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Abstract

Background: Manganese (Mn) is both an essential and toxic metal, and associations with
neurodevelopment depend on exposure timing. Prospective data examining early life Mn with
adolescent cognition are sparse.

Methods: We enrolled 140 Italian adolescents (10-14 years old) from the Public Health Impact
of Metals Exposure study. Mn in deciduous teeth was measured using laser ablation-mass
spectrometry to represent prenatal, postnatal and early childhood exposure. The California Verbal
Learning Test for Children (CVLT-C) was administered to assess adolescent verbal learning and
memory. Multivariable regression models estimated changes in CVLT-C scores and the odds of
making an error per doubling in dentine Mn in each exposure period. Multiple informant models
tested for differences in associations across exposure periods.

Results: A doubling in prenatal dentine Mn levels was associated with lower odds of making an
intrusion error (OR = 0.23 [95% CI: 0.09, 0.61]). This beneficial association was not observed in

other exposure periods. A doubling in childhood Mn was beneficially associated with short delay
free recall: (B=0.47 [95% CI: —-0.02, 0.97]), which was stronger in males (§ = 0.94 [95% CI: 0.05,
1.82]). Associations were null in the postnatal period.

Conclusion: Exposure timing is critical for understanding Mn-associated changes in cognitive

function.

Keywords
manganese; memory; neurodevelopment; early-life; critical periods; susceptibility

1. Introduction

Manganese (Mn) is an essential nutrient and established neurotoxicant [1,2], whereby both
insufficient and excess levels have been associated with neurotoxicity [3—7]. As a nutrient,
Mn is involved in several key enzymatic processes during neurotransmitter synthesis and
metabolism [1-3,8]. At both low and excess levels of Mn, these enzymatic processes

may be disrupted, resulting in inadequate development of multiple cell types such as

glial cells, which are responsible for healthy brain development [3,9]. The mechanisms

of Mn neurotoxicity from overexposure include oxidative stress, disruption of homeostatic
pathways, and disruption of multiple neurotransmitters, including dopamine [2,3,10-12].
Further, evidence suggests Mn can disrupt the endocrine system through changes to
hormone synthesis, secretion, binding, and transport, including hormones important for
thyroid function and pubertal development like thyroxine (T4), triiodothyronine (T3), and
prolactin [1-4]. As a result, suboptimal Mn levels may adversely impact homeostasis of
hormones, leading to neurodevelopmental decrements. Mn is naturally present in the human
diet, but it is also commonly used in ferroalloy (steel) production, as well as in battery
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production for electric vehicles [14], and was historically used as an agricultural fungicide
and gasoline additive [1]. Residential proximity to ferroalloy industry has been shown to
result in higher levels of Mn in environmental media (e.g., air or soil) [15-19], thus putting
nearby communities at risk of neurotoxicity from Mn overexposure.

Susceptibility to Mn neurotoxicity may change throughout development, and whether Mn
is beneficial or detrimental can depend not only on dose, but also on the developmental
period in which exposure occurs [20,21]. Recent epidemiological studies have reported that
the timing of Mn exposure (e.g., prenatal, early postnatal, or early childhood) impacts the
directionality and strength of association with functional connectivity measured using brain
imaging [21], as well as with neuropsychological assessments of intelligence, visual spatial
learning, and motor function in children [21-26]. Differential cognitive effects of Mn by
exposure timing have also been reported in animal studies [27-29] and may be related

to changing morphology of the brain during development or varying demands of Mn for
healthy growth [24]. The brain, especially cortical and subcortical regions, rapidly develops
during gestation [30]; thus, gestation may be a time of increased demand for Mn as an
essential nutrient [3,31]. This is consistent with studies that have reported increasing levels
of maternal Mn throughout pregnancy [32,33], and higher Mn biomarker concentrations
among pregnant people versus non-pregnant people [34-36]. The beneficial role of Mn

in pregnancy is further exemplified by studies that have reported the highest Mn levels

in deciduous teeth during the prenatal period that steadily decline before birth [24,37].

In contrast, during the postnatal period, multiple neural and glial developmental processes
occur, which have been shown to be sensitive to Mn neurotoxicity [38—40], supporting the
hypothesis that excess Mn in the postnatal exposure period could disrupt cellular function.
Thus, to comprehensively understand the effects of early-life Mn on cognitive function, it is
critical to evaluate exposure during multiple periods of development.

Previous pediatric epidemiological studies have reported both beneficial and adverse
associations between Mn and cognitive functions, including verbal learning and memory
[9,20,24,26,41-46]. However, most prior studies have been limited, with few exceptions
[20,24,26], to cross-sectional analyses in late childhood or early adolescence. These prior
studies have found that Mn exposure is associated with structural and functional impairment
in the hippocampus and prefrontal cortex, two brain regions involved in verbal learning

and memory [11,29,47-49]. Verbal learning and memory are critical for overall academic
performance and cognitive function of children and adolescents. Therefore, identifying
periods of susceptibility in this neurocognitive domain following early-life exposure to Mn
is critical to children’s health.

The objective of this study was to evaluate Mn-associated changes in adolescent verbal
learning and memory across three early-life exposure periods: prenatal, postnatal and early
childhood. We examined prospective associations using data from participants of the Public
Health Impact of Metals Exposure (PHIME) study, a cohort designed to investigate health
effects of Mn exposure from nearby ferroalloy production. Given previous findings of
sexually dimorphic Mn associations with neurodevelopment in PHIME and other cohorts
[5,23,26,42,45,50], we also explored sex-specific effects of Mn.

Neurotoxicol Teratol. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Friedman et al. Page 4

2. Methods
2.1 Study Population

The PHIME study was designed to investigate associations between Mn exposure from
ferroalloy emissions and neurodevelopment. The study design has been described in detail
previously [52]. Briefly, adolescents were enrolled from three areas in the Brescia province
of northern Italy: Bagnolo Mella (BM), an area with active ferroalloy production since 1974;
Valcamonica (VA), an area with historical ferroalloy production that ceased in 2001; and
Garda Lake (GL), an area with no history of ferroalloy production. Children ages 10-14
years were recruited from public schools if they were born to families residing in the study
area since 1970 and had lived in the study area since birth. Children were excluded if

they (1) had clinically diagnosed neurological, metabolic, hepatic, or endocrine diseases,

or clinically evident hand/finger motor deficits; (2) were currently taking any prescription
psychoactive drugs; (3) had visual deficits not adequately corrected; or (4) had ever received
total parenteral nutrition.

Recruitment took place in two phases: 311 adolescents were enrolled in the first phase
(2007-2010) and 410 were enrolled in the second phase (2010-2014) for a total of 721
participants. The recruitment phases reflect two waves of funding, but with identical study
protocols, questionnaires, and procedures. In 2013, we obtained supplemental funding to
collect and measure Mn in naturally shed (i.e., deciduous) baby teeth. Teeth were available
from a subset of the PHIME cohort that included participants from both phases (n = 195);
one tooth was collected per participant. Adolescent verbal learning and memory was only
measured in the second phase (N=410). Of the participants in the second phase who had
available teeth for analysis (N=145), 140 also had complete outcome data on adolescent
verbal learning and memory, which comprises the final sample for this analysis.

Eligible participants and their parents received a detailed description of the study procedures
before consenting to participate. The Institutional Review Boards at the Ethical Committee
of Brescia, the Icahn School of Medicine at Mount Sinai, and the University of California,
Santa Cruz approved all PHIME study protocols.

2.2 Tooth collection and Mn exposure

The aim of this analysis was to examine the association between early-life Mn exposure

and adolescent neurodevelopment. W used deciduous teeth, which are a retrospective marker
of early-life exposure,[24,37,51,52] because no other early-life exposure biomarkers were
collected in the PHIME cohort. Deciduous teeth (incisors, canines, and molars) that were
free of defects (e.g., caries) were analyzed for Mn. Detailed analytical methods have been
described elsewhere [23,51,53]. In brief, concentrations of Mn in dentine were determined
using laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). The
neonatal line (NL), a histological feature formed in teeth at birth, was used as a reference
point to distinguish between dentine formed during the prenatal period versus dentine
formed after birth. Mn concentrations were measured in three distinct exposure periods:

the prenatal (2" trimester to birth), early postnatal (birth to ~1 year), and early childhood
(~1.5 to 6 years) periods. Forty measurements were taken from each tooth; 30 measurements
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were taken from the primary dentine, reflecting prenatal and early postnatal exposure up

to 3 months for incisors and ~1 year for molars, and an additional 10 measurements were
taken from secondary circumpulpal dentine, which begins to form at the time of tooth

root completion (at ~1.5 years). The area under the curve (AUC) of Mn levels across all
sampling points was calculated to estimate cumulative Mn exposure during the prenatal

and early postnatal periods [23,53]. The prenatal AUC represents measures taken from
dentine before the NL formed (i.e., exposure before birth), and the postnatal AUC represents
dentine sampled after the NL formed (i.e., exposure after birth). Mn tooth concentrations
measured from the 10 sampling points in secondary circumpulpal dentine were averaged to
represent exposure that occurred from ~1 year of age until ~6 years of age; thus, we consider
this a measure of integrated childhood Mn exposure. Measurements taken from secondary
circumpulpal dentine represent a longer exposure period because the formation of this tooth
matrix proceeds at a slower rate compared to primary dentine (as long as the tooth remains
viable) [54].

All dentine Mn levels were normalized to dentine calcium (Ca) levels to account for
individual variations in tooth mineral density. Final dentine Mn levels are represented as
ratios of Mn to Ca and are unitless: 5°Mn:#3Ca AUC x 10,000 for prenatal and postnatal
periods, and average 55Mn:43Ca for the childhood period [23]. Values below the limit of
detection (LOD) (n=2 for postnatal period) were assigned a value of half the minimum
value among all other samples above the LOD (i.e., 0.015 5®Mn:#3Ca AUC x 10,000). The
limit of detection was 0.03 AUC Mn55:Ca43 x 10%. Laboratory technicians were blinded to
participant neurobehavioral and demographic information.

2.3 Neurobehavioral assessment

All neurobehavioral assessments were administered by trained neuropsychologists prior to
measurement of tooth Mn levels. Adolescent verbal learning and memory was evaluated
using an Italian translation of the California Verbal Learning Test, Children’s Edition
(CVLT-C) [55]. Briefly, the CVLT-C consisted of five trials of recall of a list of 15 verbally
presented words belonging to three semantic categories (5 words per category). The first
five trials assessed learning and were followed by one recall trial of an interference list (i.e.,
a list of 15 different words that share one common semantic category from the first list).
Short delay recall (recall immediately following the interference list) and long delay recall
(recall after a 20-minute delay) trials were also administered, where short and long delay
recall trials were used to assess memory storage (i.e., retention) and retrieval. Short and
long delay recall trials were conducted as free recall (i.e., without prompts) and cued recall
(i.e., with prompts). Primary outcomes from the CVLT-C evaluated in this study include
the number of correct words recalled on the first and last learning trials (i.e., trial 1 and
trial 5), short delay free and cued recall, and long delay free and cued recall. In addition,
two types of errors were calculated: intrusions and perseverations. Intrusions reflect the
number of non-target words recalled by the participant within a trial, summed across all
trials (i.e., when a participant states a word in a recall trial that is not from the CVLT-C
target list); perseverations reflect the number of target words repeated within a trial, summed
across all trials (i.e., when a participant states a word more than once in a recall trial that

is from the CVLT-C target list). Higher scores on learning and recall trials indicate more
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words recalled and thus better verbal learning and memory, whereas higher scores on error
outcomes (i.e., intrusions and perseverations) indicate less accurate cognitive performance.
CVLT-C outcomes are summarized in Table 1.

2.4 Covariates

Sociodemographic information was collected at enroliment using a standardized
questionnaire administered by trained researchers. Information included biological sex,

age (in years), birth order (first, second, third or higher), and area of residence (Bagnolo
Mella, Valcamonica, Garda Lake). Socioeconomic status (SES) was categorized into low,
medium, or high based on methodology developed in Italy that combines information on
parental education and occupation [56,57]. In addition, an abbreviated version of the Home
Observation Measurement of the Environment (HOME) Short Form (National Longitudinal
Surveys,1979) was used to estimate cognitive and emotional stimulation in the home. Other
biological specimens were collected at the time of neurobehavioral assessment, including
blood samples for measurement of other metals (e.g., lead [Pb] and iron [Fe]). Whole blood
samples (4 mL) were collected using a 19- gauge butterfly catheter into a Lithium Heparin
Sarstedt Monovette Vacutainer. Analysis of blood lead concentrations was performed at the
University of California, Santa Cruz, using inductively coupled plasma-mass spectrometry,
as previously described [15,57].

2.5 Multiple imputation

Data were missing on several important covariates (range of missingness: 0 — 6%); therefore,
we used Monte Carlo Markov Chain (MCMC) imputation to impute 20 datasets using all
variables potentially related to covariates with missing values, including measures of Mn in
biological and environmental samples, CVLT-C outcomes, and potential confounders (Table
S1) [59]. Data were assumed to be missing at random; that is, we assumed that we could
describe the probability of missingness using information from other covariates, but that
missingness was not dependent on unobserved data. We imputed missing values for all
participants (N=721) but restricted the analysis to participants who had complete exposure
and outcome data (N=140). To calculate summary statistics on demographic information in
Table 2 and Table S2, we averaged across imputed datasets.

2.6 Statistical Analysis

Univariate analyses, including histograms and boxplots, were conducted for exposures and
outcomes. Dentine Mn levels were log2-transformed to reduce the impact of outliers. CVLT-
C error outcomes (i.e., intrusions and perseverations) were non-normally distributed and not
improved by transformation. In addition, we aimed to model the association between Mn in
each time period with error outcomes so that results reflected a meaningful change that is
relevant to our population. Thus, to satisfy model assumptions and improve interpretation,
these outcomes were dichotomized and modeled as binary outcome variables as above

vs. below the median score for all participants (median=1 for intrusions, median=5 for
perseverations; Table S3). Pairwise correlations between dentine Mn levels in different
exposure periods (prenatal, postnatal, childhood) and between CVLT-C outcomes were
calculated using Spearman correlation coefficients.

Neurotoxicol Teratol. Author manuscript; available in PMC 2024 November 01.
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Confounders were chosen a prioribased on prior literature [20,23,24,26,58] and a directed
acyclic graph (DAG) (Figure S1). Covariates included in the final models were biological
sex (female vs. male), child age (years, continuous), socioeconomic status (categorical:
medium, high vs. low), HOME score (continuous), In-transformed adolescent blood Pb
(ug/dl, continuous), and tooth attrition, a measure of tooth wear (ordinal: attrition in less
than one-third of tooth, attrition in more than one-third but less than two-thirds of tooth,

vs. no attrition). We did not control for smoking status as a precision variable although

this may be associated with adolescent neurodevelopment, because all participants reported
being non-smokers. Given the low correlations (0.03 — 0.29) between Mn levels in different
exposure periods, we were able to also adjust regression models for Mn levels in all other
exposure periods (e.g., the childhood Mn association was adjusted for Mn levels in the
prenatal and postnatal periods).

Since Mn is both an essential nutrient and a neurotoxicant [2,3], we evaluated potential
nonlinearity in the associations between Mn and verbal learning and memory outcomes

by visually inspecting Mn modeled as a smoothed term (i.e., spline) in fully adjusted
generalized additive models (GAMs). There was no evidence of non-linear associations in
GAM models; therefore, Mn levels were modeled as continuous variables in multivariable
and logistic regression models. We used multivariable regression to estimate associations
between a doubling of dentine Mn in each exposure period (prenatal, early postnatal,
childhood) with CVLT-C outcomes, in both crude and covariate-adjusted models. Adjusted
linear regression models were fit for each of the 20 imputed datasets, and we obtained
pooled beta (B) estimates and 95% confidence intervals (95% Cls) across fits using Rubin’s
rule with the miceadds package in R [57]. Beta estimates in final models represent the
covariate-adjusted change in CVLT-C learning or recall trial score per doubling in dentine
Mn level in each exposure period. To estimate associations between Mn with dichotomized
CVLT-C error outcomes, intrusions and perseverations, adjusted logistic regression models
were fit for each of the 20 imputed datasets and pooled using the same methods as above.
Results from logistic models are the covariate-adjusted odds ratio (OR) of making more than
the median number of CVLT-C errors per doubling in dentine Mn level in each period.

Next, to supplement findings from regression models, we used multiple informant models
to test whether associations between Mn and CVLT-C outcome scores were statistically
different across exposure periods [20,60,61]. Multiple informant models test whether the
information relayed by different informants (in this case, Mn during different exposure
periods) relates in the same manner to an outcome (in this case, CVLT-C outcomes)

[60]; thus, we used this approach to test for exposure period-specific associations of Mn
with verbal learning and memory. Generalized estimating equations (GEES), with either an
identity link for the continuous outcomes or a logit link for the binary outcomes, were fit for
each of the 20 imputed datasets for each CVLT-C outcome. Model fits were pooled using
Rubin’s rule with proc mianalyze in SAS, using adapted code from Sanchez et al. 2011[60]
and Bauer et al. 2021[20]. We considered associations to be significantly different across
exposure periods when the interaction term between Mn level and exposure period p-value
was < 0.10.
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We explored the possibility of sex-specific effects by fitting sex-stratified linear and logistic
regression models and, separately, including sex*Mn interaction terms in main (i.e., non-
stratified) models. We considered sex*Mn interactions to be significant if the interaction
term p-value was <0.10. We also conducted two sensitivity analyses. First, we estimated
associations between Mn in each exposure period and CVLT-C scores among participants
with complete data on all covariates (i.e., complete case analysis). In addition, we explored
potential confounding by iron (Fe) status by adding adolescent ferritin, a sensitive measure
of Fe status [62—64], as a covariate in our models. Iron (Fe) is an essential nutrient involved
in many biologic functions that support cognition, including neurotransmitter synthesis and
cellular oxygen transport [65,66], and iron levels have been associated with Mn levels; as
such, Fe status may act as a potential confounder of the Mn-neurodevelopment associations
[25,66-68].

All statistical analyses were conducted using R version 3.6.1 and SAS version 9.4.

3. Results

About half (56%) of the participants in this analysis were female. The median age of
participants at the time of neurobehavioral assessment was 12 years (Table 2), which was
similar for males and females. Most adolescents were from a middle SES family (57%) and
resided in the Bagnolo Mella study area (55%). Compared to males, a higher proportion of
females were from families designated as low SES (females: 30% vs. males: 10%) (Table
2). We compared characteristics of participants included in this analysis to those in the

full cohort that did not have available dentine Mn levels or complete outcome data; those
included in this analysis were more likely to reside in Bagnolo Mella (Table S2).

Median (251, 75! percentile) dentine Mn levels, as the ratio of ®>Mn:43Ca AUC x 104,

in the prenatal period was 0.43 (0.33, 0.53), which was higher than levels in the postnatal
period (median: 0.13; 25, 75t percentile: 0.09, 0.16). The median childhood average
dentine Mn level was 0.0007 (25!, 75t percentile: 0.0005, 0.0009). Levels of dentine Mn
were similar between females and males in all three exposure periods (Table 2). Prenatal,
postnatal and childhood Mn levels were weakly correlated (p = 0.03 — 0.29). CVLT-C scores
were weakly to strongly correlated (p = 0.05 — 0.83), with the largest correlations between
short delay free, short delay cued recall, long delay free recall, and long delay cued recall
trials (Figure S2). The median and range of CVLT-C scores were similar between sexes,
except for intrusions (Table S3), where females committed fewer intrusion errors on average
than males (median: females=0, males=2).

Crude and covariate-adjusted associations of Mn with verbal learning and memory were
mostly null across all three exposure periods (Figure 1; Table S4; Table S5). Nonetheless,
there was a trend of protective associations between dentine Mn in the prenatal and
childhood periods and recall trials, as nearly all effect estimates were positive (Figure 1;
Table S5). Among all participants, a doubling in childhood Mn was associated with an
increased number of correct words recalled on the short delay free recall condition ($=0.47
[95% CI: —0.02, 0.97]) (Figure 1; Table S5). This association was similar though less precise
in the prenatal exposure period (B=0.40 [95% CI: -0.36, 1.16]), and null in the postnatal
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period (B=0.03, [95% CI: —0.52, 0.58]). Results from the multiple informant model suggest
that the associations were different across exposure periods (p-value=0.07) (Table 3). In
exploratory sex-stratified analyses, the association between childhood dentine Mn and short
delay free recall was stronger in males compared to females (males: p = 0.94 [95% CI:
0.05, 1.82] vs. females: p = 0.37 [95% CI: —0.29, 1.03]) (Figure 2; Table S6). Further, in
exploratory sex-stratified multiple informant models, results suggest that the associations
between dentine Mn and short delay free recall across exposure periods were different
among males only (Table S7). There were also beneficial associations between childhood
dentine Mn and short delay cued recall, long delay free recall, and long delay cued recall
(Figure 1), which were stronger among males (short delay cued recall p=0.63 [95% CI:
-0.11, 1.38]; long delay free recall p= 0.57 [95% CI: -0.29, 1.43]; long delay cued recall
B=0.95[95% CI: 0.17, 1.73]), compared to females (short delay cued recall p=-0.06 [95%
Cl: -0.69, 0.57]; long delay free call = 0.19 [95% CI:-0.52, 0.89]; long delay cued recall
B=10.01 [95% CI: —0.63, 0.64]) (Figure 2, Table S6). In non-stratified models, the sex*Mn
interaction term was significant for long delay cued recall in the childhood exposure period
only (p-value = 0.05; Figure 2).

Based on covariate-adjusted logistic regression models, protective associations were
observed between prenatal dentine Mn with intrusions: a doubling in prenatal dentine Mn
concentrations was associated with a 77% decrease in the odds of making greater than the
median number of intrusion errors (OR = 0.23 [95% CI: 0.09, 0.61]; Table 4). Associations
were similar in crude models (Table S7), though the association between prenatal Mn

and intrusions was slightly attenuated (OR = 0.44 [95% CI: 0.21, 0.92)].The association
between Mn in the prenatal period and intrusions was different than the associations in
other exposure periods, where associations were imprecise and null (postnatal OR = 1.16
[95% CI: 0.64, 2.10]; childhood OR= 1.09, [95% CI: 0.64, 1.89]). This was consistent
with findings from multiple informant models, which suggested that Mn-intrusion error
associations were statistically different across exposure periods (p-value = 0.03) (Table 3).
In exploratory analyses, there was evidence of differences by sex: the protective association
between prenatal Mn and intrusions was stronger among males (OR = 0.08 [95% ClI: 0.01,
0.63]) than females (OR = 0.40 [95% CI: 0.11, 1.37]), though the sex*Mn interaction term
was not significant (p-value = 0.11) (Table 4). Most other associations between dentine

Mn and CVLT errors were null. Although ORs for associations between prenatal Mn

and perseveration errors were large in magnitude, (e.g., OR=1.50 [95% CI: 0.70, 3.23]),
estimates were imprecise.

In sensitivity analyses in which models were restricted to participants with complete data

on exposure, outcome, and key covariates (N=127), associations between Mn and adolescent
verbal learning and memory were smaller in magnitude but similar to findings from main
analyses (Tables S8 and S9). When we considered ferritin as an additional covariate in
models, results did not differ meaningfully from main results (data not showr).

4. Discussion

Mn is an essential nutrient required for healthy development, but the exposure level at which
Mn shifts from beneficial to neurotoxic for the developing brain remains unknown [2,3,31].
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In this analysis of dentine Mn measured in multiple exposure periods of early life, most
associations with adolescent verbal learning and memory were null. However, associations
for prenatal Mn and childhood Mn were suggestive of a beneficial effect, particularly among
males. The adolescent CVLT outcomes that were most sensitive to prenatal and childhood
Mn, respectively, were intrusion errors and words recalled.

The strong beneficial association between prenatal Mn and intrusions is consistent with Mn
being an essential nutrient for early brain development [2,3,9,31]. Most toxicological studies
of early life Mn exposure have focused on identifying the effects of overexposure such as
reported structural changes to the brain and decreased neurodevelopmental scores later in
life [27-29,69]. Mn deficiency, on the other hand, is less studied in the animal literature,
limiting the ability to identify specific mechanisms by which early life Mn acts beneficially
on brain structure and function. However, it is known that Mn is required for metabolism

of amino acids, lipids, proteins, and carbohydrates. For example, multiple enzymes, such

as transferases, hydrolases and ligases, cannot function adequately without Mn [2,70,71].
Further, children with induced Mn deficiency, as a result of a genetic mutation to the Mn
influx transporter SLC39A8, have been shown to suffer from severe neurological deficits
[3,72]. Mn is also actively transported across the placenta, suggesting it is required for

fetal development [73,74]. Lastly, studies consistently report that biomarker levels of Mn
increase during pregnancy and are higher in pregnant people versus non-pregnant people
[24,32-37]. Collectively, this affirms that Mn is necessary for healthy development and
suggests that Mn may be upregulated in early life to meet metabolic needs. Our findings are
also consistent with other epidemiological studies that have noted beneficial associations of
prenatal Mn measured in deciduous teeth [5,20,24,26,58], maternal serum [4], and placental
tissue [75], with neurodevelopmental outcomes such as behavior, cognition, visuospatial
learning, and memory. Overall, our results support the conclusion that the levels of dentine
Mn measured in this population reflecting prenatal exposure are beneficial for adolescent
neurodevelopment, consistent with Mn being an essential nutrient.

Memory is a complex cognitive domain that requires input from several structures of the
brain, including the hippocampus, prefrontal cortex, and their surrounding structures [76—
79]. In the prenatal exposure period, increased dentine Mn was associated with lower

odds of committing more than the median number of intrusion errors. An intrusion error
(i.e., stating a word in a recall trial that is not from the CVLT-C target list) reflects an
inability to inhibit incorrect responses or confusion by the participant during the test, which
suggests impaired prefrontal cortex function or impaired coordination between multiple
brain regions. Thus, the observed beneficial associations between prenatal Mn and decreased
intrusions suggest that, in this exposure period, and at these levels, Mn may beneficially
impact prefrontal cortex function and/or intrinsic connectivity. This is consistent with

prior literature that has identified the prefrontal cortex as being impacted by early-life

Mn exposure, [3,9,29,49] and with studies that have reported changes in intrinsic function
connectivity following prenatal Mn exposure [21]. One limitation of our study is the lack
of data on specific types of intrusion errors (e.g., whether the error responses were related
semantically to correct responses), which is more typically collected in studies of adult
populations. The type and frequency of intrusions can help distinguish between types of
neuropathological dysfunction mediated by different parts of the brain, such as the medial-
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temporal or subcortical-frontal structures [80]. As we lack information on the type and
frequency of intrusions in each recall trial, we interpret our measure of total intrusion errors
(i.e., total number of non-target words recalled during all trials) as a global error measure
related to overall brain function, as opposed to a more specific structural aspect of memory
function [79].

In the childhood exposure period, there was also evidence of beneficial Mn associations
with improved scores on the short delay and long delay recall trials. To date, there are no
published studies that examined Mn exposure within the same childhood period that we
measured in our study (i.e., between ages 1-6) in relation to verbal learning and memory.
Previous cross-sectional studies of Mn exposure in later childhood and early adolescence
(6-13 years old), in contrast to our findings, have reported adverse associations between Mn
exposure and verbal learning and memory [42,44—-46]. For example, associations between
hair Mn and decreased verbal learning and memory scores were estimated in several
studies: Canadian children assessed with the CVLT-C [44], Brazilian children using the
Memory for Designs from the Developmental Neuropsychological Assessment (NEPSY-I1)
[42], and Mexican children using multiple versions of the Children’s Auditory Verbal
Learning Test (CAVLT) [45,81]. The discrepancy in findings between our analysis and
prior cross-sectional studies may be due to differences in exposure levels or exposure
timing. In other words, the beneficial versus toxic roles of Mn may shift when exposure
occurs later in development due to increased susceptibility during specific periods of brain
development. Specifically, during adolescence (ages 10-19), and particularly during early
years of adolescence (ages 10-14), there is a unique and dramatic maturational process

in the prefrontal cortex and dopaminergic neurons of the brain where dopamine axons
grow from striatum to the prefrontal cortex [82,83]. Dopaminergic neurons are affected by
Mn exposure [2,11,47,84,85] and Mn tends to accumulate in brain areas rich in dopamine
(e.g., the basal ganglia and the substantia nigra) [70,86,87]. Dopaminergic neurons have
been shown to play a large role in cognitive control in the prefrontal cortex as well as in
the processing of incoming sensory signals [88,89], and insult to dopaminergic neurons
can adversely impact cognitive function [90,91]. In prior work in the PHIME cohort,

we reported an adverse association between adolescent hair Mn and long delay free and
cued recall [64]. However, we are unable to directly compare associations as this analysis
examined joint associations between multiple metals, examined only a select number of
CVLT-C outcomes, and was cross-sectional in design [64]. Thus, the late childhood and
early adolescent periods, compared to the early childhood period that our tooth biomarker
reflects, still may be a more sensitive exposure period to Mn and result in greater insults
to prefrontal and/or dopamine structures. As such, future studies are needed to elucidate
sensitive periods of exposure to Mn in relation to verbal learning and memory.

In our data, we observed null associations between postnatal Mn and adolescent verbal
learning and memory. Previous studies in the PHIME cohort have similarly estimated null
associations between postnatal dentine Mn and 1Q scores from the Wechsler Intelligence
Scale for Children (WISC) [20], and between postnatal dentine Mn and visuospatial learning
measured using the Virtual Radial Arm Maze [5]. In contrast, other cohorts have reported
beneficial associations between postnatal dentine Mn and verbal learning and memory
measured on the Children’s Auditory Verbal Learning Test (CAVLT) and Memory for
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Designs from the Developmental Neuropsychological Assessment (NEPSY-I11) battery at

9 and 10.5 years old [26]. However, the postnatal dentine Mn measurement used in the
aforementioned study by Mora et al. [26] reflects a shorter period of exposure, from birth

to the third postnatal month, whereas the postnatal dentine Mn measure in our study reflects
exposure from birth through the first year of life [20,23]. The integrated Mn measurement in
our study also does not capture changes in Mn exposure at as high of a resolution as prior
studies in which dentine Mn levels were measured in weekly increments [24,37,58]. This
difference in time resolution of exposure measures between studies could partially explain
the null findings in our study compared with other studies of shorter [26] or more finely
resolved [24,58] exposure periods. It is also possible that the postnatal period (birth to ~1
year of life) may not be as sensitive to Mn-induced changes in adolescent verbal learning
and memory compared to the prenatal or childhood exposure periods. More research, ideally
in larger prospective cohorts, is needed to elucidate the effects of postnatal Mn on cognition.

In exploratory sex-stratified analyses, the beneficial associations between childhood Mn
and recall trials were stronger among males than females. Sex-specific effects of Mn

on neurodevelopment have been reported previously in multiple cohorts across exposure
periods and neurodevelopmental domains [5,23,26,42,45,50]. In our data, dentine Mn levels
were similar between sexes, suggesting that any sex-dependent associations are related to the
sexually dimorphic susceptibility of Mn and not to differences in measured Mn biomarker
concentrations. Sex-specific associations could be related to anatomical differences in the
central nervous system between males and females, as estrogen, a sex hormone, has been
documented to play a key role in neuronal structure and brain function [92]. There is also
growing evidence that brain areas rich in dopamine, the target neurotransmitter for Mn
toxicity, are sexually dimorphic, where females tend to be more sensitive to neurotoxic
effects [93]. There may also be sex-specific differences in the striatal response to dopamine
[94,95], which means that cognitive and motor functions may be differentially regulated by
dopamine systems between sexes [93]. Therefore, given equal exposure, neurotoxic effects
of Mn may differ by biological sex as a result of a) inherent anatomical differences related
to biological sex hormones, b) greater toxicity related to disruption of neurotransmitters,
particularly with dopamine for females, and/or c) the role of specific brain regions impacted
by Mn exposure, as cognitive function may be differently regulated or carried out by
different brain regions between sexes. Future studies in other cohorts measuring exposure
during the early childhood period (1-6 years old) are warranted to understand the sex-
dependent susceptibility of insult to the brain related to Mn exposure during this time period.

This study has both strengths and limitations. Given the small sample size (n=140), we
had limited statistical power, particularly in sex-stratified analyses. The use of the tooth
biomarker is rapidly evolving, and as such, the resolution with which exposure can be
measured using teeth has changed over time. In this present study, our exposure metric
represents earlier technology in tooth analytic chemistry that averaged the area under the
curve over longer exposure periods (40 total spot measurements) to derive the prenatal,
postnatal, and childhood measurements, compared to more recent studies that have finer
resolution (i.e., weekly) measurements [24,37]. Regardless, the tooth biomarker allowed
us to measure retrospective exposure during multiple exposure periods spanning distinct
developmental stages, thus allowing us to evaluate associations in a prospective manner
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and to establish temporality between exposure and outcome. Further, it is unclear which
proportion of Mn in teeth reflect endogenous versus exogenous exposure. However, dentine
Mn has been previously associated with environmental Mn sources in epidemiological
[51,96-98], exposure [37], and experimental studies [99], suggesting that tooth levels do
reflect environmental exposure to Mn. Lastly, tooth metal measurements were taken from

a mix of incisors, molars and canines, which develop over slightly different time ranges

and may thus represent exposure during slightly different time periods. We lack information
on tooth type for the majority of participants and were thus unable to account for such
potential differences. This may result in exposure misclassification, although we expect this
misclassification to be non-differential with respect to the outcome. We used the CVLT-C
to assess verbal learning and memory among adolescents, an understudied age group in
relation to environmental exposures. We lacked data on the types of learning strategies used
by participants during administration of the CVLT-C (i.e., semantic or serial clustering of
responses) or on specific types of errors (i.e., when intrusions and perseverations occurred),
which marginally limits the ability to make inferences about the parts of the brain impacted
by Mn. On the other hand, prior studies have used the CVLT-C to discern between exposure
groups (e.g., studies of early-life exposure to alcohol), suggesting that the CVLT-C can be a
sensitive tool for measuring general brain changes following early-life exposures [100,101].

Selection bias may be possible if those selected into the analytical sample differ by variables
that are related to both dentine Mn levels and adolescent verbal learning and memory scores
(e.g., SES). However, subjects who had complete exposure and outcome data (N=140) were
similar to the full cohort (N=721) on all measured characteristics except study area and
abbreviated HOME score. Most children in our analysis were from a single study area,
Bagnolo Mella. This likely reflects this area being added during the second phase of the
study, which was contemporaneous with deciduous teeth collection and the addition of

the abbreviated version of the HOME Short Form. Participants were also unaware of Mn
exposure levels or outcome scores and children with diagnosed neurological deficits were
excluded, limiting concern for selection bias into this study. Although we adjusted for
adolescent Pb exposure, we were unable to adjust for Pb or other essential metals (e.g.,
copper) during the exposure periods in our study. We were also unable to adjust for other
potentially neurotoxic co-exposures such as arsenic, cadmium, or mercury at any exposure
time point; thus, we cannot rule out unmeasured confounding by earlier exposures and/or
modification by co-exposures, which have been reported in other studies [20,24,46,68]. In
addition, no participants in this analytic sample reported smoking and we therefore did not
further consider smoking as potential confounder, though there may be misclassification

of this variable if participants did not accurately report their smoking status. We also

lack data on current hormone levels or puberty stage for all participants, which may be
related to both metal exposure and neurodevelopment. Lastly, we lacked data on iron (Fe)
status concurrent with Mn exposure, which may result in unmeasured confounding or effect
measure modification, as low maternal Fe (a proxy for prenatal exposure) has previously
been associated with worse neurodevelopmental outcomes in children [25,67,68]. However,
in sensitivity models where we adjusted for adolescent ferritin, a sensitive measure of Fe
status [62—64], results were similar to main models).,
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5. Conclusion

In this study of Italian adolescents, we observed beneficial associations of prenatal and
childhood Mn with adolescent verbal learning and memory, which were not evident for
early postnatal Mn. The strongest beneficial associations were estimated between intrusion
errors and prenatal Mn, and between short- and long delay recall and childhood Mn,
particularly among males. Results support the conclusions that exposure timing is important
for understanding Mn-associated changes in neurodevelopment and that further studies
among adolescents are needed to better understand sex-specific neurobehavioral effects of
early-life Mn exposure.
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Highlights
. We examined associations between early-life manganese (Mn) and adolescent
memory.
. Prenatal tooth Mn was associated with fewer memory and learning errors.
. Childhood tooth Mn was associated with better memory recall.
. Postnatal tooth Mn was not associated with adolescent memory.
. Exposure timing is important for understanding manganese-cognition

associations.
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Figure 1: Adjusted associations of prenatal, postnatal, and childhood dentine manganese (Mn)
with verbal learning and memory recall trials based on multivariable linear regression models.
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Trial 1 Recall§
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Beta estimates (dots) represent change in California Verbal Learning Test for Children

(CVLT-C) outcome score per doubling in dentine Mn, with 95% confidence intervals (lines).

Models were adjusted for biological sex, child age, socioeconomic status, abbreviated
HOME score, natural log-transformed blood Pb, tooth attrition, and dentine Mn in other
exposure periods.
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Figure 2: Sex-stratified adjusted associations of prenatal, postnatal, and childhood dentine
manganese (Mn) with verbal learning and memory recall trials based on multivariable linear
regression models.

Beta estimates (dots) represent change in California Verbal Learning Test for Children
(CVLT-C) outcome score per doubling in Mn, with 95% confidence intervals (lines). Models
were adjusted for child age, socioeconomic status, abbreviated HOME score, natural log-
transformed blood Pb, tooth attrition, and dentine Mn in other exposure periods. Asterisk
indicates that p-value for sex*Mn interaction term in non-stratified models is < 0.10.
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Table 1.

Description of outcomes of the California Verbal Learning Test (CVLT-C)

Page 23

CVLT-C Outcome Description Direction of beneficial
effect
Trial 1 Number of correct target words recalled on Trial 1
Trial 5 Number of correct target words recalled on Trial 5

Short delay free recall

Number of correct target words recalled immediately following the interference list
without semantic cues

Short delay cued recall

Number of correct target words recalled immediately following the interference list with
semantic cues

Long delay free recall

Number of correct target words recalled after a long delay (~20 minutes) without
semantic cues

Long delay cued recall

Number of correct target words recalled after a long delay (~20 minutes) with semantic
cues

Higher score

Intrusions

Total number of responses not from the target word list summed across all trials

Perseverations

Total number of target words repeated within a trial summed across all trials

Lower score
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Table 2.

Demographics of PHIME study participants, stratified by child biological sex.

All Participants (N=140)

Females (N=78)

Males (N=62)

n (%) or median (25%, 75t percentile)

Age (years):

12.0 (11.0, 13.0)

12.0 (11.0, 13.0)

12.0 (11.0, 12.8)

Child SES status:

Low 29 (20.7%) 23 (29.5%) 6 (9.7%)

Medium 80 (57.1%) 37 (47.4%) 43 (69.4%)

High 31 (22.1%) 18 (23.1%) 13 (21.0%)
Study Area?

Bagnolo Mella 77 (55.0%) 43 (55.1%) 34 (54.8%)

Garda Lake 32 (22.9%) 20 (25.6%) 12 (19.4%)

Valcamonica 31 (22.1%) 15 (19.2%) 16 (25.8%)
Adolescent Blood Pb (ug/dL) 1.3(1.0,1.8) 1.2 (0.9, 1.5) 1.3(1.1,1.9)
Adolescent Ferritin (ng/mL) 31.0(21.5,43.3) 30.2 (19.9, 43.0) 31.7 (22.2, 44.6)
HOME Score? 6.1(5.0,7.0) 6.0 (5.0, 7.0) 7.0(5.8,7.0)
Dentine Mn¢

Prenatal AUC x 104

0.43 (0.33, 0.53)

0.42 (0.34, 0.50)

0.44 (0.32, 0.56)

Postnatal AUC x 10*

0.13 (0.09, 0.16)

0.13(0.11, 0.17)

0.12 (0.08, 0.15)

Childhood Average

0.0007 (0.0005, 0.0009)

0.0007 (0.0005, 0.0009)

0.0007 (0.0005, 0.0009)

Tooth attrition

No attrition 74 (52.9%) 46 (59.0%) 28 (45.2%)
Attrition in <1/3 of tooth 54 (38.6%) 28 (35.9%) 26 (41.9%)
Attrition in >1/3 of tooth 12 (8.6%) 4 (5.1%) 8 (12.9%)

a . . S . L
Bagnolo Mella: active ferroalloy exposure since 1974; Garda Lake — no current or historical ferroalloy exposure; Valcamonica - historical

ferroalloy production that ceased in 2001

b . .
HOME Score: Home Observation Measurement of the Environment, values range from 0-9

c. . . .
Dentine Mn levels are presented as ratio of Mn to Ca and are unitless. Prenatal and postnatal Mn are presented as area under the curve (AUC) x
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Table 3:

P-values from multiple informant models (N=140).

CVLT-C outcome P-value
Trial 1 Recall 0.97
Trial 5 Recall 0.36

Short Delay Free Recall g7 *

Short Delay Cued Recall  0.52
Long Delay Free Recall ~ 0.52

Long Delay Cued Recall 0.24
CVLT-C errors P-value
Intrusions 0.03%
Perseverations 0.80

P-value <0.10

CVLT-C = California Verbal Learning Test for Children;
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Table 4.
Adjusted odds ratios between CVLT-C errors following a doubling in dentine Mn level based on logistic

regression models#?

1duosnuey Joyiny

Outcome Model | N Prenatal Mn OR (95% CI) | Postnatal Mn OR (95% CI) | Childhood Mn OR (95% CI)
Intrusions (=1 vs. 0) anb | 140 0.23 (0.09, 0.61) 1.16 (0.64, 2.10) 1.09 (0.64, 1.89)
Female | 78 0.40 (0.11, 1.37) 0.85 (0.31, 2.37) 1.20 (0.58, 2.48)
Male | 62 0.08 (0.01, 0.63) 1.39 (059, 3.29) 1.39 (0.46, 4.19)
Perseverations (2 vs. <5) | ot | 140 1.50 (0.70, 3.23) 0.92 (0.53, 1.59) 1.00 (0.61, 1.65)
Female | 78 2.48 (0.70, 8.76) 0.53(0.19, 1.51) 1.19 (0.58, 2.44)
Male 62 1.22 (0.38, 3.91) 1.04 (0.48, 2.26) 1.04 (0.45, 2.42)

a . . . . . . .
Models were adjusted for child age, socioeconomic status, HOME score, natural log-transformed blood Pb, tooth attrition, and dentine Mn in
other exposure periods.

bModeIs were additionally adjusted for biological sex.

CVLT-C = California Verbal Learning Test for Children; Mn = manganese

*
Asterisk indicates a significant sex*Mn interaction term in non-stratified models (p-value < 0.10).
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