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Abstract

Adolescents living in communities with ferromanganese alloy plant activity have been shown to
exhibit deficits in olfactory and fine motor function. Household dust may serve as an important
manganese (Mn) exposure pathway to children, though dust Mn concentrations have not
previously been measured to assess household contamination from ferromanganese alloy plant
emissions. Here we determined the association between dust concentrations and surface loadings
of Mn and other metals (Al, Cd, Cr, Cu, Fe, Pb, and Zn) in indoor and outdoor household dust
from three Italian communities that differ by history of ferromanganese alloy plant activity:
Bagnolo Mella, with an active ferromanganese alloy plant (n=178 households); Valcamonica, with
historically active plants (n=166); and Garda Lake, with no history of ferromanganese plant
activity (n=99). We also evaluated Mn levels in other environmental (soil, airborne particulates)
and candidate biomarker (blood, hair, saliva, fingernails) samples from children within the
households. Household dust Mn concentrations and surface loadings were significantly different
between the three sites, with levels highest in Bagnolo Mella (outdoor median Mn concentration =
4620, range 487 — 183,000 pg/g), intermediate in Valcamonica (median = 876, range 407 — 8240
ug/g), and lowest in Garda Lake (median = 407, range 258 — 7240 ug/g). Outdoor dust Mn
concentrations in Bagnolo Mella, but not the other communities, were significantly inversely
related with distance from the plant (R2=0.6630, P<0.0001). Moreover, outdoor dust Mn
concentrations and loadings were highly predictive of but significantly higher than indoor dust Mn
concentrations and loadings by ~2 to ~7-fold (Mn concentrations) and ~7 to ~20-fold (Mn
loadings). Finally, both indoor and outdoor dust Mn concentrations and outdoor dust Mn loading
values were highly significantly correlated with both soil and air Mn concentrations, and with
children’s hair and fingernail Mn concentrations, but weakly or not associated with saliva or blood
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Mn levels. Given the evidence associating elevated Mn exposure with neurological impairments in
children, these data support that dust Mn levels should be reduced in contaminated environments
to protect the health of resident children.
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Manganese; Dust; Ferroalloy; Exposure; Biomarker

Introduction

Manganese (Mn) is an essential nutrient, although Mn elevated exposures have been
associated with neurotoxicity in adults and children. (ATSDR, 2012; WHO, 2000; Aschner
et al., 2005; Lucchini et al., 2007) Children are considered particularly susceptible to the
health impacts of elevated Mn exposure, with studies reporting reduced birth weight, 1Q
deficits, increased oppositional and attention problems, and fine motor and sensory deficits
associated with elevated Mn exposure. (ATSDR, 2012; Bouchard et al., 2011; Wasserman et
al., 2006; Bouchard et al., 2007; Lucchini et al., 2012; Zota et al., 2009; Claus Henn et al.,
2010; Claus Henn et al., 2012) There are a number of natural and anthropogenic sources of
Mn in the environment that may contribute to elevated exposures over the life span,
including contaminated groundwater, combustion of the gasoline additive
methylcyclopentadienyl manganese tricarbonyl (MMT), the fungicides maneb and
mancozeb, and ferromanganese alloy facilities. (ATSDR, 2012; Bouchard et al., 2011,
Wasserman et al., 2006; Lucchini et al., 2012; Gunier et al., 2013; Menezes-Filho et al.,
2009; Borgese et al., 2013)

The iron and steel industry consumes ~90% of the worldwide Mn produced (Bouaziz et al.,
2011), and it represents one of the most regionally significant anthropogenic sources of Mn
to the environment - contributing up to 80% of industrial Mn emissions. (ATSDR, 2012;
EPA, 2008) Manganese is used as an alloying element in the metal industry, where it is
alloyed with silicon and iron forming silicomanganese and ferromanganese. (Pearson et al.,
2005) In steel production, addition of Mn to ferromanganese alloys imparts unique physical
properties of tensile strength and flexibility compared to ferroalloy steels with lower Mn
levels. (ATSDR, 2012; Pearson et al., 2005; Bouaziz et al., 2011) While the Mn content in
steel is generally in the range of 0.05 to 12%, standard ferromanganese alloys may contain
substantially greater levels of Mn.

Soil naturally contains between 500 and 900 pug Mn/g, and airborne Mn concentrations in
areas without anthropogenic sources range from 0.01 — 0.07 pg/m3. (WHO, 2000; Gerber et
al., 2002) In areas adjacent to ferro- or silico-Mn industries Mn levels can exceed 0.5 pg/m3,
which is well above the world health organization’s (WHQ) annual average air guideline
value for long-term Mn exposure of 0.15 pg/m3. (WHO, 2000) Coarse Mn particles (defined
by WHO as >PMj, 5) originating from ferromanganese alloy plant emissions settle within
meters to kilometers of the plant, while finer particles (<PM> 5) can be transported larger
distances through the air. (WHO, 2000)
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The Province of Brescia, Italy contains both historic (Valcamonica valley) and currently
active (Bagnolo Mella) ferromanganese alloy industries, and studies have reported
associations between environmental Mn exposures and health deficits in children and elderly
adults in the impacted communities. (Lucchini et al., 2007; Lucchini et al., 2012; Borgese et
al., 2013; Lucchini et al., 2014) In addition, a higher prevalence of Parkinsonian
disturbances in aged adults associated with environmental Mn exposure has also been
reported. (Lucchini et al., 2007) Environmental Mn associated with airborne particulates and
settled dust has been implicated as the exposure source/pathway to children and adults in
these areas. Household dust is a well-known exposure pathway for metals, particularly in
children, through ingestion and inhalation of particles. (Lanphear et al., 1998, 2002; Lioy et
al., 2002; Zota et al., 2011) This exposure pathway is especially well-described for
household dust lead (Pb) exposure to children, resulting in elevated blood Pb levels and
health problems. (Taylor et al., 2013; Lanphear et al., 1998, 2002; Wilson et al., 2006)
Analysis of soil samples in Valcamonica and Garda Lake (control region) demonstrated
higher levels of Mn in Valcamonica in the readily extractable fractions, suggesting a higher
level of environmental Mn exposure in regions with historic ferromanganese alloy plant
activity. (Borgese et al., 2013) In addition, the Mn concentration in air particulates was
previously determined to be approximately two to three-times higher in VValcamonica than
Garda Lake. (Borgese et al., 2011) An initial screening of household dust samples in Brescia
using XRF showed higher concentrations of Mn in samples located nearby municipalities
with historic or active ferromanganese alloy plants in comparison to regions without these
plants. (Zacco et al., 2009)

In light of the above, indoor and outdoor settled dust from the houses of children in the
province of Brescia, Italy were analyzed for Mn and other metals (aluminum, cadmium,
chromium, copper, iron, lead, and zinc) to determine whether dust metal levels were
significantly elevated in association with local ferromanganese alloy plant activity. We
hypothesized that (1) Mn levels in household dust from Bagnolo Mella will be significantly
higher than levels in dust from Valcamonica or the Garda Lake reference area; (2) Mn dust
concentrations will have an inverse relationship with distance from the active and historic
ferromanganese alloy plants in Bagnolo Mella and Valcamonica, respectively; (3) Mn
concentrations in indoor household dust will be associated with, but lower than
corresponding levels in outdoor house dust; and (4) household dust Mn levels will be
associated Mn levels in other environmental media (e.g., soil, airborne Mn) and candidate
biomarkers of Mn exposure in resident children (e.g., hair, fingernails, saliva), evidencing
that dust may pose an important Mn exposure pathway for adolescents.

The study focused on households within three areas in the Province of Brescia, Italy:
Bagnolo Mella, VValcamonica, and Garda Lake (Figure 1). Bagnolo Mella (population
12,700) is a municipality with an active ferromanganese alloy plant that has produced
ferromanganese since 1973, and is situated in a flat plains region. Valcamonica is a valley of
the pre-Alps with an average width of approximately 3 km and mountains of about 3000 m
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on either side. Winds average 5 km/h in the valley, primarily southwest to northeast in the
day and northeast to southwest at night. Three ferromanganese alloy plants have operated in
the valley in the municipalities of Sellero (population 1500) from 1973 to 1987, Breno
(population 5000) from 1921 to 2001, and Darfo (population 13,200) from 1902 to 1995.
(Lucchini et al., 2012) Communities within the Garda Lake region of the Province have had
no history of ferromanganese alloy plant activity so were used as the reference group.

Sample Collection

Indoor and outdoor dust samples were collected for each household from various horizontal
surfaces between December 2010 and October 2013. Dust samples were collected by
sweeping a measured area (60 — 35000 cm?2, median 1230 cm?2) with a plastic brush (cleaned
between samplings) into a plastic bag, or using a cyclone vacuum that deposited collected
dust into a plastic sample jar. The two methods of sample collection were balanced across
the three study sites. The total mass of collected dust ranged from 0.7 to 2673 mg (median
90.8 mg). Indoor and outdoor dust samples were analyzed from 153 households from
Bagnolo Mella, 88 households from Valcamonica (Sellero: 50, Breno: 37, Darfo: 1), and 72
households from Garda Lake. The total number of households for each study site for which
paired indoor and outdoor dust samples were analyzed were 135 (Bagnolo Mella), 78
(Valcamonica) and 64 (Garda Lake).

Sample Preparation

Analysis

All laboratory reagents (e.g., HNO3) were trace metal grade. Ultrapure Milli-Q water with
resistivity of 18.2 MQ-cm? was used for all dilutions. Deionized water (D1) was used to rinse
plasticware where stated.

Dust samples were dried in a 60°C oven for at least 2 days, and non-dust debris was
manually removed. For dust samples less than 100 mg, the entire sample was transferred to a
polypropylene test tube (polytube) to obtain the sample weight. For samples greater than

100 mg, the sample was thoroughly mixed to homogeneity and approximately 100 mg was
used. The mass of dust processed for analyses ranged from ~1 — 100 mg. Dust samples were
leached in 7.5 N HNOg3 at 80°C for 4 hours with vortexing every hour. The resultant
leachate was diluted in the polytube with Milli-Q, centrifuged at 3000 x g for 20 minutes,
and the supernatant decanted into polyethylene scintillation vials for analyses.

Dust metal concentrations were determined using inductively coupled plasma optical
emission spectroscopy (ICP-OES; Perkin-Elmer model Optima 4300 DV Series), using
emission wavelengths of 257.610 and 260.568 (Mn), 308.215, 394.401, and 396.153 (Al),
214.440, 226.502, and 228.802 (Cd), 267.716 (Cr), 324.752 and 327.393 (Cu), 238.204,
239.562, and 259.939 (Fe), 220.353 (Pb), and 202.548 and 206.200 (Zn). When more than
one wavelength was used the average of the concentration from each wavelength was
reported. Scandium and yttrium were used as internal standards.

For assessment of analytical accuracy and reproducibility, a certified reference material
(CRM BCR-483) was prepared (four replicates per analytical batch of ~50-60 samples) and
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analyzed in the same manner as the dust samples. Within each analytical batch of samples
two household dust samples of adequate mass were selected at random to process and
analyze in triplicate. The analytical limits of detection (ug/mL) were 0.0013 (Mn), 0.0254
(Al), 0.0019 (Cd), 0.0023 (Cr), 0.0026 (Cu), 0.0262 (Fe), 0.0367 (Pb), and 0.0065 (Zn). The
average RSD’s for samples (N = 20) processed in triplicate were 4.3% (Mn), 3.2% (Al),
6.3% (Cd), 4.6% (Cr), 11.7% (Cu), 4.8% (Fe), 6.0% (Pb), and 6.1% (Zn). The accuracy
(percent recovery) of the analysis was 105% (Cd), 123% (Cr), 115% (Cu), 98% (Pb), and
96% (Zn), based on measured versus published indicative values for the certified reference
material. The remaining analytes (Mn, Al, Fe) did not have published indicative values, and
are compared to previously published values. The analytical and procedural limits of
detection, reproducibility, and accuracy based on repeated analysis of the certified reference
material are summarized for each metal in Supplementary Table 1.

Other Environmental and Biomarker Measures

This study is part of a larger ongoing study that has recruited a total of ~700 pre-adolescent
subjects age 11 — 14 yrs (~200 — 250 subjects/households per study site). Environmental
media (household dust, soil, tap water, 24 hour airborne particulates) and candidate
biomarker samples (blood, hair, fingernails, saliva) were collected from each subject/
household for analyses of metal content, as described in detail elsewhere. (Lucchini et al.,
2012; Borgese et al., 2011; Eastman et al., 2013; Smith et al., 2007) Briefly, surface soil
metal levels were measured using a portable XRF instrument (Niton), (Lucchini et al., 2012)
while 24-hour personal air samples (PM10) were collected using Personal Environmental
Monitors connected to a Leland Legacy pump and analyzed by T-XRF. (Borgese et al.,
2011) Whole blood samples were collected using a 19-gauge butterfly catheter into Li-
heparin Sarstedt Monovette Vacutainers. Passive saliva samples were collected directly into
trace metal clean microfuge tubes via a 5 cm plastic straw; prior to collection, subjects
rinsed their mouths three-times with ultrapure Milli-Q water, then waited 10 min before
dispensing saliva into the tube. Hair samples (2-3 cm section of hair from the occipital lobe,
proximal to the scalp) were collected using stainless steel scissors. Fingernail samples were
collected using stainless steel nail clippers. In addition, physiological iron status was
assessed in the children via measures of blood hemoglobin, total serum iron, and serum
ferritin and transferrin levels; for all iron status outcomes, the levels were within the normal
clinical range. (Lucchini et al., 2012)

Biological samples were processed and analyzed for Mn as follows (Lucchini et al., 2012;
Eastman et al., 2013; Smith et al., 2007): For whole blood, ~0.25 mL of blood was mixed
with 0.5 mL 15.7 N quartz distilled nitric acid in a polyethylene tube, and the mixture left
overnight at room temperature. Subsequently, 0.25 mL of Ultrex 30% hydrogen peroxide
was added, followed by 4 mL of Milli-Q water. The mixture was vortexed and the
precipitate allowed to settle overnight. Subsequently, 0.5 mL of supernatant was removed
and centrifuged at 13000 x g for 10 minutes for analysis. Saliva samples were vortexed and
centrifuged at 1000 x g for 1 minute, and a 0.1 mL aliquot removed and mixed with 0.4 mL
0.8 N quartz distilled nitric acid, and left overnight. Subsequently, the saliva samples were
vortexed and centrifuged at 13000 x g for 10 minutes for analyses.
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Hair and fingernail samples were cleaned of exogenous metal contamination as described in
Eastman et al. (2012). Briefly, samples were placed in 5 mL syringe bodies (hair) or 1.5 mL
microfuge tubes (nails) and sonicated (20 min) in 0.5% Triton, rinsed five-times with
ultrapure Milli-Q water, sonicated (10 min) in 1 N trace metal grade nitric acid, rinsed with
1 N nitric acid, and rinsed five-times with Milli-Q water. Clean hair and nail samples were
dried at 65 °C for 48 hours in a HEPA filtered-air clean room. Subsequently, hair samples
were digested in 0.5 mL 15.7 N quartz-distilled nitric acid at 80 °C for 6 h in a Class-100
HEPA filtered-air fume hood. After complete digestion of the hair, samples were diluted
with 5 mL Milli-Q water. For analyses, 0.25 mL was transferred to microfuge tube, diluted
with 0.25 mL Milli-Q water, and centrifuged at 13000 x g for analysis. Nail samples were
digested in 0.1 mL 15.7 N quartz distilled nitric acid at 80 °C for 4 h in a Class-100 HEPA
filtered-air hood. After complete digestion, 1.2 mL Milli-Q water was added and samples
centrifuged at 13000 x g for 10 min prior to analyses. Rhodium and thallium were added to
all samples as internal standards, and samples analyzed by magnetic sector inductively
coupled plasma mass spectrometry (Thermo Element XR ICP-MS), as described elsewhere
(Smith et al., 2007; Eastman et al., 2013). The analytical detection limit for Mn was 0.0054
ng/mL.

Statistical Analysis

Results

Analysis of variance (ANOVA) or covariance (ANCOVA) were conducted for metal levels
to test the hypotheses, using Tukey’s HSD posthoc test for pairwise comparisons when
appropriate, as indicated in the Results section. Spearman’s correlation was used to
determine the relationship between dust Mn levels and other environmental measures and
candidate biomarker data. If data were not normally distributed they were logsg transformed
for statistical analyses. In all cases a statistical probability level of P<0.05 was considered
statistically significant. All statistical analysis was carried out using JMP Pro 11 Statistical
Discovery (SAS Institute) software.

Dust Mn concentrations and loadings are significantly higher in Bagnolo Mella, the
community with an active ferromanganese alloy plant

We tested the hypothesis that household dust Mn concentrations (ug/g) are greater in
Bagnolo Mella, the community with an active ferromanganese alloy plant compared to
communities with historic (Valcamonica) or no history of activity (Garda Lake). Results
show that there is a significant effect of ‘study site’ on outdoor dust Mn concentrations
(ANOVA on log transformed data F(» 2gg) = 179.4, P<0.0001), with concentrations across
the three study sites being significantly different (P<0.0001) from one another in the order
Bagnolo Mella > Valcamonica > Garda Lake, based on Tukey HSD posthoc analyses.
Median outdoor dust Mn concentrations in Bagnolo Mella and Valcamonica were ~11-times
and ~2-times higher than levels in the Garda Lake reference community, respectively
(Figure 2, Table 1).

Similarly, outdoor household dust Mn loadings (ug Mn/m?) differ across site (ANOVA
F(2, 283) = 40.58, P<0.0001) in the same pattern, with Bagnolo Mella > Valcamonica >
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Garda Lake (Figure 2, Supplementary Table 2).These differences in outdoor dust Mn
loadings appear largely due to the differences in dust Mn concentrations across sites, as
opposed to the mass of dust loadings (i.e., g dust/m?2), since outdoor dust mass loadings were
not significantly different across site (ANOVA F(,, 282) = 1.98, P=0.14) (Supplementary
Table 3). Indoor dust Mn loading is also significantly different across sites (ANOVA

F(2, 204) = 18.85, P<0.0001), with Bagnolo Mella > VValcamonica = Garda Lake
(Supplementary Table 2), while there is no difference in the mass of indoor dust loadings
across sites (ANOVA F(2, 294) = 1.880, P=0.15) (Supplementary Table 3).

Indoor dust Mn concentrations are associated with but significantly lower than outdoor dust
Mn concentrations, with the strength of the linear association being greatest in Bagnolo
Mella (R2=0.2848, P<0.0001), and lower in Valcamonica (R2=0.0923, P=0.0065) and Garda
Lake (R?=0.0889, P=0.016) (Figure 3). Two-way ANCOVA analyses showed that both
outdoor dust Mn concentrations (F(y, 277) = 74.32, P<0.0001) and study site location

(F2, 277) = 4.088, P=0.018) are significant determinants of indoor dust Mn concentrations;
the relationship between outdoor and indoor dust Mn concentrations is not significantly
different across the three study sites (outdoor dust Mn x site interaction p>0.8) (Figure 3).

Similarly, indoor dust Mn loading (g Mn/m?2) across all sites is significantly associated
with outdoor dust Mn loading levels (R?=0.0872, P<0.0001), though the strength of the
relationship varies across site (Bagnolo Mella R?=0.0186, P=0.11; Valcamonica R?=0.0276,
P=0.14; Garda Lake R2=0.0992, P=0.014) (Figure 3). Moreover, two-way ANCOVA
analyses show that both outdoor dust Mn loading (F(1, 271) = 8.320, P=0.0042) and study site
location (F(2, 271) = 7.995, P=0.0004) are significant determinants of indoor dust Mn loading
levels; the relationship between outdoor and indoor dust Mn loading is not significantly
different across the three study sites (outdoor dust Mn x site interaction p>0.4) (Figure 3).

Dust Mn concentrations are inversely related with distance from the active
ferromanganese alloy plant in Bagnolo Mella, but not from the historically active plants in
Valcamonica

In Bagnolo Mella, site of the active ferromanganese alloy plant, outdoor dust Mn
concentrations decrease exponentially with increasing distance from the plant. This
relationship is best-fit with modified single exponent three parameter function of the form:
Outdoor dust (g Mn/g) = 2.817 * (0-4254/(D + 0.5947)). \where D=distance in km (R2=0.6630,
n=142, p<0.0001) (Figure 4). In contrast, there is no relationship between outdoor dust Mn
concentrations and distance from the closest ferromanganese alloy plant in the VValcamonica
and Garda Lake sites (Figure 4).

Concentrations of Pb, Fe and the other metals in dust across sites follow a different
pattern than Mn

Notably, Mn is the only metal analyzed in dust that shows a site-specific concentration
pattern with Bagnolo Mella > Valcamonica > Garda Lake, consistent with the active and
historic ferromanganese alloy plant emissions being significant sources of Mn, but not other
metals, in settled household dust. This is illustrated with the pattern for dust Pb and iron (Fe)
concentrations across study sites. Ferromanganese alloy plants may be a source of Fe
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emissions, but the extent that emissions contribute to background dust Fe levels may be less
than Mn because Fe is typically ~10 — 100-times more abundant in soil/dust than Mn. In
contrast, ferromanganese alloy plants are not a significant source of Pb emissions compared
to other environmental sources, e.g., historic emissions and resuspension of Pb from leaded
gasoline. While there is a significant effect of study site on outdoor dust Pb concentrations
(ANOVA F (7, 280) = 9.843, P<0.0001), the pattern across sites is different from Mn, with
Garda Lake = Bagnolo Mella > VValcamonica, based on Tukey HSD posthoc analyses
(Figure 5). Likewise, there is a significant effect of study site on outdoor dust Fe
concentrations (ANOVA F(,, 2g7) = 6.894, P=0.0012), with the site pattern VValcamonica =
Bagnolo Mella > Garda Lake, though differences in median outdoor dust Fe concentrations
between study sites are much smaller than with Mn (Figure 5).

As with Mn, indoor dust Pb concentrations are also associated with but significantly lower
than Pb levels in outdoor dust, though the associations were in general statistically weak.
For example, linear regression analyses of outdoor vs. indoor household dust Pb
concentrations in Bagnolo Mella yielded a best-fit equation of y = 0.183(x) + 1.547,
R2=0.0295, n=133, P=0.048. For Valcamonica the best fit equation was y = 0.156(x) +
1.518, R2=0.0241, n=77, P=0.18; and in Garda Lake, it was y = 0.238(x) + 1.325, R?=
0.0974, n=63, P=0.013. ANCOVA analyses with the main factors of ‘study site” and
‘outdoor dust Pb concentration” show that both outdoor dust Pb levels (F1, 269) = 12.34,
P=0.0005) and study site location (F2, 269) = 3.033, P=0.049) are significant determinants of
indoor dust Pb levels. The outdoor dust Pb x site interaction is not significant (P>0.8),
indicating that the relationship between outdoor and indoor dust Pb concentrations is not
significantly different across the three study sites.

The concentrations of aluminum (Al), cadmium (Cd), chromium (Cr), copper (Cu), and zinc
(Zn) in outdoor dust were also examined to determine if they exhibited patterns across sites
similar to Mn, using one way ANOVA of outdoor dust metal levels by site. There is a
significant effect of site for all of these metals (Al Fz, 2g7) = 46.48, p<0.0001; Cd F(2 284
=10.83, p<0.0001; Cr F(7, 2g7) = 12.78, P<0.0001; Cu F(2, 287) = 4.44, P=0.013; Zn F(,, 287) =
5.986, P=0.0028), though in no case does the between-site pattern in outdoor dust metals
concentrations match the pattern for Mn (Table 1, Supplementary Figure 1).

Household dust Mn concentrations and loading values are significantly correlated with
soil and air Mn levels, as well as biomarkers of environmental Mn exposure in pre-
adolescents

This study is part of a larger ongoing study investigating the impact of ferromanganese plant
emissions on neurobehavioral health outcomes in resident pre-adolescents age 11 — 14 yrs.
(Lucchini et al., 2012) We assessed Mn levels in whole blood, saliva, hair, and fingernails as
candidate biomarkers of environmental Mn exposure. Across all subjects, mean blood Mn
levels were 11.3 ng/mL (median 10.8, geometric mean 10.8, SD 3.55, range 4.00 — 34.33,
n=546); mean saliva Mn levels were 21.0 ng/mL (median 8.52, geometric mean 8.32, SD
38.6, range 0.160 — 305, n=249); mean hair Mn levels were 0.143 pug/g (median 0.098,
geometric mean 0.104, SD 0.139, range 0.011- 1.13, n=501); and mean nail Mn levels were
0.525 pg/g (median 0.181, GM 0.197, SD 1.01, range 0.006 — 8.28, n=207). Both saliva and
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nail Mn concentrations differed significantly across study site (saliva ANOVA F(7, 246) =
8.36, P=0.0003; nails F(,, 204)=26.8, P<0.0001), with Bagnolo Mella = Valcamonica >
Garda Lake (Figure 6). For blood and hair Mn levels, there were no differences across study
site (blood ANOVA F(3 543) = 2.221, P=0.110; hair F(2, 498=1.89, P=0.152) (Figure 6).

To assess whether household dust Mn levels are associated with levels of Mn in the other
environmental measures (i.e., surface soil, personal 24 hr airborne PMy particulates) or
candidate biomarkers of environmental Mn exposure (blood, hair, saliva, fingernails), we
performed Spearman’s correlations among these various measures. The results show that
both indoor and outdoor dust Mn concentrations and outdoor dust Mn loading values were
highly significantly correlated with both soil and air Mn concentrations (p’s 0.154 — 0.425,
all P’s <0.01), while there is no relationship between indoor dust Mn loading values and soil
and airborne Mn concentrations (Table 2).

Moreover, both indoor and outdoor dust Mn concentrations and outdoor dust Mn loading
levels are significantly associated with resident children’s hair and fingernail Mn
concentrations, but weakly or not associated with saliva or blood Mn levels (Table 2).
Further, these candidate Mn exposure biomarkers show some associations with soil Mn
(saliva and fingernail Mn) and airborne Mn (hair, saliva). Notably, blood Mn levels are
weakly inversely associated with outdoor dust Mn concentrations, outdoor dust Mn loadings,
and 24 hr airborne Mn levels (Table 2).

Discussion

The Province of Brescia, Italy has a prolonged history of ferromanganese alloy plant
activity, and of particular importance for environmental health, the ferromanganese alloy
plants are located within the confines of small communities where they have produced
emissions of Mn-enriched particulates for decades or longer. (Lucchini et al., 2007; Lucchini
etal., 2012; Borgese et al., 2013) Here we found that Bagnolo Mella, the community with an
active ferroalloy plant since 1973, and Valcamonica, a valley of several communities that
each contain historically active ferromanganese alloy plants that ceased a decade or more
ago, have significantly higher dust Mn concentrations than the Garda Lake reference
community, with Bagnolo Mella containing considerably (~11-fold on average) higher
levels (Table 1, Figure 2). Outdoor dust Mn concentrations in Bagnolo Mella are inversely
correlated with distance from the ferroalloy plant (Figure 4), and only dust Mn, and not the
other metals measured, shows a significant site-based pattern of Bagnolo Mella >
Valcamonica > Garda Lake, reflecting the presence of active or historic ferromanganese
plant emissions in Bagnolo Mella and Valcamonica. We also found that Mn levels in several
candidate exposure biomarkers (hair, fingernails) were significantly associated with outdoor
and indoor dust Mn levels. These data evidence a significant impact of ferromanganese alloy
plant activity on outdoor and indoor dust Mn levels, and exposure of resident children in
these communities.

The background levels of Mn in outdoor dust from the Province of Brescia are
conservatively estimated to be ~400-600 pg/g, based on levels from the Garda Lake
reference area (median ~400, 75" percentile ~500 pg/g) and the seemingly unimpacted
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households of Valcamonica (2.5" and 10t percentiles 480 and 590 pg/g, respectively). Only
two households from Bagnolo Mella (out of 142) had outdoor dust Mn levels within this
background range, with the lowest level (~500 pg/g) from a household furthest (~8 km)
from the active ferroalloy plant. In contrast, median outdoor dust Mn levels in VValcamonica
and Bagnolo Mella exceeded background levels by ~2 and 10-fold, with levels in the most
impacted households in Bagnolo Mella (e.g., 90" percentile, 25,400 pg/g) exceeding
background levels by more than 40-fold. The five households in Bagnolo Mella with the
highest outdoor dust Mn levels, ranging from 8 — 18% Mn by weight, were all located
within several hundred meters of the active plant (Figure 4). This indicates that outdoor
household dust from Bagnolo Mella is significantly impacted by the ferromanganese alloy
plant, while dust in VValcamonica, where ferromanganese alloy plant operations ceased more
than a decade ago, remain significantly impacted, albeit to a lesser extent than Bagnolo
Mella.

While outdoor Mn dust concentrations in Bagnolo Mella decrease exponentially with
increasing distance from the active ferromanganese alloy plant, even households more than
5 km away have elevated Mn levels in outdoor dust (Figure 4). In contrast, in VValcamonica
there is no relationship between outdoor dust Mn levels and distance from the nearest
historically active ferromanganese alloy plant (Figure 4). Though the plants in Valcamonica
have a longer operational history (i.e., up to ~100 yrs for the Valcamonica plants vs. ~40 yrs
for the plant in Bagnolo Mella), the relative impact of current versus historic
ferromanganese alloy plant operations is difficult to determine, since the plants are owned
by different holding companies and may well have produced ferromanganese alloys with
different Mn content. There are also notable differences in the regional landscapes of the
Valcamonica (a valley of the pre-Alps with an average width of approximately 3 km and
mountains of about 3000 m on either side) and Bagnolo Mella (situated in a flat plains
region). These landscape differences are likely important factors influencing the transport
and distribution of Mn-enriched particles away from the ferromanganese alloy plants, with
widerspread distribution in Bagnolo Mella influenced largely by prevailing winds and other
climate conditions, while in Valcamonica the additional factor of a physically constraining
valley landscape is likely important.

While background outdoor dust Mn levels in the Province of Brescia, Italy (400 — 600 ug/g)
are comparable to or slightly higher than background levels reported in studies from other
countries (e.g., Australia, Gunawardana et al., 2012; China, Tong et al., 1998, Zhang and
Wang, 2009; Kuwait, Rauret et al., 2000), the dust Mn levels from households impacted by
ferromanganese plant activity are substantially higher than dust Mn levels reported
elsewhere (Table 3). For example, the outdoor mean (11700 ug/g) and median (4620 pg/g)
dust Mn concentrations from Bagnolo Mella are several-fold higher than mean (2260 pg/g)
and median (1440 pug/g) street dust Mn concentrations from Witbank, South Africa, (Zibret
et al., 2013) site of an active ferromanganese steel plant (Tables 1 and 3), while the highest
outdoor dust Mn levels measured in Bagnolo Mella (~80,000 — 180,000 ug/g) were several
fold higher than the highest level reported from Witibank (20,000 pg/g). Notably, that study
also reported a significant inverse relationship between dust Mn levels and distance from the
steel plant, as we observed in Bagnolo Mella. (Zibret et al., 2013) Separately, a study by
Zibret et al., (Zibret et al., 2012) reported outdoor dust Mn levels of 2970 pg/g in the vicinity
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of a ferroalloy plant in Celje, Slovenia, where levels declined by half to 1310 ug/g following
installation of emission control filters on the plant. These data show that, in general, active
ferromanganese alloy plant operations significantly impact the local dust Mn levels.

Studies have shown that indoor dust may serve as an important reservoir for contaminants
originating from industrial emissions (Allott et al., 1994; Lioy et al., 2002; Hwang et al.,
1997; Layton and Beamer, 2010). Here, indoor household dust Mn levels also differed
significantly across site (Bagnolo Mella > VValcamonica > Garda Lake), with background
levels in Garda Lake being comparable to indoor dust levels reported by studies in the
Salinas Valley, California, USA (Gunier et al., 2013, 2014), Bu¢im, Macedonia (Balabanova
et al., 2011), and Hong Kong, China (Tong et al., 1998), while levels in Bagnolo Mella were
significantly higher than levels reported in those studies (Table 3). Further, indoor
household dust Mn concentrations were linearly associated with outdoor dust Mn levels,
with a somewhat stronger association in Bagnolo Mella (R2=0.2848, P<0.0001) than
Valcamonica or Garda Lake (R2?’s ~0.09, P’s = 0.006 and 0.016, respectively) (Figure 3). In
all cases, indoor dust Mn levels were significantly lower than outdoor levels, with the
median indoor/outdoor dust Mn concentration ratios ranging from 0.15 (Bagnolo Mella) to
0.33 (Valcamonica) to 0.44 (Garda Lake). The differences between indoor and outdoor dust
Mn concentrations in Valcamonica and Garda Lake are similar to values of Tong et al.
(Tong et al., 1998), who reported mean indoor dust Mn levels (224 pg/g) from schools in
Hong Kong that were ~40% of outdoor dust Mn levels (532 ug/g), and Zibret et al. (Zibret et
al., 2012) who reported indoor house dust Mn levels that were ~45% of outdoor levels in the
vicinity of a ferroalloy plant in Solvenia (Table 3).

The lower Mn concentrations in indoor versus outdoor dust reported here and by others
(Table 3) likely reflects that indoor house dust is derived from both outdoor and indoor
sources, including particulate matter derived from outdoor air, soil tracked into the house,
and organic matter from indoor and outdoor sources (Layton and Beamer, 2010; Thatcher
and Layton, 1995; Hunt et al., 2006). Model estimates of the proportion of indoor dust Mn
derived from active airborne emissions of Mn versus resuspension and track-in of previously
deposited particulate matter from surface soils has not been conducted to our knowledge.
However, studies with Pb in house dust have suggested that airborne Pb was likely the
dominant source of Pb to indoor dust when leaded gasoline was used (i.e., high airborne
emissions), but that as airborne Pb levels declined following the phase out of leaded
gasoline, soil resuspension and track-in became the primary sources of Pb in house dust
(Layton and Beamer, 2010). Moreover, recent studies of indoor house dust Mn in
farmworker communities in Salinas, California, where the Mn-containing fungicides maneb
and mancozeb have been used, reported that floor dust Mn concentrations (mean 171 pg/g,
range 2 — 414 ug/g) were associated with the presence of a farmworker in the home and the
amount of agricultural Mn fungicides applied within 3 km of the residence during the month
prior to dust sample collection, presumably reflecting the increased track-in of Mn-
contaminated dusts from agricultural fields into the home (Gunier et al., 2014). Notably,
indoor floor dust Mn levels in that study were considerably lower than the indoor dust Mn
concentrations from Bagnolo Mella, Valcamonica, and even the Garda Lake reference area
in the present study (Tables 1 and 3). Given this, it is likely that in Bagnolo Mella both
active airborne emissions and surface soil resuspension and track-in of dust are the
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significant contributors to indoor dust Mn, whereas in Valcamonica and Garda Lake indoor
dust Mn is likely derived predominantly from surface soil resuspension and track-in.

Surface dust contaminant loading has been shown to be a significant predictor of exposure
risk to household residents (Guinier et al., 2013; Hwang et al., 1997; Wilson et al., 2006;
Lanphear et al., 1998; 2006). Here, indoor and outdoor dust Mn loadings (i.e., ug Mn/m?2)
also differed significantly across site (Figure 2, Supplementary Table 1). The differences in
dust Mn loadings across sites can largely be accounted for by differences in dust Mn
concentrations (vs. dust mass loadings), since indoor or outdoor surface dust loadings were
not different across site (see Results section, Supplementary Table 3); indoor dust mass
loadings in the present study (median 0.339, mean 1.15 g/m?) are comparable to or lower
than levels reported elsewhere (e.g., ~0.28 g/m? reported in Layton and Beamer, 2009, for
households in six Midwestern states in the USA; median 4 g/m? floor area reported for
households in the agricultural Salinas Valley, California, USA, Gunier et al., 2014). Finally,
unlike dust Mn concentrations indoor dust Mn loading was not associated with outdoor dust
Mn loading in Bagnolo Mella or VValcamonica (Figure 4), likely reflecting differences across
residences in the extent of outdoor dust infiltration into the homes, as well as differences in
indoor cleaning practices. (Layton and Beamer, 2009)

This study is part of a larger ongoing investigation of the impacts of ferromanganese plant
operations on Mn exposure and neurobehavioral health outcomes in resident pre-adolescent
children (Lucchini et al., 2012) and elderly. (Lucchini et al., 2014) While prior studies have
shown that Valcamonica possesses elevated outdoor settled dust and surface soil Mn levels
associated with the historically active ferromanganese alloy plants (Zacco et al., 2009;
Borgese et al., 2011; Lucchini et al., 2012), the associations between environmental
measures of Mn contamination (e.g., soil, airborne particles, and surface dust) with
biomarker measures of Mn exposure in children from communities with current versus
historic ferromanganese plant operations was not known. Here, we found that across sites
both indoor and outdoor dust Mn concentrations and outdoor (but not indoor) dust Mn
loading values were highly significantly correlated with both soil and airborne Mn
concentrations (Spearman’s p’s range from 0.154 — 0.425, Table 2), consistent with studies
showing that surface soil and airborne particulate matter are important contributors to
household dust. (Layton and Beamer, 2009; Al-Awadhi and AlShuabi, 2013) As noted
above, contaminants deposited onto surficial soils may be redistributed via aeolian
resuspension and serve as a major source to household dust via airborne infiltration.
(Nicholson, 1988) Direct track-in of soil contaminants on footwear is also important,
depending upon a number of factors such as foot traffic and particle adherence to and
deposition from footwear, and the chemical content of the particles, the latter of which is
controlled in part by the source(s) of soil contamination. (Hunt et al., 2006; Layton and
beamer, 2009)

In general, human particulate exposure risk is influenced by a number of biotic and abiotic
factors, and for many inorganic contaminants indirect ingestion often serves as a principle
childhood exposure route. (Lanphear et al., 1998; 2002; Hwang et al., 1997; Wilson et al.,
2006; Lioy et al., 2002) While there remains uncertainty over the extent that biomarker
tissues reflect environmental Mn exposures (Smith et al., 2007), emerging evidence suggests
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that Mn levels in hair, nails, and shed deciduous teeth are associated both with exposure
level and health deficits in children and adults. (Bouchard et al., 2007; Menezes-Filho et al.,
2011; Guinier et al., 2013; Eastman et al., 2013; Laohaudomchok et al., 2011; Lucchini et
al., 2012)

Here, we found that saliva and fingernail Mn concentrations differ significantly across study
site, with higher levels in children from communities with current (Bagnolo Mella) and
historically active (Valcamonica) ferromanganese alloy plants, compared to children from
the Garda Lake reference area (Figure 6). Hair Mn levels follow a similar but non-
significant trend across study site (P=0.15), while blood Mn levels show an opposite but
non-significant trend (P=0.11) (Figure 6). Notably, both indoor and outdoor dust Mn
concentrations and outdoor dust Mn loading levels are significantly associated with resident
children’s hair and fingernail Mn concentrations, but in general weakly or not associated
with saliva or blood Mn levels (Table 2). Consistent with this, several of these candidate Mn
exposure biomarkers show some associations with soil Mn (saliva and fingernail Mn) and
airborne Mn (hair, saliva). Somewhat counterintuitively, however, blood Mn levels are
weakly inversely associated with outdoor dust Mn concentrations, outdoor dust Mn loadings,
and 24 hr airborne Mn levels (Table 2). The basis for this inverse association is not clear,
though in general blood Mn has been shown to be a poor exposure biomarker in
environmental settings, or in some occupational studies to be positively associated with
exposure (Smith et al., 2007; Lucchini et al., 2012; Mora et al., 2015; Gunier et al., 2015).

It is also noteworthy that hair and nail Mn levels were significantly positively associated
with each other, while blood Mn was negatively associated with both saliva and nail Mn
levels (Table 2). The bio/toxicokinetics of Mn in these biomarker tissues are different, with
blood and saliva reflecting exposure durations of days to a week or so, whereas hair and
fingernails are presumed to reflect exposures and circulating Mn levels integrated over the 2
— 4 month period of hair/nail growth (Smith et al., 2007; Eastman et al., 2012). Also, the hair
Mn levels reported here are in general lower than levels reported in other studies (Eastman
et al., 2012), possibly because the methods used here to clean the hair and fingernails and
reduce exogenous metal contamination have been shown to be more effective than cleaning
methods typically used in other studies (see Eastman et al., 2012 for comparison and
thorough discussion of this point). Finally, given that blood Mn is homeostatically regulated
in young adults/adults, and the potential interactions between Mn regulation and age and
physiological iron status, further study is needed to better understand the inverse
associations between blood Mn and saliva/nails and household dust.

In conclusion, the results here show that historic and active ferromanganese plant operations
significantly impact both outdoor and indoor household dust Mn levels. The significant
correlations between hair/fingernail and dust Mn concentrations supports the conclusion that
resuspension of dust contaminated with Mn from ferromanganese alloy plant emissions is an
important Mn exposure pathway to local residents, particularly children and the elderly
(Menezes-Filho et al., 2011; Lucchini et al., 2012; Lucchini et al., 2014). While the health
impacts of these associations requires further analyses to elucidate, studies have shown
associations with elevated environmental Mn (e.g., soil, water) and/or Mn levels in a
candidate biomarker tissue and poorer motor, behavioral, and cognitive performance in
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children and elderly (Claus Henn et al., 2010; Menezes-Filho et al., 2011; Bouchard et al.,
2011; Lucchini et al., 2012; Lucchini et al., 2014). These findings are consistent with the
well-known importance of dust Pb as both a reservoir of environmental Pb contamination
and a source of Pb exposure to children. (Lanphear et al., 1998, 2002; Wilson et al., 2006)
Given the emerging evidence associating elevated Mn exposure with growth and
neurological impairments in children (Zota et al, 2009, Claus-Henn et al., 2010, 2012;
Wasserman et al., 2006; Lucchini et al., 2012, Bouchard et al., 2007; Menezes-Filho et al.,
2011), these data support that dust Mn levels should be reduced in contaminated
environments to protect the health of resident children, akin to recommendations in place for
abating and reducing household dust Pb levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Map of study sites in the Province of Brescia, Italy. The red triangles are the locations of

each ferroalloy plant. The blue dots are the sampling points. Sellero, Breno and Darfo are
located in the valley of Valcamonica.

Environ Res. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Lucas et al.

Figure 2.

Outdoor dust Mn (ng/g)

)

N

Outdoor dust Mn loading (ng/m

1000000
500000
250000

100000
50000
25000

10000
5000
2500

1000
500
250

1000000
500000

N
(&)
o
o
o
o

100000
50000
25000

10000
5000
2500

1000
500
250

100
50
25

Page 20

A
[ ]
:
E B C
! ! -
[ ]
: [ ]
==
R | I E—
PR F—
[ I |
Bagnolo Mella Valcamonica  Garda Lake
A
B
i | G
1 : [
; [
o T
I I I
Bagnolo Mella Valcamonica  Garda Lake

Outdoor household dust Mn concentrations (upper panel, ug/g on logyg scale) and dust Mn
loadings (lower panel, (ug Mn/m?2 on logy scale) in the communities with active (Bagnolo
Mella, n~142), historic (Valcamonica, n=81) and no history (Garda Lake, n~68) of
ferromanganese alloy plant activity. The middle line within each box is the median, the
lower and upper margins of the box represent the 25t and 75t percentiles, while the lower
and upper whiskers are drawn to the furthest data point within 1.5-times the interquartile
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range. Boxes with different superscript letters are significantly different from one another,
based on Tukey’s post hoc test (p<0.05).
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Figure 3.
Upper panel: Linear regression of outdoor vs. indoor household dust Mn concentrations

across the three study sites: Bagnolo Mella, a community with active ferromanganese plant
emissions (filled circles and solid regression line, y = 0.409(x) + 1.371, R2=0.2848, n=137,
p<0.0001); Valcamonica, with a past history of past ferromanganese alloy plant activity
(grey triangles, long dashed line, y = 0.318(x) + 1.559, R?=0.0923, n=79, P=0.0065), and;
Garda Lake, with no history of ferromanganese plant activity (open circles, short dashed
line, y = 0.417(x) + 1.170, R2= 0.0889, n=65, P=0.016). Lower panel: Outdoor vs. indoor
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household dust Mn loadings (logig pg Mn/m?2) across the three study sites: Bagnolo Mella
(filled circles and solid regression line, y = 0.132(x) + 1.981, R?=0.0186, n=136, P=0.113);
Valcamonica (grey triangles, long dashed line, y = 0.170(x) + 1.429, R?=0.0276, n=79,
P=0.143), and Garda Lake (open circles, short dashed line, y = 0.378(x) + 0.813, R2=
0.0992, n=60, P=0.014). Regression lines extended to axis for clarity.
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Figure 4.
Outdoor dust Mn concentrations vs. distance (km) from the nearest ferromanganese alloy

plant for household dust samples from the three study sites: Bagnolo Mella, a community
with active ferromanganese plant emissions (filled circles and solid line best fit regression,
[Outdoor dust (ug Mn/g) = 2.817 * e(0.4254/(D + 0.5947). \yhere D=distance in km;
R2=0.6630, n=142, p<0.0001]; VValcamonica, with a past history of past ferromanganese
alloy plant activity (grey triangles, n=81), and; Garda Lake, with no history of
ferromanganese plant activity (open circles, n=68). Regressions for Valcamonica and Garda
Lake (not shown) were non-significant.
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Figure 5.
Outdoor household dust Pb (upper panel) and Fe (lower panel) concentrations (jg/g on

logyg scale) in the communities with active (Bagnolo Mella, n=142), historic (Valcamonica,
n=81) and no history (Garda Lake, n=68) of ferromanganese alloy plant activity. The middle
line within each box is the median, the lower and upper margins of the box represent the
25t and 75t percentiles, while the lower and upper whiskers are drawn to the furthest data
point within 1.5-times the interquartile range. Boxes with different superscript letters are
significantly different from one another, based on Tukey’s post hoc test (p<0.05).
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Figure 6.
Manganese concentrations in blood (A), saliva (B), hair (C), and fingernails (D) from pre-

adolescent subjects age 11 — 14 years (n = number of subjects per biomarker and study site).
The middle line within each box is the median, the lower and upper margins of the box

represent the 251 and 75t percentiles, while the lower and upper whiskers are drawn to the
furthest data point within 1.5-times the interquartile range. Boxes with different superscript
letters are significantly different from one another, based on Tukey’s post hoc test (p<0.05).
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