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Abstract

Background—Manganese (Mn) is an essential element that can become neurotoxic through
various exposure windows over the lifespan. While there is clear evidence of Mn neurotoxicity in
pediatric and adult occupational populations, little is known about effects in the elderly who may
exhibit enhanced susceptibilities due to compromised physiology compared to younger adults. In
the province of Brescia, Italy, the Valcamonica area has been the site of three ferroalloy plants
operating from 1902 to 2001. Metal emissions of Mn and to a lesser extent lead (Pb) have
impacted the surrounding environment, where a high prevalence of Parkinsonism was previously
observed. This study aimed to assess neurocognitive and motor functions in healthy elderly
subjects residing for most of their lifetime in Valcamonica or in a reference area unimpacted by
ferroalloy plant activity.

Methods—Subjects were enrolled for extensive neurobehavioral assessment of motor, cognitive
and sensory functions. Exposure was assessed with 24hour personal air sampling for PM10
airborne particles, surface soil and tap water measurement at individual households, Mn levels in
blood and urine and Pb in blood. Dose-response relationships between exposure indicators and
biomarkers and health outcomes were analyzed with Generalized (linear and logistic) Additive
Models (GAM).
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Results—A total of 255 subjects (55% women) were examined; most (52.9%) were within the
65-70 years age class. Average airborne Mn was 26.41 ng/m3 (median 18.42) in Valcamonica and
20.96 ng/m3 (median 17.62) in the reference area. Average Mn in surface soil was 1026 ppm
(median 923) in Valcamonica and 421 ppm (median 410) in the reference area. Manganese in
drinking water was below the LDL of 1 pg/L. The GAM analysis showed significant association
between airborne Mn (p=0.0237) and the motor coordination tests of the Luria Nebraska
Neuropsychological Battery. The calculation of the Benchmark Dose using this dose response
relationship yielded a lower level confidence interval of 22.7 ng/m3 (median 26.4). For the odor
identification score of the Sniffin Stick test, an association was observed with soil Mn (p=0.0006)
and with a significant interaction with blood Pb (p=0.0856). Significant dose-responses resulted
also for the Raven’s Colored Progressive Matrices with the distance from exposure point source
(p=0.0025) and Mn in soil (p=0.09), and for the Trail Making test, with urinary Mn (p=0.0074).
Serum prolactin (PRL) levels were associated with air (p=0.061) and urinary (p=0.003) Mn, and
with blood Pb (p=0.0303). In most of these associations age played a significant role as an effect
modifier.

Conclusion—L.ifelong exposure to Mn was significantly associated with changes in odor
discrimination, motor coordination, cognitive abilities and serum PRL levels. These effects are
consistent with the hypothesis of a specific mechanism of toxicity of Mn on the dopaminergic
system. Lead co-exposure, even at very low levels, can further enhance Mn toxicity.

Keywords

Ferroalloy emission; heavy metals; manganese; lead; odor identification; motor coordination;
cognitive abilities; prolactin control; elderly

INTRODUCTION

While it is clear that the aged are at greater risk and more susceptible to the deleterious
effects from exposure to environmental agents compared to younger adults (Geller and
Zenick, 2005; Risher et al., 2010), few studies have investigated manganese (Mn)
pathophysiology in the elderly as a specific sensitive population. A large body of evidence,
now further confirmed by meta- (Meyer-Baron et al., 2011) and pooled analyses (Meyer-
Baron et al., 2013), shows that prolonged occupational exposure to Mn, even at relatively
low levels causes motor neurotoxicity which may persist into retirement (Bouchard et al.,
2008). Non-occupational studies with adults have shown both neuromotor and cognitive
abnormalities (Kim et al. 2011; Roels et al. 2012), including increased frequency of
Parkinsonism associated with Mn in airborne particles (Finkelstein and Jerrett 2007) and
deposited dust (Lucchini et al. 2007). Moreover, a high prevalence of Parkinsonism has also
been observed in Mn-exposed welders (Racette et al., 2012), though the symptomatology of
Mn-associated Parkinsonism in welders may differ from both idiopathic Parkinson Disease
and the Parkinsonism associated with environmental Mn exposure (Racette et al., 2013).
This difference in symptomatology may be due to the particular type of exposure in welding
operations, which are mainly characterized by fine and ultra-fine respirable particles.

Over the past decade, there has also emerged evidence of health deficits associated with
elevated Mn in newborns (Claus Henn et al. 2012), and older children exposed via drinking
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water (Bouchard et al. 2011; Wasserman et al. 2011; Khan et al. 2012) and airborne
particulates (Riojas-Rodriguez et al. 2010; Menezes-Filho et al. 2011; Lucchini et al. 2012;
Zoni et al. 2012; Vivas-Carvalho et al., 2013). In particular, a recent study from our group
showed an association between environmental Mn exposure and deficits in fine motor and
olfactory discrimination in children 11-13 yrs of age (Lucchini et al., 2012) — both Mn-
related health effects similar to those reported in adult studies of Mn-associated
Parkinsonism (Zoni et al., 2012). Overall, these studies support the concept that exposure to
Mn over different temporal windows throughout the lifespan, even at relatively low levels of
exposure, may lead to similar long-lasting neurotoxic endpoints (Lucchini and Zimmerman
2009).

In light of this new evidence, we investigated the relationship between environmental Mn
contamination and neurological health outcomes in aged subjects living in regions impacted
by ferromanganese plant emissions in northern Italy. Previously we have reported a higher
than expected prevalence of Parkinsonism in this region in relation to Mn emissions from
ferroalloy plants (Lucchini et al. 2007), and Mn-related neurological deficits in both
adolescents from this region and adult ferromanganese plant workers (Lucchini et al. 1999,
2012).

METHODS

Target areas

The industrial sources of Mn in the study area are three former ferromanganese plants
located in ValCamonica (VC), a valley of the pre-Alps that runs for about 50 miles in the
NE-SW direction with an average width of about 2 miles, and is delimited by mountains of
about 10,000 feet elevation. The industries operated from 1902 to 2001 in the municipalities
of Darfo (lower Valcamonica, population 13,200), Breno (mid Valcamonica, population
5,000), and Sellero (upper Valcamonica, population 1,500). The Garda Lake (GL) tourist
area of the Province of Brescia, with no history of metal industry was used as a reference
group community. More detailed information on the study areas were published previously
(Lucchini et al., 2007, 2012). Environmental levels of Mn and other metals have been
thoroughly characterized in the study regions, showing that levels of Mn are significantly
higher in VValcamonica compared to the Garda Lake reference area for airborne particles
(Borgese et al. 2011, 2012), deposited outdoor dust (Zacco et al. 2009), indoor house and
attic dust (Pavilonis, submitted), soil (Borgese et al., 2013), and locally cultivated leafy
vegetables (Ferri et al. 2012).

Study design

Elderly subjects residing in the historically exposed area of Valcamonica and in the
reference area of Garda Lake were enrolled in the study. This research was part of a large
project funded by the European Union 6t Frame Program called PHIME (Public Health
Impact of Mixed element Exposure in susceptible populations) that targeted various age
groups in the community including pregnant women, adolescents, adult workers and elderly.
Based on a community approach, the PHIME study was designed with a strong collaborative
interaction with various community stakeholders. Subjects were recruited through public
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social centers, trade unions, and cultural and religious associations, and then invited to
attend ad hoc meetings where the study aims and methodology were explained in detail.
Inclusion criteria included men and women aged 65-75 yrs and locally residing since at
least the 1970s. Eligible participants were interviewed for the assessment of the following
exclusion criteria: i) exposure to neurotoxic agents through occupation or hobbies; ii)
alcohol consumption >80 g/day; iii) clinical neurologic, hepatic, or psychiatric disease; iv)
medical therapies active on the nervous system; v) joint diseases of the hand and fingers; vii)
visual deficits not adequately corrected. Once properly informed, participants signed an
informed consent that was approved by the Ethical Committee of the Local Public Health
Agency of Brescia. The health assessment was conducted on different days over 2
consecutive weeks. Trained medical doctors and neuro-psychologists conducted the testing
within facilities made available by the local Public Health Agency. Socio-demographic data,
consumption of alcohol and smoking habits, clinical, occupational and residential histories
were collected with ad-hoc questionnaires specifically designed to assess this cohort. A
questionnaire for the screening of Parkinson’s disease was also administered (Panisset et al.
1996), which included 10 items that were weighted in order to obtain a final score for the
classification of “unlikely”, “possible”, or “probable” Parkinson’s disease. Anthropometric
data were measured for the calculation of Body Mass Index (BMI), and a food frequency
questionnaire weighted for portion sizes was administered to estimate the daily oral intake of
Mn. Each participant filled a personal diary with complete records of their activities and
time spent in indoor/outdoor locations during the air-sampling period. Data on atmospheric
conditions during the sampling period were obtained by the online meteorological system of
the local Environmental Protection Office (ARPA Lombardia).

Neuropsychological battery

The health assessment test battery aimed to assess cognitive and motor functions and was
identified based on a review of specific reported in the literature for Mn neurotoxicity (Zoni
etal., 2007). It included the Mini-Mental State Examination (MMSE) (Folstein et al. 1975)
based on 30 simple questions and problems in a number of areas: the time and place of the
test, repeating lists of words, arithmetic, language use and comprehension, and basic motor
skills. The Italian version of the Story Recall Test (Spinnler and Tognoni, 1987) was used to
evaluate long-term verbal memory; for this, the examiner read a short story and asked the
subject to repeat it (immediate recall). The Raven’s Colored Progressive Matrices (CPM)
test (Raven et al. 1983) was used to measure clear-thinking ability; it consisted of 36 items
in three sets (A, AB, B), with 12 items per set. Each item contained a figure with a missing
piece that the subject selected from a presented panel of options. The Trail Making test
(TMT) (Reitan 1985) was used to assess the ability of spatial planning in a visual-motor
track and the ability to quickly switch from a numeric stimulus to an alphabetical one. The
TMT consisted of two parts, A and B; part A required adequate capacity for visual
processing, recognition of numbers, knowledge and reproduction of numerical sequences
and motor speed; part B required also cognitive flexibility and a shifting ability. The Digit
Span (from WAIS) was used to evaluate short-time memory, attention and auditory recall;
the test consisted of two different tests components: i) Digits Forward (repeating numbers
forward), and ii) Digits Backward (repeating numbers backward). Motor coordination was
assessed with the five subtasks from the Luria Nebraska Neuropsychological Battery
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(Golden et al., 1980), and the Finger Tapping test from the computerized SPES battery
(Swedish Performance Evaluating System) (Iregren et al., 1996). The Digit Symbol (from
WAIS) (Wechsler 1997) test was used to assess perceptual and motor speed; it consisted of
digit-symbol pairs, followed by a list of digits. Under each digit the subject was asked to
write down the corresponding symbol as fast as possible. The Simple Visual Reaction Time
from the SPES assessed psychomotor speed measured with the time in millisecond elapsing
from the presentation of a red rectangle on the computer monitor and the subject response on
the space bar. Resting tremor and body sway were assessed using the Catsys Tremor 7.0 by
Danish Product Development (Després et al., 2000), as previously described (Lucchini et al,
2012). The Sniffin Sticks-Olfactory Screening test (Hummel et al., 2001) was used to assess
odor discrimination and identification, as described previously (Lucchini et al. 2012).

Exposure assessment

Inhalation exposure to PM10 airborne particulate matter was determined using 24h personal
air monitoring (50% collection efficiency for 10 um aerodynamic diameter particles).
Airborne particles were collected on commercial filters (37 mm diameter, PTFE-Teflon)
using Personal Environmental Monitors (PEM) connected to a Leland Legacy pump (SKC,
Inc., Eighty-Four, PA, USA) contained within a small backpack worn by the subject. The
PEM air sampler was mounted onto the backpack front strap, in or near the breathing zone,
while the pump was carried in the backpack. Pumps were pre-calibrated to a flow rate of 10
L/min, using a soapless piston primary calibrator (Defender, BIOS, Butler, NJ, USA), with
post-sampling flow rate confirmation. Total PM10 particulate load on the filter was
determined gravimetrically, as well as chemically. Particulate metal content was determined
using total reflection X-ray fluorescence (TXRF) spectroscopy, according to a methodology
published elsewhere (Borgese et al., 2011, 2012). Each participant’s house was geo-
referenced for spatial analysis and surface soil was analyzed for Mn and other elements with
a portable X-Ray Fluorescence instrument, as previously described (Lucchini et al., 2012).
Tap water was sampled from the subject’s primary residence after a 2 min flushing at a
medium flow rate; water was analyzed by Total Relaxation XRF for Mn and other elements,
with a water Mn detection limit of 1 pg/L.

Metal levels in blood and urine were evaluated as exposure biomarkers, as described
previously (Lucchini et al., 2012). Blood samples were also used to assess complete blood
counts (CBC), iron status (serum ferritin), liver and kidney function (via serum
aminotransferase enzymes), and serum PRL. Each individual participant’s data was entered
with anonymized identification codes accessible only to the research team, and under the
responsibility of the study Principal Investigator (RL).

Statistical analysis

Preliminary graphics and stratified descriptive analyses were used to explore the distribution
of the exposure-related variables and their relationship with the motor, sensory and cognitive
test results in the different study sites. Non parametric Kruskal-Wallis tests was used to test
the null hypothesis of no effect of the area of residence (VC sub-areas versus GL) on the
tests results. Since surface soil was not measured for the entire study population we used
Ordinary Kriging interpolation of measured soil Mn levels to obtain Mn concentration
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estimates at the missing points and gain power in the subsequent regression analyses,
according to a procedure described previously (Lucchini et al., 2012).

To test the hypothesis that Mn exposure affects motor and sensory functions and to obtain an
adjusted estimate of the effect, we used Generalized (linear and logistic) Additive Models
(GAM) (Hastie and Tibshirani, 1990). The GAM model allows to relax the assumption of
linearity between the response variable and some of the covariates, by using as a linear
predictor a smooth functions of covariates. In addition to the exposure variables we always
considered the effect of age, gender, self-reported alcohol consumption and smoking habits,
and area of residence. Therefore we included in the GAM models the effects of the
following variables, assuming additivity between them: gender, age, smoking and alcohol
habits, the distance from the nearest ferromanganese plant source, the concentration of Mn
in air, soil, blood, urine and the concentration of Pb in blood. All exposure variables were
log-transformed before being entered in the GAMs in order to obtain a more symmetrical
distribution of the model residuals. When preliminary analyses suggested a deviation from
additivity in the various areas, like a different pattern in the shape of the Mn-related
outcomes between the two geographic areas, we used a stratified GAM to obtain an area-
specific non-parametric estimate of the Mn exposure — response relationship. We also
considered the possible interaction, by means of tensor product splines, between Mn and Pb
exposure when these variables were shown to influence the test outcomes. The levels of
statistical significance was considered as p<0.05 and as 0.1<p<0.05 for trending
observations. Data analysis and graphics were made with R (R-Core Team, 2013).

Socio-demographics

The study included 255 elderly subjects out of a total of 365 originally enrolled. Exclusion
of 110 subjects was due to: withdrawal (n=47), not meeting age criteria (n=12), neurological
diseases (n=20), previous occupational exposure to a neurotoxicant (n=10), endocrine
disease (n=5), death (n=4), not meeting the residence criteria (n=4), psychiatric symptoms
(n=2), visual deficiency (n=2), or other diseases (n=4). The details from participants residing
in Valcamonica (n= 153) and in the GL area (n=102) are listed in table 1. The subjects from
Valcamonica were further sub-classified into three sub-areas of residence according to the
three sites of previous ferromanganese plant operations within Valcamonica: Darfo (lower
Valcamonica, n=39), Breno (mid Valcamonica, n=65), and Sellero (upper Valcamonica,
n=49). Overall, women (54.9%) were more represented than men (45.1%). The number of
the study participants was representative of the population of the same age range residing in
the target areas, and it varied from 2% at the Garda Lake to 26% in Sellero. Age (in years)
was mostly represented by the 65-70 class (52.9) whereas the 70-75 class was 27.8%.
Alcohol consumption (in g/day) was mostly represented by the zero class (37.9%), followed
by the 1- 20 class (22.9%) and the 20-50 class (22.5%). Subjects were mostly never
smokers (67.5%), followed by ex-smokers (24.7%) and current smokers (7.8%). Clinical
values for CBC, liver and kidney function, physiological iron status and serum PRL for the
255 included subjects were all within the normal clinical range. No significant differences
occurred among the study sites for educational level.
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Exposure assessment

The descriptive statistics for environmental and biological exposure indicators are reported
in table 2. The average Mn concentration in 24h PM10 airborne particles for the entire group
of subjects was 24.2 ng/m3 (median 18.3, range 2.44-103), with higher levels in
Valcamonica (mean 26.4, median 18.4, range 1.99-103 ng/m?3) compared to Garda Lake
(mean 21.0, median 17.6, range 2.44-68.1 ng/m3). The median concentration of PM10
airborne particulates was 29.5 pg/m?3 (31.2 in Valcamonica and 28.1 in Garda Lake). The
highest levels of PM10 airborne particulates were measured in the mid valley area of Breno,
where the ferromanganese plant closed most recently. The subjects’ diaries kept over the
24h air sampling period showed an average of 5h outdoor and 19h indoor, with no variation
across the different study areas. Data on rain precipitation showed that 16% of samples were
collected over 24h periods that contained some rain, while 84% were collected with no rain
during the sampling time, with slight differences between the VValcamonica (10% rain and
90% no rain) and Garda Lake (26% rain and 74% no rain) areas. In surface soil, the overall
average Mn concentration was 784 ug/g (median 786, range 313-1724), with significantly
higher levels in Valcamonica (mean 1026, median 923, range 473-1724) compared to Garda
Lake (mean 421, median 410, range 313-549). Soil levels showed an increasing gradient
from the lower to the upper valley, consistent with an underlying geological presence of
higher Mn levels in deep soil and bedrock. The concentrations of dissolved metals in tap
water, reflecting the public water supply from either study area, were not elevated. In fact,
water Mn levels were below the LDL of 1 ug/L in all water samples. Regarding the exposure
biomarkers, there were no measurable differences in the subjects’ blood or urine Mn
concentrations between study sites, in contrast to the site-based differences in the
environmental samples (surface soil and airborne particulates) noted above. Total dietary
oral Mn intake calculated with the food frequency questionnaire was 4.76 + 2.17 mg/day
(4.69 £ 2.29 for women and 4.85+ 2.0 for men), with no significant differences between the
study sites. The main sources of Mn intake were cereals and legumes (combined 3.58 + 1.97
mg/day), with lower intake from fruit (0.65 £ 0.36 mg/day) and vegetables (0.53+ 0.40 mg/

day).

GAM multivariate analysis

The descriptive statistics of all neurobehavioral testing is reported in the supplementary
material (tables S1-S7). The GAM multivariate analysis yielded significant Mn dose-effect
associations with a number of test outcomes. The sum of the five motor coordination
subtests of the Luria Nebraska Neuropsychological Battery was significantly negatively
associated with the distance from the nearest exposure point of historical ferromanganese
plant emission (table 3). Gender (M versus F) was also significantly associated with the
Luria Nebraska test score (p=0.0036), with men exhibiting better motor coordination scores
compared to women. The non-parametric component of the GAM analysis showed a
negative association between the Luria Nebraska motor coordination score and the
concentration of Mn in airborne particles (p=0.0237) and blood lead (p=0.0201), age
(p=0.0123) and the distance from the nearest ferromanganese plant point source (p=0.0035).
No interaction was observed between Mn and Pb. The negative association between air Mn
and the adjusted motor coordination score is shown in figure 1. Removing potentially
influential values of air Mn >100 ng/m?3 did not modify the model estimates.
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The GAM analysis showed also significant associations of the Sniffin Stick Test-proportion
of correct answers with gender (p=0.0009, with men exhibiting poorer odour identification),
and alcohol use (p=0.0335) (table 4). The non-parametric analysis showed a significant
association between the Sniffin Stick Test and Mn levels in air (p<0.0001), soil (p=0.0006 )
and blood (p=0.0100), Pb in blood (p=0.009), the distance from the nearest point source
(p<0.0001), and age (p<0.0001). Therefore we considered the multiple interaction between
these variables by means of tensor product splines. The analyses showed that the Sniffin
Stick Test score was influenced by the interaction between soil Mn + blood Pb (p=0.0856),
which is represented in figure 2 by tensor product smooth. The graph shows the interaction
effect of Soil Mn and blood Pb on the proportion of correct answers on the Sniffing test. The
dark colors represent worse performance in correct odor discrimination. Lines represent
points with the model based expected performance level. Increased Mn is associated with
worse performance whereas the independent effect of Pb is minimal. Increased Mn and Pb
levels determine an interactive effect as shown by the dark color in the right upper corner of
the graph. The GAM analysis assumes that these effects are additive and not exactly
interactive, therefore both Mn and Pb modify the effect on odor discrimination, although
maintaining separate influences. This may be interpreted in view of two different cognitive
and sensorial component of olfactory discrimination that may be differently affected by Pb
(cognitive) and Mn (sensorial).

Regardless the high significance, the influence of air Mn on the test score was not clearly
explained by the model in the interaction with the other exposure variables. Manganese
dose-response associations were observed for the two cognitive tests CPM and TMT (data
shown in supplementary material, table S8 and S9 respectively). For the CPM test, gender
was a predictor of performance with women exhibiting poorer performance compared to
men (p=0.0003). The non-parametric part of GAM analysis shows a negative association of
CMP performance with age (p<0.0001) and with the distance from the nearest
ferromanganese plant exposure point source (p=0.0025, figure S12), as well as a border line
negative association with soil Mn levels (p=0.09, figure S13). For the TMT, urinary Mn
(p=0.0074, figure S14) and age (p=<0.0001) were significantly negatively associated with
TMT test performance. Finally, the GAM analysis revealed positive associations between
serum PRL levels and residing in the vicinity of a ferromanganese plant (p=0.0085),
cigarette smoking (p=0.0079), air (p=0.061) and urinary Mn (p=0.003) and blood Pb
(p=0.0303). The positive association between air Mn and the adjusted serum PRL level is
shown in figure 3. Removing the potentially influential lowest serum PRL values did not
modify significantly the model estimates. No other associations were observed with the
GAM analysis considering the other neurobehavioral testing and symptom questionnaires
with the parameters of Mn and Pb exposure.

Benchmark Dose calculation

For the Luria Nebraska test, in order to obtain an estimate of a Benchmark Dose (BMD) for
air Mn levels, defined as the air Mn level expected to cause a decrease of one point of the
Luria Nebraska sum score in respect to the geometric mean air Mn level in the reference
area of Garda Lake, we reduced the first GAM model to a more parsimonious one using the
Akaike's Information Criterion as guidance and, in absence of evidence of a non-linear
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relationship between the (log-transformed) air Mn levels and the Luria Nebraska Sum score
after considering the other covariates, we moved the air Mn effect estimation to the
parametric part of the GAM analysis.

The BMD was calculated according to Budtz-Jgrgensen et al. (2001), using a bootstrapping
approach to take into account the variability in the estimates of the geometric mean air Mn
levels in the Garda Lake reference area. The lower level of the BMD confidence interval
(BMDL_01) was defined as the level of the internal confidence limit lower than 95% of the
estimated dose expected to decrease the score of one point. The bootstrap estimate of the
BMDL_01 was 22.7 ng/m?3 and 26.4 ng/m3 for the mean and median air Mn levels,
respectively.

DISCUSSION

This study of elderly subjects with environmental exposure to Mn has revealed associations
between Mn exposure and deficits in motor coordination, odor identification, and cognitive
abilities, in addition to increased serum PRL. These findings are particularly noteworthy as
they occur in a geographical area characterized by high environmental impact of prolonged
metal emission from ferromanganese industries. In this area a high prevalence of
parkinsonism has been observed in relation to the ferromanganese emission point sources
and the Mn levels in deposited dust (Lucchini et al., 2007). Thus, the observation of a Mn
dose-dependent impairment of motor coordination in elderly subjects residing for most of
their life in this area suggests the presence of preclinical effects that, in the future, may
progress to symptomatic neurodegenerative illness. Age was found to be a significant
predictor of test performance in all models, further suggesting an overlapping effect of
exposure on physiological aging of neurological function. Although age is also a surrogate
of the duration of exposure, the effect of normal aging and deterioration in performance due
to age-related decline in function is likely a predominant component that can be exacerbated
by cumulative exposure to Mn. The alteration of the Luria Nebraska motor coordination
subtest, as well as the odor identification Sniffin Sticks test, were observed also in
adolescents (Lucchini et al., 2012) and ferromanganese workers (Lucchini et al., 1999) from
the same geographical area. Alteration of both olfactory discrimination and sensitivity, as
examined with the complete Sniffin Stick test battery, was seen in 30 adults residing in the
Mn mining district of Molango, Mexico, compared to controls (Guarneros et al., 2013).
Notably, cognitive functions were also related to Mn exposure, further supporting the
hypothesis that a common mechanism of neurotoxicity of Mn underlying many of the
observed neurological deficits is dopaminergic system dysregulation (Guilarte, 2013).

The positive association of serum PRL with Mn exposure was observed previously among
ferromanganese workers in this area (Multti et al., 1996), and more recently among Mn
exposed welders (Tutkun et al., 2013). It has been observed also among Mexican school
children in the Molango mining district (Montes et al., 2011), and thus may be considered as
a biomarker of Mn toxicity (Marreilha Dos Santos et al., 2011).

Deficits in dopamine system function as a result of chronic environmental Mn exposure is
an attractive hypothesis that may help explain the effects observed here, as the dopaminergic
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system plays a major role in the regulation of motor (Groenewegen, 2003), olfactory
(Scherfler et al., 2013), and pituitary PRL secretion, with the latter being regulated by the
inhibitory activity of dopaminergic neurons in the hypothalamus (Fitzgerald and Dinan,
2008).

Another relevant finding of this study is also related to the observed interaction between Mn
and Pb on neurobehavioral outcomes that has already been shown measures of fetal
exposure in pregnancy (Lin et al., 2013), early childhood (Claus Henn et al., 2012) and
school aged children (Kim et al., 2009). As Pb is ubiquitous and there is no known exposure
level without deleterious health effects, potential interactions with Pb exposure should
always be verified in human studies on Mn neurotoxicity. The interaction between the two
metals observed here implies also a separate influence by each component. As Pb targets
cognitive functions, it may play a specific role on the cognitive component of odor
recognition, which is necessary for the identification process. The mechanism of Mn toxicity
on the olfactory function may target instead the dopaminergic control of olfaction. Emerging
literature indicates that Mn neurotoxicity can target also cognitive domains that are
controlled by frontal cortex and other brain subareas (Roels et al., 2012; Guilarte, 2013).
This study confirms this hypothesis showing Mn-related impairment of cognitive functions
assessed by CMP and TMT tests.

The BMD calculation on the dose-response between Mn concentrations in PM10 airborne
particles and the Luria Nebraska motor coordination score, has led to a BMDL_01 value of
22.7 ng/m?3 (mean value) and 26.4 ng/m3 (median value). This level is lower than the Rfc
level of 50 ng/m3 indicated by the U.S. EPA (1999) and Health Canada (2010), although a
direct comparison is not entirely practical, since the Rfc is based on exposure to a smaller
particle size (PM2.5) and annualized Mn exposure levels extrapolated from occupational
studies. The BMDL result reported here may be considered as more accurate, since it is
based on the direct analysis of the dose-response relationship in this presumably more
susceptible elderly target population, without the application of additional Uncertainty
Factors as used in the Rfc calculation process. In addition, the personal data on airborne
particle exposure may more accurately represent individual exposures compared to the air
monitoring data from a stationary air monitor station, since the 24h personal sampling better
captures inhalation exposure from the indoor (home) environment, where the elderly
typically spend a greater proportion of their day than younger subjects.

This study had several limitations. There was incomplete coverage of all subjects with
personal sampling of airborne particles and surface soil measurements, though the use of
statistical data interpolation provided reliable estimates of missing data and helped with the
shortcomings of this limitation. Another possible limitation of the study is that the Mn
exposure biomarkers did not reflect the differences in air and soil Mn levels across sites.
This is likely due to the fact that blood and urine Mn levels are homeostatic regulated, such
that they do not appear to capture differences in environmental exposure. Other biomarkers
like hair may have better reflected differences in Mn absorptions, but hair was not available
from these subjects.
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Similarly to other environmental health studies targeting the nervous system, this study
presents multiple statistical comparisons that may generate non plausible results. To account
for this possibility we retained in the GAM models all the terms that could have affected the
response on an “a priori” basis, even if non-significantly associated. However, the
consistency of some findings, namely the Mn-related impairment on motor and odor
functions observed in adolescents residing in the same geographical areas (Lucchini et. Al.,
2012), supports the outcomes reported here and reinforces the hypothesis of biologically
plausible exposure-related effects in a coherent picture across different age groups. Finally,
we observed (multi) collinearity and concurvity in the model, which is expected because
these variables are correlated (Table S11). In this study the collinearity effect was judged as
moderate and the results were fairly stable and resistant to adding or removing from the
model a certain variable.

In light of the operational history of the ferromanganese plants in the Valcamonica, the last
of which (Breno) ceased ferromanganese alloy operations in 2001, air Mn levels were
undoubtedly higher in the past, though significant burdens of environmental Mn persist in
these communities as evidenced by the elevated surface soil Mn levels. The subjects’ age
and residence histories indicate they likely suffered greater environmental exposures over
the majority of their lifespan than has likely occurred over the past decade or so since the
ferromanganese operations ceased. Nevertheless, the airborne Mn levels measured in this
study are likely to represent the exposure levels since 2001 in Breno, 1985 in Sellero and
1995 in Darfo, since much of the airborne Mn may be attributed to resuspended dusts that
have been cumulatively impacted by the ferromanganese plant emissions over decades.
These periods of time cover the old age span of this cohort, which is a more sensitive
exposure window. In addition, since Mn deposited to surface soils is relatively immobile and
slowly accumulates with time, the soil Mn levels available in this study reflect spatially local
differences in environmental Mn deposition integrated over the timeframe of decades.
Therefore the soil values measured during the health assessment are not expected to differ
significantly from when the plants were active. While air Mn levels to a great extent reflect
airborne particles resuspended from surface soils, these levels were likely higher during the
period when the plants were active, particularly within 0.5 — 1 km from the plants; but
outside that close range they are expected to reflect large resuspension of surface soil and
dusts, which reflect cumulative emission deposition over decades, as noted above. In any
case, further research is warranted in this area for a more in depth characterization of
cumulative exposure, aimed to define exposure lifeline able to incorporate all available
historical data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Relationship of Luria Nebraska sum score and Mn in air represented as a smooth function.

The blue line and the shaded area represent the smoothing spline estimate and its 95%
interval. Note the log-transformation of the x-axis.
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The interaction between soil Mn and blood Pb levels on Sniffin Stick test score, represented
by tensor product smooth.
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Figure 3.
Relationship between air Mn levels and serum prolactin (PRL). The blue line represents the

linear regression between the variables (the GAM analysis suggested a linear relationship
between log-transformed PRL and Air Mn) and the shaded area the 95% confidence interval
of the estimate. Note the log-transformation of both axes.
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Multivariate analysis using GAM models and the sum score of the five motor coordination subtests of the

Luria Nebraska test score as the dependent variable. Sellero, Breno, and Darfo are ferromanganese plant

communities in the upper, mid, and lower Valcamonica, respectively. GL=GL., e.d.f.= estimated degrees of

freedom

Generalized (Linear) Additive Model
Dependent variable: Luria Nebraska sum

Parametric part

Variable Estimate (S.E.) P-value
(Intercept) 56.6 (3.28)  <0.0001
Plant (Darfo Vs GL) -8.18 (5.05) 0.1071
Plant (Breno Vs GL) -6.61(5.30) 0.2138
Plant (Sellero Vs GL) -12.4(6.11) 0.0426
Gender M Vs F 5.60 (1.90) 0.0036
Smoke (actual Vs never) 1.10(2.93) 0.7076
Smoke (ex Vs never) 3.33(1.80) 0.0657
Alcohol (0,20] Vs no -2.07(1.94) 0.2873
Alcohol (20,50] Vs no -2.93(2.10) 0.1639
Alcohol (>50) Vs no 0.35(2.70)  0.89551
Non parametric (smooth) part

Variable ed.f. p-value
logyo (Distance from nearest plant) 3.95 0.0035
logyo (Soil Mn) 0.81 0.2054
log1g (Air Mn) 0.80 0.0237
logyo (Blood Mn) 0.00 0.8238
logyo (Urinary Mn) 0.00 0.3654
logyo (Blood Pb) 157 0.0201
Age 1.45 0.0123
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Multivariate analysis using GAM models and the Sniffin Stickin test score (proportion of correct answers) as

dependent variable (Alcohol consumption expressed in g/day), e.d.f.= estimated degrees of freedom

Generalized (Logistic) Additive Model

Dependent variable: score of correct answers at the Sniffin Stick test

Parametric part

Variable Estimate (S.E.) p-value
(Intercept) 0.91 (0.25)  0.0004
Plant (Darfo Vs GL) -0.02(0.36)  0.9558
Plant (Breno Vs GL) 0.47 (0.40)  0.2430
Plant (Sellero Vs GL) 0.83(0.57) 0.1474
Gender M Vs F -0.40 (0.12)  0.0009
Smoke (actual Vs never) -0.22 (0.18) 0.2168
Smoke (ex Vs never) -0.01 (0.11) 0.8780
Alcohol (0,20] Vs no 0.27 (0.12)  0.0335
Alcohol (20,50] Vs no 0.22(0.13)  0.1011
Alcohol (>50) Vs no 0.11(0.17) 0.5186
Non parametric (smooth) part

Variable edf. p-value
logyo (Soil Mn) 1.38 0.0006
log1g (Air Mn) 3.86 <0.0001
logso (Blood Mn) 1.37  0.0100
logyo (Urinary Mn) 0.24 0.2385
logyo (Blood Pb) 1.44  0.0090
Age 2.35 <0.0001
log;o(Distance from the nearest plant) 469 <0.0001
logyo (Soil Mn)*logy, (Blood Pb)

interaction 0.85 0.0856
log10 (Soil Mn)*log;o(Air Mn) interaction 3.66 0.0060
logyo (Soil Mn)*logy(Air Mn)

interaction*log,q(Blood Pb) interaction 6.53 0.0061
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