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Abstract

Objectives—We demonstrated recently that the T1 relaxation rate (R1) captured short-term Mn 

exposure in welders with chronic, relatively low exposure levels in a cross-sectional study. In the 

current study, we used a longitudinal design to examine whether R1 values reflect the short-term 

dynamics of Mn exposure.

Methods—Twenty-nine welders were evaluated at baseline and 12 months. Occupational 

questionnaires estimated short-term welding exposure using welding hours in the 90 days prior to 

each study visit (HrsW90). In addition, blood Mn levels, the pallidal index (PI; globus pallidus T1-

weighted intensity (T1WI)/frontal white matter T1WI), and R1 values in brain regions of interest 

(ROIs) were determined as Mn biomarkers at each visit. Associations between changes in 
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estimated welding exposure and changes in purported Mn biomarkers were assessed by 

Spearman’s correlations with adjustment for age and baseline R1, HrsW90, and blood Mn values.

Results—Changes in welding hours (HrsW90: the short-term welding exposure estimate), was 

associated significantly with changes in R1 values in the putamen (r=0.541, p=0.005), caudate 

(R=0.453, p=0.023), globus pallidus (R=0.430, p=0.032), amygdala (R=0.461, p=0.020), and 

hippocampus (R=0.447, p=0.025), but not with changes in blood Mn levels or the PI.

Discussion—Changes in R1 values correlated with changes in the short-term welding exposure 

estimate, but not with more traditional measures of Mn exposure (blood Mn levels or PI). These 

results suggest that R1 may serve as a useful marker to capture the short-term dynamics in Mn 

brain accumulation related to welding exposure.
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Introduction

Manganese (Mn) is an essential nutrient that can be toxic at high doses, causing neurological 

effects such as parkinsonism and dystonia (Racette et al., 2005, Cersosimo and Koller, 

2006), as well as cognitive and behavioral deficits (Dobson et al., 2004, Bowler et al., 2006, 

Flynn and Susi, 2009). There is uncertainty, however, regarding the occupational and public 

health consequences of Mn exposure, especially at low exposure levels. This is due partly to 

the lack of an objective and sensitive in vivo marker of Mn concentration in human brain, 

and partly because of insufficient data about the dynamic relationships between proposed 

biomarkers and exposure. In addition, the toxicokinetics of Mn accumulation in brain is 

complex and not well understood.

Mn blood levels are increased in welders (Lu et al., 2005) and have been suggested as 

markers for exposure. The relationship between Mn blood levels and exposure, however, is 

weak and often non-significant (Lu et al., 2005, Baker et al., 2014). Mn has paramagnetic 

properties and can shorten the MRI longitudinal relaxation time (T1) and increase T1-

weighted intensity (T1WI). Thus, T1WI imaging has been used to determine the pallidal 

index [PI (T1WI in globus pallidus/T1WI in orbitofrontal white matter)] as an estimate of 

Mn accumulation in the globus pallidus (GP) (Pal et al., 1999, Sen et al., 2011, Baker et al., 

2015a). Although useful, it has been hypothesized that the PI may not capture Mn brain 

accumulation sensitively when the exposure level is low because Mn deposition in frontal 

white matter regions (Dorman et al., 2006, Lee et al., 2015) will affect the “calibration” 

critical for the PI.

T1 relaxation rate (R1), a quantitative estimate of Mn, may overcome the need to use such a 

“calibration.” We recently studied the relationship between R1 (1/T1) values and welding, 

using the welding hours in the 90 days prior to imaging (HrsW90) as an estimate of short-

term welding exposure. We found an association between R1 and HrsW90 in all basal 

ganglia areas, as well as in regions outside the basal ganglia (amygdala, hippocampus, and 

frontal cortex). In contrast, the correlations between R1 values and long-term exposure 
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measures were limited to the caudate and putamen regions of the basal ganglia (Lee et al., 

2015). The current study is a follow-up of this cohort assessing blood metal levels, exposure 

estimates, and imaging longitudinally. We tested the hypothesis that changes in R1 values, 

but not blood metal levels or the PI, would be associated with changes in short-term welding 

exposure (estimated by HrsW90), thus providing R1 as a marker of short-term dynamics of 

brain Mn exposure.

Methods

Subjects

Originally (Lee et al., 2015), 35 welders were recruited from regional unions in Philadelphia 

and Harrisburg, PA, USA, and from the community around the Penn State Milton S. Hershey 

Medical Center. Twenty-nine welders returned for this longitudinal cohort study and had full 

blood, exposure, and imaging data both at the baseline and follow-up (12 months later) 

visits. A detailed questionnaire at each visit confirmed that welders were welding actively 

and that controls had no history of welding. All subjects were male and denied past 

diagnosis of Parkinson’s disease or related disorders. Welders represented several different 

trades and industry groups (e.g., boilermakers, pipefitters, pile drivers, railroad welders, and 

a variety of different manufacturing jobs).

Detailed demographic information was collected at baseline and updated at the follow-up 

visit, including 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 movement deficits using the Unified Parkinson’s Disease Rating 

Scale-motor scores (UPDRS-III) with a threshold score of <15 (Racette et al., 2012). Blood 

samples were collected from all subjects on the day of the study visit (thus, not directly after 

welding exposure occurred). All subjects had normal liver function, 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 in 

accordance with guidelines approved by the Internal Review Board/Human Subjects 

Protection Office of the Penn State Milton S. Hershey Medical Center.

The mean time between study visits was 12.9 ± 0.9 months for welders. The subjects 

included in the current study (i.e., with both baseline and follow-up visits) did not differ 

significantly from those excluded (due to loss at follow-up) in terms of age, education, 

welding exposure, blood metal levels, or imaging measures at baseline (p’s>0.06).

Exposure Assessment

A supplementary exposure questionnaire SEQ (Lee et al., 2015) focused on the 90-day 

period prior to the MRI and determined the time spent welding, type of metal welded, and 

various types of welding performed. The exposure metrics derived from the SEQ were: 

hours spent welding, brazing, or soldering in the 90-day period preceding the MRI. That is, 

HrsW90 = (weeks worked) * (h/week) * (fraction of time worked related directly to welding) 

(Lee et al., 2015). The E90 also was used to provide an estimate of the 90-day time-

weighted cumulative exposure for each subject in the 90 days prior to their study visit 
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(baseline or follow-up). This estimate is designed to account for both work exposure (based 

on the Mn exposure data for welders from OHSA) and ambient (non-work) exposure (Lee et 

al., 2015). A detailed description and the calculations used have been published (Lee et al., 

2015), and are included in the Supplementary Data.

Blood Analysis

Whole blood was analyzed for metal levels by Inductively Coupled Plasma Mass 

Spectrometry [ICP-MS; (Lee et al., 2015)]. Digestion was performed by microwave methods 

using the Discovery SPD digestion unit (CEM, Matthews, NC). 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

Images were acquired using a Siemens 3 T scanner (Magnetom Trio, Siemens Medical 

Solutions, Erlangen, Germany) with an 8-channel head coil using the same parameters at 

both the baseline and 12-month follow-up visits. Namely, high-resolution T1-weighted and 

T2-weighted images were acquired for anatomical segmentation. T1W images were 

collected using an MPRAGE sequence with Repetition Time (TR)=1540 ms, Echo Time 

(TE)=2.3 ms, FoV=256 × 256 mm, matrix=256 × 256 mm, slice thickness=1 mm, slice 

number=176 (with no gap), and voxel spacing 1 × 1 × 1 mm. T2-weighted images were 

collected using a fast-spin-echo sequence with TR/TE=2500/316, and the same spatial 

resolution as the T1W images.

For whole brain fast T1 mapping, images were acquired using a spoiled gradient recalled 

echo (SPGR) with two flip angles and transmit field (B1) correction. Image acquisition 

parameters for T1 mapping were as follows: TR=15 ms, TE=1.45 ms, flip angles=4/25, 

FoV=250 × 250 mm, matrix=160 x160, slice thickness=1 mm, slice number=192 50% 

overlap, and voxel spacing=1.56 × 1.56 × 1 mm; and for the B1 field mapping: TR=1000 

ms, TE=14 ms, flip angles=45/60/90/120/135, FoV=250 × 250 mm, matrix=32 x32, slice 

thickness=5 mm, and slice number=22.

Defining brain regions of interest

Bilateral basal ganglia structures [GP, putamen, caudate nucleus], amygdala, and 

hippocampus were selected as ROIs based on literature reporting the effects of Mn exposure 

on movement, mood, and cognitive function mediated by these ROIs (Dorman et al., 2006, 

Chang et al., 2009, Criswell et al., 2012). These regions also showed significant correlations 

with exposure measurements in the prior cross-sectional study (Lee, 2015). The target ROIs 

were defined for each subject using automatic segmentation software (AutoSeg) (Joshi et al., 

2004, Gouttard et al., 2007). The ROIs then were eroded by 1 voxel using a morphological 

operation in order to ensure that the segmented ROIs were within the anatomical ROIs based 

on the T1W image (Lee et al., 2015).
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Estimation of R1 values

First, whole brain T1 time images were generated by the scanner using a published method 

(Venkatesan et al., 1998). ROIs were co-registered onto the T1 maps using an affine 

registration implemented in 3D Slicer (www.slicer.org; Rueckert et al., 1999). R1 values 

were calculated as 1/T1 in each voxel and averaged over the entire ROI using a trimmed 

mean 5–95 percentile (Lee et al., 2015).

Statistical analysis

SAS 9.4 (SAS Institute, Inc., Cary NC) was used to perform all statistical analyses. Right 

and left hemisphere MRI data were averaged (Lee et al., 2015). Since our previous study 

indicated that R1 primarily is associated with short-term exposure metrics (Lee et al., 2015), 

we focused our correlational analyses on the HrsW90 and E90 exposure measures. Because 

this was a longitudinal study, in many analyses we used the change for an individual 

subject’s parameters in the analyses. When this was done, we used the notation “Δ”, e.g., as 

in “Δ HrsW90.” First, we used Spearman correlations to determine whether the association 

we found previously at baseline between R1 and HrsW90/E90 was replicated at the follow-

up visit. To investigate the associations between changes in blood metal levels, the PI, and 

R1 values and changes in short-term welding exposure estimated by HrsW90 or E90, 

Spearman correlation analyses were conducted within welders with adjustment for age and 

baseline HrsW90, blood metal levels, the PI, and R1 values to control for any lingering long-

term Mn exposure on those measures. In addition, we ran the correlation analyses without 

the baseline covariates to determine whether they affected the associations. Because we had 

a focused hypothesis (see Introduction), no adjustment for multiple comparisons was used 

when we examined the associations. Statistical significance was set at α=0.05.

Results

Demographics and exposure metrics

Each welder performed multiple types of welding, but overall shield metal arc welding 

(SMAW), gas metal arc welding (GMAW), and gas tungsten arc welding (GTAW) 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. E6010 (rutile) and E7018 (basic) 

electrodes were the most commonly used SMAW electrodes. Demographic information and 

exposure metrics, baseline blood levels of Mn and Fe, and brain imaging measures for 

welders included in the study are reported in Table 1.

Correlation of R1 and HrsW90 at the follow-up visit

Our previous study indicated that at baseline, R1 was associated with HrsW90 in several 

brain regions (Lee et al., 2015). In the current study, however, Spearman correlation analyses 

indicated only a trend between R1 and HrsW90 in the putamen (R=0.329, p=0.087) at the 

follow-up time-point, and no association in other structures (p’s>0.161). Although there was 

a somewhat smaller sample size in the current study (N=29 versus N=35 at baseline), this 

alone would not account for the difference between the current data and our prior work. The 

possible reason driving the weaker correlation may be that high-exposure welders showed 

Lewis et al. Page 5

Neurotoxicology. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stronger correlations at baseline, and per chance, more of the high-exposure welders dropped 

out.

Change in short-term welding exposure estimated by HrsW90 was associated with 
changes in R1 values

The changes in the estimates of short-term welding exposure (ΔHrsW90 or ΔE90) were not 

associated with ΔMnblood, ΔFeblood, or ΔCublood, or the PI (Table 2). Using Spearman 

correlation analysis, ΔHrsW90 (the simpler estimate of short-term welding exposure) was 

correlated significantly with ΔR1 in the GP (r=0.430, p=0.032), putamen (r=0.541, 

p=0.005), caudate (r=0.453, p=0.023), amygdala (r=0.461; p=0.020), and hippocampus 

(r=0.447, p=0.025; Table 2) but not the OFWM (r=0.183, p=0.382) or OFGM (r=0.033, 

p=0.874) after controlling for age and baseline R1, HrsW90, and blood Mn values. These 

associations held for all regions except the caudate (R=0.305, p=0.114) when the 

correlations were run without baseline R1 as a covariate (data not shown). A similar pattern 

of results was obtained when the data were analyzed using linear regression (Supplemental 

Table 1). Interestingly, ΔE90, the more sophisticated estimate of short-term welding 

exposure, was not correlated significantly with ΔR1 (ps>0.10; Table 2). In addition, neither 

ΔMnblood, ΔFeblood, nor ΔCublood were correlated with ΔR1 levels in any ROI (p’s>0.12; 

data not shown).

Discussion

This study extended our recent report on cross-sectional R1 findings in asymptomatic 

welders with chronic, relatively low levels of estimated welding exposure (Lee et al., 2015) 

by including follow-up analyses of the same cohort. Consistent with our previous report 

(Lee et al., 2015), the current results are supportive of the hypothesis that changes in R1 

values, but not blood metal levels or the PI, are associated with changes in short-term 

welding exposure estimates—namely, the HrsW90. In addition, the associations were 

observed in ROIs both within and outside the basal ganglia. These results provide further 

support that R1 may serve as a useful marker to capture the short-term dynamics of Mn 

brain accumulation related to welding exposure.

Exposure level within the cohort

The mean blood Mn level for our welders was 10.5 ± 5.3 ng/mL, a value similar to that 

reported from a large European study of welders (i.e., 10.3 ng/mL) (Pesch et al., 2012). The 

average blood Mn level, however, was considerably lower compared to other studies (e.g., 

blood Mn>14.2 ng/mL, (Choi et al., 2007), but this may have been due to blood collection 

on the day of the study visit rather than directly after welding. In addition, the PI in our 

welders (mean PI =109) also was lower compared to several other studies (PI> 112) (Choi et 

al., 2007, Chang et al., 2009), suggesting that the welders in this study probably had overall 

lower Mn exposure. Many welders in our study worked only intermittently during the 90-

day exposure period (data not shown), and this likely was a factor in keeping blood Mn 

levels and MRI indices (PI and R1 values) low relative to other studies (Dorman et al., 2006, 

Chang et al., 2009). Moreover, our welders reported an average of ~300 HrsW in the 90-day 

period prior to the study visit, which is approximately equivalent to what a half-time welder 
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completely engaged in welding would report. Several of our welders also reported some 

(protective) respirator usage that also may have attenuated blood Mn levels and PI values.

Traditional blood and MRI measures do not capture short-term exposure changes in 
welders with lower exposure levels

Gauging welding-related exposure and its consequences is hampered by the lack of an 

objective, sensitive, in vivo marker of Mn concentration in humans. Blood metal levels and 

the PI have been reported previously to correlate with Mn exposure (Chang et al., 2010). 

These traditional measurements, however, are not sensitive to lower-level exposures 

(reviewed by Baker et al., 2014). Consistent with this, a recent study in welding trainees 

suggested that exposure to Mn over a longer period (90 days) and at higher levels (1 mg-

days/m3) is needed to produce significant changes in blood Mn levels (Baker et al., 2015b). 

Other studies have suggested that blood Mn levels reflect exposure over very recent time 

periods (hours to days; Aschner and Dorman, 2006). In the current study, changes in blood 

metal levels did not capture changes in welding exposure. This may have occurred because 

our welders had relatively low exposure levels to which traditional measures are not 

sensitive, the blood samples were collected on the day of the study visit and not directly 

after welding exposure, or a combination of these factors. In addition, the PI did not capture 

changes in estimated welding exposure. The current results confirm that blood Mn levels and 

the PI are not sensitive to detect short-term (reflecting the 90 day time window prior to study 

visit) changes in lower-level welding exposures.

R1 captured changes in short-term welding exposure

We previously demonstrated that R1, even at low Mn exposure levels, captures exposure in 

the basal ganglia related to welding (Lee et al., 2015). In the current study, we demonstrated 

for the first time that the changes in R1 values in all brain ROIs correlated with changes in 

the short-term welding exposure estimated by HrsW90. These data extend our previous 

results showing R1 values are associated with short-term exposure metrics (Lee et al., 2015) 

and suggest further that R1 may capture the short-term dynamics of changes in Mn 

exposure.

Several previous studies have investigated the effects of high-level Mn exposure and 

demonstrated the presence of neurological symptoms (Mergler and Baldwin, 1997, Harris et 

al., 2005, Antonini et al., 2006). In addition, past studies (Dietz et al., 2001, Choi et al., 

2007, Chang et al., 2010, Baker et al., 2015a, Lee et al., 2015) have interrogated the effects 

of low-level Mn exposure that typically does not correspond to a clinical phenotype. 

Previous longitudinal studies in welders found preserved motor function (i.e., using the 

grooved pegboard and UPDRS-III scores) in welders over short time-frames (90 days; Baker 

et al., 2015b) but decreased targeted functional outcomes over long time periods (~6 years; 

Ellingsen et al., 2015). In the current study, our subjects were welding on average part-time 

(300 hrs in the 90 days prior to each study visit compared to ~600 hrs for the number of 

hours full-time welders would weld), with lower mean Mn levels. The study is the first to 

demonstrate that the changes in R1 values correlate significantly with changes in short-term 

welding exposure estimates (HrsW90) in lower-level Mn exposure welders, a finding that is 
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novel and supports further that R1 values may serve as a marker to capture the dynamic 

changes in brain Mn exposure.

R1 changes outside basal ganglia regions

The current study also extended the previous longitudinal results in Mn-exposed welders to 

include not only basal ganglia regions, but also additional brain regions outside the basal 

ganglia (amgydala, hippocampus, and OF). The results are consistent with previous studies 

reporting significant Mn accumulation in white matter and cortical structures in non-human 

primates (Guilarte et al., 2006) and increased T1 intensities in the thalamus and 

hippocampus in welders (Long et al., 2014). Importantly, R1 changes in these regions also 

correlated with changes in HrsW90, supporting that Mn may have effects outside of basal 

ganglia areas that traditionally were implicated in Mn exposure. Since the hippocampus and 

OF (Lee et al., 2015) areas demonstrate increased Mn accumulation, it is possible that this 

may lead to impaired memory and/or frontal capacity since these structures are intimately 

involved in these functions (see Duncan and Owen, 2000, Burgess et al., 2002 for reviews). 

These results are consistent with our previous findings in welders (Lee et al., 2015) and the 

hypothesis proposed by Dorman et al. (2006) that the PI is confounded by Mn entering not 

only the GP, but also other brain areas including the orbitofrontal white matter.

Strengths and limitations of the study

The study took advantage of a longitudinal design because between-subject variability is 

much greater than within-subject variability. For example, it has been demonstrated that the 

majority of variance in blood Mn levels was between individuals (94%) and only ~6% was 

within individuals (Baker et al., 2015b). In addition, the same group demonstrated that Mn 

blood levels seem to be regulated tightly under relatively normal conditions and in new 

welders who were within 7 days of exposure. The tight Mn regulation, however, is perturbed 

when longer or higher exposure and blood accumulation occurs. We suspect a similar 

situation may occur in brain Mn accumulation. Consistent with this notion, in our subjects 

with chronic welding exposure, the changes in R1 values were correlated with changes in 

short-term welding exposure estimated by HrsW90 even after controlling for a number of 

potential confounders including baseline exposure values. Our study, however, is limited by 

not including new welders. A future study with new welders may test the hypothesis of 

whether brain Mn accumulation will occur only after perturbation of metal homeostatic 

mechanisms.

It is worthwhile to note that the major limitation of our study with active welders is the 

inability to measure the exact air Mn content in welding fumes for each subject. We assigned 

weights to different types of welding and exposure factors (e.g., confined space, use of local 

exhaust ventilator) to provide a more sophisticated estimate of the degree of Mn exposure 

for each subject. The potential for misclassification, however, becomes greater for the E90 

measure as more uncertain information is incorporated [see Supplemental information in 

(Lee et al., 2015). These limitations may be responsible for the lack of significant 

correlations between R1 and the E90. Also, our welders had lower-level Mn exposure (as 

measured by blood metal levels) compared to other studies (Ellingsen et al., 2006, Ellingsen 

et al., 2008, Chang et al., 2009).
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Conclusion

Changes in R1 values captured the changes in a short-term welding exposure estimate 

(three-month time-frame) better than a traditional measure of Mn exposure [blood metal 

levels (best to reflect acute exposure)] or the PI (best reflecting short-term and chronic 

exposure). Coupled with our recent report (Lee et al., 2015), this follow-up study of 

asymptomatic welders with relatively lower-level Mn exposure is consistent with the notion 

that R1 may serve as a marker of Mn accumulation, and capture changes in brain better than 

the traditional PI or direct blood measurement. As such, it may be useful in monitoring Mn 

brain tissue exposure for occupational health studies, especially in an era when public health 

guidelines for Mn exposure are lower and protective gear is better.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A one-year follow-up study investigated associations between changes 

in estimated welding exposure and changes in purported Mn 

biomarkers in welders with chronic, low-level exposure.

• Traditional measures (blood Mn levels or the pallidal index) did not 

correlate with changes in estimated welding exposure levels (hours 

welding in the 90-day period prior to study visit).

• Changes in R1 values correlated significantly with changes in 

estimated welding exposure levels (hours welding in the prior 90-day 

period) in areas both within and outside basal ganglia regions.

• R1 may serve as a marker to capture short-term dynamics of Mn brain 

accumulation and clearance.
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Table 1

Demographic, exposure metrics, blood metals, and MRI measures in welders (N=29) at baseline and follow-

up.

Baseline Follow-up

Age (y) 47.0 ± 11.2 48.6 ± 11.2

Education (y) 13.6 ± 2.4 13.6 ± 2.4

BMI 29.0 ± 5.8 29.6 ± 5.7

Hemoglobin 15.4 ± 1.0 15.1 ± 1.0

AST (IU/L) 36.1 ± 8.0 38.6 ± 10.3

ALT (IU/L) 39.9 ± 19.4 43.5 ± 12.8

UPDRS-III 2.0 ± 2.6 3.6 ± 3.9

HrsW (h) 297 ± 171 321 ± 194

YrsW (y) 26.1 ± 11.0 27.1 ± 11.0

Mn (ng/mL) 10.2 ± 2.5 10.7 ± 4.5

Fe (μg/mL) 560± 54 509 ± 71

Cu (ng/mL) 875 ± 126 731 ± 139

GP R1 0.870 ± 0.059 0.887 ± 0.041

PUT R1 0.705 ± 0.057 0.711 ± 0.037

CN R1 0.669 ± 0.083 0.661 ± 0.032

AMY R1 0.548 ± 0.071 0.536 ± 0.024

HIP R1 0.517 ± 0.049 0.515 ± 0.035

PI 109 ± 2.5 108 ± 1.7

OFWM 0.920 ± 0.066 0.963 ± 0.047

OFGM 0.638 ± 0.035 0.627 ± 0.025

Data represent the mean ± standard deviation.
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Table 2

Spearman correlations in welders of changes in blood and imaging measures with changes in HrsW and the 

E90.

ΔHrsW ΔE90

R P value R P value

ΔBlood Mn 0.253 0.212 0.352 0.092

ΔBlood Fe −0.047 0.818 0.292 0.167

ΔBlood Cu 0.198 0.332 0.113 0.601

ΔPI 0.153 0.465 −0.218 0.318

ΔGlobus pallidus R1 0.430 0.032 −0.003 0.988

ΔPutamen R1 0.541 0.005 0.223 0.306

ΔCaudate Nucleus R1 0.453 0.023 0.284 0.190

ΔAmygdala R1 0.461 0.020 0.026 0.905

ΔHippocampus R1 0.447 0.025 0.200 0.361

ΔOFWM R1 0.183 0.382 −0.105 0.634

ΔOFGM R1 0.033 0.874 −0.285 0.187

Spearman correlations in welders of changes in blood and imaging measures with changes in HrsW and the E90 after adjustment for age, baseline 
R1, baseline HrsW90 or E90 appropriately, and baseline Mn blood levels from each ROI. Significant correlations are indicated in bold text.
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