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ABSTRACT

Although the essential element manganese (Mn) is neurotoxic at high doses, the effects of lower exposure are unclear. MRI
T1-weighted (TIW) imaging has been used to estimate brain Mn exposure via the pallidal index (PI), defined as the T1W
intensity ratio in the globus pallidus (GP) versus frontal white matter (FWM). PI may not, however, be sensitive to Mn in GP
because Mn also may accumulate in FWM. This study explored: (1) whether T1 relaxation rate (R1) could quantify brain Mn
accumulation more sensitively; and (2) the dose-response relationship between estimated Mn exposure and T1 relaxation
rate (R1). Thirty-five active welders and 30 controls were studied. Occupational questionnaires were used to estimate hours
welding in the past 90 days (HrsW) and lifetime measures of Mn exposure. T1W imaging and T1-measurement were utilized
to generate PI and R1 values in brain regions of interest (ROIs). PI did not show a significant association with any measure of
Mn and/or welding-related exposure. Conversely, in several ROIs, R1 showed a nonlinear relationship to HrsW, with R1
signal increasing only after a critical exposure was reached. The GP had the greatest rate of Mn accumulation. Welders with
higher exposure showed significantly higher R1 compared either with controls or with welders with lower exposure. Our
data are additional evidence that Mn accumulation can be assessed more sensitively by R1 than by PI. Moreover, the
nonlinear relationship between welding exposure and Mn brain accumulation should be considered in future studies and
policies.
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Abbreviations
AMY, amygdala;
ANOVA, analysis of variance;
BBB, blood–brain–barrier;
CN, Caudate nucleus;
E90, cumulative 90-day exposure to Mn;
ELT, cumulative exposure to inhaled Mn over the indi-

vidual’s life;
GP, Globus pallidus;
HIP, hippocampus;
HrsW, hours welding, brazing, or soldering in the 90-day

period preceding MRI;
MRI, magnetic resonance imaging;
OFGM, orbitofrontal gray matter;
OFWM, orbitofrontal white matter;
PD, Parkinson’s disease;
PI, pallidal index;
PUT, Putamen;
R1, T1 relaxation rate;
ROIs, regions-of-interest;
T1, MRI longitudinal relaxation time;
T1WI, T1-weighted intensity;
TE, echo time;
TR, repetition time;
UPDRS, unified PD rating scale;
YrsW, cumulative lifetime years welding.

Manganese (Mn), although an essential nutrient, can be toxic at
high doses, causing neurological effects such as parkinsonism
and dystonia (Cersosimo and Koller, 2006; Racette et al., 2005),
as well as cognitive and behavioral deficits (Bowler et al., 2006;
Dobson et al., 2004; Flynn and Susi, 2009). There is, however, un-
certainty regarding the occupational and public health conse-
quences of Mn exposure, especially when the exposure level is
relatively low. This is due partly to the lack of an objective
in vivo marker of Mn concentration in human brain, and partly
because of insufficient data on how dose correlates with expo-
sure. In addition, the toxicokinetics of Mn accumulation in brain
are complex and not well understood.

It is known that the major route for transport of inhaled
metals into the brain is via the blood-brain-barrier (BBB). Mn ab-
sorption from the gut is �3%, whereas lung absorption is often
assumed to be complete (Williams et al., 2012), although Mn sol-
ubility is influenced by a variety of factors including the pres-
ence of potassium, fluoride and the fume particle size
distribution (Taube, 2013). A recent analysis suggests that diet is
the predominant source of Mn in the blood when air concentra-
tions are <0.010 mg/m3 (Baker et al., 2014b). Efflux of Mn from
the brain is by slow diffusion (Yokel, 2009), and the average
half-life in brain has been estimated at over 50 days (Newland
et al., 1987), leading to potential accumulation.

Mn has paramagnetic characteristics and can shorten the
MRI longitudinal relaxation time (T1) and increase T1-weighted
intensity (T1WI). Indeed, Mn has the highest T1 relaxivity (6.67/
mM/s) among all metals, higher even than the most commonly
used clinical contrast T1 agent gadolinium (5.0/mM/s). Other
paramagnetic metals in welding fumes have significantly less
T1 relaxivity (Cr3þ¼ 3.13; Ni2þ¼ 0.5; Cu2þ¼ 0.5, Fe2þ¼ 0.01)
(Gallez et al., 2001; Yilmaz et al., 1999). For this reason, T1WI im-
aging has been used to assess Mn accumulation in brain tissue
(Baker et al., 2014a; Pal et al., 1998; Sen et al., 2011) by means of
the pallidal index (PI), the ratio of T1WI in the GP [where Mn ap-
pears to accumulate most significantly (Dorman et al., 2006)]

compared with intensity in the orbitofrontal white matter
(OFWM). Previous studies, however, suggested that Mn also can
enter the OFWM as well as other brain regions. Theoretically,
this would make the PI less accurate than R1 (1/T1) in assessing
the concentration of Mn in the brain (Choi et al., 2007; Dorman
et al., 2006).

Older MRI sequences, however, required long acquisition
times to obtain T1, decreasing their utility for application to hu-
man studies (Kesselring et al., 1990). Studies assessing T1 in hu-
man brain, therefore, were sparse, except for one attempt to
measure R1 in a focused region (olfactory bulb; Sen et al., 2011)
and another that measured T1 only in the GP (Choi et al., 2007).
The recent development of fast T1 mapping imaging techniques
enabled T1 images to be acquired in a much shorter time
(Venkatesan et al., 1998), and this study utilized this technologi-
cal advance to measure R1 and gauge tissue-specific Mn accu-
mulation in several regions of interest (ROIs) beyond the GP.

The primary objective of the study was to examine R1 as a
biomarker of Mn accumulation in the brain by assessing associ-
ations with short- and long-term welding exposure measures.
We account for potential confounders and coindicators of weld-
ing fume exposure such as blood metal levels [eg, Cr, Cu, Fe, K,
and Pb]. Our goal was to test the following hypotheses: (1) blood
levels of these metals would be higher in welders than in con-
trols; (2) both PI and R1 would be greater in brain ROIs in welders
than in controls; and (3) R1 would provide a more sensitive ex-
posure measure than PI. In addition, we also explored the dose-
response relationship between estimated Mn exposure and T1
relaxation rate (R1).

MATERIALS AND METHODS

Subjects. Forty-one welders and 40 controls were recruited ini-
tially from the meetings of regional unions in Philadelphia and
Harrisburg, Pennsylvania, and from the community around the
Penn State Milton S. Hershey Medical Center. A detailed ques-
tionnaire confirmed that 6 welders had not welded over the pre-
ceding 90 days, and 10 controls had a history of welding
sometime during their life. Thus, the final analysis includes 35
welders (45.8 6 11.2 years old) with recent exposure (within 90
days) and 30 controls (43.5 6 11.6 years old) with no history of
welding (see demographic information in Table 1-I). All subjects
were male and answered negatively for past diagnosis of
Parkinson’s disease (PD). Welders represented several different
trades and industry groups (e.g., boilermakers, pipefitters, pile
drivers, railroad welders, and a variety of different manufactur-
ing jobs). Controls were age-matched volunteers from the com-
munity of the same region with various occupations with no
history of welding.

As part of the screening visit, detailed demographic informa-
tion was taken from all subjects that included age, education,
history of smoking, and history of current and/or past major
medical/neurological disorders. All subjects were examined and
ascertained to be free of any obvious neurological and move-
ment deficits using the Unified PD Rating Scale-motor scores
(UPDRS-III) with threshold score of <15 (Racette et al., 2012). All
subjects had normal liver function, normal blood calcium, and
magnesium levels, and no Fe deficiency. All welders underwent
an orbital radiograph to rule out any metal fragments around
the orbit. Written informed consent was obtained from all sub-
jects in accordance with guidelines approved by the Internal
Review Board/Human Subjects Protection Office of the Penn
State Milton S. Hershey Medical Center.
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Exposure assessment. Exposures were assessed by 2 question-
naires and by analysis of blood samples. The work history (WH,
available upon request) questionnaire was designed to collect
job information for the individual’s working lifetime, with an
emphasis on characterizing welding and other jobs that would
be associated with Mn exposure. An additional supplementary
exposure questionnaire (SEQ, available upon request) focused
on the 3-month period prior to the MRI and blood draw, and
determined the time spent welding, the type of metal welded,
and the various types of welding performed. Information on
respirator use, confined space work, and use of ventilation also
was collected. The primary exposure metrics derived from the
SEQ were: hours welding, brazing, or soldering (HrsW, see
details in Supplement 1) in the 90-day period preceding MRI and
blood draw; and an estimate of the cumulative 90-day exposure
to Mn (E90, see details in Supplement 1). Responses to the WH
enabled an estimate of the cumulative lifetime years welding
(YrsW) and also an estimate of cumulative exposure to inhaled
Mn over the individual’s life (ELT, see details in Supplement 2).

Blood analysis. Whole blood was analyzed for a variety of metals
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
including Mn, Fe, K, Cu, Cr, and Pb. Digestion was performed by
microwave methods using the Discovery SPD digestion unit
(CEM, Matthews, North Carolina). After digestion, the samples
were analyzed for trace minerals using the Thermo (Bremen,
Germany) Element 2 SF-ICP-MS equipped with a concentric
glass nebulizer and Peltier-cooled glass cyclonic spray chamber.

Bulk mineral concentrations were determined by ICP-OES
(Optical Emission Spectrometry) analysis on the Thermo iCAP
equipped with a polypropylene cyclonic spray chamber.

MRI image acquisition and analysis. All images were acquired
using Siemens 3 T scanner (Magnetom Trio, Siemens Medical
Solutions, Erlangen, Germany) with an 8-channel head coil.
First, high-resolution T1-weighted and T2-weighted images
were acquired for anatomical segmentation and PI estimation.
T1W images were collected using an MPRAGE sequence with
Repetition Time (TR)¼ 1540 ms, Echo Time (TE)¼ 2.3 ms, FoV¼
256� 256 mm, matrix¼ 256� 256 mm, slice thickness¼ 1 mm,
slice number¼ 176 (with no gap), and voxel spacing
1� 1� 1 mm. T2-weighted images were collected using a fast-
spin-echo sequence with TR/TE¼ 2500/316, and the same spa-
tial resolution as the T1W images. For whole brain fast T1 map-
ping, images were acquired using a spoiled gradient echo with 2
flip angles and transmit field (B1) correction. Image acquisition
parameters for the T1 mapping were as follows: TR¼ 15 ms,
TE¼ 1.45 ms, flip angles¼ 4/25, FoV¼ 250� 250 mm,
matrix¼ 160� 160, slice thickness¼ 1 mm, slice number¼ 192
50% overlap, and voxel spacing¼ 1.56� 1.56� 1 mm; and for the
B1 field mapping: TR¼ 1000 ms, TE¼ 14 ms, flip angles¼
45/60/90/120/135, FoV¼ 250� 250 mm, matrix¼ 32� 32, slice
thickness¼ 5 mm, and slice number¼ 22.

Defining brain ROI. Bilateral basal ganglia structures [GP, puta-
men (PUT), caudate nucleus (CN)], amygdala (AMY),

TABLE 1. Summary Statistics for Demographics and Exposure Metrics (I); Blood Metals (II); and MRI Measures—R1
Regional Values and PI (III) in Welders and Controls

Welders (N¼ 35) Controls (N¼ 30) P-Values*
Mean 6 SD (Median) Mean 6 SD (Median)

I. Demographics and exposure metrics
Age (years) 45.9 6 11.2 (51) 43.6 6 11.5 (42.5) 0.51
Education (years) 12.8 6 1.6 (12) 16.2 6 2.4 (16) <10�6

HrsW (h) 309 6 172 (360) 0 6 0 (0) <10�12

YrsW (years) 25.3 6 11.2 (29) 0 6 0 (0) <10�12

E90 (mg/m3—days) 3.0 6 1.7 (2.4) 0.0027 6 0 (0.0027) <10�12

ELT (mg/m3—years) 1.2 6 0.8 (1.1) 0.0013 6 0.0003 (0.0013) <10�12

AST (IU/l) 36.5 6 8.7 (36) 35.7 6 9.4 (35) 0.65
ALT (IU/l) 39.7 6 18.2 (37) 38.1 6 16.9 (31) 0.56
BMI 28.8 6 5.8 (27.9) 25.3 6 5.3 (26.3) 0.031
Hemoglobin 15.4 6 0.9 (15.5) 14.8 6 0.8 (14.9) 0.017
UPDRS-III 2.0 6 2.6 (1) 1.5 6 2.1 (1) 0.46
II. Blood Metals
Mn (ng/ml) 10.64 6 3.0 (10) 8.53 6 2.11 (8.55) 0.006
Fe (lg/ml) 558 6 59 (559) 496 6 76 (510) <10�4

Cu (ng/ml) 880 6 127 (897) 755 6 137 (768) 0.0006
Pb (ng/ml) 22.0 6 19.6 (16.5) 9.74 6 8.64 (8.95) <10�4

K (lg/ml) 2101 6 399 (2136) 1784 6 350 (1675) 0.003
Cr (ng/ml) 6.66 6 5.26 (8.9) 8.43 6 20.8 (1.06) 0.06
III. MRI Measures
GP R1 0.88 6 0.06 (0.87) 0.87 6 0.06 (0.87) 0.86
PUT R1 0.71 6 0.05 (0.70) 0.70 6 0.05 (0.69) 0.37
CN R1 0.67 6 0.08 (0.66) 0.66 6 0.05 (0.66) 0.46
AMY R1 0.55 6 0.06 (0.53) 0.54 6 0.04 (0.54) 0.74
HIP R1 0.52 6 0.05 (0.51) 0.51 6 0.04 (0.51) 0.62
OFGM R1 0.64 6 0.04 (0.64) 0.65 6 0.04 (0.64) 0.62
OFWM R1 0.92 6 0.07 (0.91) 0.93 6 0.08 (0.93) 0.66
PI 109 6 2 (109) 109 6 2 (109) 0.46

*P-values indicate significant results at P<0.05 using nonparametric Kruskal-Wallis tests
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hippocampus (HIP), OFWM, and orbitofrontal gray matter
(OFGM) were selected as ROIs based on literature that reported
the effects of Mn exposure on movement, mood, and cognitive
function mediated by these ROIs (Chang et al., 2009; Criswell
et al., 2012; Dorman et al., 2006). The target ROIs (GP, PUT,
CN, AMY, and HIP) were defined for each subject using auto-
matic segmentation software (AutoSeg) (Gouttard et al., 2007;
Joshi et al., 2004). The ROIs then were eroded by 1 voxel using a
morphological operation in order to make sure that the seg-
mented ROIs were within the anatomical ROIs. Unlike subcorti-
cal ROIs, frontal ROIs contain significant cortical folding, thus
automatic segmentation was less useful in delineating OFGM
and OFWM ROIs. For this reason, OFWM and OFGM were
defined in a semiautomated fashion: these 2 ROIs were man-
ually corrected by a skilled radiologist after the automatic seg-
mentation using ITK-SNAP (Yushkevich et al., 2006) on the T1W
images.

Estimation of pallidal index. First, T1W images were skull stripped
and then a bias field correction was used to correct within-
subject intensity variations caused by imperfect magnetic
fields. Next, histogram-based intensity standardization was
used to reduce magnetic field inhomogeneity between subjects
(Ge et al., 2000; Nyúl et al., 2000; Sen et al., 2011). Subsequently,
the GP and OFWM ROIs were mapped onto the intensity-cor-
rected T1W images (co-registration). The mean intensities of
the individual ROIs for each subject were calculated using a
trimmed mean (5–95% percentile) to reduce possible segmenta-
tion error and imaging noise. The PI was derived from the ratio
of GP T1W intensity to OFWM intensity [PI¼ (GP/OFWM)� 100]
(Krieger et al., 1995).

Estimation of R1 values. First, whole brain T1 images were gener-
ated by the scanner using a published method (Venkatesan
et al., 1998). ROIs were coregistered onto the T1 maps using an
affine registration implemented in 3D Slicer (www.slicer.org;
Rueckert et al., 1999). The R1 values of each ROI were calculated
as 1/T1 in each voxel and averaged over the entire ROI using a
trimmed mean (5–95% percentile), the same method as used for
the T1W intensities.

Statistical Analysis. Matlab (Mathworks Inc., Natick
Massachusetts) and SAS (Cary, North Carolina) were used to
perform all statistical analyses. Right and left hemisphere MRI
data were averaged. Kruskal-Wallis nonparametric analysis of
variance was used for between-group comparisons of all demo-
graphic variables and blood metal levels. Rank analysis of cova-
riance was used for between-group comparisons of MRI R1s and
PI with adjustments of age, blood metal levels (Cr, Cu, Fe, K, and
Pb), body mass index (BMI), hemoglobin (HGB), and respirator
use (Quade, 1967). All post hoc tests involving multiple group
comparisons were corrected using the stepdown Bonferroni
method (Ludbrook, 1998). We report raw P-values but indicate
whether the test result was significant after the correction for
multiple comparisons. The comparisons of R1 values in the
selected ROIs were exploratory in nature, and thus were not cor-
rected for multiple comparisons. The SAS mixed model proce-
dure was used to evaluate the relationship between R1 and
HrsW in the selected ROIs. To test the associations between
exposure and blood metals with MRI markers, Spearman corre-
lation analyses were conducted for welders with adjustment of
age. The data from controls were excluded from the correlation
analyses because they had no welding exposure history, thus
the measured blood metal levels and MRI measures could not

be related to welding exposure. Statistical significance was
defined by a¼ 0.05.

RESULTS

Demographics and Exposure History
There was no group difference in age (P¼ 0.51) but controls had
significantly more years of education than did welders
(P< 0.0001). Welders had significantly greater exposure metrics
of HrsW, E90, YrsW, and ELT than did controls (Ps< 0.0001;
Table 1-I). The a priori hypothesis that blood levels of Mn, Fe,
Pb, Cu, and K blood levels would be greater in welders relative
to controls was confirmed (Ps< 0.006; Table 1-II). Welders
showed higher BMI and HGB values than controls (Ps< 0.031). In
general, each welder performed multiple types of welding, but
overall shield metal arc welding (SMAW), gas metal arc welding,
and gas tungsten arc welding accounted for most of the welding
done by subjects in this study. The most frequent base metal
reported was mild steel, followed by stainless steel. When asked
to identify the most common SMAW electrode used, the E6010
(rutile) and E7018 (basic) electrodes were noted.

MRI Measures and Their Association With Exposure Measurements
Overall, there were no statistically significant differences
between welders and controls for PI or R1 in any ROI (Ps> 0.49,
Table 1-III). In welders, R1 showed significant correlations with
HrsW in all brain ROIs (Ps< 0.006). E90 was significantly corre-
lated with R1 AMYG (R¼ 0.35, P¼ 0.045). R1 CN and PUT values
showed significant correlations with YrsW, a long-term expo-
sure metric (Ps< 0.042; Table 2).

Post Hoc Analysis of R1 Values With Different Levels of
Exposure History
Despite significant correlations between HrsW and R1 in basal
ganglia (and other ROI structures), the relationship was nonlin-
ear. Figure 1 shows a scatterplot of R1 in both the GP and PUT in
relation to HrsW indicating significant second-order polynomial
fits (Ps< 0.01). This suggests that R1 does not start to increase in
the GP until HrsW exceeds �300 h. Similar curves were observed
in the CN (data not shown).

This nonlinearity suggested the creation of 3 post hoc exposure
groups by dividing the welders based on HrsW. The resulting sub-
groups were: (1) Group A: controls (N¼ 30), (2) Group B: welders
with <300 HrsW (N¼ 17), and (3) Group C: welders with more than
300 HrsW (N¼ 18). Table 3-I presents the exposure and demo-
graphic summaries and multiple comparisons among these post
hoc groups. There was no significant age difference among the 3
groups (P¼ 0.77), but for all exposure measures the groups were

TABLE 2. Spearman Correlation Coefficients of Exposure Metrics
With MRI Measures in Welders With Adjustment of Age

ROIs HrsW E90 YrsW ELT

GP R1 0.57* 0.16 0.24 0.07
PUT R1 0.57* 0.30 0.36* 0.32
CN R1 0.48* 0.32 0.35* 0.17
AMY R1 0.48* 0.35* 0.30 0.11
HIP R1 0.46* 0.27 0.16 0.11
OFWM R1 0.55* 0.22 0.17 0.04
OFGM R1 0.39* 0.43* 0.12 0.08
PI 0.18 0.32 0.14 0.07

*Significant results at P<0.05
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consistently different with C>A, C>B (Ps< 0.0001) and for HrsW
C>B>A (Ps< 0.0001), consistent with expectations. The compari-
sons of the blood measures showed that welders with a greater
exposure had significantly higher concentrations than controls;
this remained significant after correction for multiple comparisons
(C>A, Ps< 0.0054; Table 3-II and Fig. 2).

Table 3-III presents the MRI metrics for the 3 post hoc subgroups.
Higher R1 values for the highly exposed welders (Group C) relative
to the controls (Group A) were found in the PUT (P¼ 0.027). The
highly exposed welders (Group C) had greater R1 measures than

welders with lower exposure (Group B) in CN, PUT, GP, and OFWM
(Ps< 0.027; Fig. 3). These results in R1 PUT, GP, and OFWM
remained significant after correction for multiple comparisons.
Notably, the PI was not significantly different for any of the com-
parisons (Ps> 0.26). Figure 4 is a plot of the R1 values versus HrsW
in the 5 ROIs for Group C (welders with >300 HrsW). Above this
exposure level, the slope between R1 and HrsW is statistically sig-
nificant in all 5 regions with the GP having the highest sensitivity
(i.e., greater slope; P¼ 0.0005). The slope of the relationship in the
GP was significantly greater than in all other regions (Ps< 0.006),
with a trend for significance compared with the PUT (P¼ 0.06).

DISCUSSION

This study sought to examine whether Mn exposure through
welding was associated with the T1 relaxation rates in a PA-
based cohort. The results demonstrated that (1) there were sig-
nificant nonlinear correlations (especially in the GP and PUT)
between R1 values and HrsW in the 90-day period preceding
MRI; (2) welders with higher exposure had elevated R1 values in
the PUT when compared with controls, and in the GP, PUT, CN,
and OFWM when compared with welders with lower exposure;
and (3) at low exposure levels the PI lost sensitivity as a marker
probably due to Mn accumulating in the OFWM.

All of the exposure metrics derived from the questionnaires
and blood levels were greater for welders than controls. It is known
that the primary exposures in many types of welding are to Fe, K,
and Mn (Burgess, 1995). The mean blood Mn levels for both welders
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FIG. 1. R1s in the GP (diamond-shaped dots) and PUT (square-shaped dots) as a

function of welding hours (HrsW) [collapsed across welders (N¼35) and controls

(N¼30)].

TABLE 3. Summary Statistics for: Demographics and Exposure Metrics (I); Blood Metals (II); and MRI Measures—R1 Regional Values and PI (III)
in the 3 Post Hoc Subgroups

A: Controls (N¼ 30) B: Welders-Low (N¼17) C: Welders-High (N¼ 18) Significant Comparisons
Mean 6 SD (Median) Mean 6 SD (Median) Mean 6 SD (Median)

I. Demographics and exposure metrics
Age (years) 43.6 6 11.5 (42.5) 46.4 6 11.5 (51) 45.6 6 11.2 (51)
Education (years) 16.2 6 2.4 (16) 12.9 6 1.96 (13) 12.7 6 1.3 (12) A>B*; A>C*
HrsW (h) 0 6 0 (0) 152 6 45 (150) 457 6 97 (480) A<B<C*
YrsW (years) 0 6 0 (0) 25.2 6 12.1 (29) 25.4 6 10.7 (29.3) A<B; A<C*
E90 (mg/m3—days) 0.0027 6 0 (0.0027) 2.21 6 1.17 (2.14) 3.77 6 1.86 (3.2) A<B*; A<C*
ELT (mg/m3—years) 0.0013 6 0.0003 (0.0013) 1.18 6 0.77 (1.01) 1.29 6 0.78 (1.19) A<B*; A<C*
AST (IU/l) 35.7 6 9.4 (35) 33.5 6 4.5 (36) 39.4 6 10.6 (38)
ALT (IU/l) 38.1 6 16.9 (31) 39.2 6 10.2 (40) 40.2 6 23.7 (34.5)
BMI 25.3 6 5.3 (26.5) 30.2 6 7.1 (27.8) 27.2 6 2.6 (27.2)
Hemoglobin 14.8 6 0.8 (14.9) 15.4 6 0.8 (15.6) 15.4 6 1.1 (15.5)
UPDRS-III 1.5 6 2.1 (1) 2.1 6 3.1 (1) 1.9 6 2.1 (1)
II. Blood metals
Mn (ng/ml) 8.53 6 2.11 (8.55) 9.78 6 2.5 (8.87) 11.46 6 3.3 (10.1) A<C*
Fe (lg/ml) 496 6 76 (510) 536 6 53 (543) 578 6 573 (588) A<C*
Cu (ng/ml) 755 6 137 (768) 859 6 116 (872) 901 6 136 (917) A<C*
Pb (ng/ml) 9.74 6 8.64 (8.95) 17.39 6 7.59 (13.3) 26.27 6 25.96 (18) A<B*; A<C*
K (lg/ml) 1784 6 351 (1675) 1929 6 397 (1930) 2263 6 336 (2352) A<C*; B<C*
Cr (ng/ml) 8.43 6 20.8 (1.06) 4.82 6 5.08 (1.62) 8.39 6 4.94 (9.67) A<C*
III. MRI measures
GP R1 0.87 6 0.06 (0.87) 0.85 6 0.05 (0.84) 0.90 6 0.05 (0.89) B<C*
PUT R1 0.70 6 0.05 (0.69) 0.68 6 0.06 (0.68) 0.73 6 0.04 (0.72) A<C; B<C*
CN R1 0.66 6 0.05 (0.66) 0.66 6 0.11 (0.64) 0.68 6 0.03 (0.67) B<C
AMY R1 0.54 6 0.04 (0.54) 0.54 6 0.09 (0.53) 0.55 6 0.02 (0.54)
HIP R1 0.51 6 0.04 (0.51) 0.51 6 0.06 (0.51) 0.52 6 0.02 (0.52)
OFGM R1 0.65 6 0.04 (0.64) 0.63 6 0.04 (0.62) 0.65 6 0.03 (0.65)
OFWM R1 0.93 6 0.08 (0.93) 0.89 6 0.08 (0.88) 0.94 6 0.04 (0.95) B<C*
PI 109 6 2 (109) 109 6 2 (109) 110 6 3 (110)

Significant comparisons indicate pairwise comparisons at P<0.05 and *comparisons that remain significant at P<0.05 after correction for multiple group comparisons

using the stepdown Bonferroni method.
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(10.66 3.0 ng/ml) and controls (8.56 2.1) were in reasonable agree-
ment with general population values (9.06 2.3 ng/ml) (Pleban and
Pearson, 1979). Our average blood Mn level in welders is in good
agreement with the mean level reported from a large European
study of welders (i.e., 10.3 ng/ml) (Pesch et al., 2012).

The average blood Mn levels and PI values in our welders, how-
ever, were considerably lower compared with several other studies
that reported both blood Mn levels and MRI data (e.g., blood
Mn> 14.2 ng/ml and PI> 112) (Chang et al., 2009; Choi et al., 2007),
suggesting that our welders probably had overall lower Mn expo-
sure. Many welders in our study worked only intermittently during
the 90-day exposure period (Table 3), and this was likely a factor in
keeping blood Mn levels and MRI indices (PI & R1 values) low rela-
tive to other studies (Chang et al., 2009; Dorman et al., 2006). Note
that a welder with 300 HrsW is approximately equivalent to what a
half-time welder completely engaged in welding during the 90-day
period would report. Some (protective) respirator usage also was
reported by several of our welders, especially those with HrsW
>300, and this also may have attenuated blood and MRI levels.
Therefore, the wide range of exposure in our welders and their rel-
atively low Mn exposure levels probably contributed to the lack of
a significant difference in R1 values for all brain ROIs between
welders and controls.

The inclusion of low-level Mn exposure subjects, however,
was very illustrative. Welders with lower exposures

(HrsW <300) were indistinguishable from controls (blood metal
and R1 values), whereas the R1 value in the PUT of welders with
over 300 HrsW was significantly different. R1s in the GP, PUT,
CN, and OFWM of the highly exposed welders were greater than
those of the low-level exposed welders after controlling for con-
founders such as other blood metal levels, Fe deficiency, age,
BMI, and respirator use. This is consistent with a physiologically
based pharmacokinetic (PBPK) study of Mn that predicted that
the accumulation of Mn in the GP is essentially unchanged after
inhalation exposures below 0.1 mg/m3 for 8 h/day over 90 days
(Schroeter et al., 2011). This study is novel in that it provides evi-
dence that PBPK stimulation may have a basis in reality with
human subjects. Our study provides the first clinical evidence
that is consistent with this PBPK stimulation. It is not straight-
forward, however, to estimate how 300 HrsW translates to air
concentration. An estimate based on the average Mn time
weighted average for welders of 0.27 mg/m3 for a fully engaged
welder (HrsW �520), however, would lead to a comparable inha-
lation concentration of 0.16 mg/m3, in approximate agreement
with the PBPK results. Thus, one would not expect to see much
correlation between R1 and exposure until inhalation concen-
trations exceeded this level.

Interestingly, the R1s were better associated with HrsW
(a simple welding-related time-weighted exposure metric) than
with E90 probably because the potential for misclassification of

FIG. 2. Box plots for blood measures for the 3 post hoc subgroups.
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the latter becomes greater as more information is incorporated.
In addition, it was not feasible to measure the airborne Mn level
in the work place, an important factor for estimating E90.
Together, these factors could result in attenuation of any poten-
tial relationship between MRI and E90. Also, lower exposure
welders showed somewhat lower R1s than the controls
(although not significant). One might speculate that at the lower
level exposure other metals (such as Fe) that are present in
welding fumes may compete with Mn for metal transport
systems.

The data in Figure 4 suggest that as Mn accumulates, it does
so in all 5 ROIs interrogated but at a greater rate (per unit expo-
sure) in the GP, consistent with the identification of the GP as
the region with highest Mn accumulation in exposed

populations (Spahr et al., 1996). This is consistent with the
increased vulnerability of the GP to Mn-related toxicity and sub-
sequent basal ganglia dysfunction and presentation of parkin-
sonism. It also provides additional data confirming that the PI is
not sensitive to low levels of exposure. In our study, the PI val-
ues in welders were not correlated with HrsW or any exposure
or blood metric, even for welders with higher exposures. This is
consistent with the conjecture (Dorman et al., 2006) that the PI is
confounded by Mn entering not only the GP, but also other brain
areas including OFWM. Finally, our findings confirm that R1
estimates brain Mn tissue concentration more sensitively than
PI. Specifically, the R1values in our study were consistently and
positively correlated with HrsW in all ROIs, and appear to pro-
vide a more sensitive indicator for brain Mn accumulation than
the PI. This is consistent with a report by Choi et al. (2007) that PI
did not linearly increase with R1 when the exposure level was
low. Unlike our study, Choi et al. (2007) reported that PI was cor-
related with both short-term and long-term exposure measures,
possibly reflecting a higher Mn exposure level in their study.
This suggests an important advantage of R1 over PI as a marker
of brain Mn burden that may be particularly relevant to low-
level environmental exposure scenarios in the public health
domain.

The short-term (90-day) exposure metric of HrsW was corre-
lated more strongly with R1s in welders than with longer-term
exposure measures. This is consistent with an earlier finding
reporting that R1 in GP was better correlated with the short-
term than long-term cumulative exposure (Choi et al., 2007).
This study, however, also found that R1s in CN and PUT were
associated with the longer-term measure (YrsW). This result is
consistent with the finding of Criswell et al. (2012) reporting that

FIG. 3. Box plots for significantly different pairwise R1 comparisons among the 3 post hoc subgroups.

FIG. 4. Linear relationships between R1 and HrsW for welders with >300 HrsW.
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TIWI indices in CN and PUT were correlated with the cumula-
tive long-term exposure hours. The exact reason why R1 in CN
and PUT, but not other regions (Table 2) correlated with long-
term Mn exposure is unclear. Further studies are needed to
understand the Mn accumulation in brain in relation to short-
and long-term exposures.

We found increased R1 in higher exposed welders compared
with either controls (R1 PUT), or compared with lower-exposed
welders (R1s in GP, PUT, CN, and OFWM) even after controlling
for a number of potential confounders. This suggests that the
group differences in R1s may be mainly due to the differences
in Mn exposure level. Although R1 values were associated with
Mn exposure, as noted earlier other metals such as Fe may also
have affected this measure (Fitsanakis et al., 2010). Fe and Mn
welding exposure is often correlated, and Fe levels are about 10-
fold that of Mn (Flynn and Susi, 2009). Mn and Fe compete for
common transporters (i.e., transferrin) to cross the BBB
(Fitsanakis et al., 2010). In this regard, the lack of group differ-
ence between higher-exposed welders and controls in R1s, par-
ticularly in R1 GP, may be due, in part, to increased Fe levels by
decreasing the transport of Mn into the brain despite the
increased Mn concentration in blood. This is consistent with
the fact that the GP is particularly enriched in Fe (Zhang et al.,
2009).

It is worthwhile to note that the major limitation of our
study (and prior ones) with active welders is the inability to
measure actual brain content of these metals. As a result, it is
not possible to make the direct link between Mn and other
metal exposures to the elevated R1 in welders. Nevertheless,
the current findings of the higher R1s in the higher-exposed
welders compared with controls or lower-exposed welders,
after controlling for a number of confounders (including blood
metal levels other than Mn), support the Mn exposure-R1 asso-
ciation. This study of asymptomatic welders with relatively
lower level Mn exposure is consistent with the notion that sup-
ports that R1 appears to be a more sensitive indicator of Mn
accumulation in brain than PI. The finding of a nonlinear rela-
tionship between Mn exposure and brain accumulation is novel
and needs to be further explored. These results may guide
future studies and the development of occupation- and public
health-related polices involving Mn exposure.
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