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Abstract

Although an essential nutrient, manganese (Mn) can be toxic at high doses. There is, however, 

uncertainty regarding the effects of chronic low-level Mn-exposure. This review provides an 

overview of Mn-related brain and functional changes based on studies of a cohort of asymptomatic 

welders who had lower Mn-exposure than in most previous work. In welders with low-level Mn-

exposure, we found: 1) Mn may accumulate in the brain in a non-linear fashion: MRI R1 (1/T1) 

signals significantly increased only after a critical level of exposure was reached (e.g., ≥300 

welding hours in the past 90 days prior to MRI). Moreover, R1 may be a more sensitive marker to 

capture short-term dynamic changes in Mn accumulation than the pallidal index [T1-weighted 

intensity ratio of the globus pallidus vs. frontal white matter], a traditional marker for Mn 

accumulation; 2) Chronic Mn-exposure may lead to microstructural changes as indicated by lower 

diffusion tensor fractional anisotropy values in the basal ganglia (BG), especially when welding 

years exceeded more than 30 years; 3) Mn-related subtle motor dysfunctions can be captured 

sensitively by synergy metrics (indices for movement stability), whereas traditional fine motor 

tasks failed to detect any significant differences; and 4) Iron (Fe) also may play a role in welding-

related neurotoxicity, especially at low-level Mn-exposure, evidenced by higher R2* values (an 

estimate for brain Fe accumulation) in the BG. Moreover, higher R2* values were associated with 

lower phonemic fluency performance. These findings may guide future studies and the 

development of occupation- and public health-related polices involving Mn-exposure.
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Effects of occupational manganese exposure on the central nervous 

system

Manganese (Mn) is an essential nutrient but can be neurotoxic to the central nervous system 

(CNS) at high doses, and has been associated with neurobehavioral disorders such as 

manganese-induced parkinsonism (Cersosimo and Koller, 2006; Colosimo and Guidi, 2009; 

Guilarte and Gonzales, 2015). Mn toxicity is of great public health importance because 

“hundreds of thousands of workers in the United States and millions of workers worldwide 
are exposed to [Mn-rich] welding aerosols on a daily basis” (Antonini et al., 2009). The 

neurological symptoms from extremely high level Mn-exposure consist initially of reduced 

response speed, irritability, intellectual deficits, mood changes, and compulsive behaviors, 

and progress to more prominent, irreversible neurological dysfunction upon protracted 

exposure (Guilarte, 2013; Hauser et al., 1996; Huang et al., 1993; Mergler and Baldwin, 

1997; Pal et al., 1999). Neuronal degeneration and/or dysfunctional dopamine release also 

have been reported in basal ganglia (BG) areas including the globus pallidus, striatum, and 

substantia nigra pars reticulata (Colosimo and Guidi, 2009; Criswell et al., 2012; Guilarte, 

2010; Guilarte, 2013; Guilarte et al., 2008; Khalid et al., 2011; Perl and Olanow, 2007). 

Recently, Racette et al. (2012) reported that Mn-exposed workers had a higher prevalence of 

parkinsonian features compared to unexposed workers, and the parkinsonian symptoms 
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assessed by UPDRS (Unified Parkinson’s Disease Rating Scale)-III motor scores increased 

with cumulative long-term Mn-exposure (Racette et al., 2016).

Establishing reliable, quantitative in vivo biomarkers for Mn brain accumulation, 

particularly tissue dosage to the brain, has been challenging (Bader et al., 1999), and 

significant effort has been expended to discover surrogate biomarkers of Mn-related 

neurotoxicity. Several cellular and neurochemical studies using animal models have been 

conducted to understand possible mechanisms of Mn toxicity (Aschner and Dorman, 2006; 

Benedetto et al., 2009; Dobson et al., 2004; Erikson et al., 2006; Iavicoli et al., 2009; Jones 

and Miller, 2008; Levy and Nassetta, 2003; Norenberg and Rao, 2007; O’Neal and Zheng, 

2015; Sidoryk-Wegrzynowicz and Aschner, 2013a, b; Takeda, 2003; Wright and Baccarelli, 

2007; Yokel, 2006). It is known that influx of Mn into the brain is carrier-mediated, e.g., 

through divalent metal transporter-1 (DMT-1), transferrin, or ZIP8 (O’Neal and Zheng, 

2015) that are located at the interface of the blood-brain-barrier (BBB). The major route for 

transport of Mn into the brain is via the BBB, but inhaled Mn can enter the brain via the 

olfactory pathway or through the blood-cerebrospinal fluid (CSF) barrier (Schmitt et al., 

2011; Zoni et al., 2012). Efflux of Mn from the brain is by slow diffusion (Yokel, 2009), and 

the average half-life in brain has been estimated to be between 52–74 days (Crossgrove and 

Zheng, 2004; Newland et al., 1987), leading to potential accumulation. Excessive Mn brain 

accumulation following acute and/or chronic exposure to Mn, and problems with adequate 

Mn clearance from brain (e.g., mutations in the SLC30A10 gene), likely cause neurotoxic 

effects in the CNS (Leyva-Illades et al., 2014). For example, disruptions in several 

neurotransmitter systems, including dysfunctional dopaminergic activity, have been reported 

(Guilarte et al., 2008; Perl and Olanow, 2007), and disrupted glutamate and γ-aminobutyric 

acid (GABA) systems have been suggested (Burton et al., 2009; Sidoryk-Wegrzynowicz and 

Aschner, 2013a).

In humans, welders have been among the most studied occupational groups since Mn is one 

of the major elements in many types of welding fumes (Burgess, 1995). Prior studies of 

welders have documented subclinical motor and non-motor symptoms that do not meet 

criteria for occupational manganism (Bowler et al., 2006a; Bowler et al., 2006b; Bowler et 

al., 2007a; Bowler et al., 2007b; Chang et al., 2009; Cowan et al., 2009a; Cowan et al., 

2009b; Ellingsen et al., 2008; Simon-Sanchez et al., 2009), with several reporting significant 

associations between Mn-exposure and subclinical symptoms (Chang et al., 2009; Meyer-

Baron et al., 2013; Simon-Sanchez et al., 2009).

Recently, magnetic resonance imaging (MRI) markers have been used to examine Mn-

related brain and functional changes. For example, Mn brain accumulation has been linked 

to higher MRI T1-weighted (T1W) intensity and/or T1 relaxation rate (R1: 1/T1) that was 

greatest in the globus pallidus (GP; Dorman et al., 2006b; Kim et al., 1999). These changes 

have been associated with slower motor function (Chang et al., 2009; Dion et al., 2016; Shin 

et al., 2007) and/or with poorer performance in working memory and executive function 

(Chang et al., 2009). Mn-induced volume decrease also was reported in the GP and 

cerebellum, and these correlated with reduced performance in fine motor and executive 

function tasks in full-time welders (Chang et al., 2013).
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There is, however, uncertainty regarding the effects of the chronic low-level Mn-exposure 

that probably is most relevant to occupational and public health. This is due partly to the 

lack of an objective and sensitive in vivo marker of low-level Mn accumulation in brain. In 

the present review, we provide an overview of Mn-related brain and functional changes 

based on studies of a cohort of asymptomatic welders with welding exposures lower than 

most previous studies.

Establishment of a Pennsylvania-based welder cohort with chronic, low Mn 

exposure

Subjects

We recruited both our welders and controls locally from the community around the Penn 

State Milton S. Hershey Medical Center and nearby Harrisburg, PA, as well as from the 

Philadelphia, PA area (Lee et al., 2015). In contrast to many of prior studies (Chang et al., 

2009; Choi et al., 2007; Long et al., 2014) that purposefully recruited subjects from high 

exposure, full-time professionals (e.g., boilermakers and shipyard workers) who may or may 

not reside locally, we recruited both full- and half-time welders only locally. A total of 80 

subjects were recruited at baseline, 48 with and 32 without a history of welding exposure. Of 

these, 43 welders and 31 controls completed the MRI acquisition with good quality images. 

Welders, defined as subjects who had welded at any point in their lifetime, represented 

several different trade groups (e.g., boilermakers, pipefitters, and a variety of different 

manufacturing jobs). Out of 43 welders, 35 were active welders and 7 welders did not weld 

during the 90 days prior to study participation. For the 35 active welders, the duration 

between the last time they welded and study participation varied between ~1–5 days. For the 

7 welders without welding during the 90 days prior to study participation, the duration 

between welding cessation and data collection varied between 5–180 months. Controls were 

volunteers from the same regional community with various occupations that did not have 

any lifetime history of welding. All subjects were male and answered negatively for past 

diagnosis of Parkinson’s or other neurological disorders. All subjects were ascertained to be 

free of any obvious neurological and movement deficits using the UPDRS-III (Goetz et al., 

2008) with a threshold score of <15 (Lee et al., 2015). Subjective symptoms were evaluated 

by UPDRS-I and -II that assess non-motor (I) and motor (II) experiences of daily living 

(Goetz et al., 2008).

Assessment of the cohort

Exposure and behavioral function assessment

We estimated welding exposure using the following measures: recent hours welding, 

brazing, or soldering [HrsW90 = (weeks worked) * (h/week) * (fraction of time worked 

related directly to welding)]; the E90 (an estimate of the cumulative 90 day exposure to Mn, 

past 90 days); lifetime exposure [cumulative lifetime welding years (YrsW = years spent 

welding during the subjects’ life)]; and the ELT (an estimate of cumulative exposure to 

inhaled Mn over the individual’s life, lifetime) (Lee et al., 2015). In addition, whole blood 

metal (Fe and Mn) levels were obtained. To assess behavioral functions, UPDRS-III and 

Grooved Pegboard test (traditional motor and fine motor tasks), single- and multi-finger 
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pressing tasks (for synergy metrics), and standardized neuropsychological tests were 

administered (Lee et al., 2017; Lewis et al., 2016b). All blood, MRI, and behavioral 

measurements were collected on the same day.

Estimations of brain MRI measurements: We used state-of-the-art MRI techniques on a 

Siemens 3 T scanner (Magnetom Trio, Siemens Medical Solutions, Erlangen, Germany) 

with an 8-channel head coil to acquire high-resolution T1-weighted (T1W), T2-weighted 

(T2W), rapid T1 mapping (to assess R1), a multigradient-echo sequence [to estimate the 

apparent transverse relaxation rate: R2* (1/T2*)], and diffusion tensor images (DTI). 

Bilateral basal ganglia (BG) structures [GP, putamen (PUT), and caudate nucleus (CN)] 

were selected as regions of interest (ROI) (Chang et al., 2009; Criswell et al., 2012; Dorman 

et al., 2006b).

Characteristics of the cohort

Our PA-based welders demonstrated exposure levels that were lower than most previous 

studies: As seen in Table 1, the mean blood Mn level was 10.7 ± 3.2 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), but considerably lower compared to other studies [e.g., blood Mn>14.2 ng/mL 

(Chang et al., 2009; Choi et al., 2007; Criswell et al., 2012; Ellingsen et al., 2015). Our 

welders reported an E90 of 2.4 ± 2.0 mg-days/m3, translating to ca. 0.08 mg/m3 for an eight-

hr time weighted average (TW). Our welders also had an average of ~250 ± 200 (SD) 

HrsW90 in the 90-day period prior to the study visit, approximately equivalent to what a 

half-time welder completely engaged in welding would report. In addition, the MRI pallidal 

index (PI; a traditional marker for brain Mn accumulation) in our welders (mean PI =109.5) 

was lower compared to several other studies [PI>112; (Chang et al., 2009; Choi et al., 2007; 

Criswell et al., 2012)]. Together, all Mn-related exposure measurements (blood Mn, HrsW90, 

E90, and PI values) indicated that the welders in this PA-based cohort generally had 

relatively low Mn exposure.

R1 (1/T1) signals capture non-linear, short-term Mn accumulation

Mn brain accumulation has been linked to higher MRI T1W intensity (Dorman et al., 2006b; 

Kim et al., 1999) because Mn has paramagnetic characteristics that can shorten the MRI 

longitudinal relaxation time (T1) and increase T1W intensity. Moreover, T1 signals are 

relatively selective for estimating Mn brain accumulation because Mn has the highest T1 

relaxivity (6.67/mM/sec) of all metals, higher even than the contrast agent gadolinium 

(5.0/mM/sec). Previous studies reported significant linear correlations between Mn content 

and T1 relaxation rates (R1; 1/T1) in metal-doped rat brain homogenates starting from a Mn 

concentration of zero (r=0.98; Gallez et al., 2001) and between the R1 signal and Mn 

concentration in the basal ganglia of rats (rs≥ 0.84) (Gallez et al., 2001; Kim et al., 1999). 

Other paramagnetic metals in welding fumes have lower T1 relaxivity (e.g., Fe2+=0.01 and 

Cu2+=0.5) (Gallez et al., 2001; Yilmaz et al., 1999). Traditionally, T1W intensity imaging 

has been used to assess Mn accumulation in brain tissue (Baker et al., 2015; Pal et al., 1999) 

by means of the PI, the ratio of T1W intensity in the GP [where Mn appears to accumulate 

most significantly (Dorman et al., 2006b)] compared to intensity in the frontal white matter 
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(FWM). The PI, however, may not be sensitive to Mn exposure especially when the 

exposure level is low because Mn also can enter the FWM, as well as regions other than the 

GP (Choi et al., 2007; Dorman et al., 2006b; Guilarte et al., 2006; Lee et al., 2015). 

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., 2006b; Lee et al., 2015).

The study of PA-based welders with low Mn-exposure utilized the R1 signal to capture 

sensitively low-level Mn brain accumulation. The results showed that there were no 

significant group differences in PI or R1 values in any ROIs (Figure 1a–b), different from 

the majority of the welding-related literature where higher PI or R1 values in the GP were 

reported (Choi et al., 2007; Criswell et al., 2012). Interestingly, the R1 signal showed a non-

linear relationship with HrsW90 (welding hours, past 90 days), such that R1 did not start to 

increase until HrsW90 exceeded ~300 hours (Figure 1c). Conversely, the traditional PI failed 

to show any association with either short- or long-term exposure metrics. Subsequent 

subgroup analyses revealed that welders with HrsW90 <300 hours were indistinguishable 

from controls (in Mn blood metal and R1 values), whereas R1 values in the BG were 

elevated for welders with HrsW90 >300 hours compared to the lower level exposed welders 

with HrsW90 <300 (Lee et al., 2015). These data suggest that there may be a threshold above 

which homeostatic Mn regulation may be broken and brain Mn levels may start increasing. 

This non-linear pattern of Mn brain concentration also was predicted by physiologically-

based pharmacokinetic (PBPK) models (Nong et al., 2009; Nong et al., 2008; Schroeter et 

al., 2010) that originally were developed based on animal (rats and nonhuman primates) data 

(Nong et al., 2009; Nong et al., 2008) and verified with experimental animal studies 

(Dorman et al., 2004; Dorman et al., 2006a; Tapin et al., 2006). When the PBPK model was 

scaled to human data, the model also predicted that the concentration of Mn in the GP would 

be unchanged when air Mn levels were below 0.1 mg/m3 for 8 h/day over 90 days (Schroeter 

et al., 2010), supportive of non-linear Mn accumulation in human brains. The application of 

the PBPK model to humans was validated based on multiple empirical human studies by 

using air Mn level as the input and blood Mn levels as the predicted outcome variables 

(Ramoju et al., 2017), although validation using human pathological data is lacking. It is not 

straightforward, however, to estimate how 300 HrsW90 translates to air concentration and 

further studies are needed to elucidate this. Nevertheless, the non-linear Mn accumulation 

pattern is relevant to occupational and public health because it may contribute to 

determining tolerable and safe threshold limit values of Mn exposure.

A one-year follow-up analysis was conducted on this cohort that demonstrated changes in 

R1 values in all ROIs correlated with changes in HrsW90 (the short-term welding exposure 

metric), whereas blood Mn levels or the PI value failed to show any associations with 

changes in HrsW90 (Lewis et al., 2016a). This result is consistent with a previous finding 

that the GP T1 relaxation time (1/R1) in Mn-exposed monkeys was lowest after 120 days of 

Mn-exposure, but returned to control values two months after cessation of Mn-exposure, 

suggesting that R1 may sensitively capture the temporal dynamics of Mn brain accumulation 

and clearance (Han et al., 2008). Collectively, the data from our analyses of welders exposed 

to low-level of Mn suggest that R1 may serve as a more sensitive marker to gauge Mn 

accumulation (especially at low-level exposures) than PI, by sensitively capturing the non-

linear, short-term dynamics of Mn brain accumulation.
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Microstructural changes related to chronic Mn exposure

Although previous studies were able to establish some biomarkers for Mn brain 

accumulation, the relationship between Mn brain accumulation and neuronal pathology, 

especially at subclinical exposure levels, still is unclear. Diffusion weighted imaging (DWI; 

Schaefer et al., 2000) and DTI (Basser and Pierpaoli, 1996; Le Bihan et al., 2001) are MRI 

sequences that can assess tissue microstructural properties by measuring diffusion, the 

random translational motion of water molecules (Basser and Pierpaoli, 1996). There has 

been a growing effort to link the MRI modality to Mn-related microstructural changes, but 

the findings have been inconsistent. For example, there has been one report of greater (7%) 

mean diffusivity (MD), an overall diffusion magnitude measure, in the GP of Mn-overloaded 

methcathinone abusers (Stepens et al., 2010). Conversely, other studies have reported lower 

GP apparent diffusion coefficient (ADC) values of DWI, an estimate of the magnitude of 

diffusion for one specific gradient direction (comparable to DTI MD) in asymptomatic 

welders (Criswell et al., 2012) or in a subject with Mn toxicity (McKinney et al., 2004). No 

studies, however, have demonstrated an association between the diffusion imaging findings 

and degree of welding exposure.

It recently has been demonstrated that DTI fractional anisotropy (FA), a diffusion anisotropy 

measure that traditionally has been used to measure white matter properties and the 

connectivity between brain gray matter regions, may capture microstructural integrity in 

subcortical gray matter structures (Chan et al., 2007; Hashimoto et al., 2009; Yoshikawa et 

al., 2004). For example, schizophrenia patients had significantly lower FA values in the GP 

compared to controls (Hashimoto et al., 2009), suggestive of microstructural changes.

Thus, we investigated whether DTI measures (especially FA) may detect microstructural 

changes in the BG of asymptomatic welders with chronic, low-level exposure. Results 

showed a non-significant MD increase (1.9%) (Figure 2a), but a significant decrease (4.4%) 

in FA values in the GP (Figure 2b) for welders compared to controls. Moreover, GP FA 

values in welders showed non-linear relationships with YrsW (welding years; a long-term 

exposure metric), blood Mn levels, and PI values such that GP FA values decreased after a 

critical level of YrsW (e.g., >30 years) or blood Mn (e.g., >13 ng/mL) was reached, whereas 

they decreased with increasing PI values and then reached a plateau at the highest PI values 

(see Figure 2c–e for data patterns and statistics). In addition, a stepwise regression analysis 

that collapsed welders and controls demonstrated that the YrsW and PI were significant 

predictors of GP FA values. Conversely, GP FA values did not show any relationship with 

short-term exposure metrics (HrsW and E90), blood Cu and Fe levels, or R2* values (an 

estimate for brain Fe accumulation).

These results suggest that; first, the observed GP FA group difference may be due, at least 

partly, to chronic welding exposure in welders; and second, the significant non-linear 

associations between GP FA values and Mn-exposure measurements (blood Mn and PI), 

along with the absence of any associations between GP FA and Fe exposure measurements 

(blood Fe and R2*), suggest that the GP FA group difference likely is related to Mn 

exposure, although the influence of other unmeasured co-exposures cannot be ruled out. The 

lack of group differences in R1 and PI measures, however, indicates that the GP FA group 
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difference may not be due to current Mn brain accumulation per se, especially when the 

exposure level is low. Note that both R1 and PI signals decay with time (Han et al., 2008; 

Kim, 2004; Nelson et al., 1993) and thus these MRI markers may reflect short-term rather 

than long-term cumulative Mn exposure more sensitively. The lack of the R1 and PI group 

differences also is in contrast to the majority of other welding-related studies and likely 

indicates that our welders have low-level exposures and the GP FA difference would be 

exacerbated with increasing Mn exposures.

Collectively, these results suggest that lower GP FA values may capture microstructural 

changes associated with long-term Mn-exposure. This finding is important because it 

implies that FA may serve as a useful early marker for microstructural changes that may 

gauge Mn neurotoxicity in asymptomatic welders. Furthermore, even very low levels of Mn-

exposure may lead to microstructural changes if welding is chronic (Lee et al., 2016a).

Synergy metrics may capture subtle motor function decline related to Mn 

exposure

The overall weight of the literature supports the hypothesis that there is compromised 

function after Mn exposure (even in asymptomatic welders) (Bowler et al., 2006a; Bowler et 

al., 2006b; Bowler et al., 2007a; Bowler et al., 2007b; Chang et al., 2009; Cowan et al., 

2009a; Cowan et al., 2009b; Ellingsen et al., 2008; Simon-Sanchez et al., 2009). For 

example, a meta-analysis of eight studies examining 579 Mn-exposed and 433 unexposed 

workers reported slower motor performance and declines in attention, short-term memory, 

and executive function (Meyer-Baron et al., 2013). It is, however, unclear if there are 

functional deficits after lower level Mn exposure like our cohort. Because traditional 

standard tests were developed to detect differences for patient populations, there is a need to 

develop more sensitive tests that can detect subtle differences that may occur in welders with 

low-level Mn-exposure.

Movement stability is crucial for successful everyday motor performance because all natural 

human movements are performed in a poorly predictable environment and involve varying 

internal states. For example, when a welder is involved in his/her labor activity, the non-

dominant hand typically ensures stability of the object of welding while the dominant hand 

controls the torch. Both sub-actions likely are based on varying contributions of elements 

such as joints, digits, and muscles, rather than on fixed, stereotypical patterns of their 

involvement (Schöner, 1995). Loss of stability of motor performance may cause spills, falls, 

dropped objects, illegible writing, and stuttering, but it also may be subtle and not 

observable with the naked eye. Our hypothesis was that this may occur in subclinical, 

asymptomatic welders. Indeed, previous studies reported that Mn-exposed subjects 

experienced issues with balance and tasks requiring maintaining stability (Bouchard et al., 

2007; Bowler et al., 2007b; Ellingsen et al., 2008; Mergler et al., 1994; Zoni et al., 2007), 

suggesting that motor tasks that can quantify motor stability may sensitively capture Mn-

related early motor function decline.

Until recently, there were no methods that could quantify directly movement stability across 

the repertoire of everyday actions that involve multi-digit object manipulation, multi-joint 
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reaching, and/or whole-body actions. Such methods have been recently developed based on 

the principle of abundance (Gelfand and Latash, 1998; Latash, 2012) and the uncontrolled 

manifold hypothesis (Scholz and Schoner, 1999). By utilizing these methods, a motor 

synergy index (an estimate for motor stability) was developed to explain disordered 

movements such as those observed in PD (Latash, 2008; Latash and Huang, 2015; Park et 

al., 2010). Note that overt Mn neurotoxicity is known to have similarities to PD (Bowler et 

al., 2007a; Cersosimo and Koller, 2006) due to common features of basal ganglia 

dysfunction (Criswell et al., 2012; Dorman et al., 2006a; Lee et al., 2015; Lee et al., 2016a), 

although Mn-induced parkinsonism can be differentiated from PD by, for example, lack of 

response to levodopa, the most common PD drug (Ostiguy et al., 2006).

Our team demonstrated recently that in PD and parkinsonism, the altered BG function 

results in decreased synergy indices (measure of movement stability) and anticipatory 

synergy adjustments (ASA, measurement of agility; ability to modify steady states in 

preparation to a quick action) (Jo et al., 2015a; Jo et al., 2015b; Park et al., 2013; Park et al., 

2012). This suggests impairment both in creating task-specific motor stability (Schöner, 

1995) and adjusting it by preparing a quick action in PD (Olafsdottir et al., 2005). Most 

importantly, we found lower synergy index values in early-stage PD patients, even in the 

asymptomatic side (Park et al., 2012), suggesting that reduced motor stability may precede 

the actual clinically detectable balance problems. This finding hinted the possibility that the 

synergy index may serve as a useful tool to sensitively capture even subtle premorbid 

deficits in movement stability of our welder cohort.

In the current study of our PA-based welders with low-level Mn-exposure, we implemented 

single- and multi-finger pressing tasks to acquire motor synergy index in order to capture 

alterations in movement stability as an early behavioral marker of Mn-exposure in our 

welder cohort (Lewis et al., 2016b). In a subset of the current PA-based cohort (20 right-

handed welders and 13 matched controls), subjects were asked to use four fingers of the 

right or left hand, with each finger pressing on its own button equipped with a force sensor. 

The subjects were tested for ~20 s and asked to match total force with the template force 

shown on the screen (pressing during a steady state). Subjects then were asked to produce a 

quick force pulse at a target force level. In addition, conventional motor tasks (the UPDRS-

III to gauge gross motor functions of tremor, rigidity, and balance; and the Grooved 

Pegboard test to measure fine motor dexterity) were administered. During the Grooved 

Pegboard test, subjects were asked to rotate and insert 25 pegs, one at a time, to fit in holes 

as quickly as possible. The behavioral performance on these tests then was related to 

welding-related MRI makers [R1, PI, R2*, and DTI; estimates of welding-related metal (Mn 

and Fe) accumulation and microstructural changes, respectively].

The data indicated that the synergy index during steady state (an index of stability) was 

significantly lower in welders, particularly in the left hand, compared to controls, whereas 

the anticipatory synergy adjustments (indices of agility) were not significantly different 

between welders and controls. Welder and controls also were similar regarding UPDRS-III 

or Grooved Pegboard test scores (Lewis et al., 2016b). These data revealed that welders 

display selective deficits in hand movement stability compared to controls, even though 

conventional motor tasks failed to show any significant differences. Collectively, these 
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findings suggest that synergy metrics may serve as a very sensitive marker to detect motor 

function decline in welders. Most interestingly, lower synergy index values in the left hand 

of welders were associated significantly with lower FA values in the GP (Figure 3), an MRI 

marker reflecting microstructural changes associated with long-term Mn exposure. The 

synergy indices were not, however, associated with PI and R1 values, markers for Mn 

accumulation per se. The finding of a strong and significant association between the synergy 

index and GP FA values, the region known to have the highest susceptibility for Mn 

accumulation, suggests that the decline in motor stability can be measured sensitively, and is 

related to Mn-induced microstructural changes in the GP (Lee et al., 2016a; Lewis et al., 

2016b). These data lead to a better understanding of the link between Mn-related 

microstructural changes and functional consequences, but need to be replicated in a larger 

cohort. Nevertheless, the results suggest that the multi-digit synergy index can capture 

subclinical motor changes in asymptomatic welders, and may serve as a sensitive marker for 

basal ganglia dysfunction in Mn-exposed welders.

Neurotoxic effects of Fe at low-level Mn exposure

Welding fumes contain several metals including copper (Cu), Mn, and Fe that may interact 

to influence welding-related neurotoxicity. Although airborne Fe concentrations are about 

ten-fold greater than those of Mn (Ellingsen et al., 2006; Flynn and Susi, 2009) and whole 

blood Fe levels are much higher than those of Mn (Lu et al., 2005), past welding-related 

studies have focused on Mn accumulation in brain (Choi et al., 2007; Lee et al., 2015), with 

few studies examining brain deposition of Fe in welders or mine workers (Criswell et al., 

2015; Long et al., 2014).

Similar to Mn, Fe is an essential element that can be neurotoxic at higher doses (Sipe et al., 

2002). Fe uptake into brain is affected by several factors including particle size and the 

presence of other metals such as Mn and Cu. For example, Fe and Mn may compete for 

common transporters such as transferrin (Erikson et al., 2004), and Cu overload may 

decrease Fe brain uptake (Crowe and Morgan, 1996). Thus, increased levels of welding-

related metals other than Fe (e.g., Mn, Cu, etc.) may influence its uptake into the brain and 

vice versa. For MRI, Fe has paramagnetic characteristics and shortens the apparent 

transverse relaxation time (T2*; Haacke et al., 2005). Thus, one of the commonly used 

methods to assess Fe brain accumulation is measurement of the T2* relaxation rate (R2*; 1/

T2*). Indeed, several neuroimaging studies (Gelman et al., 1999; Peran et al., 2010) 

established associations between R2* values in selected brain areas (including the basal 

ganglia) and brain Fe content estimated from the postmortem data of Hallgren and 

Sourander (Gerlach et al., 1994; Hallgren and Sourander, 1958). R2* values, however, may 

be affected by the presence of other paramagnetic metals (e.g., Cu and Mn) that are common 

in welding (Vymazal et al., 1993). For example, increased R1 and R2 values occurred when 

there was elevated Mn exposure without additional Fe (Fitsanakis et al., 2010).

Studies examining Fe brain accumulation in welding or Mn-exposure are sparse and 

inconsistent. Long et al. (2014) assessed Fe concentration via T2* and, when compared to 

controls, found full-time welders had lower T2* values in the frontal cortex, but no 

difference in selected subcortical regions of interest (ROIs; e.g., GP, thalamus, and 
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hippocampus). A recent study in deceased mine workers reported no difference in Fe tissue 

concentrations in the BG compared to controls (Criswell et al., 2015), although increased Fe 

tissue concentration was reported in the BG of Mn-exposed monkeys (Olanow et al., 1996). 

Studies examining possible associations between neurobehavioral performances and 

welding-related Fe accumulation are not available. It is also important to note that R2* 

consists of both susceptibility and the transverse relaxation rate that may be influenced by 

local cellular structural properties (Duyn and Schenck, 2017; Haacke et al., 2005). Recently, 

quantitative susceptibility mapping (QSM) has been demonstrated to capture only 

susceptibility, thus making it a better tissue Fe marker (Haacke et al., 2005; Wang and Liu, 

2014). Future studies integrating QSM are warranted to determine whether Fe deposition 

occurs in welders.

Increased R2* in the caudate nucleus in the absence of increased R1 or PI values

Our study of PA-based welders with low-level Mn-exposure utilized R2* as a surrogate 

marker for Fe brain accumulation, and found higher whole blood Fe levels and higher R2* 

values compared to controls. The higher R2* values were selective for the CN (Figure 4a), 

not other regions of the BG. They also were correlated positively with blood Fe levels after 

adjustment for confounders (including R1 values and blood Cu and Mn levels), although 

there were no group differences in R1 values in any ROI. Together, these results suggest that 

increased R2* may be associated with increased exposure specifically to Fe (Lee et al., 

2016b). Whereas past welding-related studies focused on Mn accumulation in the BG 

(predominantly in the GP), our PA-based study of welders with low-level Mn-exposures was 

the first human study to delineate increased R2* values in the BG (predominantly in the 

CN). It is unclear why higher R2* values were found in the CN and not in the PUT and GP. 

Nevertheless, because Fe has been implied in a number of neurotoxic and/or 

neurodegenerative process (Jellinger et al., 1990; Snyder and Connor, 2009; Ward et al., 

2014), it is possible that higher Fe accumulation in the CN may underlie cognitive declines 

reported in welding-related neurotoxicity.

Increased R2* in the caudate nucleus was associated with lower phonemic fluency 
performance

Our cohort of welders scored lower in all individual tests of comprehensive 

neuropsychological tests including the cognitive domains of processing/psychomotor speed, 

executive function, language, learning/memory, visuospatial processing, and attention/

working memory (Lee et al., 2017). The most pronounced deficits were observed in the 

domains of processing/psychomotor speed and executive function, but only the Phonemic 
Fluency test (where subjects generate words beginning with a particular letter) remained 

significant after correction for multiple comparisons. These results suggest that mental 

processes such as updating speed, strategic search, and clustering (or strategic response 

organization) that are involved in Phonemic Fluency processing may be among the earliest 

cognitive changes occurring in asymptomatic welders with low Mn exposure. In addition, 

test scores on the Phonemic Fluency test were reliably and inversely correlated with R2* 

values in the CN in welders (Figure 4b), but not with PI and R1 values in any ROI. 

Moreover, R2* values in the CN were a significant predictor for Phonemic Fluency 
performance after controlling for a number of confounders.
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Along with the finding of higher CN R2* values for welders, these neuropsychological 

results suggest that some welding-related neurobehavioral changes may be due to, at least in 

part, by Fe rather than Mn brain accumulation, particularly in the CN. This may be 

especially relevant when the exposure level is relatively low and Mn neurotoxic effects are 

not yet discernible. In addition to the well-documented involvement of the frontal cortex 

(Baldo et al., 2006) in the Phonemic Fluency test, there also is an influence of the CN 

(Grogan et al., 2009). Yet, the dynamics of Fe accumulation and its association with 

neurobehavioral performance may change if Mn exposure becomes higher. A study of 137 

welders exposed to a Mn air concentration of 0.21 mg/m3 (range: 0.001–3.2) showed higher 

serum Mn, but no increase (or even lower) serum Fe and ferritin compared to controls 

(Ellingsen et al., 2015). Previous animal studies also showed increased Mn but decreased Fe 

brain concentrations when rats were fed with both Mn- and Fe-supplemented food 

(Fitsanakis et al., 2010; Zhang et al., 2009). These studies suggest that Fe uptake to the brain 

could be attenuated by the presence of higher levels of Mn. Nevertheless, the findings of 

higher R2* values and its association with cognitive decline underscore the importance of 

accounting for Fe effects in welders with low-level Mn exposure that may help guide future 

studies and the development of occupation- and public health-related polices in relation to 

Mn exposure.

Concluding remarks and future directions

There have been significant efforts to seek surrogate biomarkers of Mn-related neurotoxicity. 

Based on data gleaned from experiments with an asymptomatic welder cohort with relatively 

low-level Mn-exposure, several conclusions have been drawn: 1) Mn may start accumulating 

significantly in the brain once a critical level of exposure is reached (e.g., recent welding 

hours >300; assessed via the R1 measurement); 2) long-term Mn exposure (e.g., lifetime 

welding years >30) may lead to microstructural changes (assessed via FA changes) even at 

low-level exposures; 3) synergy metrics can be a tool to capture early motor function 

decline; and 4) it is important to investigate the effects of welding-related metals other than 

Mn in situations of low-level Mn exposure where Mn-related neurotoxic effects are not 

obvious. These findings may guide future studies and the development of occupation- and 

public health-related tools and polices involving Mn exposure. It is important to replicate the 

current results in a larger sample size and a different cohort to generalize the findings. It also 

would be meaningful to test whether the observed brain and functional changes at low-level 

Mn exposure are reversible, and/or contribute to the susceptibility to future development of 

neurodegenerative disorders such as Parkinson’s disease or related disorders.
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Highlights

• Manganese may accumulate in the brain in a non-linear fashion: MRI R1 

(1/T1) signals significantly increased only after a critical level of exposure 

was reached (e.g., ≥300 welding hours in the past 90 days prior to MRI).

• Chronic Mn-exposure may lead to microstructural changes as indicated by 

lower diffusion tensor fractional anisotropy values in the basal ganglia (BG), 

especially when welding years exceeded more than 30 years.

• Mn-related subtle motor dysfunctions can be captured sensitively by synergy 

metrics (indices for movement stability), whereas traditional fine motor tasks 

failed to detect any significant differences.

• Iron may also play a role in welding-related neurotoxicity, especially at low-

level Mn-exposure.
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Figure 1. 
a) MRI longitudinal relaxation rates (R1) in basal ganglia regions of interest [caudate 

nucleus (CN), putamen (PUT), globus pallidus (GP)] for welders and controls; b) PI 

(pallidal index) for welders and controls. Data represent the mean ± standard errors (SEM).; 

c) R1 in the globus pallidus (GP) and putamen (PUT) as a function of welding hours 

(HrsW90) collapsed across welders and controls [modified from Lee et al. (2015)].
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Figure 2. 
MRI Diffusion tensor imaging (DTI) in basal ganglia regions of interest [caudate nucleus 

(CN), putamen (PUT), globus pallidus (GP)] a) Mean diffusivity (MD); b) Fractional 

anisotropy (FA). Data represent the mean ± standard errors (SEM). The FA difference in the 

GP between welders and controls is significant (raw p= 0.004) using repeated measures 

analyses of variance based on mixed models by treating group (controls versus welders) as a 

between-subjects factor and ROI as a within-subjects factor and adjusting for age, BMI 

(body mass index), and R2* values. This difference remained significant after correction for 

multiple comparisons (3 ROIs to be compared) using the Stepdown Bonferroni method 

(Holm, 1979) to control the familywise error rate (FWER) at p= 0.05 (denoted by *). 

LOWESS plots depicting the relationship of FA in the GP with c) the exposure measurement 

of lifetime welding years (YrsW; a second-order polynomial relationship, ß=−0.0002, 

R2=0.13, p=0.028); d) whole blood Mn level (a second-order polynomial relationship, ß=

−0.0008, R2=0.11, p=0.036); and e) the pallidal index (PI; a significant third-order 

polynomial relationship, ß= 0.0002, R2= 0.30, p=0.009) within welders. [from Lee et al. 

(2016a)].
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Figure 3. 
Scatter plot comparing ranked fractional anisotropy (FA) values in the globus pallidus (GP) 

(y-axis) with ranked synergy index (x-axis). For welders, there was a significant Spearman’s 

correlation between left GP FA and synergy index values after adjustment for age: R=0.731, 

p=0.0006 [from Lewis et al. (2016b)].
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Figure 4. 
a) MRI apparent transverse relaxation rates (R2*) in basal ganglia regions of interest 

[caudate nucleus (CN), putamen (PUT), globus pallidus (GP)] for welders and controls. The 

R2* difference in the CN between welders and controls is significant (raw p= 0.018) using 

repeated measures analyses of variance based on mixed models with adjustment for age, 

BMI, and R1 values. Data represent the mean ± standard errors (SEM). This difference 

remained significant after correction for multiple comparisons using the Stepdown 

Bonferroni method (Holm, 1979) (denoted by *); b) Scatter plot comparing z-scores on the 

Phonemic Fluency subtest (y-axis) with R2* values in the CN (x-axis): For welders, there 

was a significant Pearson’s correlation between R2* in the CN and Phonemic Fluency scores 

after adjustment for age: R= R=−0.468, p=0.007) [modified from (Lee et al., 2017; Lee et 

al., 2016b)].
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Table 1

Summary statistics for demographics (I), exposure metrics, and blood metals (II) in welders and controls.

Controls (N=32)
Mean ± SD

Welders (N=48)
Mean ± SD

Raw
p-values

I. Demographics

Age (years) 43.4 ± 11.2 48.0 ± 10.8   0.075

Education (years) 16.2 ± 2.4 12.8 ± 1.7 <0.001

ALT (IU/L) 37.7 ± 16.5 39.8 ± 16.7   0.684

BMI (kg/m2) 26.0 ± 3.3 29.2 ± 5.3   0.004

Hemoglobin 14.8 ± 0.8 15.2 ± 1.0   0.102

Smokers (%)   3.2% 15.2%   0.091

Cigarettes/day (no.) 13.0 ± 12.0 20.2 ± 13.5   0.303

UPDRS-I   1.0 ± 1.9   1.7 ± 2.0   0.125

UPDRS-II   3.9 ± 3.1   4.6 ± 3.5   0.383

UPDRS-III   1.5 ± 2.1   1.9 ± 2.4   0.461

II. Exposure metrics and Blood Metal levels

HrsW (hours) 0 ± 0 (0) 248 ± 195 <0.001

E90 mg-days/m3   0.0027 ± 0   2.4 ± 2.0 <0.001

YrsW (years) 0 ± 0 (0) 25.8 ± 10.6 <0.001

ELT mg-years/m3   0.0013 ± 0.0004   1.2± 0.8 <0.001

Mn (ng/mL)   8.8 ± 2.5 10.7 ± 3.2 <0.001

Fe (μg/mL) 498 ± 75 551 ± 56 <0.001

Data represent the mean ± SD. Demographic (I) and blood metal (II) measures were compared between controls and welders using analysis of 
variance (ANOVA) for demographic and blood metal data. Abbreviations: ALT-alanine aminotransferase; BMI-body mass index; UPDRS-Unified 
Parkinson’s Disease Rating Scale-motor scores.
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