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INTRODUCTION

Manganese (Mn) plays a critical role in many physiologic processes, including protein and 

energy metabolism, cellular protection from damaging free radicals, bone mineralization, 

immune function, reproduction, digestion, and metabolic regulation.1 Although vital in trace 

amounts, Mn overexposure has been associated with neurodegeneration and neurotoxicity.2 

Chronic exposure to increased levels of Mn in occupational settings has resulted in a 

condition called manganism. Manganism is characterized by extrapyramidal symptoms, 

including bradykinesia, dystonia, gait instabilities, and speech impairments.3 In 1837, Dr 
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John Couper first reported neurologic features associated with Mn exposure when several 

employees of a Mn processing facility presented with extrapyramidal symptoms. During 

the twentieth century, research remained focused on occupational exposure to Mn with 

workplace studies in industries such as welding, mining, and the manufacturing of Mn-

containing products. In recent decades, research has become more focused on investigating 

the impact of chronic low-level exposure to Mn within the general population to understand 

the subsequent cognitive and neuromotor effects. In 1999, Mergler and colleagues2 were 

among the first to investigate the impact of low-level environmental exposure to Mn 

within a community setting. Subtle neurologic impairments were observed in relation to 

blood Mn levels. Current research builds on this concept by substantiating that lower-level 

environmental exposures are associated with subclinical neurologic effects.4

Abundant exposure to Mn occurs through diet,5 with factors such as age, gender, and 

nutritional status affecting absorption rates, which range from 1% to 5%.6 Although Mn 

is naturally present throughout the environment, anthropogenic sources such as industrial 

air pollution, agricultural fungicides, and gasoline additives contribute to the burden of 

excess environmental Mn. The inhalation of Mn is concerning because of greater absorption 

rates, especially within the brain.5 Homeostatic regulation is efficient at stabilizing levels of 

ingested Mn; however, airborne Mn may bypass these mechanisms and directly enter the 

brain by crossing the blood-brain barrier through membrane transporter proteins, transferrin 

and transferrin receptors,7 or via the olfactory nerve.8

Depending on the route of exposure, Mn absorption occurs via the gastrointestinal tract 

or lung with subsequent distribution throughout the body.9 The highest levels of Mn are 

reported in various organs, including the liver, bone, kidneys, pancreas, adrenal gland, and 

the pituitary gland within the brain.10 Typical levels of Mn in blood range from 4 to 15 

μg/L.5 Circulating Mn is typically bound to hemoglobin; thus, the main compartment for 

Mn is the erythrocytes.11 The liver plays the primary role in the biological regulation of Mn 

by conjugating excess Mn to bile for excretion through the intestine.9 As indicated by the 

neurologic impairments associated with Mn exposure, the brain is very vulnerable to Mn 

toxicity. Mn accumulates in the brain with an affinity toward the basal ganglia structures.12 

With a half-life estimated to be around 150 days, Mn has a slow clearance rate from the 

brain.13,14 In addition, it is thought that the high energy requirement and longevity of 

neurons contributes to enhanced neurologic susceptibility to Mn.9

This article examines the recent literature investigating the neurologic impact of Mn 

exposure on adult populations. This article synthesizes study findings to create a better 

understanding of the current state of research and to provide suggestions for future research 

directions.

METHODS

This systematic review investigates the effect of Mn exposure on adult neurocognitive and 

neuromotor function. In 2016, a systematic review assessing Mn exposure and cognition 

across the lifespan was published.4 Thus, to incorporate the findings from current research 

into the discussion regarding adult Mn exposure and neurocognition, the authors searched 
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for studies that were published between January 2016 and November 2019 investigating Mn 

exposure and neurocognition. We identified studies that met our criteria though PubMed and 

Medline using the following search terms: (manganese) AND (neurocognition OR cognition 

OR neuro) AND (adults) AND (occupation OR occupational OR environment OR environ*) 

(“2016/01/01”[Date – Publication]: “2019/11/01”[Date – Publication]). Previously, a review 

was published to assess the literature regarding Mn exposure and neuromotor outcomes.15 

Therefore, we searched for studies that evaluated Mn exposure among adults and were 

published between November 2007 and November 2019. Studies that met our criteria were 

obtained using both PubMed and Medline and the following search terms: (manganese) 

AND (neurofunctional OR neuromotor OR motor OR neurobehavioral) AND (adults) 

AND (welders OR occupational OR occupational OR environ*) (“2007/07/ 01”[Date – 

Publication]: “2019/11/01”[Date – Publication]).

DISCUSSION

Exposure Biomarkers

There is a substantial amount of research characterizing Mn exposure through environmental 

matrices such as water,16–18 soil,16,18,19 and air.16,20–36 Although these markers indicate 

levels of external exposure, they are not able to specify individual dose concentrations. In 

epidemiologic studies, personalized biomarkers of exposure strengthen study findings by 

capturing internal dose measurements and minimizing reporting bias. However, there is no 

concurrence on which biomarker of Mn exposure is ideal. Table 1 provides an overview of 

several different biomarkers commonly used in the studies included in this article.

Blood Mn/iron ratio (MIR) was used as the biomarker for exposure in a study conducted 

in Guizhou, China.27 The decline in fine motor movement was worsened by Mn exposure, 

and plasma MIR was inversely associated with fine motor skills. Viana and colleagues44 

in 2014 incorporated saliva measurements in a study of residents in Brazil living near a 

ferromanganese refinery to assess Mn exposure; however, no significant correlations were 

detected with saliva. Urine has been used as a Mn biomarker in many studies16,18,19,28,29; 

however, the future use of urine as a biomarker is not recommended. Toenails, fingernails, 

and hair are more frequently collected and analyzed for Mn content.21,44–47 A Brazilian 

community study also collected scalp hair, axillary hair, and fingernail specimens, all of 

which were positively correlated with neuromotor function. Bone, a novel biomarker of 

Mn exposure, is an appealing biomarker of exposure because of the long-term storage of 

Mn. Rolle-McFarland and colleagues45 in 2019 described associations between bone Mn 

levels and cognitive deficits, which may stem from underlying hippocampal and striatal 

impairments. Wells and colleagues48 in 2018 found similar associations between increased 

hand bone Mn concentrations and reduced manual dexterity in an occupational cohort.

Many factors influence personal exposure levels, including ingestion or inhalation rates, 

age,4 gender,49 iron (Fe) status,50 and nutritional status.6 Although exposure may remain 

constant, variability in individual accumulation of Mn has also been noted. Mutations 

in Mn transporter and Fe metabolism genes are associated with variations in Mn 

accumulation,51–54 thus predisposing an individual to Mn excess or depletion. An Italian 

study discovered that there was a higher prevalence of Parkinson disease (PD) in the areas 
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surrounding a ferroalloy smelter.19 Polymorphisms in ATP13A2 (PARK9), a PD-related 

gene, had a significant impact on the observed effects among the older participants.

Occupational Findings

With known increased exposure levels, the earliest adverse effects related to Mn exposure 

were first noted in occupational settings. Since the initial observations, regulatory measures 

have been established to govern exposure; however, a strong consensus on the proper 

exposure limits is lacking.55 Table 2 provides an overview of the occupational studies 

included in this review. A recent study of welders assessed Mn exposure through reported 

work history56 and accumulated exposure to welding fumes.57 Lower cognitive scores were 

associated with welding fume exposure. In China, a questionnaire was administered to 

welders to assess potential Mn exposure through queries such as duration of work and type 

of workplace.35 Similarly, increased Mn exposure through welding histories was associated 

with negative health outcomes.

In a cohort study, welders compared with nonwelder referents had poorer performance 

on motor tests; however, there were no statistically significant associations indicating 

poorer test performance related to Mn exposure.28 Similarly, Mn exposure assessed from 

personal monitoring was significantly associated with worse stability of handwriting among 

welders.30 When measuring Mn dust at a ferromanganese alloy plant, initial and follow-up 

examinations on exposed workers showed a significant association between poorer motor 

performance and exposure.58 In a cohort of welders, Mn cumulative exposure was strongly 

associated with the progression of limb bradykinesia and limb rigidity.22 In another study, 

the duration of Mn exposure and Mn small respirable particulates were strongly associated 

with motor function.59

To assess the permanency of Mn-associated health outcomes among acutely exposed 

welders, a follow-up neuromotor examination was done 3.5 years after cessation of 

confined-space welding.60 Symptoms including extrapyramidal, olfactory, and mood 

disturbances did not improve over time and may even have deteriorated, whereas cognitive 

function seemed to improve for the retired welders. To investigate even longer-term 

cessation of exposure to Mn, a study recruited welders who had been retired for an average 

of 18 years.61 Results were similar among retired welders and referents.61

Community Findings

The studies of community exposure to Mn are described in Table 3. A study among 

people living near a ferromanganese refinery in Ohio and a demographically similar 

community examined the effects of long-term, low-level environmental Mn exposure on 

neuromotor function.33 No association was found between blood Mn levels and Unified 

Parkinson’s Disease Rating Scale (UPDRS) data or postural sway; however, adjusted models 

showed significant differences between the exposed and the referents, with heightened 

impairments observed among the exposed. Similar results were seen using the same study 

population, where blood Mn and cumulative exposure index did not predict any motor 

outcomes.62 Another study conducted in the same region showed a significant association of 

airborne Mn with several neuromotor outcomes.25 Increased tremor and motor symptoms, 
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executive dysfunction, and tremor-dominant and non–tremor-dominant symptom clusters 

were identified in chronically exposed residents.20

Older populations are vulnerable to environmental exposures for multiple reasons. First, 

older adults have the opportunity for chronic exposure, particularly if they reside in a 

community with a Mn point source. Second, older generations were likely exposed to 

contaminants at greater levels than are present today because of changes in regulations and 

advances in control technology. Third, aging is a key risk factor for neurologic decline 

and the development of neurodegenerative disorders. Studying older populations provides 

an insight into the potential health issues that may burden future generations if exposure 

patterns are not altered. An Italian study recruited older adults living near a ferroalloy plant 

to represent people with lifelong exposure to environmental Mn.16 The researchers observed 

a negative correlation between airborne Mn and coordination, with women showing greater 

motor dysfunction than men. Using the same cohort, Rentschler and colleagues,19 in 2012 

described a negative association between soil Mn and motor coordination, again with 

women showing greater motor dysfunction.19

Although personal biomarkers are generally preferred, some studies justify applying 

environmental measures to indicate Mn exposure. In a study of environmentally exposed 

adults,20,63 Mn exposure was estimated based on the US Environmental Protection Agency’s 

AERMOD (atmospheric dispersion modeling) dispersion models. Researchers aimed to 

determine whether subtypes of Mn neurotoxicity were similar to those observed in PD.20 

Among those exposed to low levels of Mn, subtle cognitive impairment was observed; 

however, there was no indication of motor dysfunction. Findings indicate that PD and 

Mn-induced motor disorders have distinct pathophysiology patterns.

Neuroimaging

MRI is useful as a biomarker of exposure because of its ability to show Mn accumulation 

in the brain. Because of its paramagnetic properties, Mn is a longitudinal relaxation time 

(T1) contrast agent, which means that, when water is excited with radiofrequency pulses 

within the MRI scanner, the manner in which the signal decays is influenced by accumulated 

Mn. For T1-weighted images, regions of the brain with Mn accumulation show higher signal 

than other regions. One method to assess Mn accumulation is with the pallidal index (PI). 

This metric takes the ratio of signal intensity in 2 anatomic locations of a T1-weighted 

image, usually the globus pallidus and frontal white matter. PI seems to be higher in exposed 

groups versus controls64 and shows a dose-response relationship with blood Mn and recent 

air-exposure Mn,26,64 as well as workers’ cumulative Mn exposure.65 Shin and Aschner66 

found a significant relationship between PI and motor dysfunction, as measured by pursuit 

aiming tests and finger tapping, respectively.

Another method for assessing Mn accumulation in the brain is by directly measuring T1. 

Because Mn accumulation leads to shorter T1 values, the inverse of the T1, R1 (R1 = 1/

T1), is commonly used. Researchers have found that the relationship between Mn exposure 

and Mn accumulation in the brain is not straightforward. For 1 cohort of welders, R1 

increased after 300 hours of work in the past 90 days, suggestive of a Mn exposure threshold 

below which there are no significant increases in R1.36,67 In another cohort of welders, R1 
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increased significantly only for those exposed to air exposure greater than 0.1 mg/m3.68 In 

addition, R1 was sensitive to changes in Mn exposure and changed proportionately with 

fluctuating levels of Mn exposure.69 However, changes in R1 in relation to short-term Mn 

exposure are influenced by the person’s lifetime cumulative exposure,70 suggesting that 

lifetime exposure may have a longer-lasting effect on Mn retention in the brain. Some 

studies associated T1 with impaired cognitive performance. Shorter T1 was related to lower 

performance on verbal fluency, verbal learning, memory, and preservation tests.23 Verbal 

dysfunction, which is not commonly tested, may be an early symptom of Mn exposure. 

In addition, T1 changes have been detected when there is low Mn exposure and before 

neurologic changes are clinically evident.71

MRI technology can also be used to measure neurochemicals in vivo with magnetic 

resonance spectroscopy (MRS). MRS can measure many chemicals in the millimolar range, 

including gamma-aminobutyric acid (GABA), the major inhibitory neurotransmitter in the 

central nervous system. Because of its high abundance in the basal ganglia, GABA has been 

targeted as a potential biomarker for motor dysfunction with Mn exposure. Consequently, 

thalamic GABA levels have been found to be higher in workers in smelters29,72 and 

welders,31,70 where it also correlated with Mn exposure as measured at 12-month and 

-month intervals. In a study of welders by Ma and colleagues31 (2018), highly exposed 

welders had higher thalamic GABA levels as well as higher UPDRS3 scores compared with 

less exposed welders and controls. Although thalamic GABA also correlated with R1 in the 

substantia nigra and frontal cortex, thalamic GABA did not correlate with UPDRS3 scores. 

Thalamic GABA changes proportionately with increasing or decreasing Mn exposure in the 

workplace; however, UPDRS3 scores seem to remain static.70

To measure cognitive processes during tasks, functional MRI (fMRI) is a useful biomarker 

of effect. fMRI is based on the principle that the brain uses more energy in regions of 

the brain that are used during particular tasks, which results in measurable increased blood 

flow (seen as blood oxygen level–dependent contrast) in regions of increased cognitive use. 

To test the effect of Mn on memory, Chang and colleagues32 (2010) used a commonly 

used paradigm, the N-back task, where participants are asked to remember pertinent items 

from N trials previously presented. Chang and colleagues32 used a 2-back task and found 

welders have increased brain activity in working memory networks compared with controls. 

Using the Wisconsin Card-sorting Task (WCST), Seo and colleagues73 (2016) found that 

welders had lower activation compared with controls in the areas of the brain related 

to executive function, such as the prefrontal cortex, under conditions of higher cognitive 

demand. However, although air Mn exposure was measured in both of these studies, there 

was large variability within each cohort and air Mn exposure was not taken into account in 

any of the reported analyses.

In addition, brain structure can be assessed using diffusion tensor imaging (DTI) and voxel-

based morphometry (VBM). DTI measures the integrity of white matter by determining how 

free water can diffuse within a given location. The greater water diffusion is restricted within 

fibers, the higher its fractional anisotropy (FA), and vice versa. Higher FA corresponds 

with increased fiber organization. In general, FA has been found to be lower in the corpus 

collosum,34 frontal white matter,34 and basal ganglia36,74 in welders. Specifically, lower FA 
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was found in the basal ganglia of welders with 30 years or more of experience welding,36 

suggesting that long-term exposure to Mn might have a degradational effect on neuronal 

integrity beyond normal aging. Lower FA was also related to fine motor dysfunction, as 

measured by synergy indices.74

Using VBM, Chang and colleagues75 (2013) found decreased brain volume in the globus 

pallidus and cerebellar regions in welders, which correlated with cognitive performance and 

grooved-pegboard performance. However, this is the only study to have been performed 

with significant results in morphometry, which is confounded because of the difficulty in 

segmenting the basal ganglia because of high signal intensity caused by Mn exposure.

Manganese and Neurodegenerative Diseases

Evidence suggests that, because of accumulation in the brain, neurotoxic metals may 

play a role in neurodegenerative diseases.76 Exposure to toxic levels of Mn results in 

manganism, a neurodegenerative condition, and is implicated in the etiopathogenesis of 

several prevalent neurodegenerative diseases, including PD and Alzheimer disease (AD).77 

Because of numerous links between Mn and PD-like symptoms, Mn exposure may be 

involved with PD development; however, inconsistent results have been reported.78 A meta-

analysis was conducted in 2018 and results suggest that increased Mn concentrations may 

be a potential risk factor for PD.79 Multiple assessments may be used to observe the 

prevalence of parkinsonian symptoms, such as the UPDRS, pegboard tasks, and various 

motor tasks.22,36,56 Lee and colleagues36 observed significantly lower stability in welders 

compared with controls; however, UPDRS scores were similar. There was an association 

between cumulative Mn exposure and UPDRS scores in a cohort of US welders.22 Findings 

suggest that there are associations between neurodegenerative patterns in Mn toxicity and 

parkinsonian features along with further potential associations with movement disorder 

symptoms.20 Mn seems to accelerate the transmission of misfolded alpha-synuclein, a 

protein that, when misfolded, clumps and becomes toxic to neurons and has thus been linked 

to PD.80 However, contrary to PD, Mn-induced movement disorders likely result from the 

reduced ability to release dopamine.78,81,82

Because of the age distribution among workers, many occupationally based studies do 

not include senior participants. However, when investigating cognitive decline, older adults 

may be among the most vulnerable populations to consider when studying the neurotoxic 

impacts of Mn exposure. More than 35 million people worldwide have dementia and the 

incidence rate is expected to increase over the next few decades.83 Dementia is a condition 

that encompasses significant impairments in memory, thinking abilities, social skills, and 

behavior.83 AD, the most common form of dementia, has suggestive causal links with 

preceding Mn exposure. Pinto and colleagues18 examined a group of older participants 

living in close proximity to Estarreja Chemical Complex (ECC), a source of environmental 

contamination in Portugal. The investigators described an association between mild and 

moderate dementia and high concentrations of several metals, including Mn. Previous 

research has proposed that Mn may be a contributing factor in the pathogenesis of AD 

by disrupting amyloid-β (Aβ) peptide degradation.84 In a sample of Portuguese residents, 

Pinto and colleagues18 observed associations between high concentrations of Mn measured 
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in water and moderate levels of dementia. In mouse models, the intraperitoneal injection of 

a Mn chelator was effective at reducing Mn levels within the brain, decreasing Aβ peptides, 

and restoring cognitive function,84 thereby providing a potential avenue to explore with 

regard to human intervention. However, opposing observations have been made as well. A 

meta-analysis conducted by Du and colleagues85 described low serum Mn levels among 

people with mild cognitive impairment and AD. Further investigation into the potential 

relationship between Mn and AD is of great public health and socioeconomic interest.

Summary

Overall, the research included in this review contributes novel and valuable information to 

the existing literature and provides directions for future research. Innovative biomarkers, 

including those from advanced neuroimaging, were incorporated into many studies to assess 

both Mn exposure and neurologic outcomes. Studies examining the effects of occupational 

exposures to Mn continue to show adverse neurologic outcomes. With participants from 

communities located near Mn point sources, usually industrial facilities, studies in these 

populations show variability in the observed effects, which reflects the complexities of 

Mn exposure measurement, individual absorption, and impairment assessment. Unique 

populations, specifically those incorporating older adults, were used to study the impact 

of lifelong Mn exposure and provide insight into what the future may hold for younger 

exposed populations.

Limitations

The literature is saturated with studies investigating occupational Mn exposure, and, as a 

result, studies involving women are lacking. Although gender influences the development 

and progression of AD86 and PD,87 hormonal uniqueness is hypothesized to affect the 

pharmacokinetics of Mn as well.49 Therefore, gender-based selection bias limits the 

ability to generalize from many studies. Regarding occupational research, there is possible 

bias from the healthy worker effect because sicker workers may no longer be actively 

employed.58 Inaccurate work history and the lack of a reliable biomarker may contribute 

to recall bias and exposure misclassification among participants.22,24,26,30,32,33 In addition, 

sample size constraints pose a challenge to many epidemiologic studies.27,30,44–46,60,73,74,88 

It is known that coexposures may influence the neurotoxicity of Mn; therefore, possible 

confounding may be present because of failure to consider concomitant exposures such as 

tobacco smoke89 and lead.90 In addition, because of the cross-sectional nature of many of 

the reviewed studies, temporality is not feasible to definitively establish and future studies 

would benefit from using a longitudinal design.
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KEY POINTS

• Chronic increased manganese (Mn) exposure is associated with cognitive and 

motor impairments in both occupational and community settings.

• Numerous biomarkers are used to ascertain Mn exposure.

• Neuroimaging is an innovate tool used as both a biomarker of Mn exposure 

and a biomarker of effect.

• Older adults are a novel population that can provide insight into the impacts 

of chronic Mn exposure and the role of Mn in the development and 

progression of neurodegenerative diseases.
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Future Directions

• Elucidating the optimal biomarker of Mn exposure

• Leveraging novel methods, such as neuroimaging, to directly measure Mn 

exposure and characterize effects

• Considering individual variability with regard to both Mn accumulation and 

neurotoxicity

• Understanding the role of Mn in neurodegenerative diseases and ultimately 

developing intervention methods
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CLINICS CARE POINTS

• Environmental exposures should be considered when assessing 

neurodevelopmental deficits and neurodegenerative diseases.

• Those with increased susceptibility to Mn accumulation (ie. individuals with 

liver diseases, patients receiving parenteral nutrition) should be carefully 

monitored for Mn associated effects.

• Efforts to mitigate elevated environmental Mn exposure, especially in 

vulnerable populations, should be taken.
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