions of the brain: striatum and thalamus. D, Less

changes are observed in Unified Parkinson’s Disease Rating Scale (UPDRS) scores. Median trends are the solid line (in red).
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DGABAThal versus DMn-CEI3M by �4.31 mM/(mg/m3) (p¼ .10) for 1
unit change in Mn-CEILife. Finally, there were no interactions be-
tween Mn-CEILife and DMn-CEI7–12M for describing D[Mn]Toenail

with DMn-CEI7–12M. The same interaction tests with age found no
significant interaction.

UPDRS Remained Stable Across Both Scans
Although average UPDRS total scores increased between S1 and
S2 (7.76–8.88), variability within the scores also increased (stan-
dard deviation 4.6–6.06). No correlations or relationships were

found between the UPDRS scores (including measured sub-
scores, eg, bradykinesia, tremor, and rigidity) and imaging.

DISCUSSION

Our study measured Mn exposure directly in the workplace,
thus we were able to successfully quantify Mn exposure to each
participant and measure how exposure levels were changing
over time. Significant decreases in Mn exposure were partially
due to welders reporting that they were taking more precau-
tionary actions such as by wearing respiratory protection, thus
lowering their inhaled Mn exposure. Additionally, many weld-
ers went from welding stainless steel to aluminum, thus lower-
ing their Mn exposure virtually to zero. Depending on when this
change happened within the 2 years between S1 and S2, it is
reflected in Mn-CEI3M, Mn-CEI7–12M¸and Mn-CEI12M. Yet, as seen
in Table 3 as well as Figure 1, changes of the median over all
welders are not large and mostly nonsignificant. This is due to
the fact that the direction of these changes is not the same for
all subjects. Because this was an observational study in a typical
occupational setting (no interference with the work processes
or exposure settings of each worker was possible), some welders
increased in exposure, whereas others drastically lowered their
Mn exposure. Nevertheless, most of the individual welders ex-
perienced clear changes in exposure to Mn between the 2 study
time points, as well as clear changes in imaging markers, vali-
dating the use of correlation analysis between imaging markers
and exposures, in spite of nonsignificant changes of the
medians.

For example, 3 participants had previously welded in con-
fined tanks with minimal air flow (Table 3). About 6 months af-
ter the first round of scanning, 2 of the 3 participants (W1 and
W3) went from working in that high Mn environment to weld-
ing aluminum, thus dropping their Mn exposure to zero,
whereas the third participant (W2) only cut his exposure by ap-
proximately one-fifth. The 2 that started welding aluminum
had 2 of the largest decreases in GABAThal as well as in SN R1.
The participant that continued to be exposed to Mn had lower
SN R1 as well, but change was far less than for the other 2.
Relationships between DGABAThal and D[Mn]Air (q¼ 0.62,
p¼ .008), as well as DGABAThal and DMn-CEI12M (q¼ 0.58, p¼ .02)
remained significant even after removing these 3 subjects, how-
ever the statistical significance of relationships between
DGABAThal and DMn3M (q¼ 0.44, p¼ .12) and between DR1SN and
DMn3M (q¼ 0.34, p¼ .25) disappeared. Although these results
suggest reversibility, UPDRS increased for the 2 participants
that switched to aluminum, whereas the third participant’s
UPDRS score decreased. Potentially, this could be an effect of
age, as the third participant was almost 15 years younger and
had less Mn-CEILife than the other 2.

Prior to adjusting for multiple comparisons, we found that
DR1SN correlated with DMn3M, which is consistent with another
study, which showed that changes in welding hours within
90 days from a scan was associated with changes in R1 after cor-
recting for age, baseline R1, hours worked 90 days before scan,
and blood Mn values (Lewis et al., 2016). The same group found
that R1 had a nonlinear relationship with hours worked, but
that R1 only changed after 300 h welding, or approximately 12
work weeks (Lee et al., 2015), a value similar to our calculated
Mn-CEI3M. Due to our sample size and the likelihood of overfit-
ting our data, we were limited in the number of variables we
could adjust for within our models. Therefore, after adjusting
for multiple comparisons in our study, none of our regions had
a directional relationship of R1 with exposure. Although we

Figure 3. A, Prior to adjusting for multiple comparisons, a significant correlation

(q¼0.50 p¼ .036, adj. p¼ .23) exists between the changes in R1 in the substantia

nigra (DR1SN) versus the change in Mn exposure at 3 months prior to scan (DMn-

CEI3M) but no linear relationship. Whereas in (B) there is not only a significant

correlation (q¼0.66, p¼ .001, adj. p< .02), but also a linear relationship between

the change in thalamic GABA (DGABAThal) and DMn-CEI3M (b¼14.7, p¼ .02). C,

Depicts a borderline significant correlation (q¼0.64, p¼ .006, adj. p¼ .05) be-

tween the change in toenail concentration (D[Mn]Toenail) and the change in Mn

exposure at 7–12 months prior to scan (DMn-CEI7–12M).
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found that DGABAThal is linear to DMn-CEI3M, there is no linear
relationship between DR1 and any measure of DMn-CEI or
D[Mn]Air.

As shown in biological models, Mn exists in 2 different states
in tissue, bound (Mn-B) and free (Mn-F) (Nong et al., 2008, 2009;
Ramoju et al., 2017; Schroeter et al., 2012; Taylor et al., 2012;
Teeguarden et al., 2007). Mn-B has been bound to proteins or se-
questered in vacuoles and thus is less able to diffuse out of a
particular region in the brain and affect R1. Mn-F is able to dif-
fuse in and out of the region, and readily interact with the

hydrogen spins in water that were excited by MRI, thus increas-
ing the relaxation rate R1. Therefore, R1 changes based on the
amount of Mn-F available and the amount of binding sites avail-
able for binding Mn-F in each region. At higher exposures, more
Mn will accumulate in the brain, with higher preference toward
the inner-brain regions such as the basal ganglia and brainstem
(Bock et al., 2008), as well as in areas with higher concentrations
of Mn-susceptible transporter proteins, such as divalent metal
transporter 1 (DMT1) (Au et al., 2008). Eventually, the number of
available binding locations will be occupied by Mn-B, forcing

Table 2. Spearman Partial Correlation Results

DMn Exposure DMnToenail (lg/g)

DR1 (s�1) DGABA (mM)

UPDRSGP SN FWM CN Thalamus Striatum

[Mn]Air (mg/m3) 0.18 0.05 0.23 0.22 0.08 0.77*** �0.07 0.06
Mn-CEI3M (mg/m3 * year) 0.10 0.28 0.50 0.32 0.16 0.66* �0.10 �0.17
Mn-CEI7–12M (mg/m3 * year) 0.64* 0.04 0.12 0.05 �0.15 0.43 0.33 0.20
Mn-CEI12M (mg/m3 * year) 0.36 0.07 0.23 0.08 �0.13 0.70** 0.02 0.13

Spearman partial correlations were performed controlling for Mn-CEILife. Spearman’s q are shown in this table. Thalamic DGABA was significantly correlated with

changes in 3 of the 4 exposure windows ([Mn]Air,(adj. p¼ .0002) Mn-CEI3M, (adj. p¼ .02) and Mn-CEI12M (adj. p¼ .006)). Of all regions of interest, only the substantia nigra

(SN) finally, DMnToenail was significantly correlated with Mn-CEI7–12M (adj. p¼ .05). Abbreviations: GP, globus pallidus; FWM, frontal white matter; CN, caudate nucleus;

UPDRS, Unified Parkinson’s Disease Rating Scale.

Adj. p-values: *p< .05. **p< .01. ***p< .001.

Figure 4. A, The effect of D[Mn]Air on DR1SN is affected significantly by Mn-CEILife. Subjects with lower levels of Mn-CEILife (�3.15 mg/m3�year) have larger DR1SN (trian-

gle, dotted line represents the line of regression for n ¼ 8). Subjects with higher levels of Mn-CEILife (>3.15 mg/m3�year) have smaller DR1SN (square, dashed line repre-

sents the line of regression for n ¼ 9). B, The effect of DMn-CEI3M on DGABAThal is not significantly impacted by Mn-CEILife.

Table 3. Exposure, UPDRS, and GABAThal for Welders in Confined Space during First Session

Manganese

UPDRS GABAThal (mM)
Mn-CEI3M

(mg/m3 *year)
Mn-CEI7–12M

(mg/m3 * year)
Mn-CEI12M

(mg/m3 * year) [Mn]Air (mg/m3) [Mn]Toenail (lg/g)

S1 S2 D S1 S2 D S1 S2 D S1 S2 D S1 S2 D S1 S2 D S1 S2 D

W1 0.06 0 �0.06 0.095 0 �0.095 0.24 0 �0.24 0.48 0.0003 �0.48 5.02 3.71 �1.31 7 4 �3 2.93 1.20 �1.73
W2 0.05 0.01 �0.04 0.06 0.03 �0.03 0.20 0.05 �0.15 0.48 0.08 �0.40 5.17 4.87 �0.3 10 11 1 2.67 1.54 �1.13
W3 0.09 0 �0.09 0.34 0 �0.34 0.66 0 �0.66 0.48 0.0004 �0.48 13.64 7.21 �6.43 11 13 2 2.54 1.18 �1.36

Three welders performed work in a confined space leading them to having relatively higher Mn exposure measures during the first session (S1). Subjects were then

moved out of this work into areas with lower Mn exposure measures.

Abbreviation: UPDRS, Unified Parkinson’s Disease Rating Scale.
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additional Mn to exist in a free state. This Mn-F leads to higher
R1 in the region. When Mn-F leaves the region, the R1 decreases
proportionately, but Mn-B remains, potentially returning to a
free state, thus complicating the relationship between DR1 and
changes in Mn exposure.

These different states of Mn may explain why we found that
at higher levels of Mn-CEILife, there is less DR1 with the D[Mn]Air

in all regions except for the GP. Past studies do not implicate
previous exposures to Mn as a risk factor to the effects from cur-
rent exposure. One explanation could be that Mn-CEILife could
potentially change expressions of proteins within the astrocytes
and other glial cells, thus affecting the exchange of Mn-B to Mn-
F. Changes in protein expression have been shown to occur
with higher doses in cell lines, where Mn and Fe dosing caused
higher expression of DMT1 (Au et al., 2008). Once transported
into the cell, Mn is bound into endosomes for future use. The GP
is highly concentrated with another transporter known to accu-
mulate Mn, voltage activated Ca2þ channels, and thus there is
no interaction of Mn-CEILife with the effect of more recent win-
dows of exposure on DR1 at our exposure levels.

We also found that D[Mn]Toenail changed proportionately
with the DMn-CEI7–12M, further validating the use of toenails as
a biomarker for Mn-CEI7–12M prior to clipping. Because there
were no statistically significant relationships between
D[Mn]Toenail and R1 in any region or between D[Mn]Toenail and
GABA, this suggests that the accumulation of toenail Mn over a
given time represents a separate time window of exposure com-
pared to either R1 or GABA. Additionally, we found that the rela-
tionship between D[Mn]Toenail and DMn-CEI7–12M was not
affected by Mn-CEILife, suggesting that the process by which Mn
accumulates in toenails is different than how it accumulates in
brain regions, or affects R1.

DR1FWM performed the opposite of what was expected, with
R1 increasing in FWM for many people between S1 and S2 rather
than going down proportionally to the change in exposure. Mn
has been used for decades now in Mn-enhanced MRI, or MEMRI,
as a contrast agent in preclinical studies particularly for tracing
neurons due to anterograde Mn transport along axons. In a re-
cent study using whole brain R1 mapping to compare welders
and controls, R1 is significantly higher for welders compared to
controls along white matter tracks (Yeh et al., 2016). Because the
striatum has many neuronal projections to the frontal cortex,
the excess Mn may have migrated to the FWM. Anterograde
transport of Mn to the FWM would cause an increase in R1 that
cannot be accounted for by the differences in recent Mn expo-
sure due to our 2 time points being approximately 2 years apart.

We also found that GABA changes proportionately with Mn
exposure. DGABAThal correlated with all measurements of
D[Mn]Air or DMn-CEI after correcting for Mn-CEILife at S2.
Additionally, there was a significant linear relationship between
DGABAThal and changes in [Mn]3M. Therefore, DGABAThal could
be considered reflective of changes in the workplace environ-
ment’s Mn exposure levels. For instance, as participants were
exposed to less Mn in the air, by the time of S2, their GABAThal

subsided to levels similar to controls in our previous study (Ma
et al., 2018). In that study, it was concluded that higher levels of
GABAThal in welders likely represented a dysregulation of neu-
rotransmitters in the basal ganglia. Although we see reversal of
GABA levels coexisting with lower exposure levels, UPDRS
scores did not change proportionately, suggesting that while
GABAThal is reversible, neurological dysfunction is not.
However, we did not see any observable changes in striatal
GABA levels. This may be because the striatal VOI contains
many regions of the basal ganglia, including both GP internal

and external. According to the pathways within the basal gan-
glia (Gerfen and Bolam, 2016), we assume that there could be
opposing changes of GABA levels in these subareas that we can-
not separate within out voxel.

One reason for why GABAThal changes with Mn exposure
may be due to upstream Mn accumulation in the GP or SN caus-
ing downstream effects in the thalamus. There has been evi-
dence that Mn inhibited calcium-dependent release of GABA
(Cotman et al., 1976) and increased GABA has been reported in
earlier articles after exposure to Mn (Bonilla, 1978). Because the
GP has a higher concentration of Ca2þ channels, this could be
the initial point of toxicity. Mn may impair GABAergic neurons
projecting from the GP, leading to an increase in GABA in the
thalamus.

Although this study had a small sample size of 17, the
strength of our longitudinal design allowed for each of our
welders to effectively be their own control. Additionally, this
study design removed the need to account for potential con-
founders, such as diet or smoking, making this study much
stronger than an observational study design. One limitation,
though, is that our CEIs become less precise the further their
windows extend into the past. Additionally, we are limited by
the resolution of MRS to obtain meaningful GABA concentra-
tions in regions of the basal ganglia, besides the thalamus. In
conclusion, our study shows that effects from changes in Mn
exposure are reflected in thalamic GABA levels and brain Mn
levels, as measured by R1, in most brain regions.

In conclusion, our study shows that dynamic effects from
Mn exposure can be measured using a longitudinal study design
incorporating MRI and MRS. We show that changes in levels of
GABAThal and region-specific R1 are largely proportional to envi-
ronmental exposure to Mn. When exposure decreases, GABA
decreases as well—showing that the change in GABA is a poten-
tial biomarker for the effects of Mn exposure. As the exposure
decreases, R1 also decreases in most regions, except for FWM.
Although the change is not linearly proportional to the change
in Mn exposure, an appropriate model might be able to explain
the changes. But, the model will need to take into account Mn-
CEILife, as we have some evidence that this influences the turn-
over rate of Mn in the brain.
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