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Abstract

Background—Manganese (Mn) is an essential element required for growth and development, 

but higher body burdens have been associated with neurobehavioral decrements in children.

Objectives—We examined whether prenatal or postnatal Mn measured in deciduous teeth was 

associated with scores on a test of visuospatial learning and memory.

Methods—Deciduous teeth were collected from 142 participants (ages 10–14 years) residing 

near varied ferro-manganese industry in Italy. Mn concentrations were measured in prenatal and 

postnatal tooth regions by laser ablation inductively coupled plasma mass spectrometry (ICP-MS). 

The Virtual Radial Arm Maze (VRAM), an animal-human analogue task, was used to assess 

visuospatial learning and memory. We used generalized additive, linear and zero-inflated Poisson 

mixed regression models to estimate associations between prenatal or postnatal Mn concentrations 

and repeated measures of all four VRAM outcomes: time, distance, working and reference 

memory errors. Effect measure modification by sex was examined in stratified models.
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Results—U-shaped associations between prenatal Mn and VRAM outcomes were observed 

among girls only (pGAMM =0.001 to 0.02 in stratified models). Compared to the mid-tertile of 

prenatal Mn, girls in the highest tertile took 7.7 seconds [95% CI: −6.1, 21.5] longer to complete 

the task, traveled 2.3 maze units [0.1, 4.4] farther, and committed more working and reference 

memory errors (β for count ratio=1.33 [1.01, 1.83]; 1.10 [0.98, 1.24], respectively). This 

association was not observed among boys. In contrast, for postnatal Mn, no significant 

associations were found, and patterns were similar for boys and girls.

Conclusions—The prenatal period may be a critical window for the impact of environmental 

Mn on visuospatial ability and executive function, especially for females.
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1. Introduction

Evidence for manganese (Mn) as a neurodevelopmental toxicant is mounting; yet our 

understanding of Mn susceptibility remains limited (Bellinger 2013). Pediatric 

epidemiologic studies on health effects of environmental Mn exposure have reported adverse 

associations with cognition, memory, behavior and motor function (Bouchard et al. 2011; 

Khan et al. 2011; Lucchini et al. 2012a; Mora et al. 2015; Rahman et al. 2016). However, 

results have varied across studies, partly due to differences in exposure timing, as specific 

neurodevelopmental periods may be uniquely sensitive to Mn exposure (Grandjean and 

Landrigan 2006). In particular, the prenatal and early postnatal periods may be unique 

windows of susceptibility for Mn overexposure (Sanders et al. 2015). During pregnancy, Mn 

absorption is up-regulated, and Mn is actively transported across the placenta from mother to 

fetus, as well as across the developing blood brain barrier (Aschner et al. 2005). In the 

postnatal period, infant homeostatic mechanisms of Mn absorption and excretion are 

underdeveloped to manage excess Mn exposure (Erikson et al. 2007). Although there is an 

increased nutritional need for Mn in early life (Mistry and Williams 2011; National 

Academy of Science 2001), an ideal exposure range has not been defined and it is unclear at 

what level Mn becomes toxic rather than beneficial during this dynamic developmental 

period (Ljung and Vahter 2007).

Several prospective studies have reported inverse or “U” shaped associations between Mn 

exposure in the prenatal or early postnatal period and performance on neurobehavioral tests 

in early childhood (Chung et al. 2015; Claus Henn et al., 2010; Lin et al. 2013; Yang et al. 

2014; Yu et al. 2014). However, most studies assessing effects of prenatal Mn estimated fetal 

exposure using maternal biomarkers or umbilical cord blood (Gunier et al. 2014; Smargiassi 

et al. 2002; Zota et al. 2009); yet a single blood Mn spot measurement does not 

comprehensively capture fetal Mn exposure across the prenatal and postnatal periods. Dentin 

Mn is a non-invasive, validated biomarker that has been correlated with cord blood Mn 

(Arora et al. 2011, 2012; Gunier et al. 2014) and allows for retrospective exposure 

assessment in a cumulative manner. Because teeth accumulate metals and their 

mineralization forms a daily pattern similar to growth rings, measurement of dentin Mn 

provides precise exposure information from the beginning of the second trimester when 
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deciduous teeth begin formation until approximately 1 year of age (Arora etal. 2012; Hillson 

1996).

Regions in the central nervous system such as the frontal cortex and extrapyramidal motor 

regions that subserve a number of cognitive processes, including executive function, 

visuospatial learning, and memory, are particularly sensitive to Mn homeostasis. With one 

exception (Mora et al. 2015), most epidemiologic studies that assessed childhood Mn 

exposure and learning and memory were cross-sectional in design and contained no prenatal 

or postnatal Mn measurements (Haynes et al. 2015; Hernández-Bonilla et al. 2016; 

Nascimento et al. 2016; Oulhote et al. 2014a; Torres-Agustín et al. 2013; Wasserman et al. 

2011; Wright et al. 2006).

We examined early-life windows of Mn exposure measured in deciduous teeth in relation to 

a novel neurobehavioral task administered later in childhood among male and female 

adolescents living near varied ferro-manganese alloy industry. We used the Virtual Radial 

Arm Maze (VRAM) test, a neurobehavioral animal-human analogue test, to evaluate 

visuospatial learning and memory. Given that previous studies of associations between Mn 

and neurobehavior found interactions by sex (Gunier et al. 2015; Bouchard et al. 2011; 

Riojas-Rodríguez et al. 2010; Menezes-Filho et al. 2014; Torres-Agustín et al. 2013), we 

hypothesized that Mn associations would differ for girls and boys.

2. Methods

2.1. Study Participants

Adolescent participants of the PHIME (Public Health Impact of Manganese Exposure in 

susceptible populations) study were the subjects for this analysis. Located in northern Italy, 

this study was designed to investigate associations between Mn exposure from 

anthropogenic emissions and neurodevelopmental outcomes. Details of the study have been 

described elsewhere (Lucas et al. 2015; Lucchini et al. 2012b, 2012a). Briefly, PHIME 

participants include children ages 10–14 years residing in three geographically distinct, but 

demographically similar, regions in the Province of Brescia, Italy: Bagnolo Mella (BM), an 

area with currently active ferro-manganese industry that has been in operation since 1970; 

Valcamonica (VC), where ferro-manganese plants were operating for approximately a 

century until 2001; and Garda Lake (GL), a tourist area with no history of ferroalloy 

industry.

We enrolled 720 children from these three regions via informational community and public 

school session recruitment. For funding reasons, participants were enrolled in two phases: 

312 participants were enrolled in the first phase (2007–2010) and 408 were enrolled in the 

second phase (2010–2014). The inclusion criteria for participants of both enrollment phases 

were: (1) born to families residing in the study area since 1970; (2) living in the study area 

since birth; and (3) ages 10–14 years old at time of enrollment. Potential participants were 

excluded from the study if they (1) had any diagnosed neurological, metabolic, hepatic or 

endocrine diseases, or clinically evident hand/finger motor deficits; (2) were currently taking 

any prescription psychoactive drugs or had psychiatric disturbances; (3) had received total 

parenteral nutrition; or (4) had inadequately corrected visual deficits.
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The Virtual Radial Arm Maze (VRAM) was incorporated into the neurobehavioral test 

battery as part of the second phase only. From among the 408 participants enrolled during 

the second phase, 402 (99%) completed the VRAM. A convenience sample of naturally shed 

teeth was collected from 142 (35%) of the 402 participants. Complete exposure and outcome 

data were available for 142 participants, which comprise the final sample for this analysis. 

Study protocols were approved by the Institutional Review Boards at the Ethical Committee 

of the Public Health Agency of Brescia, the University of California, Santa Cruz, and the 

Icahn School of Medicine at Mount Sinai.

2.2. Manganese Exposure Measurements

Prenatal and early postnatal Mn exposures in children were estimated using naturally shed 

deciduous teeth. We collected canines, incisors and molars (first and second) that were shed 

6 months prior to or during the study. Analysis methods have been validated and described 

previously in detail (Arora et al. 2011, 2012; Gunier et al. 2014). Briefly, teeth were washed 

in an ultrasonic bath of ultrapure Milli-Q water (18.2 Mohm-cm2) and dried before and after 

sectioning. Teeth were sectioned on a vertical plane using a fitted diamond-tipped stainless-

steel blade. The neonatal line, a histological line delineating pre- and postnatally formed 

regions of enamel and dentin (Sabel et al. 2008), was identified using confocal scanning 

laser microscopy (CSLM). Using laser ablation inductively coupled mass spectrometry (LA-

ICP-MS; Agilent QQQ 8800 coupled with ESI 193nm laser ablation unit), thirty Mn 

measurements were taken throughout the pre and postnatal regions for each tooth and used 

to calculate an area under the curve (AUC) in order to estimate cumulative Mn exposure 

during the prenatal and postnatal periods, separately. Because mineral density varies within 

and between teeth, Mn concentrations were normalized to Ca concentrations (55Mn:43Ca 

ratio). We used Mn:Ca AUC for the prenatal and postnatal periods separately as our final 

exposure measurements. The limit of detection was 0.02 μg/g. Laboratory measurements 

were made by technicians who were blinded to the participants’ outcome and demographic 

information.

2.3. VRAM Test Procedure

The Virtual Radial Arm Maze (VRAM), a computerized maze task, was administered to 

assess visuospatial learning, working memory and reference memory (Astur et al. 2004). 

The VRAM is an adapted version of the Radial Arm Maze (RAM), a task that has 

previously been successful in assessing Mn, lead (Pb) and chlorpyrifos effects on 

visuospatial learning and memory in rodents (Astur et al. 2004; Haider et al. 2005; Kern et 

al. 2010; Levin et al. 2001). This virtual task was recently developed, and to our knowledge, 

has thus far been used only in adults (Astur et al. 2004, 2005; Goodrich-Hunsaker and 

Hopkins 2010). The VRAM and its administration in our population have been described 

previously (Braun et al. 2012). The prior analysis, conducted on a subset of participants in 

the present study, reported associations between better VRAM performance and higher 

scores on IQ subtests (Block Design, arithmetic, digit span and verbal comprehension) and 

on the California Verbal Learning Test (Braun et al. 2012). The VRAM was administered in 

a quiet room located in the participant’s school using a laptop and a Microsoft Sidewinder 

joystick (Microsoft Corp, Seattle, WA). The task involves using the joystick to navigate a 

maze, which is pictured on the screen as a 3D maze situated in a room (Supplemental Figure 
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S1). The maze consists of eight arms of equal distance, four of which are baited with a 

visual auditory reward. Using visual cues in the room image, the participant learns (and must 

subsequently recall) which arms are baited, and navigates to retrieve rewards. Similar to the 

rodent task, the participant is able to move the joystick forward, right and left, but may not 

move backward. The participant is asked to complete eight consecutive trials in a maximum 

of 180 seconds per trial, where the four baited arms remain the same. If a participant travels 

down the same arm twice within a given trial, the response is considered a working memory 

error. Traveling down an un-baited arm between two trials is considered a reference memory 

error. VRAM performance measures include: 1) time (seconds) to complete the task; 2) 

distance traveled (maze units); 3) number of working memory errors; and 4) number of 

reference memory errors.

2.4. Covariates

Sociodemographic factors were assessed using a standardized questionnaire either at the in-

person visit or over the telephone. Information included area of residence (Bagnolo Mella, 

Valcamonica, Garda Lake); birth order (first, second, third or higher); visual deficits (yes, 

no); and alcohol consumption (yes, no). Home Observation Measurement of the 

Environment (HOME) score (1–9) was assessed using 10 items selected from the HOME 

Short Form Scales of the National Longitudinal Survey of Youth: Children and Young 

Adults 1979 (National Longitudinal Surveys). Socioeconomic status (low, medium, high) 

was calculated using methodology developed in Italy that combines occupation and parental 

education (Cesana et al. 1995; Lucchini et al. 2012b). Information was also collected on 

videogame use (doesn’t play, rarely plays, 1 hour/day, 2 or more hours/day), because it was 

previously found to be a strong predictor of VRAM performance in our study (Braun et al. 

2012). Information on nausea or dizziness experienced during the VRAM test was also 

gathered.

Venous whole blood samples were collected within a two-week period around 

neurodevelopmental assessment (when children were 10–14 years old) for measurement of 

Pb and iron status. Blood samples (4 mL) were collected using a 19-gauge butterfly catheter 

into a Li-Heparin Sarstedt Monovette Vacutainer. Measurement of blood metals was 

performed at the University of California, Santa Cruz using previously described methods 

(Lucchini et al. 2012b). Iron status was estimated by measuring ferritin and hematocrit 

levels. At the time of tooth collection, we also assessed the quality of each tooth sample: 

tooth attrition was rated on a scale of 0 to 3 (where 0 denotes no tooth loss from wear, 3 

denotes more than two-thirds tooth loss).

2.5. Statistical Analysis

We carried out univariate and bivariate analyses for each variable. Tooth Mn concentrations 

were natural log (In) transformed to reduce influence from extreme individual 

measurements. In bivariate analyses, time and distance were modeled as continuous outcome 

variables, while working and reference memory errors were modeled as count ratios. 

Measurements below the limit of detection were included in the analyses as half of the 

lowest detectable measurement (n=2; postnatal tooth concentration=0.015).
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We estimated associations between prenatal and postnatal tooth Mn and four VRAM 

outcomes: time (seconds), distance (maze units), working memory errors (count) and 

reference memory errors (count). Because Mn is both an essential nutrient and a toxicant, a 

potential nonlinear association was allowed by modeling Mn as a smoothed term using 

generalized additive mixed models (GAMMs) with penalized splines to predict VRAM 

performance measures. A random intercept to account for within-person correlation over the 

eight trials was included. In the absence of an established clinical cut-off for high or low 

tooth Mn, we categorized prenatal and postnatal tooth Mn into tertiles of their respective 

distributions, to model both low and high categories as compared to mid-range 

concentrations. Given the distribution of VRAM performance measures, multivariable linear 

mixed models were used to estimate the adjusted associations of Mn exposure and time or 

distance measures. Because count data (working and reference memory errors) did not meet 

the Poisson model assumption of the mean equaling the variance, and given inflated zeros in 

the distribution of each outcome, we used zero-inflated Poisson mixed regression for tertile 

analyses and report associations as count ratios. For GAMMs with penalized splines, we 

used quasi-Poisson mixed models because zero-inflated Poisson was not available for 

GAMMs. We assumed data were missing completely at random and performed complete 

case analyses.

Potential confounders were chosen based on prior literature (Braun et al. 2012; Claus Henn 

et al. 2010), biological plausibility, and results from bivariate analyses (selected if variable 

was associated with both exposure and outcome at p<0.10). Models were built for all four 

VRAM measures using regression modeling in a step-wise approach, retaining covariates 

that changed the Mn effect estimate by at least 10%. Final models included sex; age at time 

of VRAM testing (years; continuous); socioeconomic status (low, medium, vs. high); natural 

log-transformed blood Pb (continuous); VRAM trial number (1–8); videogame use (rarely 

plays, 1 hour per day, 2+hours per day vs. doesn’t play); and tooth attrition (less than one-

third and more than one-third vs. none). To examine possible confounding of the postnatal 

Mn-VRAM associations by prenatal Mn, we also fit models of postnatal Mn adjusted for a 

smoothed term of prenatal Mn.

Mn biomarker levels have been shown to vary by sex (Oulhote et al. 2014b), and several 

previous studies have reported sex-specific Mn associations between exposure and 

neurobehavioral outcomes (Gunier et al. 2015; Torres-Agustin et al. 2013; Bouchard et al. 

2011). Therefore, we explored effect measure modification by 1) stratifying models by sex 

and 2) including an interaction term (sex*Mn) in regression models. We considered 

interactions to be significant at p<0.1.

In secondary analyses we assessed the robustness of our observed associations by excluding 

participants who experienced motion sickness (i.e., dizziness or nausea) during the test. All 

statistical analyses were conducted using R version 3.2.2 (The R Foundation for Statistical 

Computing, www.r-project.org)(R Development Core Team 2008).
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3. Results

Summary statistics on sociodemographic characteristics, tooth Mn levels and VRAM scores 

are presented in Table 1, stratified by sex. Among the 142 study participants, 44.4% (n=63) 

were male and 55.6% (n=79) were female. The distribution of prenatal tooth Mn was 

different in males and females, with more females than males in the second tertile, and more 

males than females in the third tertile (p=0.06). However, geometric mean (GM) prenatal 

tooth Mn concentrations were not significantly different between males and females 

(0.42 55Mn:43Ca AUC × 104 in males vs. 0.41 in females, p=0.62). Compared to males, 

females had lower SES (e.g. 29.1% of females in low SES vs. 9.7% of males; p=0.01), 

played videogames less frequently (e.g. 56.9% of females played >=1 hr/day vs. 78.6% of 

males; p=0.05), took more time to complete the VRAM tasks (87.5 seconds for females vs. 

74.0 for males, p<0.01), and traveled more distance in the maze (14.7 maze units for females 

vs. 13.8 for males, p=0.05)(Table 1). Prenatal and postnatal tooth Mn concentrations did not 

vary by site (GM [GSD], prenatal Mn: BM=0.40 [1.5] μg/g; GL=0.41 [1.5] μg/g; VC=0.46 

[1.3] μ/g; ANOVA F-test p=0.24; postnatal Mn: BM=0.12 [1.7] μ/g; GL=0.13 [1.6] μ/g; 

VC=0.13 [1.6] μ/g; ANOVA F-test p=0.27).

Compared to participants excluded from analyses due to missing VRAM or tooth data 

(n=575), those included in this analysis (n=142) were similar on most characteristics except 

age (mean 12.0 years among included vs. 12.4 years among excluded, p<0.01), sex 

(included: 55.6% female, excluded: 46.1% female, p=0.04), site location (included: 56.3% 

and 21.1% from Bagnolo Mella and Valcamonica, respectively; excluded: 23.0% and 39.8%, 

p<0.01), and serum ferritin concentrations (included: 30.3 ng/mL, excluded: 24.4 ng/mL, 

p<0.01) (Supplemental Table S1).

To understand predictors of prenatal and postnatal tooth Mn concentrations, we modeled 

bivariate associations between In-transformed tooth Mn concentrations and potential 

confounders (Table 2). Third or higher birth order was associated with 27.4% lower prenatal 

Mn tooth concentrations (95% CI: 13.1%, 39.3%) than first-born children [β=−0.32 (95% 

CI: −0.50, −0.14), percent change calculated as (exp(beta)−1)*100%]. Compared to canine 

teeth, incisors and molars had 41.7% (95% CI: 2.0%, 97.4%) and 41.7% (95% CI: 3.0%, 

93.5%) higher concentrations of prenatal Mn, respectively. Compared to no tooth attrition, 

increasing tooth attrition was associated with 9.3% (95% CI: 2.7%, 19.9%) and 39.1% (95% 

CI: 24.2%, 51.0%) lower prenatal Mn concentrations for those with less than one-third lost, 

and more than one-third lost, respectively. This is expected because Mn levels are higher 

earlier in pregnancy and attrition removes the tooth forming earlier in the second trimester, 

thus causing a decrease in the prenatal Mn AUC. Female sex was associated with 22.1% 

higher postnatal Mn concentrations than males (95% CI: 4.1%, 44.8%).

3.1. Associations of Prenatal Mn with VRAM

Associations of prenatal Mn and VRAM measures were examined using generalized 

additive mixed models with penalized splines for Mn. In models with Mn-sex cross-product 

terms, significant interactions were observed for time (p<0.001), distance (p=0.02), and 

working memory errors (p=0.03). In models stratified by sex, Mn associations differed 

between girls and boys on all VRAM measures (Figure 1). Among female participants, 
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worse VRAM scores were observed at low and high concentrations of prenatal tooth Mn, 

compared to mid-range concentrations (pGAMM <0.01 for time, distance and working 

memory errors; p= 0.69 for reference memory errors). In multivariate mixed effect models 

with Mn parameterized as tertiles, both low (tertile 1) and high (tertile 3) Mn were 

associated with poorer VRAM performance, compared to the middle tertile of prenatal Mn, 

among females [time: low, (β=6.7 (−5.5, 18.9); high, (β=7.7 (−6.1, 21.5); distance: low, 

(β=1.5 (−0.4, 3.4); high, (β=2.3 (0.1, 4.4); working memory errors count ratio: low, (β=1.27 

(0.95, 1.70); high, (β=1.33 (1.01, 1.83); reference memory errors count ratio: low, 

(β=1.12(1.00, 1.24); high, (β=1.10 (0.98, 1.24)] (Table 3). In contrast, among male 

participants, this pattern was not observed (Figure 1B). Performance on most VRAM 

outcomes was better among male participants with high (tertile 3) Mn levels compared to 

those with mid-range Mn, although associations were weak and not statistically significant 

(Table 3).

3.2. Associations of Postnatal Mn with VRAM

Postnatal Mn associations with VRAM measures were similarly shaped for girls and boys 

(Supplemental Figure S2), although a significant interaction between sex and smoothed 

postnatal Mn was observed in the model for time (p<0.01). Given the similar trends for girls 

and boys, we plotted associations of postnatal Mn for all participants together (Figure 2) as 

well as stratified by sex (Supplemental Figure 2). Adjusted generalized additive mixed 

models for postnatal Mn and VRAM performance including all participants appeared non-

linear for time, distance, and RME, and best performance for all four outcomes was 

observed at higher Mn concentrations (Figure 2). In multivariate mixed effects models with 

postnatal Mn tooth concentrations modeled as tertiles, patterns of associations were less 

consistent and not statistically significant (Table 3). No clear distinction was observed 

between males and females. Additionally, when we adjusted for prenatal Mn (as a penalized 

spline term) in models of postnatal Mn, results were similar [e.g. for distance, without 

prenatal adjustment: low, (β=−0.6 (−2.1, 1.0); high, (β=−0.6 (−2.1, 0.9); with adjustment: 

low, β=−0.4 (−2.0, 1.1); high, β=−0.7 (−2.2, 0.9)] (Supplemental Table S2).

3.3. Sensitivity Analyses

The robustness of our findings was evaluated by excluding participants who experienced 

dizziness or nausea during the test (n=23) and whose information was missing for that 

covariate (n=7). Results from these models were similar to those including all participants 

(Table 3), for both prenatal and postnatal Mn associations, although the coefficient of 

prenatal Mn tertiles predicting VRAM distance and working memory errors count ratio 

among girls was attenuated and no longer statistically significant (Supplemental Table S3; 

Figures S3, S4).

4. Discussion

We observed a “U” shaped association between prenatal Mn and VRAM performance 

measures among girls only, suggesting that both low and high prenatal Mn may adversely 

affect visuospatial learning and working memory. These results are consistent with previous 

reports on associations between Mn exposure and infant development and with the known 
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biological properties of Mn as both a nutrient and toxicant (Chung et al. 2015; Claus Henn et 

al. 2010). This “U” shaped association was not observed among boys, and was not observed 

for exposure in the postnatal period in either sex. Instead, associations of postnatal Mn with 

VRAM performance during adolescence did not vary by sex and were null. The magnitude 

and precision of our effect estimates were similar in crude and adjusted models, as well as in 

sensitivity analyses, demonstrating the robustness of our findings (Supplemental Table 4). 

Our findings highlight two important aspects of Mn-associated neurodevelopment: first, 

there appears to be a critical window in the prenatal period for the outcomes studied here; 

and second, our data support sex differences with girls being more strongly affected than 

boys.

Few studies of child neurodevelopment have measured prenatal and postnatal Mn using the 

validated tooth-matrix biomarker of Mn exposure (Gunier et al. 2015; Mora et al. 2015). Mn 

levels in prenatal and postnatal tooth dentine in our study were similar to levels reported in 

the CHAMACOS cohort, which is located in an agricultural area of California with heavy 

use of Mn-containing pesticides (geometric mean prenatal Mn: 0.46 μg/g [females and 

males] vs. in our study: 0.41 μg/g [females]; 0.42 μg/g [males]; postnatal Mn: 0.15 μg/g 

[females]; 0.13 μg/g [males] vs. our study: 0.13 μg/g [females]; 0.11 μg/g [males])(Gunier et 

al. 2015; Mora et al. 2015). We cannot directly compare our findings with those of Ericson 

et al. 2007, the only other study of tooth Mn and neurobehavior, because Mn concentrations 

were measured in enamel (vs. dentine in our study).

Sex-specific prenatal and early postnatal Mn associations have been reported in the 

aforementioned studies using the tooth-matrix biomarker of Mn exposure, but findings have 

been inconsistent (Gunier et al. 2015; Mora et al. 2015). Adverse associations were reported 

between postnatal tooth Mn concentrations and 6-month Mental and Psychomotor 

Development Indices of the Bayley Scales of Infant Development (BSID) among 102 girls, 

but not boys (Gunier et al. 2015). The study also observed negative associations with 

prenatal Mn and 6-month BSID scores among girls, but only in girls with low maternal 

hemoglobin concentrations during pregnancy, an indicator of iron deficiency (Gunier et al. 

2015). Another analysis from the same cohort examining later childhood neurobehavioral 

outcomes in boys and girls (Mora et al. 2015) reported associations between higher prenatal 

tooth Mn and hyperactivity, internalizing and externalizing problems at ages 7 to 10 years, 

as well as poorer visuospatial memory abilities at 9 years among children with prenatal lead 

levels ≥0.8 μg/dL. However, among boys, higher prenatal and postnatal Mn was associated 

with improved visual memory performance (NEPSY-II Memory design) and motor abilities 

(Luria-Nebraska Motor scale and finger tap)(Mora et al. 2015). Our results in boys were 

inconsistent and non-significant, possibly due to lower postnatal levels relative to prenatal 

levels in our population.

Other cross-sectional epidemiologic studies have also observed sex-specific differences in 

associations between Mn levels measured in childhood and neurological outcomes 

(Bouchard et al. 2011; Lucchini et al. 2012a; Menezes-Filho et al. 2014; Riojas-Rodriguez et 

al. 2010; Torres-Agustín et al. 2013), while some have not (Bouchard et al. 2007; Chung et 

al. 2015; Hernández-Bonilla et al. 2011; Lucchini et al. 2012b; Oulhote et al. 2014a; Riojas-

Rodriguez et al. 2010). In 7–12 year-old girls living near Mn mining or ferro-manganese 
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industry, hair Mn concentrations were negatively associated with scores on the Wechsler 

Intelligence Scale for Children (n=172) (Riojas-Rodríguez et al. 2010), verbal learning and 

memory (Torres-Agustín et al. 2013), and inattention and externalizing behavior (n=70)

(Menezes-Filho et al. 2014). Similarly, a study in Quebec (n=363) found higher hair and 

water Mn in girls to be associated with poorer performance on full scale IQ assessment; 

however the sex-hair Mn interaction term was non-significant (p=0.55)(Bouchard et al. 

2011). In contrast, few studies observed poorer neurological performance among boys with 

high Mn exposure compared to mid-range concentrations (Lucchini et al. 2012a; Rahman et 

al. 2016). Rahman et al., 2016 reported that higher prenatal water Mn concentrations were 

associated with worse parental reports of conduct in boys. Within our PHIME study cohort, 

boys exposed to higher soil Mn and with higher hair and blood Mn had increased tremor 

intensity and decreased odor identification relative to girls (Lucchini et al. 2012a). Most 

studies, including ours, were not specifically designed to evaluate sex-interactions; therefore, 

low statistical power may in part explain some of the inconsistency between studies.

New evidence suggests that genetic variation in the SLC30A10 locus plays a role in Mn 

transport and the neuro-toxicological vulnerability to Mn insult (Wahlberg et al. 2016; Chen 

et al. 2015b). Mutations on the solute carrier family 30 member 10 (SLC30A10) locus on 

chromosome 1 are thought to increase Mn retention, and are the only known hereditary risk 

factors for Mn-induced parkinsonism (Tuschl et al. 2012; Quadri et al. 2012; Chen et al. 

2015b). Although Mn concentrations did not vary by sex in our sample, one possible 

explanation for the sex-specific Mn associations we estimated is that the girls in our study 

may have more SLC30A10 mutations than boys, leading to increased susceptibility to Mn 

neurotoxicity.

The biologic mechanism for Mn neurotoxicity involves production of reactive oxygen 

species that either damage central nervous system (CNS) structures or alter their 

developmental trajectory. Notably, dopaminergic (DA) neurons in the CNS including frontal 

cortex and extrapyramidal motor regions are sensitive to Mn homeostasis (Aschner et al. 

2007; Dorman 2006). Dopaminergic expression (DA concentrations, receptors and 

transporters) in the brain plays an important role in successful completion of 

neurobehavioral tasks related to learning, memory, mood and motivation/reward pathways 

(Sotomayor-Zarate et al. 2014). Mn, but also sex hormones, act on dopamine receptors and 

transporters (Blecharz-Klin et al. 2012; Kern et al. 2010; Llop et al. 2013; Sotomayor-Zarate 

et al. 2014). Further, mounting evidence now suggests the structure and functioning of many 

DA-rich cerebral environments are sexually dimorphic (Gillies et al. 2014a). Male and 

female brains may rely on different strategies to achieve the same goal, likely due to the 

occurrence of different neural mechanisms and information processing (Cahill 2006; Gillies 

et al. 2014b). It is plausible that Mn may affect DA expression across brain regions, and thus 

neurobehavior, in a sex-dependent manner. In terms of visuospatial learning and memory, it 

is plausible that pathways and information processing in female brains are more susceptible 

to Mn insult than in male brains. We assessed only the VRAM task in our analyses, but it is 

possible that Mn-associated insult occurs through a different mechanism and manifests itself 

in a different manner among males.
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There is a paucity of animal studies investigating sex-specific effects of Mn exposure on 

neurobehavior. The majority of studies examining the effect of Mn on neurobehavior have 

used rodents or non-human primates of male sex only, or have not stratified by sex (Beaudin 

et al. 2016; Blecharz-Klin et al. 2012; O’Neal et al. 2014; Pappas et al. 1997; Schneider et 

al. 2009, 2013, 2015). In one recent study, female, but not male, Sprague-Dawley rats 

exposed to Mn during development had increased dopamine and norepinephrine in 

neostriatal tissue relative to controls (Vorhees et al. 2014). However, another study found 

Mn-induced persistent neuronal morphologic changes in male mice striata, but not in 

females (Madison et al. 2011).

A strength of our study is the use of dentine-Mn as an exposure biomarker, allowing us to 

retrospectively, but objectively, capture exposure during multiple developmental stages 

(prenatal and early postnatal) and identify which stages, if any, were critical windows for 

Mn-associated neurodevelopment. As with any exposure measurement, there is the potential 

for measurement error; however, given that this method is cumulative over time, rather than 

a spot measure in urine/blood/hair/plasma, measurement error should be reduced. A newer 

methodology for measuring tooth Mn concentrations allows for hundreds of measurements 

across several months capturing exposure in short time windows repeatedly (Modabbernia et 

al. 2016). In our study, however, the biomarker was an earlier technology that averaged the 

area under the curve over longer time points (30 total spot measurements) to derive a single 

cumulative prenatal or postnatal measurement. For that reason, we may have missed time 

dependent effects of discrete susceptibility windows (weeks to months during 

neurodevelopment) that the newer approach would capture. The ability to cumulatively 

assess prenatal and early postnatal exposure is nonetheless a major technological advance.

Another strength of our study was that we performed neurobehavioral testing at a sensitive 

time point (late childhood and adolescence) that has not yet been frequently studied in the 

context of fetal Mn exposure. While sex hormones begin to influence the brain in utero 

during mid-pregnancy, early puberty is another critical time point for brain development. 

Because increased concentrations of sex hormones likely activate developing neural 

pathways in a sexually dimorphic manner, perinatal Mn-associated neurobehavioral 

decrements may be observed differently before and after this time point (Ahmed et al. 2008; 

Sisk and Zehr 2005). Additionally, studies using neurobehavioral assessments performed in 

later childhood or adolescence are more sensitive and reliably related to neurobehavioral 

abilities than assessments performed in the first few years of life (White et al. 2009). Only 

two other studies of perinatal Mn have investigated neurobehavioral outcomes in mid to late 

childhood (Ericson et al. 2007; Mora et al. 2015). These studies both found adverse 

associations of increased prenatal Mn with internalizing and externalizing scores among 

children aged 6 to 10.5 years. Similar to our study, postnatal Mn associations were 

inconsistent: higher postnatal Mn was beneficial or harmful depending on the outcome, co-

exposures, and sex of participants (Mora et al. 2015; Ericson et al. 2007). These data reflect 

a latency period of more than a decade from exposure to effect and demonstrate the 

potentially powerful influence of chemicals on fetal brain development.

Our study is the first to use VRAM, a sensitive and novel outcome, to assess Mn 

neurotoxicity in humans. Using the VRAM provides an animal-human analogue to bridge 
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the gap between animal and human endpoints of Mn neurotoxicity, and supports 

interpretation of results from epidemiologic and toxicological studies. Evidence further 

suggests that damage to analogous brain regions in humans and rodents is associated with 

similar outcomes on the respective visual maze tasks. Humans with damage to the 

hippocampus, a brain region involved in visuospatial ability, performed worse on VRAM 

than normal controls (Goodrich-Hunsaker and Hopkins 2010). Similarly, rats with 

hippocampal lesions performed worse on RAM (Goodrich-Hunsaker and Hopkins 2010). 

Furthermore, increased hippocampal and frontal cortex activity were seen on functional 

imaging when human participants carried out the VRAM task (Astur et al. 2005). These 

brain regions are critical for memory, learning and executive functioning.

There were notable similarities in the findings of our study compared to findings of a 

comparable rodent study (Kern et al. 2010). Kern et al. (2010) exposed neonate Sprague-

Dawley rats to MnCl2 by oral gavage during postnatal day (PND) 1 through 21 and 

evaluated visuospatial learning and memory using the RAM on PND 33–46 in male rats 

only. Mn-exposed rats committed more working memory errors as well as reference memory 

errors compared to controls. Similarly, we found that higher prenatal Mn exposure was 

significantly associated with more working memory errors in adjusted non-linear and 

multivariable models, though only among girls. Further, in brain tissue analysis, compared to 

respective controls, Mn-exposed rats had altered expression of dopamine receptor D1, D2 

and DA transporter in sampled tissue from Mn-relevant brain regions including the 

prefrontal cortex, dorsal striatum and nucleus accumbens. The finding of Mn-induced 

alterations in dopaminergic receptors and transporters is consistent with our results for girls 

in the prenatal period. These similarities in findings were seen despite several differences in 

study design. First, only male rats were used for RAM testing. However, female and male 

rats’ blood and brain tissue were analyzed for Mn at the time of RAM testing and no 

differences between sexes were found. Second, routes of Mn exposure affect the absorption 

of manganese in the body and its distribution in brain regions (O’Neal and Zheng 2015); the 

route of Mn exposure in our study is mostly inhalation, while in the animal study, rats were 

orally exposed. Third, although the sequence of events in brain development for rat and 

human brains is similar, developmental timing is different: the first 7 to 10 postnatal days in 

the rat correspond to the third trimester of pregnancy in humans (Semple et al. 2013). 

Therefore the exposure period assessed by Kern et al. (2010) is synonymous to a 

combination of prenatal and postnatal exposure periods in humans.

There are limitations to our study. The small sample size limited statistical power to detect 

associations, particularly in stratified models. As with any epidemiologic study fitting 

multiple models, chance is one possible explanation for our findings. However, our findings 

have biologic plausibility and are supported by previous literature. Future work should use a 

larger sample size to validate these findings. There may be unmeasured confounding or 

effect modification from maternal iron status, in which low maternal iron increases Mn 

absorption and negatively impacts neurodevelopment (Gunier et al. 2015; Finley 1999). We 

lack data on maternal iron status, but any potential differences in maternal iron status are not 

likely to be related to sex of the fetus and therefore we would not expect this to explain our 

sex-specific findings. Selection bias may be possible, if those selected into the study differ 

by a factor that is related to both exposure and outcome. However, subjects included in our 
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analysis were similar to the full cohort on the majority of measured characteristics, thereby 

reducing concerns of selection bias (Table S1). Differences in participation based on study 

site are an artifact of the study design, in which the second phase of the study targeted 

recruitment in a new site with active ferro-manganese activity (Bagnolo Mella). Individuals 

were recruited without knowledge of their tooth Mn levels from earlier in life and without 

knowledge about their neurobehavioral performance. Furthermore, study site was not related 

to prenatal or postnatal dentine Mn levels (Table 2), nor was it related to VRAM 

performance. It is unclear why tooth Mn levels were similar across the three study sites, 

when we expected to see higher Mn in areas with ferroalloy industry (Bagnolo Mella and 

Valcamonica). One possible explanation may be that, while Garda Lake has no ferroalloy 

industry, there may be other sources of environmental Mn exposure, such as from 

application of Mn-containing fungicide to vineyards(Paronetto, Lanfranco 2011).

Conclusions

Our study is the first to investigate the association of sensitive windows of Mn exposure with 

performance on an animal-human analogue task that captures Mn-specific neurotoxicity. 

Findings from our data suggest that girls may be particularly vulnerable to prenatal Mn 

overexposure in relation to visuospatial development. Future research should emphasize sex-

specific effects of Mn, domain-specific neurobehavioral assessments and time-specific 

exposure windows of neurodevelopment. Our findings are important to public health, 

especially for communities that may be more exposed to Mn in their environment, which 

include those with naturally elevated Mn in drinking water (Bouchard et al. 2011; 

Wasserman et al. 2006) and those who live near Mn-related industries such as steel-alloy 

production (Haynes et al. 2015; Lucchini et al. 2012a; Menezes-Filho et al. 2014) or 

agricultural areas where Mn-containing fungicides are applied (Gunier et al. 2015).
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Children are vulnerable to Mn toxicity, yet susceptibility factors are 

understudied.

• We measured Mn in teeth to estimate exposure during critical developmental 

windows.

• Complex visuospatial ability was measured using an animal task adapted for 

humans.

• The prenatal period may be important for Mn effects on girls’ visuospatial 

ability.
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Figure 1. 
Adjusted associations between continuous prenatal tooth Mn concentrations and VRAM 

measures for girls (A) and boys (B). Results from sex-stratified generalized additive mixed 

models of VRAM measures of time (T), distance (D), working memory errors (WME), and 

reference memory errors (RME) as predicted by natural log transformed prenatal tooth 

manganese concentrations (smoothed; AUC 55Mn:43 Ca). Models are adjusted for age, 

socioeconomic status, Ln transformed blood Pb, videogame use, trial and tooth attrition. 

Shaded region represents 95% confidence interval. (A) Among girls (n=79): pGAMM <0.01 

for T, D and WME; p= 0.69 for RME; (B) Among boys (n=63); T: p=0.37; D: p=0.30; 

WME: p= 0.58; RME: p=0.66. Tertiles correspond to the following In Mn concentrations: 

T1: −2.2 to −1.0; T2: −1.0 to −0.7; T3: −0.7 to −0.1 (AUC 55Mn:43 Ca).
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Figure 2. 
Adjusted associations between continuous postnatal tooth Mn concentrations and VRAM 

measures. Results from generalized additive mixed models of VRAM measures of time (T), 

distance (D), working memory errors (WME), and reference memory errors (RME) as 

predicted by natural log transformed prenatal tooth manganese concentrations (smoothed; 

AUC 55Mn:43Ca). Models are adjusted for age, socioeconomic status, Ln transformed blood 

Pb, videogame use, trial and tooth attrition. Shaded region represents 95% confidence 

interval. (n=137); pGAMMs: T: p=0.09; D: p = 0.33; WME: p=0.88; RME: p=0.06. Tertiles 

correspond to the following In Mn concentrations: T1: −4.2 to −2.2; T2: −2.2 to −1.9; T3: 

−1.9 to −0.9 (AUC 55Mn:43 Ca).
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Table 2

Crude Associations of Covariates with Log-Transformed Prenatal and Postnatal Mn Tooth Concentrations 

(AUC 55Mn:43 Ca)a (n=142)

Covariate
Prenatal Mn Tooth Concentrations Postnatal Mn Tooth Concentrations

Beta 95% CI Beta 95% CI

Age (years) 0.01 −0.06, 0.09 0.03 −0.07, 0.13

Sex (female vs. male) −0.03 −0.16, 0.09 0.20 0.04, 0.37**

Site

 Valcamonica (vs. GL) 0.10 −0.09, 0.29 0.02 −0.23, 0.27

 Bagnolo Mella (vs. GL) −0.03 −0.19, 0.12 −0.13 −0.34, 0.08

Socioeconomic status

 Low (vs. high) 0.03 −0.16, 0.23 0.19 −0.06, 0.45

 Medium (vs. high) 0.09 −0.06, 0.25 0.14 −0.07, 0.35

Home score −0.02 −0.06, 0.03 −0.05 −0.11, 0.01

Birth order

 Second (vs. first) −0.06 −0.20, 0.07 −0.15 −0.33, 0.04

 Third or higher (vs. first) −0.32 −0.50, −0.14*** −0.13 −0.38, 0.12

Videogame use

 Doesn’t play (vs. 2+ hrs/day) 0.09 −0.14, 0.32 0.07 −0.25, 0.38

 Rarely plays (vs. 2+ hrs/day) −0.02 −0.19, 0.16 0.12 −0.12, 0.36

 1 hr/day (vs. 2+ hrs/day) 0.03 −0.13, 0.19 0.09 −0.12, 0.30

Visual deficits (yes vs. no) 0.04 −0.11, 0.19 −0.06 −0.27, 0.16

Nausea/dizziness during test

 Yes (vs. no) −0.11 −0.28, 0.06 −0.02 −0.21, 0.25

Tooth type

 Incisor (vs. canine) 0.35 0.02, 0.68** −0.06 −0.36, 0.25

 Molar (vs. canine) 0.35 0.03, 0.66** 0.15 −0.15, 0.44

Level of tooth lost due to attrition

 Less than one-third (vs. none) −0.10 −0.22, 0.03 −0.23 −0.40, −0.05**

 More than one-third −0.50 −0.71, −0.28*** −0.19 −0.49, 0.12

Blood lead (μg/dL) 0.02 −0.03, 0.07 0.03 −0.04, 0.10

Ferritin (ng/mL) 0.001 −0.01, 0.01 0.001 −0.01, 0.00

Hemoglobin (g/dL) 0.001 −0.06, 0.06 −0.03 −0.11, 0.06

a
Of participants, data were missing for SES (n=1), videogame use (n=2), visual deficits (n=34), nausea/dizziness during test (n=9) tooth type 

(n=98), blood lead (n=3), ferritin (n=4), hemoglobin (n=5), home score (n=9).

b
Significance levels are indicated as follows:

*
for p<0.10,

**
for p<0.05,

***
for p<0.01
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