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Abstract

Manganese (Mn), an essential element, can be neurotoxic in high doses. This cross-sectional study 

explored the cognitive function of adults residing in two towns (Marietta and East Liverpool, 

Ohio, USA) identified as having high levels of environmental airborne Mn from industrial 

sources.

Air-Mn site surface emissions method modeling for total suspended particulate (TSP) ranged from 

0.03 to 1.61 μg/m3 in Marietta and 0.01–6.32 μg/m3 in East Liverpool. A comprehensive 

screening test battery of cognitive function, including the domains of abstract thinking, attention/

concentration, executive function and memory was administered. The mean age of the participants 

was 56 years (±10.8 years). Participants were mostly female (59.1) and primarily white (94.6%). 

Significant relationships (p < 0.05) were found between Mn exposure and performance on 
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working and visuospatial memory (e.g., Rey-O Immediate β = −0.19, Rey-O Delayed β = −0.16) 

and verbal skills (e.g., Similarities β = −0.19).

Using extensive cognitive testing and computer modeling of 10-plus years of measured air 

monitoring data, this study suggests that long-term environmental exposure to high levels of air-

Mn, the exposure metric of this paper, may result in mild deficits of cognitive function in adult 

populations.
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1. Introduction

1.1. Brief overview on manganese and environmental studies

Manganese (Mn) is an essential element for healthy human functioning, especially for bone 

health and fat and carbohydrate metabolism (Ehrlich, 2013). However, with overexposure, 

manganese may be neurotoxic to humans.

Manganese is a byproduct of some industrial processes and is released into the air, soil, and 

water. Environmental studies have most often included rural and suburban populations 

living close to industries (Bowler et al., 2011; Menezes-Filho et al., 2011; Mergler et al., 

1999; Haynes et al., 2010; Lucchini et al., 2014; Viana et al., 2014), and rural populations 

exposed through contaminated well water (Khan et al., 2012; Wasserman et al., 2006).

The prominent pathophysiological manifestations of Mn inhalation overexposure in humans 

are encephalopathy and basal ganglia disturbance (Feldman, 1999). This condition clinically 

resembles Parkinson’s Disease (PD), but responds poorly to dopaminergic medications and 

typically has an earlier onset of cognitive dysfunction than PD (Feldman, 1999).

The recent use of neuroimaging in studying the effects of Mn on the brain has demonstrated 

increased T1 signal intensity (Kim et al., 1999, 2007; Kim, 2004; Shin et al., 2007; Chang et 

al., 2010a,b,c; Criswell et al., 2011). After high exposure to Mn, higher T1-weighted signal 

intensities have been observed in the substantia nigra, globus pallidus, caudate nucleus, red 

nucleus, and the frontal lobes (Long et al., 2014; Chang et al., 2010c). These localized 

hyperintensities have been associated with mood, motor and tremor disturbances, and also 

with cognitive deficits (Chang et al., 2010a,b; Long et al., 2014; Kim et al., 1999).

1.2. Published studies of Mn and cognitive effects

1.2.1. Cognitive effects in children using neuropsychological testing—The 

large majority of studies in the literature that focus on environmental Mn exposure and 

neuropsychological effects are in children (Wasserman et al., 2006, 2011; Wright et al., 

2006; Kim et al., 2009; Riojas-Rodríguez et al., 2010; Bouchard et al., 2011; Menezes-Filho 

et al., 2011; Khan et al., 2012; Torres-Agustín et al., 2013; He et al., 1994; Lucchini et al., 

2012; Haynes et al., 2010, 2012, 2015). These studies have reported decreased verbal, 

performance, and intellectual ability associated with level of Mn exposure using Mn in hair 
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or blood as a biomarker. Two of these studies investigated the effect of environmental Mn 

exposure with co-exposure to lead (Pb) (Kim et al., 2009) and arsenic (As) (Wasserman et 

al., 2011) and found adverse effects on cognitive function from neurotoxicant exposure from 

air and water. The primary association was with Mn and As, but not Pb. Wright et al. (2006) 

and Torres-Agustín et al. (2013) reported negative associations between Mn exposure and 

scores on tests of verbal learning and memory. In a study of children living in a rural village 

using irrigation and drinking water with highMn content, children from the exposed village 

had lower scores on tests of attention and concentration, working memory, and visual 

memory compared to children living in an unexposed village (He et al., 1994). Recently, 

Haynes et al. (2015) reported associations between hair and blood Mn and both full scale 

and subscale IQ scores in children from the same Ohio towns as the current study. Because 

children’s brains are developing, they may be more vulnerable than adults (Zoni and 

Lucchini, 2013).

1.2.2. Few environmental studies for adults using neuropsychological testing
—Although Mn effects in exposed workers have been studied frequently with tests of motor 

function, including tremor, formal neuropsychological testing has been somewhat 

infrequent. In a sequence of studies of welders, deficits in attention and concentration, 

memory, visuospatial function, verbal learning, executive and other cognitive functions were 

reported, and a dose-effect relationship was found between cognitive function and Mn in 

blood (Bowler et al., 2007; Antunes et al., 2007; Park et al., 2006; Roels et al., 2012). In 

these occupational Mn exposure studies, where Mn is typically higher than in environmental 

settings, well-normed standardized tests were also used, including verbal and performance 

tests (Bowler and Lezak, 2015).

Environmental studies have examined the effects of exposure to Mn in adults by primarily 

evaluating motor function and tremor symptoms (Kim et al., 2011; Solís-Vivanco et al., 

2009; Rodriquez-Agudelo et al., 2006; Baldwin et al., 1999; Beuter et al., 1999; Bowler et 

al., 1999; Mergler et al., 1999). Most of these studies did not assess cognitive function.

One of the early community studies examining environmental Mn exposures in Quebec 

(Mergler et al., 1999) used tests of cognitive function. An association between Mn exposure 

and verbal learning, as well as attention, was reported. Canadian women with higher Mn 

blood levels had lower scores on a test of visual memory and lower scores on recall of Digit 

Span forward. For men in the same sample, higher Mn blood levels were associated with 

poor initial learning and recall of both visual and verbal test scores.

Santos-Burgoa et al. (2001) conducted a pilot study of Mexican residents in two rural 

mining communities. Mn content in outdoor and indoor air, river water, well water, food, 

indoor dust, and blood was assessed. These authors assessed cognitive function and found 

that low-level cognitive function on the Mini Mental State Examination (MMSE) was 

associated with higher blood Mn levels. Also working in Mexico, Solis-Vivanco et al. 

(2009) used Digit Span recall and reported an association between Mn levels and poor 

performance on these tests, including a negative association between Mn levels in air at a 

participant’s residence and Digit Span recall. Menezes-Filho et al. (2011) conducted a study 

of mothers and children in Brazil and found that Mn in hair was negatively associated with 
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the scores on Raven’s Progressive Matrices, a measure of nonverbal cognitive ability and 

abstract reasoning (Raven and Court, 1995), among mothers exposed to Mn in the 

environment from a ferro-manganese alloy plant. Two of these published papers contain 

analyses of data, collected as part of a larger study in a mining district in Mexico, which 

may be of concern regarding generalizability given the age, low education level and low 

socioeconomic status of the participants (Riojas-Rodríguez et al., 2010; Solís-Vivanco et al., 

2009).

A recent study by Viana et al. (2014) investigated the neuropsychological effects of 

environmental Mn exposure from industrial emissions in an adult population from Brazil. 

They found an association between Mn in hair and fingernail concentrations and tests of 

visual working memory, as well as tests designed to measure intelligence.

1.3. Objectives

With few reports available from environmental epidemiologic studies of Mn exposed adults, 

the current study examined Mn exposed adult residents of two Ohio, USA, towns (East 

Liverpool and Marietta). Both towns have previously been identified as having high levels 

of air-Mn from industrial sources (ATSDR, 2007, 2009, 2010). The objectives of this study 

are to (1) evaluate cognitive function and to (2) determine whether Mn exposure through 

long-term inhalation is associated with cognitive dysfunction.

2. Methods

2.1. Study design and participant selection

A cross-sectional study design was used to examine the potential effects of exposure to air-

Mn from industrial sources on the cognitive function of residents of two exposed towns. 

This approach was made possible by the availability of residents living near a 

ferromanganese smelter and an open-air Mn storage and packaging facility. In the present 

study, the data from both exposed towns were combined to achieve greater statistical power.

The recruitment and selection of participants from Marietta are described in detail by 

Bowler et al. (2012) and Kim et al. (2011). Similar recruitment procedures were followed in 

East Liverpool. The recruitment zone in Marietta was within 12 miles from the emission 

source. Due to the larger particle size and reduced dispersion range of the Mn emissions in 

East Liverpool, the participant recruitment zone in East Liverpool was limited to two air-

miles downwind of the emissions site.

Based on power analyses, the goal was to recruit 100 participants from each town. Because 

Ohio has areas with naturally occurring Mn and iron in groundwater, only households 

served by public water companies, which are required to reduce Mn and iron levels to 

national secondary maximum contaminant levels, were eligible for participation (Bowler et 

al., 2012). For Marietta residents, a random sample of parcels was drawn from December 

2008 property tax records within the ZIP code of the pre-defined Mn exposure zone of 0.04 

μg/m3 or higher. In East Liverpool, a sample of single family units, multifamily units, and 

trailer addresses located within two air-miles west-northwest of the S.H. Bell Stateline 

facility was purchased from a commercial vendor (Spectrum Mailing Lists) in 2011. To 
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ensure completeness, the address list was cross-checked with East Liverpool parcel maps 

and the mapping system and address database of the Columbiana County 9-1-1 Emergency 

Response. The sampling list of addresses was then processed through Geographic 

Information Systems (GIS) mapping at the Agency for Toxic Substances and Disease 

Registry (ATSDR) to ensure that all recruitment addresses were within the boundary of two 

air-miles of the S.H. Bell Stateline facility. Random recruitment was not feasible for all 

study participants due to the limited number of residences located in the area of interest in 

East Liverpool. In Marietta, 1732 letters were mailed to randomly selected addresses as 

outlined above. Letters were successfully delivered to 1569 residents of which 264 residents 

were interested and 122 were eligible for participation. In East Liverpool, 1309 letters were 

mailed, of which 1213 were successfully delivered and 192 residents were interested and 

123 were eligible for participation.

The inclusion and exclusion criteria for Marietta and East Liverpool were identical. A 

minimum of 10 years of residency in each town, age 30–75 years without a major illness or 

exposure to toxic substances requiring hospitalization, and without a diagnosis of psychiatric 

(schizophrenia, bipolar disorder, major psychiatric diagnosis, including depression or 

anxiety) or degenerative (multiple sclerosis, Alzheimer’s dementia, Huntington’s chorea, 

PD) disorder was required for participant inclusion. Only residents who never worked at 

either Mn-emitting facility in the two towns were eligible for participation in the study. Up 

to two members of a household could participate. Subsequently, the number of eligible 

residents tested in Marietta was 100 in 76 households and 86 residents in East Liverpool in 

72 households. Target recruitment in East Liverpool was 100, but 14 no-shows were due to 

personal or work scheduling conflicts. Participants were given $50 gift certificates upon 

completion of the testing.

Approximately one year after data collection took place in each of the communities, 

participants were sent feedback letters providing their individual test results by domain of 

function, indicating whether their scores were “within normal limits” or “of concern” in 

comparison to normative data, which included an age, sex, race/ethnicity and geographically 

representative sample (Wechsler, 1997). If any of their summary test results were indicated 

to be “of concern,” they were asked to bring the feedback letter to their personal physician 

for potential further evaluation and/or consultation with the P.I. of the study.

Both the Marietta and East Liverpool study protocols were approved by the IRBs at SFSU, 

the Ohio Department of Health, and the University of North Carolina at Chapel Hill on 

behalf of the U.S. EPA.

2.2. Procedures and test battery

Data collection took place in August 2009 (Marietta) and November 2011 (East Liverpool) 

at a central location in each town. The East Liverpool study took place later because 

sufficient funding was not available in 2009. As part of the data collection, tests of cognitive 

functions were included.

All tests were administered by experienced psychometricians with advanced degrees in 

psychology in accordance with the standardized administration instructions in the respective 
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manuals. The examiners had all completed an NIH course on the protection of human 

research subjects prior to the recruitment phase of the study. To the extent possible, the 

testers were the same for each town, and three of the eight neuropsychological testers 

administered tests in both towns. The order of the administration of the neuropsychological 

tests was identical for the two towns and the test administration took approximately 2 h. All 

psychometricians were extensively trained and observed by the P.I. prior to test 

administration. All test protocols were scored twice to ensure accuracy, and discrepancies in 

scoring were resolved by the P.I. Double data entry was used to ensure accuracy.

Table 1 lists the cognitive tests administered by domain of function. Raw test scores were 

standardized to z, T, or scaled scores using the appropriate normative data. WAIS-III Digit 

Span, Digit Symbol, and Similarities subtest raw scores were converted to scaled scores 

using age-stratified normative data (Wechsler, 1997). Stoop Color/Word test T-scores were 

also adjusted for age (Strauss et al., 2006), as were Rey-Osterrieth (Rey-O) Immediate and 

Delayed Recall T-scores (Strauss et al., 2006) and the Auditory Consonant Trigrams (ACT) 

z-scores (Boone et al., 1990). T-scores for the Trail Making Test (Lezak et al., 2012; Army 

Individual Test Battery, 1944) were obtained using the Heaton norms, stratified by age, sex, 

education, and ethnicity (Heaton et al., 2004). Raw scores from the Animal Naming test 

(Lezak et al., 2012) were adjusted for age and education and converted to standard scores. 

For the Memory Module of the Neuropsychological Assessment Battery (NAB) (Stern and 

White, 2003) age, sex, and education-corrected T-scores were obtained for the List 

Learning, Story Learning, Shape Learning, and Daily Living Memory subtests.

2.3. Exposure estimates of Mn in air

The methodology for developing personal exposure estimates for each study participant is 

described in detail by Colledge et al. (2015). Briefly, a unit emission rate of 1 g/s was 

assumed over the surface area of both Mn source facilities and concentrations at participant 

residences and air monitoring sites were modeled using the U.S. EPA’s AERMOD 

dispersion model in order to compare the two exposed towns. A long-running air monitor 

was selected as a reference location among three area monitors and ratios of all modeled 

receptor points to that monitor were computed using air measurements from the reference 

location. These ratios were multiplied by the actual ambient air-Mn measured at the 

reference monitoring location to yield receptor-specific long term (>10 year) Mn 

concentration averages in μg/m3 (TSP) for each resident. It should be noted that air 

measurements were 24-h samples, and the data were averaged to estimate chronic residential 

exposure estimates. Short-term measurements were not evaluated because residential 

exposures were assumed to be chronic, and although residents may leave their residence for 

various reasons (work, school, etc.) we assumed that in general, they spend the majority of 

their time at home. The air sampling in both towns was performed from 2003 to 2013 and 

sampling and analytical methods were identical for both exposed towns. Modeled all-year 

average air-Mn (TSP) exposure in the environment ranged from 0.03 to 1.61 μg/m3 in 

Marietta and 0.01–6.32 μg/m3 in East Liverpool, with arithmetic means (AM) of 0.21 μg/m3 

for Marietta and 0.88 μg/m3 for East Liverpool, both of which exceeded the U.S. EPA 

reference concentration (RfC) of 0.05 μg/m3 but only East Liverpool exceeded the more 

recently derived ATSDR minimal risk level (MRL) value of 0.3 μg/m3 (ATSDR, 2012). A 
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recent study by Haynes et al. (2010) in the same area of study, reported a range of 

“estimated annual average ambient air Mn concentrations” obtained from AERMOD of 

0.02–2.61 μg/m3. Both East Liverpool and Marietta were identified in the U.S. EPA’s 

School Air Toxics (SAT) initiative as having increased potential for non-cancer health 

effects from exposure to Mn (U.S. EPA, 2010a,b).

The fingerprinting analysis of Mn in both towns, conducted by the U.S. EPA at the National 

Enforcement Investigations Center (NEIC), determined that Eramet (Marietta) had an 

impact radius of at least 10 miles. In East Liverpool, the same analysis determined that the 

particles of Mn were much larger (35% were <dae of 10 μm) and would be expected to have 

more local deposition.

The EPA conducted air-monitoring in both East Liverpool and Marietta and the ATSDR 

analyzed the data for heavy metals in addition to Mn, including Pb, Cd and identified Mn as 

the only metal exceeding background levels and health based guidelines (ATSDR, 2009, 

2010). Furthermore, average blood concentrations of Pb, Hg and Cd in this study population 

were also within the ranges observed in the general population of the U.S. (Kim et al., 

2015).

2.4. Statistical analyses

Descriptive statistics were obtained for all variables. Means and standard deviations are 

presented for each town and for the combined sample for continuous demographic, 

exposure, and test score variables. Independent sample t-tests were used to compare the two 

towns on continuous variables. For categorical variables, the frequencies for each level of 

the categorical variables and p-values from the Fisher’s exact test were reported. 

Adjustments for multiple comparisons were made within the domain of function using the 

Benjamini–Hochberg False Discovery Rate (Benjamini and Hochberg, 1995). Tables 3 and 

4 present the adjusted p-values. All analyses were conducted with estimates of exposure 

calculated with the site surface emissions method modeling, which was calibrated with TSP 

air-Mn measurements. The calculation of respirable particles over the ten-year period was 

assumed to be a constant percentage of the TSP over time, which was determined by filter 

analyses in both towns. The associations between test scores and modeled air-Mn were 

assessed using nonparametric Spearman’s rho correlation coefficients. Nonparametric 

measures of association were used due to the non-normal distribution of the modeled air-Mn 

exposure variable, as determined by visual inspection of the histogram and evaluation of 

skewness and kurtosis statistics.

The relationships between modeled air-Mn and performance on the tests of cognitive 

functions were analyzed using hierarchical multiple regression analyses. Prior to conducting 

the analyses, diagnostic tests were conducted to assess whether the data met the assumptions 

for valid measurement in regression, including normality, linearity, and homoscedasticity 

(Cohen et al., 2003; Tabachnick and Fidell, 2006). Examination of regression standardized 

residuals, p-p plots of standardized residuals, plots of observed versus predicted values, and 

residuals versus predicted values revealed no violations of assumptions that would suggest 

alternative analyses. Demographic variables, including level of education and town of 

residence, were entered in step one of the model to control for the effect of these variables 
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on test performance. Controlling for “town” effectively and parsimoniously controls for any 

differences between them (e.g., age, income, ethnicity, years of residence) and allows for the 

effects of exposure on neuropsychological outcomes to be isolated. No sex differences were 

observed on neuropsychological tests, with the exception of women scoring higher on Digit-

Symbol Coding, which was adjusted in the regression model in Table 4. Therefore, sex was 

not included as a covariate. The education variable was derived by dichotomizing 

participants’ responses to the question of highest completed degree into the two categories 

of “High school or less” and “More than high school.” Although all but one of the tests in 

this battery use age-adjusted test scores, not all were adjusted for education (Table 1) and 

thus, education was used as a covariate in models where the tests were not already adjusted 

for education. The modeled air-Mn exposure variable was log transformed due to a 

positively skewed distribution and entered in step two. Squared semi-partial correlations 

were computed to elucidate the unique contribution of each variable to predicting variance 

in performance on each cognitive test. SPSS version 22 was used for all analyses (IBM 

Corp., 2013) and results were considered significant at the 0.05 level.

3. Results

3.1. Description of the exposed residents

Table 2 contains demographic characteristics of the two towns. Overall, both towns were 

predominantly white (94.6%). There was a larger proportion of East Liverpool residents 

with a high school education or less (48.8%) than in Marietta (28%). East Liverpool 

residents also resided more years in their respective town (mean years: East Liverpool 47.0 

± 16.4 and Marietta 36.1 ± 15.8), and had lower household income compared to Marietta. 

The two towns had similar proportions of disabled participants and all disabilities had non-

neurodegenerative causes (e.g. orthopedic). Participants’ reported alcohol consumption was 

computed in grams of alcohol/week using questions from the diet questionnaire enquiring 

about type of alcoholic beverage, quantity and frequency of consumption. Although Marietta 

participants consumed more alcohol than East Liverpool participants (31.7 g/week vs. 9.28 

g/week, p = 0.002), the amounts of consumed alcohol are notably low and correspond to two 

glasses of wine/week in Marietta and less than one glass of wine/week in East Liverpool 

(CDC, 2014) (data not shown). Log blood lead levels were not associated with cognitive test 

scores (data not shown).

Statistical distributions of community exposure were as follows: Marietta [TSP: 0.21 μg/m3 

(AM), range 0.03–1.61 μg/m3, PM10: 0.18 μg/m3 (AM), range 0.03–1.33 μg/m3; PM2.5: 0.05 

μg/m3 (AM), range 0.007–0.34 μg/m3]; East Liverpool [TSP: 0.88 μg/m3 (AM), range: 

0.01–6.32 μg/m3, PM10: 0.31 μg/m3 (AM), range 0.005–2.21 μg/m3; PM2.5: 0.03 μg/m3 

(AM), range 0.001–0.23 μg/m3]. Although the modeled air-Mn levels in East Liverpool 

were generally higher than in Marietta, different particle sizes in the two towns suggest that 

the Marietta residents have a higher exposure to respirable Mn (PM10).
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3.2. Bivariate analysis of associations between modeled air-Mn and performance on tests 
of cognitive functions

Descriptive statistics of scores on tests of cognitive functions by town of residence and for 

the combined sample are shown in Table 3. No significant differences by town appeared for 

any of the neuropsychological test variables using independent sample t-tests. Using a 

conservative cutoff of two standard deviations below the normative mean, as used in clinical 

evaluations (Bowler and Lezak, 2015), in the feedback letters to participants, only one 

Marietta participant had scores “of concern” on tests of attention (none in East Liverpool). 

All participants scored “within normal” on delayed visual memory. Delayed verbal memory 

was indicated as “of concern” for three participants from East Liverpool but none from 

Marietta. Cognitive flexibility was “of concern” for one Marietta and two East Liverpool 

participants.

Spearman’s rho analyses were used to evaluate associations between neuropsychological 

test scores and air-Mn (Table 3). Significant inverse relationships occurred between 

modeled air-Mn concentrations and test performance for cognitive measures of visuospatial 

memory (Rey-O Immediate and Delayed) and verbal skills (WAIS Similarities and Animal 

Naming). Relationships approached significance between modeled air-Mn and performance 

for tests of cognitive flexibility, executive function, immediate and delayed visual memory, 

working memory, attention/concentration and learning. Of the 21 examined relationships, 18 

meet and exceed the threshold for a small effect as shown in Table 3 (Cohen, 1992). These 

significant associations indicate that higher modeled air-Mn is associated with lower 

performance on tasks in the above-mentioned cognitive domains among residents of East 

Liverpool and Marietta.

3.3. Hierarchical multiple regression analyses

Hierarchical multiple regression analyses predicting performance on measures of cognitive 

functioning associated with modeled air-Mn levels and controlling for education and town 

of residence found significant relationships in several cognitive domains (Table 4). Higher 

modeled air-Mn concentrations predicted lower test scores on measures of visuospatial 

memory (Rey-O Immediate and Delayed), immediate daily living memory (NAB DLM 

Immediate), and verbal reasoning (WAIS Similarities). Predictive relationships approached 

significance for higher modeled air-Mn concentrations and lower test scores on measures of 

cognitive flexibility and executive function. Of the 21 examined relationships, 11 meet and 

exceed the threshold for a small effect (Cohen, 1992).

4. Discussion and conclusion

4.1. Study findings in relation to Mn exposure and brain mechanisms

Few previous studies have examined cognitive function in adults environmentally exposed 

to Mn. Even fewer environmental studies have included a clinically sensitive, brief, and 

comprehensive cognitive test battery. Although higher than in other U.S. areas, the relatively 

low levels of Mn, common in environmental exposures, resulted in significant associations 

between models derived from measured Mn levels in air and cognitive test scores. 

Significant associations between Mn exposure and cognitive function were obtained in the 
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domains of visuospatial memory and verbal skills. Tests of cognitive flexibility and 

executive function approach significance at p < 0.10.

These functions require abstract thinking, attention, concentration, executive function, and 

memory, which have also been negatively associated with high Mn exposures in a large 

body of occupational literature (Bowler et al., 2007; Yuan et al., 2006; Sadek et al., 2003; 

Roels et al., 1987; Ellingsen et al., 2008; Bast-Pettersen et al., 2004; Bowler et al., 2003). 

Mn has previously been shown to impact the basal ganglia (Kim et al., 1999), a collection of 

subcortical brain structures responsible for purposeful movement. The basal ganglia are 

involved in the governance of inhibitory and disinhibitory processes at a cellular and 

behavioral level throughout the body via pathways connecting them to the frontal lobes 

(Lezak et al., 2012). Through Mn overexposure, the neurotransmitter dopamine may be 

disrupted within the substantia nigra, and the pathways (including the dorsolateral pathway), 

which connect the basal ganglia and frontal lobes, may be damaged. These pathways are 

responsible in part for the coordination of higher-level cognitive functions including 

cognitive flexibility, response inhibition, and planning (Miller and Cummings, 2007). Little 

is known about the pathophysiology of visual and verbal memory changes associated with 

Mn exposure, although this type of dysfunction has been described in previous 

environmental research (Mergler et al., 1999). Recent imaging research has shown that in 

addition to the basal ganglia, Mn affects areas of the cerebral cortex, especially the frontal 

cortex (Guilarte, 2013). The frontal cortex is associated with the strategic encoding, 

organization, and retrieval of verbal and visual memories (Brewer et al., 1998; Stuss, 2007). 

Therefore, dysfunction of the brain areas typically impacted by Mn could account for the 

pattern of results seen in the current study.

4.2. Other environmental research studies of Mn exposed adults

Previous studies examining cognitive function in adults environmentally exposed to elevated 

levels of air-Mn showed relationships of Mn not only to psychomotor efficiency and tremor, 

but to lower scores on verbal learning and memory (Mergler et al., 1999; Viana et al., 2014), 

attention and concentration (Mergler et al., 1999; Solís-Vivanco et al., 2009), nonverbal 

cognitive ability (Menezes-Filho et al., 2011), and visual working memory (Viana et al., 

2014). This research has been conducted in Canadian (Mergler et al., 1999) and Mexican 

(Menezes-Filho et al., 2011; Solís-Vivanco et al., 2009) adult populations. The Mexican 

group, however, had a very low mean years of education (4.6 years). Since years of 

education are associated with cognitive ability (Heaton et al., 2004), it is difficult to 

extrapolate from those findings the potential impact of Mn exposure on a more educated 

group of adults, who have more residual cognitive reserve, even after Mn exposure.

4.3. Strengths

Strengths of this study include the use of stringent selection criteria, clinically trained test 

administrators, and advanced modeling of Mn exposure. Cognitive function was examined 

in 186 Mn exposed adult residents of East Liverpool and Marietta, Ohio, USA, which are 

located near environmental sources that produce high levels of airborne Mn (ATSDR, 

2012). To achieve sufficient power to detect an effect, participants from both exposed towns 

were combined into one exposed sample.

Bowler et al. Page 10

Neurotoxicology. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Residents of the two exposed towns had a stable and long residential history with ongoing 

Mn exposure in air. The mean years of residence was 37 years in Marietta and 47 years in 

East Liverpool.

Selection criteria included exclusion of participants with any prior or present occupational 

chemical exposures to Mn or other neurotoxic agents in their workplace, major illnesses, and 

alcohol and drug abuse or dependence affecting cognitive function.

The approach to measuring airborne Mn exposure used state-of-the-art air monitoring to 

create and model exposure estimates. The model assumes a unit emission rate over the 

surface area of both source facilities; the estimation of offsite concentrations at receptor 

residences and at air monitoring sites uses the U.S. EPA’s AERMOD dispersion model. This 

model permits the creation of ratios of all modeled receptor points with a long running air 

monitor as the referent location, using a total of 10 years of air sampling data from 2003 to 

2013. Air-Mn sampling data collected over many years has not been used in previous studies 

of environmentally Mn exposed adults. This approach permitted developing the relatively 

precise AERMOD dispersion model in the analysis of cognitive function of the exposed 

residents.

4.4. Limitations

One limitation of this study is the absence of personal sampling of each participant’s 

individual Mn exposure. However, mean blood Mn levels were within the average range of 

the general population (CDC, 2005; Kim et al., 2015). Analyses of Mn in diet, from the 

residents’ health questionnaire, indicated no significant differences between the two towns 

in the amount of Mn consumed in foods. Total Mn in diet was not correlated with Mn in 

blood (ρ = 0.023, p = 0.753) for the combined sample.

As stated above, the different particle size fractions of Mn in both towns necessitated 

choosing the difference in recruitment distance for each town. The distances from the 

exposure sources were based on a computed estimate of the distance the airborne Mn would 

disperse (Marietta 12 air-miles; East Liverpool 2 air-miles). Differing Mn release 

characteristics in both towns and air dispersion modeling uncertainties affect Mn inhalation 

exposure estimates.

The same test administration methodology was used in both 2009 (Marietta) and 2011 (East 

Liverpool) and the P.I. followed the same interviewing procedure with participants. Due to 

lack of funding in 2009, it was not possible to study both towns at the same time. Additional 

funds for East Liverpool were provided to conduct the study in the same way in 2011. No 

significant regional political and economic events occurred during the intervening time. 

Potentially confounding factors (i.e., diet, behavior, etc.) are not expected to be influenced 

by dates of data collection. Random recruitment was not feasible for all study participants 

due to the limited number of residences located in the area of interest in East Liverpool. This 

limitation was at least partially mitigated by the strict inclusion/exclusion criteria. The 

possibility for a self-selection bias was successfully minimized by these criteria, as shown 

by the fact that the samples from both Marietta and East Liverpool are representative of the 

U.S. Census data for the two respective towns (data not shown).
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4.5. Suggestions for future research

The findings of this study indicate that with appropriate methodology, sensitive clinical tests 

and well trained clinical examiners, cognitive tests appear useful in detecting the impact of 

low-level, chronic environmental Mn exposure on brain function. A study using personal 

Mn air sampling including a small group of residents with additional biomarkers or 

additional clinical tests such as MRIs, could help to validate the AERMOD model used.

Although power analyses indicated our sample size was sufficient in order to detect the 

presence of an effect, a larger sample size in different towns with Mn environmental 

exposure is recommended; this would support and strengthen the findings of this study.

4.6. Conclusion

The identified associations between cognitive function and AERMOD Mn exposure may 

prove to be important findings. The results suggest that even in non-occupational 

environmental exposures, Mn exposure appears to be associated with lower performance on 

neuropsychological tests measuring a variety of cognitive functions. The findings support an 

association of air-Mn exposure with lowered brain function, consistent with the areas known 

to be susceptible to damage from Mn.
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Table 1

Neuropsychological test battery (cognitive).

Domains of function and tests administered Cognitive function(s) assessed Type of score

Cognitive flexibility and executive functioning

 Stroop Color/Word Inhibiting automatic response of reading color words printed in 
incongruent colors

T scorea

 Rey-Osterrieth Copy Ability to plan and execute an organizational strategy Raw score

 Trails B Category switching, sequencing, scanning, visuomotor tracking T scoreb

Information processing speed

 Stroop Color T score Speeded naming of color hues T scorea

 Stroop Word T score Speeded word reading T scorea

Memory [Neuropsychological Assessment Battery (NAB)]

 NAB Memory Index Overall performance on visual and verbal immediate and delayed 
memory

Standard scorec

 NAB Daily Living Memory Immediate Recall Immediate recall of medication instructions and a person’s contact 
information

T scorec

 NAB Daily Living Memory Delayed Recall Delayed recall of medication instructions and a person’s contact 
information

T scorec

Working memory/attention and concentration/learning

 WAIS-III Digit Span Attention and working memory (see below) Scaled scored

 WAIS-III Digit span forward longest Simple auditory attention, repetition of digits z scored

 WAIS-III Digit span backward longest Mental tracking of digits requiring working memory z scored

 Auditory Consonant Trigrams 3″ z score Measure of frontal lobe function, memory with 3 s distraction z scoree

 Auditory Consonant Trigrams 9″ z score Measure of frontal lobe function, memory with 9 s distraction z scoree

 Auditory Consonant Trigrams 18″ z score Measure of frontal lobe function, memory with 18 s distraction z scoree

Visuospatial memory

 Rey-Osterrieth Immediate Recall T Score Visuospatial constructional ability and immediate (3 min) recall T scorea

 Rey-Osterrieth Delayed Recall T Score Visuospatial constructional ability and delayed (30 min) recall T scorea

Visuomotor tracking speed

 Trails A Visual scanning and visuomotor tracking of sequential numbers T scoreb

 WAIS-III Digit Symbol Coding Fine visual-motor speed and accuracy of non-verbal learning Scaled scorea

Verbal skills

 WAIS-III Similarities Capacity for verbal concept formation, abstract thinking Scaled scorea

 Animal Naming Verbal category fluency Standard scoref

Effort

 Rey-15 Items Test Memory problems exaggeration (remembering repetitive items) Raw score

 Victoria Symptom Validity Test (if needed) Memory problems exaggeration Raw score

T score: M = 50, SD = 10.

Scaled score: M = 10, SD = 3.

z score: M = 0, SD = 1.

Standard score: M = 100, SD = 15.
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a
Age-corrected (Strauss et al., 2006).

b
Age, gender, education, and ethnicity-corrected (Heaton et al., 2004).

c
Age, gender, and education-corrected (Stern and White, 2003).

d
Age-corrected (Wechsler, 1997)

e
Age-corrected (Boone et al., 1990).

f
Age and education-corrected (Lezak et al., 2012).
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