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Abstract

Objective: T1-weighted brain magnetic resonance imaging (MRI) of the basal ganglia provides a 

noninvasive measure of manganese (Mn) exposure, and may also represent a biomarker for clinical 

neurotoxicity.

Methods: We acquired T1-weighted MRI scans in 27 Mn-exposed welders, 12 other Mn-exposed 

workers, and 29 nonexposed participants. T1-weighted intensity indices were calculated for four 

basal ganglia regions. Cumulative Mn exposure was estimated from work history data. Participants 

were examined using the Unified Parkinson’s Disease Rating Scale motor subsection 3 

(UPDRS3).

Results: We observed a positive dose–response association between cumulative Mn exposure 

and the pallidal index (PI) (β = 2.33; 95% confidence interval [CI], 0.93 to 3.74). There was a 

positive relationship between the PI and UPDRS3 (β = 0.15; 95% CI, 0.03 to 0.27).

Conclusion: The T1-weighted pallidal signal is associated with occupational Mn exposure and 

severity of parkinsonism.
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Exposure to manganese (Mn) from occupational welding fume can cause neurologic 

dysfunction, including clinical parkinsonism1 and cognitive impairment.2–4 Mn exposure is 

associated with Mn deposition within the brain5–7 which can be detected with T1-weighted 

magnetic resonance imaging (MRI),8,9 and there is growing evidence of involvement of the 

dopaminergic system10,11 and neuroinflammation.12 The T1 MRI signal intensity within the 

basal ganglia in Mn-exposed workers is positively associated with both welding 

exposure13,14 and Mn blood levels,15 thus providing a noninvasive measure of brain Mn 

exposure. This signal intensity may also represent a biomarker for potential neurotoxicity, or 

Parkinson disease (PD).16 The overlapping importance of imaging biomarkers in PD and Mn 

exposure is particularly relevant given recent reports that Mn-exposed welders have greater 

concentration of misfolded a-synuclein than controls in serum-derived exosomes.17 

However, the relationship between T1 MRI signal intensity and the development of clinical 

parkinsonism, as well as the exposure threshold at which these symptoms first occur, is 

unknown.

In the present study, we evaluated the associations between Mn-containing welding fume 

exposure, structural imaging bio-markers, and clinical signs of parkinsonism. We 

hypothesized that welding-related Mn exposure would be positively associated with MRI T1 

signal intensities in the basal ganglia, and that higher T1 basal ganglia MRI signal would be 

associated with a greater severity of clinical parkinsonism. Demonstrating an association 

between a structural MRI biomarker and both Mn exposure and clinically relevant outcomes 

could have important occupational health implications for evaluation of Mn-exposed 

workers.

MATERIALS AND METHODS

Protocol Approvals and Participant Consents

This study was approved by the Washington University School of Medicine Human 

Research Protection Office, and all participants provided written informed consent before 

study conduct.

Participants

Participants were recruited from April 16, 2007, through May 6, 2015. Most participants 

were from a large cohort study of Mn-exposed workers at three Midwestern welding work 

sites: two shipyards and one heavy equipment fabrication company.18 All workers in this 

study were actively employed at the sites at the time of imaging, and the occupations 

represented included welders or welder helpers (“Mn-exposed welders”; N = 27) and other 

workers exposed to welding fume (eg, electricians, machinists, mechanics, and maintenance; 

“Mn-exposed workers”; N = 12). To provide a greater range of welding exposure, we also 

recruited participants from the community (N = 22) and a local carpentry union (N = 7) who 

had never been welders and who had worked around welding fume for less than 500 lifetime 

hours (total “nonexposed participants”; N = 29). We allowed minimal welding fume 

exposure to ensure greater comparability to participants from the welding work-site. All 68 

participants provided detailed past medical histories, including history of prior drug 

exposures. Exclusion criteria included use of neuroleptics or amphetamines, a history of 
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stroke, brain tumor, and/or a comorbid neurologic disease that might affect the Unified 

Parkinson’s Disease Rating Scale motor subsection 3 (UPDRS3) rating.19 We excluded four 

potential participants due to these criteria. None of the Mn-exposed participants was 

included or excluded on the basis of either UPDRS3 or cumulative Mn exposure, other than 

the exposure limits noted above for the nonexposed reference group. We did require all Mn-

exposed welders and workers to be working actively because prior analyses suggest workers 

without recent welding fume exposure have lower pallidal indices than workers who are 

currently exposed.

Clinical Assessment

A movement disorders specialist blinded to cumulative Mn exposure examined all workers 

and rated them using the UPDRS3. To validate the comparability of the examinations, the 

two examiners in the present study (BAR, SRC) each rated 10 Parkinson disease (PD) 

patient videos each year and the intraclass correlation coefficient for UPDRS3 ratings was 

more than 90%. In addition, each of the examiners’ UPDRS3 ratings was validated against a 

timed motor task in 70% of the full worker cohort18 and against a third neurologist’s 

UPDRS3 ratings for the 43% of examinations videotaped (P < 0.0005). However, to account 

for potential differences by examiner overall and by study time, we adjusted UPDRS3 

scores, as previously.18

MRI Methods

A noncontrast, high-resolution 3-D magnetization-prepared rapid gradient echo (MPRAGE) 

image was acquired from each participant using a Siemens Trio 3.0 T scanner (Erlangen, 

Germany) (repetition time [TR] = 2400 ms, inversion time [TI] = 1000 ms, echo time [TE] = 

3.14 ms, flip angle = 8°, 0.9 × 0.9 × 0.9 mm voxels). A reviewer blinded to Mn exposure and 

clinical status of the participant outlined volumes of interest (VOIs) on individual MPRAGE 

images as previously described.13,20 All VOIs were reviewed by an independent second 

investigator. Striatal VOIs outlined the entire structure, whereas the reference regions 

comprised a spherical pure frontal white matter region for the MRI. The intensity of the 

signal in the VOI on the T1-weighted MPRAGE image was quantified by calculating an 

intensity index, as described previously.13 We calculated intensity indices for the globus 

pallidus, caudate, anterior putamen, and posterior putamen while using a single white matter 

reference region. The intensity index in the globus pallidus is also known as the pallidal 

index (PI).

Exposure Assessment

Workers from the welding and carpentry worksites completed or updated a validated, 

structured questionnaire at the time of imaging, which included a detailed work history.21 

We used this information to estimate cumulative Mn exposure in mg Mn/m3-years.18 This 

primary exposure variable, available for all participants, accounts for both duration and 

intensity of inhaled Mn exposure. Welders also reported whether they welded in confined 

spaces or conducted flux core arc welding (FCAW), which are associated with markedly 

higher air Mn concentrations than other welding locations or processes.22 We used 

questionnaire-based information related to inhaled Mn exposure because air measurements 

were not available from the study worksites.
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Statistical Analysis

We used Stata23 for all statistical analyses. We retained all MRI intensity indices, the 

examiner-adjusted UPDRS3 score, and cumulative Mn exposure (mg Mn/m3-years) as 

continuous measures, and then used multivariable linear regression to assess the associations 

between these variables. We modeled these continuous variables linearly and verified the 

appropriateness of linearity with locally weighted scatterplot smoothing (LOWESS) and 

local polynomial smooth graphs. We adjusted a priori for sex and age (continuous) in all 

models. We verified that linear regression coefficients were not changed materially (by 

>10%),24 by adjustment for imaging scan date, current consumption of cigarettes, caffeine 

(mg/d, from chocolate and six types of caffeinated drinks), or alcohol (g/d, calculated 

according to the typical type and number of drinks per day, and frequency of consumption). 

We repeated analyses among Mn-exposed welders while also exploring the potential effect 

of welding in confined spaces or conducting FCAW. Finally, we checked for influential data 

points in all models. We report the linear regression β and respective 95% confidence 

interval (CI) as the measure of association.

RESULTS

Characteristics of Participants

The majority of participants were non-Hispanic white men. All ranged in age from 22 to 69 

years, with the participant groups similar in terms of age. On average, both Mn-exposed 

groups had worked at a worksite with welding for a substantial period of time(20.3 years for 

Mn-exposed welders and 14.6 years for Mn-exposed workers). The unadjusted UPDRS3 

scores ranged from 0 to 22.5, with the Mn-exposed groups exhibiting higher average scores 

(8.2 for Mn-exposed welders and 6.1 for Mn-exposed workers; Table 1). With regard to all 

of these characteristics, these Mn-exposed welders and Mn-exposed workers were largely 

representative of the original cohort.18

Mn Exposure and MRI Intensity Indices

MRI T1-weighted intensity indices for all four brain regions were higher in Mn-exposed 

welders and Mn-exposed workers when compared with the nonexposed reference group 

(Table 2). The highest mean intensity was present in the globus pallidus of the Mn-exposed 

welders as compared with other brain regions or participant groups. There was a significant 

dose–response association between cumulative Mn exposure and intensity index in the 

globus pallidus. Specifically, we observed a 2.33 (95% CI, 0.93 to3.74) greater PI per mg 

Mn/m3-year in all participants overall (P = 0.001; Fig. 1). We observed a very similar β 
estimate when we restricted to welders (β = 2.11, 95% CI,–1.87 6.09), although in this 

reduced sample size this association was no longer significant (P = 0.28). These associations 

were fairly linear. At the same time there was a strong suggestion that FCAW was associated 

with a greater PI, even when excluding an influential welder who conducted FCAW and had 

the highest PI (Fig. 1). In particular, both Mn-exposed workers, who generally do not 

conduct FCAW, and Mn-exposed welders, who had never conducted FCAW, each had an 

approximately 5 to 6 points significantly greater PI relative to nonexposed participants. In 

contrast, welders who conducted FCAW had a 10.3 (95% CI, 5.31 to 15.2) greater PI relative 

to nonexposed participants and a 5.1 (95% CI,–0.77 to 11.0) greater PI relative to welders 
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who had never conducted FCAW. This potential association did not appear to be due to 

performing welding in confined spaces, where FCAW often occurs. However, we could not 

rule out the possibility that FCAW was, in part, associated with a higher PI due to greater 

hours per week of welding among welders who did versus did not conduct FCAW.

MRI Intensity Indices and UPDRS3

UPDRS3 scores were 0.15 points higher (95% CI, 0.03 to 0.27, P = 0.02) for each unit 

increase in the PI. This association was fairly linear (Fig. 2) and was largely driven by upper 

limb bradykinesia and rigidity in the upper limbs, lower limbs, and neck. When an 

influential participant with highest PI (>150) was excluded, the positive association with 

UPDRS3 weakened to 0.10 (95% CI,–0.03 to 0.23, P = 0.14), but became more linear. 

Indices in the other brain regions were not associated with UPDRS3. With or without the 

influential participant, all participants with PI greater than 125 were exposed to Mn and had 

an examiner-adjusted UPDRS3 higher than 6 (Fig. 2).

DISCUSSION

This cross-sectional MRI study of Mn-exposed welders, workers, and nonexposed reference 

participants with detailed exposure histories and clinical examinations by movement 

disorders specialists provides several important findings. First, there was a positive, dose–

response association between cumulative Mn exposure and the PI, suggesting that even 

modest cumulative Mn exposure increases the PI. The second important finding is the 

association between the PI and clinical parkinsonism (UPDRS3). Notably, all participants 

with a PI greater than 125 were not only exposed to Mn, but also had a high UPDRS3 score. 

A previous study demonstrated a relationship between the PI and timed grooved pegboard,25 

but the UPDRS3 is a comprehensive and clinically relevant metric of parkinsonism that 

includes quantified cardinal signs of Parkinson disease—bradykinesia, rigidity, and tremor. 

Interestingly, the upper limb bradykinesia and rigidity subscores largely drove the 

association between the PI and UPDRS3, and these clinical signs were also the primary 

contributors to Mn-associated progression of parkinsonism in the larger cohort of welding 

exposed workers.18 Overall, our study has important health and safety policy implications 

for workplace standards given that parkinsonism and a biomarker of brain Mn exposure 

(MRI) were associated even at the lowest cumulative Mn exposure levels.

Interestingly, we observed that welders exposed to FCAW had higher PIs than those who 

only conducted other types of welding. FCAW produces much greater particulate and Mn 

exposures than other welding types,22,26 suggesting that exposure intensity may 

disproportionately influence the association between Mn exposure and PI. This seems 

plausible given that the PI may normalize in workers who are no longer exposed to 

occupational Mn.27,28 The influence of exposure intensity on the PI may be an important but 

underestimated factor that may contribute to the mixed reports in previous studies as to 

whether the corpus striatal intensity indices, or even other MRI outcomes (eg, T1 relaxation 

times), provide better indicators of Mn exposure.13,14,29–32 In the present sample, we could 

not entirely rule out the possibility that FCAW is partly associated with a higher PI because 

FCAW welders simply weld for a greater number of hours per week on average. 
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Nevertheless, these findings, in combination with our previous study demonstrating that 

workers exposed to FCAW have greater progression than other welders,18 suggest that this 

type of welding may be particularly hazardous.

There are several potential limitations of this study. Welding fume contains a number of 

substances33 other than Mn; therefore, we cannot fully exclude a contribution from other 

components in welding fumes, particularly iron, which competes with Mn for the same 

metal transporter for brain uptake into the brain.34,35 Some investigators have advocated 

using the T1 relaxation time instead of the PI to measure T1 changes in the basal ganglia.
31,32 Unfortunately, when our initial participants were scanned, T1 relaxation times were not 

as widely used. Although acquiring additional MRI sequences to calculate T1 relaxation 

time has some advantages relative to the PI, our findings are sufficiently robust to support 

the use of the readily available, well-established, and easily acquired T1-weighted MPRAGE 

sequence as a biomarker for Mn exposure and possibly clinical neurotoxicity.

In conclusion, we found a strong linear relationship between exposure to Mn-containing 

welding fume and the T1-weighted PI. We also found the PI was positively associated with a 

clinically relevant measure of parkinsonism. This suggests that the PI may be a useful 

biomarker to monitor Mn-exposed workers, especially among active workers in settings with 

limited access to neurologists. Longitudinal follow-up of these participants will be essential 

to determine if the PI, or increases in the PI, are associated with progression of the 

parkinsonian phenotype that occurs in these Mn-exposed welders and workers.
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Learning Objectives

• Summarize the potential for neurological dysfunction caused by manganese 

exposure in welders.

• Describe the new findings of analysis of MRI signal intensity as an indicator 

of exposure to Mn-containing welding fumes.

• Discuss the association between the structural MRI biomarker(s) reported in 

the study and the development of clinical parkinsonism.
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FIGURE 1. 
There is a positive linear relationship between cumulative Mn exposure (mg Mn/m3-years) 

and the PI. Linear regression adjusting for age and sex indicated a 2.33 (95% CI, 0.93 to 

3.74) greater PI for each mg Mn/m3-year of exposure, and that welders who ever conducted 

FCAW had a greater PI than other welders. CI, confidence interval; FCAW, flux core arc 

welding; Mn, manganese; PI, pallidal index.
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FIGURE 2. 
There is a positive linear relationship between the PI and the examiner-adjusted UPDRS3 

score. The participant with the highest PI was an influential point. The LOWESS between 

the PI and UPDRS3 was more linear without this participant. Linear regression adjusted for 

age and sex indicated 0.10 (95% CI,–0.03 to 0.23) greater UPDRS3 for each unit increase in 

the PI. All participants with a PI more than 125 were exposed to Mn and had a UPDRS3 

score more than 6. LOWESS, locally weighted scatterplot smoothing; PI, pallidal index; 

UPDRS3, Unified Parkinson’s Disease Rating Scale motor subsection 3.
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TABLE 1.

Characteristics of Participants (N = 68), by Exposure to Mn-Containing Welding Fume

Mn-Exposed Welders
N = 27
n (%)

Mn-Exposed Workers
N = 12
n (%)

Nonexposed Participants
N = 29
n (%)

Male 24 (89) 11 (92) 23 (79)

Non-Hispanic white 26 (96) 11 (92) 27 (93)

Age, y

 Mean (SD) 43.6 (12.3) 45.3 (10.9) 45.6 (14.7)

 Median 46 49 45

 Interquartile range 33–54 42–52 32–56

Range 23–59 23–57 22–69

Duration working at a worksite with welding, y

 Mean (SD) 20.3 (13.0) 14.6 (11.3) 0 (0)

 Median 18.0 12.9 0

 Interquartile range 6.0–32.8 4.3–17.6 0–0

 Range 0.6–37.5 0.1–35.6 0–0

mg Mn/m3-years*

 Mean (SD) 2.2 (1.7) 0.3 (0.2) 0 (0)

 Median 1.7 0.2 0

 Interquartile range 0.6–4.1 0.1–0.4 0–0

 Range 0.08–5.3 0.001–0.6 0–0

UPDRS3
†

 Mean (SD) 8.2 (6.0) 6.1 (6.0) 2.3 (1.8)

 Median 7.5 4.0 2.0

 Interquartile range 3.5–11.0 1.0–8.5 0.5–3.0

 Range 0–22.5 0.5–19.0 0–6

UPDRS3
†
 ≤ 6, n (%) 10 (37) 7 (58) 29 (100)

Signs of parkinsonism (mean, SD)
†

 Limb bradykinesia 4.1 (3.5) 3.4 (3.9) 1.6 (1.6)

 Limb rigidity 1.6 (2.2) 0.9 (1.6) 0.2 (0.6)

 Action tremor 0.5 (0.7) 0.4 (0.8) 0.1 (0.3)

 Rest tremor 0.2 (0.5) 0.3 (0.6) 0.0 (0.0)

 Axial signs
‡ 1.9 (1.6) 1.2 (1.3) 0.3 (0.6)

*
Cumulative weighted welding exposure as defined previously (weighted welding years)1 multiplied by 0.14 mg Mn/m3.18

†
Unadjusted UPDRS3.

‡
Axial signs include gait, posture, postural stability, arising from a chair, global bradykinesia, neck rigidity, expression, and speech.

SD, standard deviation; UPDRS3, Unified Parkinson’s Disease Rating Scale motor subsection 3.
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TABLE 2.

Exposure to Mn-Containing Welding Fume and MRI T1-Weighted Intensity Indices, by Brain Region

MRI Intensity Index

Mean Difference in Index in Mn-Exposed vs Nonexposed (95% CI)*

Caudate

 Nonexposed participants (N = 29) 87.3 Reference

 Mn-exposed workers (N = 12) 90.3 1.57 (0.16–2.99)

 Mn-exposed welders (N = 21) 88.0 P = 0.03

Anterior putamen

 Nonexposed participants (N = 29) 90.7 Reference

 Mn-exposed workers (N = 12) 94.7 3.17 (1.00–5.34)

 Mn-exposed welders (N = 27) 93.2 P = 0.005

Posterior putamen

 Nonexposed participants (N = 29) 99.5 Reference

 Mn-exposed workers (N = 12) 104.3 2.73 (−0.05 to 5.51)

 Mn-exposed welders (N = 21) 101.1 P = 0.05

Globus pallidus

 Nonexposed participants (N = 29) 114.6 Reference

 Mn-exposed workers (N = 12) 120.2 8.20 (4.19–12.2)

 Mn-exposed welders (N = 27) 123.1 P < 0.005

*
Mean T1-weighted index among Mn-exposed welders and workers as compared with nonexposed participants, while adjusted for age 

(continuous) and sex.

CI, confidence interval; Mn, manganese; MRI, magnetic resonance imaging.
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