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Abstract
Manganese (Mn) is an essential element, but an effective toxic at high concentrations. While there
is an extensive literature on occupational exposure, few studies have examined adults and children
living near important sources of airborne Mn. The objective of this study was to analyze hair Mn of
children living in the vicinity of a ferro-manganese alloy production plant in the Great Salvador
region, State of Bahia, Brazil and examine factors that influence this bioindicator of exposure. We
examined 109 children in the age range of 1 to 10 years, living near the plant. Four separate housing
areas were identified a priori on the bases of proximity to the emission sources and downwind
location. A non-exposed group (n=43) of similar socioeconomic status was also evaluated. Mn hair
(MnH) concentration was measured by graphite atomic absorption spectrometry (GFAAS). Possible
confounding hematological parameters were also assessed. Mean MnH concentration was 15.20
μg/g (1.10–95.50 μg/g) for the exposed children and 1.37 μg/g (0.39–5.58 μg/g) for the non-exposed.
For the former, MnH concentrations were 7.95±1.40 μg/g (farthest from the plant), 11.81±1.11 μg/
g (mid-region), 34.43±8.66 μg/g (closest to the plant) and 34.22±9.15 μg/g (directly downwind).
Multiple regression analysis on log transformed MnH concentrations for the exposed children derived
a model that explained 36.8% of the variability. In order of importance, area of children’s residence,
gender (girls > boys) and time of mother’s residence in the area at the birth of the child, were
significantly associated with MnH. Post hoc analyses indicated 2 groupings for exposure areas, with
those living closest to and downwind of the plant displaying higher MnH concentrations compared
to the others. The contribution of the time the mother lived in the community prior to the child’s birth
to the children’s current MnH suggests that in utero exposure may play a role. A study of
neurobehavioral performance with respect to Mn exposure in these children is currently underway.
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Introduction
Manganese (Mn) is an essential element, necessary for bone mineralization, energy and protein
metabolism, cell metabolism regulation, and protection against oxidative stress (Keen et al.,
2000). With normal dietary consumption, systemic homeostasis of Mn is maintained by both
its rate of transport across enterocytes lining the intestinal wall and by its efficient removal
within the liver (Papavasiliou et al., 1966). Exposure through inhalation is more effective than
ingestion because Mn bypasses some of the homeostatic mechanisms that normally regulate
its concentration in the body. In addition, animal studies have shown that inhaled Mn
compounds can be taken up by the olfactory nerve and through axonal transport reach the
olfactory bulb and other parts of brain (Brenneman et al. 2000; Dorman et al. 2006).

Neurotoxic effects resulting from excessive Mn exposure were first described by Couper in
1837 in Scottish laborers grinding Mn black oxide in a chemical industry (cited in Iregren,
1999). Neurological symptoms of manganism include decreased memory and concentration,
fatigue, headache, vertigo, loss of equilibrium, insomnia, tinnitus, trembling of fingers, muscle
cramp, rigidity, alteration of libido and sweating (Tanaka 1998). Studies of active workers with
Mn exposure show diminished motor and cognitive functions, with changes in affect (for
review see: Zoni et al., 2007). At even lower levels of exposure, studies of communities living
in proximity to airborne Mn from mining and transformation activities have likewise reported
neurobehavioral deficits (Mergler et al., 1999; Rodríguez-Agudelo et al., 2004), as well as
changes in prolactin levels (Montes et al, 2008), associated with biomarkers of Mn exposure.
Lucchini and associates (2007) showed a higher prevalence of Parkinsonian disturbances in a
region of an Italian province with several ferro-manganese production plants, compared to
other areas of the province.

Few studies have examined children exposed to airborne Mn. Blood Mn increases during
pregnancy and Mn is actively transported across the placental barrier (Krachler et al. 1999).
Smargiassi et al. (2002), who compared Mn concentration in cord blood from Montreal, where
MMT was used as a gasoline additive, and Paris, with no MMT, reported that although there
was no overall difference, there was a higher prevalence of high Mn in cord blood (defined as
the 95th percentile of the concentration in Paris:≥ 6.8 μg/L), in Montreal. Takser et al. (2004)
found higher blood Mn in pregnant women who reported that pesticides were used within a
less than 1 km from their home.

Children’s hair Mn has been shown to increase with Mn intake from baby formula (Collipp et
al., 1983) and drinking water (He 1994;Woolf et al. 2002;Agusa et al, 2006; Bouchard et al.
2006). This biomarker of Mn exposure has been associated with poor performance on
neurobehavioral tests (He, 1994;Wright et al, 2006: Woolf et al, 2002) and with behavioral
problems (Bouchard et al, 2006) for children exposed through drinking water or living near
toxic waste sites. In Spain, Torrente et al (2003) did not find neurobehavioral deficits associated
with hair Mn, but levels were lower than those reported in the other studies

Mn shares several characteristics with iron (Fe), both are transition metals, with valences of
+2 and +3 in physiological conditions, relatively similar ionic radius. In addition, since Mn
and Fe both strongly bind to transferrin and accumulate in the mitochondria, low Fe stores are
associated to increased Mn uptake and retention in the blood (Roth et al., 2006). In a community
study of adults, Baldwin et al 1999 reported an inverse relation between serum Fe and whole
blood Mn. It has been shown that Fe deficient state (sideropenic anemia) is related to increased
levels of Mn in blood (Mena et al. 1969).

Menezes-Filho et al. Page 2

Neurotoxicology. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The purpose of the present study was to determine hair Mn levels of children living in the
vicinity of a ferro-manganese alloy production plant and identify factors that influence these
concentrations.

Material and Methods
Study design and Population

The present study used a cross-sectional design in which we sought to compare children, aged
1 –10 years, living in different areas around a ferro-manganese alloy production plant and a
non-exposed group of children of similar age. Because anemia and Fe status may affect Mn
concentrations (Mena et al. 1969; Baldwin et al, 1999; Kim et al 2005), these hematological
parameters were determined. The study protocol and consent procedure were approved by the
National School of Public Health – Oswaldo Cruz Foundation Ethical Committee.

The plant, inaugurated in 1970 has an annual production of SiMn and FeMn alloys of 280,000
tonns. It is located in the metropolitan area of Salvador, capital of the State of Bahia, Brazil
(See Figure 1) in the Cotegipe village (total population 620 inhabitants), a district of Simões
Filho with 109,269 inhabitants (IBGE 2007). The area is separated from the urban area by the
BR-324 highway. The Centro Atlântica Railway, which brings in raw material to the plant and
transports the ferro-manganese lingots to the Aratu harbor, passes through the village. The
plant’s geographical coordinates are 12°47′18″S and 38°24′41″W.

Air Mn in PM2.5 was measured over 24 hour period during seven days in August 2007. The
air sampler was installed on the roof of one house (geographical coordinates 12°47′23″S and
38°25′24″W) located 1.3 km from the plant and about 70 m from the school and the daycare
center. Sampling was performed using a Cyclone URG (URG 2000) coupled to a vacuum pump
adjusted to 10 L/min flow. The 47 mm diameter quartz membranes (SKC®) were extracted
according to the EPA procedure (Compendium Method IO-2.1. EPA). Field and reagent blanks
along with spiked samples were analyzed. The average and median Mn concentrations during
this rainy period were 0.151 μg/m3 and 0.114 μg/m3, respectively (range 0.011– 0.439 μg/
m3).

In July 2006 we carried out a census in which we listed and geo-referenced 154 houses regularly
inhabited by 165 children from 1 – 10 years of age. Information obtained from a community
leader indicated that the village was spread along the road and divided into three sectors. We
decided to include the residents of Virgínio Dame Street, an unpaved 2-Km road on the north-
west side of the industry, who complained of heavier dust fall-out on their residences. This is
an estuarine area mostly plains with small hills; yearly wind prevalence is from southeast to
north-west (VEEP, 2005). Spatial stratification, based on the distance and geographical
position on relation to the plant’s chimneys, was used to identify a priori distinct exposure
areas (Figure 1).

• Area A – Houses along a road located on the edge of the south-west side of the plant
fence, at an average distance of 0.6 Km. A total of 16 children (9.7%) live in this area

• Area B – The village center located at an average distance of 1.5 Km west of the plant.
It is more densely inhabited. Daycare and elementary schools are located here. We
identified 108 (65.5%) children living in this area

• Area C – This area is located approximately 1.6 km from the plant towards the
Southwest on a plateau, approximately 80 meters high. We identified 19 (11.5%)
children in this area.
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• Area D – This is an isolated community living downwind along a west-bound road
ranging from 0.9 to 1.7 Km from the plant. Twenty-two children (13.3%) children
were identified in this area.

The non-exposed children lived in the community of Capiarara, in the municipality of Lauro
de Freitas town, located 7.5 Km southeast from the plant in an upwind direction. A census of
the whole community, performed in March 2008, identified a total of 379 inhabitants (103
children in desired age range).

In the exposed community, the local economy is based on the cultivation of cassava and
rudimental processing and commercialization of manioc flour. In the reference community,
the main income is from informal jobs in the nearby wholesale vegetable and fruit market.

Recruitment
In April 2007, a meeting was held with the community living near the plant. The objectives
and procedures of the study were explained. Written informed consent was obtained from the
parents of the 145 (87.9%) children who were still living in the region. In June, 2007, a total
of 109 (75.1%) children within the selected age range provided hair and blood samples.

Children in the reference community were recruited following a census. We visited each
household and invited the parents or the care-giver (when not a parent) to participate in the
research. Parents of 76 children agreed to participate in the study, providing written consent.
On the day of biological sampling 49 children (64.5%) were available to provide blood and
hair samples. Due to the fact that 6 boys had their hair shaved to the scalp, we couldn’t collect
samples, final sample size consisted of 43 children.

Data Collection
Hair sampling and analysis—A tuft of hair of approximate 0.5 cm diameter was cut off
with a surgical stainless steel scissor as close as possible to the scalp in the occipital region,
after tying with a Teflon string at the proximal end. For boys with short hair (less than 2 cm
in length), an equivalent amount was trimmed directly into the sterile sampling plastic bag.
After identification with the proper child code, the sampling bags were stored at room
temperature until analysis. In the laboratory, hair samples were washed according to the
procedure described by Wright et al. (2006). Briefly, the first centimeter or the amount
available was washed for 15 min in 10 ml of 1% Triton X-100 solution in a 50-ml beaker in
ultrasonic bath. Rinsing was performed several times with Type I pure water (Milli-Q,
Millipore®). Hair samples were dried wrapped in Whatman N#1 filter paper in a drying oven
at 70°C overnight. Approximately 10 mg of hair was weighed in 50-ml beaker and digested
with 2 ml of spectroscopic grade concentrated HNO3 acid for two hours on an 80°C hotplate.
The digest was then diluted to 10 ml with Type I pure water in a polypropylene centrifuge tube
(Corning ®).

Acid digested samples and reference material were analyzed using electrothermal atomic
spectroscopy with Zeeman background correction (GTA-120, Varian Inc.). All glassware and
plasticware were thoroughly decontaminated by soaking for 24 hours in 3% neutral detergent
(Extran®, Merck), followed by soaking overnight in 10% HNO3 and finally rinsed with Type
I pure water. Reagent blanks were analyzed along with samples in every batch. The detection
limit was 0.1 μg/L. Routine checks of accuracy and precision were accomplished using human
hair reference material from the International Atomic Energy Agency (IAEA-085). The intra-
batch and batch-to-batch precisions were 4.4% and 5.1%, respectively. Accuracy in the
concentration range of 8.3 to 9.3 μg/L was 103.2%. All samples and SRM were determined in
duplicates and a difference lower than 10% was considered acceptable.
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Anemia—Blood samples were drawn by venipuncture into two different vacutainer tubes,
one with EDTA for determination of hemoglobin (Hb) and cell counting by automated
equipment (Hematology Analyzer Pentra 80, ABX) and the other with no additive for serum
Fe determination by colorimetric method using a commercial kit (Roche Hitachi 747, Roche®).
We applied the WHO criteria for anemia: For children under 6 years of age, we used Hb levels
≤ 11.5 g/dL and for the older children ≤ 12.0 g/dL (WHO, 1994).

Socio-demographic information—Parents or care-givers responded to a socio-
demographic questionnaire, administered by trained interviewers. One questionnaire included
information on socio-demographic characteristics of the family (housing structure, educational
level, time living in the community etc), general habits (consumption of water and vegetables
grown locally). A second questionnaire focused specifically on the child and included general
information on development, education, health status and recreational activities.

Data analysis
Each child was coded with respect to area of residence and house number. Descriptive statistics
were used to determine the distribution of socio-demographic information, hair Mn and
hematological parameters.

Frequency distributions were compared using Fisher’s exact test. Normally distributed
continuous variables were compared using the Student t test, while for variables that were not
normally distributed, Mann-Whitney (MW) or Kruskal-Wallis were used depending on the
number of categories.

Since the distribution of hair Mn was skewed, data were log10 transformed for further analyses.
Backward stepwise regression models were used to identify variables that were potentially
associated with hair Mn (0.100 to enter; >0.05 to exclude). These variables were then included
in a linear regression model. A Tukey post hoc test was used to determine inter-area differences.
A significance level (p=0.05) was used. All statistical analyses were performed using SPSS
version 13 software.

Results
Population characteristics

Table 1 presents a summary of the study populations’ main characteristics. Both communities
are ethnically comprised of a majority of Afro-Brazilians. The large majority has dark hair. In
the exposed community, for 70.3% hair color is brown to dark brown; 28.7% are black haired
and one child is blond. In the reference community, all have dark brown to black hair. They
are low income families, with an average monthly stipend of U$ 150. All families receive a
federal government stipend per child enrolled at school (Bolsa família program). The majority
of those who responded to the questionnaire was the biological mother (85% in the exposed
versus 76% in the referents); 7% and 14% were fathers and 8% and 10% care-givers
(grandmothers or godmothers), respectively. Parents and caregivers reported a low number of
years of formal schooling (mean < 3.0 years).

For the children, gender proportions were similar in the exposed (48.6% boys) and reference
(42.9% boys) communities. Children from both communities did not differ in age, hemoglobin
and serum iron levels. In the exposed group, 21 of the 106 children (19.9%) were classified as
anemic; the prevalence of anemia in the reference community was 18.8% (9/48). This
difference is not statistically significant (p=0.533).
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Children’s Mn hair levels
Box plots of MnH data according to area of residence, clustered by gender are in Figure 2. For
the reference group, geometric mean and median MnH concentrations were 1.13 μg/g and 1.19
μg/g, respectively, ranging between 0.39 and 5.58 μg/g. A total of 7% (3 children) surpassed
3.0 μg/g. Geometric mean and median MnH for the children living in the vicinity of the plant
were 9.96 μg/g and 9.70 μg/g, ranging from 1.10 to 95.50 μg/g; the large majority (91.7%) of
MnH levels was above 3.0 μg/g. Girls MnH levels were significantly higher than boys. For the
reference group, median levels were: 1.59 μg/g vs 0.95 μg/g. respectively, (MW p=0.023),
while in the exposed group girls presented a median concentration of 13.78 μg/g and boys:
6.56 μg/g, (MW p<0.001). Among those who lived near the plant, 88.1% were born in the
community and no difference was observed in MnH levels between the children who were
born there and those who were not (boys born in the community 10.70 μg/g; others 13.47 μg/
g; girls born in the community 19.21 μg/g, others 18.88 μg/g).

No correlation was observed between MnH with age or with hemoglobin or serum iron levels).
For those with anemia median MnH for the reference group was 1.35 μg/g vs 1.15 μg/g for
those who did not present anemia. For the exposed group, these median concentrations were
9.20 μg/g and 9.70 μg/g, respectively.

Table 2 shows MnH levels with respect to the four residence areas. The highest levels were
observed in Areas A and D, which correspond to residences closest to the plant and those
directly downwind. Gender differences (girls>boys) were present at every location. No
differences were observed in children’s age between areas of residence (ANOVA, p>0.05).

Table 3a presents the results of the multiple regression model for log MnH with only the
exposed children. Gender and area of residence enter significantly into the model, explaining
26.9% of the variance. Post hoc tests showed that residence area could be grouped into two
with those residing next to the plant or downwind with the higher MnH concentrations (Areas
A and D) and those in the centre of the village and the outskirts displayed lower levels (Areas
B and C). Both are significantly different from the control group.

We explored the influence of time of mothers’ residence in the area at childbirth as a possible
surrogate of in utero exposure. For the exposed group, maternal exposure duration before
child’s birth was obtained by subtracting the age of the child in years from the time the mother
reported living in the area near the ferro-manganese alloy production plant. The average time
of mothers’ residency in the area was 8.0 years and ranged from zero (for those children who
were not born there) to 29 years. When mothers’ time of residency in the area was included in
the above model (Table 3b), the t-values for gender and area of residence were basically
unchanged and the model explained 36.8% of the variance of log MnH. The model respected
the linear regression assumptions and the standardized residues displayed normal distribution
(mean=zero and SD=0.986). Figure 3 shows a scatter graph of the residual plot of log
transformed MnH level with respect to years of maternal exposure time previous to child’s
birth, the partial correlation coefficient shows that this variable alone explained 12.1% MnH
variation.

Discussion
The levels of MnH found in the exposed children in this study are on average ten times higher
than those in the non-exposed children. MnH reference value for Brazilian adults (0.15–1.2
μg/g) has been previously determined using inhabitants of Rio de Janeiro in a sample of 1,091
men and women (Miekeley et al, 1998).
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In Cotegipe village, Mn concentrations in raw and drinking water were 74.4 ± 8.63 μg/L and
27.7 ± 15.02 μg/L, respectively (data not published). These values are relatively low compared
to the WHO guidelines of 400 μg/L (WHO, 2006). In the region surrounding the manganese
alloy production plant, air Mn appears to be the major determinant of children’s hair Mn. Air
Mn concentrations in ultrafine particles ranged from 0.011 to 0.439 μg/m3 at the sampling site,
located in the core of the community, 1.3 Km from the plant. Lucchini and coworkers
(2007) measured Mn in the respirable fraction, using a similar technique, in six locations within
2 Km from a manganese alloy plant with similar processes to the one here. They reported a
geometric mean of 0.69 μg Mn/m3 (range 0.2–1.8 μg Mn/m3). The authors indicated that in
the metropolitan area of Brescia, about 50 km downwind from the alloy plant, Mn
concentrations were 0.08 μg Mn/m3 and ranged 0.050–0.30 μg Mn/m3. In the present study,
we were unable to perform air environmental monitoring in all four areas due to equipment
availability and limited budget.

The findings of the present study suggest that the main source of airborne Mn exposure is the
fumes from the alloy plant chimneys. A clear pattern was observed when MnH levels were
analyzed spatially, with the highest concentrations in those children who lived closest to the
plant or in the downwind direction.

MnH levels observed in this study are the highest concentrations reported in children
environmentally exposed to manganese (He 1994;Woolf et al. 2002;Wright et al, 2006;
Bouchard et al. 2006). However, measurement techniques may differ from one study to the
next. A panel convened by ATSDR (2001) to provide guidance for agency health assessors on
the use and interpretation of hair analysis data emphasizes that although the technology exists
for assessing substances in hair, variations in sample collection, preparation, and analytical
methods can drive what will be measured in the final analysis. It has also been suggested that
Mn may be more readily found in darker colored hair (Lydén et al., 1984;Sturaro et al.,
1994). The exact mechanism of Mn uptake in hair follicle has not been fully elucidated
(Robbins CR, 1994), but it is well known that Mn has a high affinity for all types of melanins
encountered in hair, skin, iris and in the CNS (Lyden et al. 1984). A report of MnH
concentration among adults in Cotegipe village indicated average concentrations between
66.38 and 177.43 μg/g, depending on the area of residence (VEEP, 2005), but hair sample
collection protocol, washing procedure and analytical methods were not indicated. In the
present study, since Mn exposure is mainly through airborne route, it could be argued that the
high Mn level observed in this study could be due to external deposition. It should be noted
that extra care was taken in the hair sample treatment. The procedure described by Wright et
al. (2006) was adopted to wash hair samples, because it applies a mild detergent in ultra-sound
bath for 15 minutes. This procedure yields a thorough hair wash without destroying hair
structure.

In this study, girls had significantly higher Mn hair levels than boys. Similar results were
reported by Bouchard et al. (2007) for boys and girls exposed to high levels of Mn in well
water in Québec, Canada. Wright et al. (2006) evaluated 31 children living near a waste site
in Oklahoma, USA and found no significant difference between hair Mn levels in boys and
girls, but hair Mn concentrations were considerably lower (mean 0.47 μg/g) than those observed
in the present study or in the study by Bouchard et al (2007). In a community-based study of
adults, Baldwin and associates (1999) observed that women presented higher Mn blood levels
than men. The authors suggest that men and women differ in Mn metabolism, which may be
related to Fe status.

Due to its electrochemical similarity to Fe, Mn competes for the same transport mechanisms
for intestinal Fe absorption, where both bind to the divalent metal transporter-1 (DMT1), Thus
Mn may be absorbed more efficiently when there is a depletion of Fe stores (Garrick and Dolan,
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2002; Roth, 2006). Although, anemia was present in approximately 19% of the children, there
was no difference in MnH with anemia status, nor any correlation of hair Mn content with the
biomarker of Fe status. In adults, Montes and associates (2008) observed a negative correlation
between blood manganese and hemoglobin levels in persons exposed to a mining and
processing plant in Mexico and Baldwin et al (1999) reported an inverse relation between blood
Mn and serum Fe. To our knowledge, these relations have not been reported in children.
Wasserman et al. (2004; 2006) assessed Hb in their study of neurobehavioral effects of
manganese exposure through well water in Bangladeshi children, but they do not report its
relation with the biomarkers of Mn.

The relation between mothers’ length of residence at childbirth and children’s MnH several
years later suggests that in utero exposure may contribute to higher Mn concentrations in
children. Elevated in utero exposure may also influence future neurodevelopment. Ericson et
al. (2007) measured Mn in the enamel of deciduous teeth, whose formation begins during fetal
life. In a prospective study, the authors reported that after adjusting for levels of Pb, children
with higher Mn in the uterine phase had higher scores on all scales of disinhibitory behavior.
Takser et al. (2003) observed, after adjusting for potential confounders (sex and mother’s
educational level), negative correlations between Mn levels in the umbilical cord blood and
various psycho-motor sub-scales at 3 years (attention, non-verbal memory and manual ability),
even though these effects were not observed at 6 years of age.

The findings of this study indicate that children living the vicinity of this Mn alloy production
plant have elevated hair Mn levels, which vary with respect to their geo-spatial location of
residence. The major sources of Mn are probably fumes expelled by the alloy plant chimneys,
dust re-suspension by traffic and possibly dust from the train passing through the village
carrying mineral ore and the transformed product. A study of neurobehavioral effects of Mn
exposure in these children is currently underway.

Acknowledgments
The authors would like to express their gratitude to the Cotegipe and Capiarara Village communities, especially to the
children and their parents, who kindly collaborated to the study. We would like also to thank the students of the
discipline FAR 457 ACC Education and Health - Prevention of Anemia class 2007.1 (UFBA). Menezes-Filho, JA is
an Irving J. Selikoff International Scholar of the Mount Sinai School of Medicine. This work was supported in part
by Award Number D43TW00640 from the Fogarty International Center. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the Fogarty International Center or the National
Institutes of Health

References
1. Agusa T, Kunito T, Fujihara J, Kubota R, Minh TB, Kim Trang PT, Iwata H, et al. Contamination by

arsenic and other trace elements in tube-well water and its risk assessment to humans in Hanoi,
Vietnam. Environmental Pollution 2006;139(1):95–106. [PubMed: 16009476]

2. ATSDR (Agency for Toxic Substances and Disease Registry). Summary Report Hair Analysis Panel
Discussion Exploring The State Of The Science . 2001 [Accessed Nov. 3, 2008].
http://www.atsdr.cdc.gov/HAC/hair_analysis/index.html)

3. Baldwin M, Mergler D, Larribe F, Bélanger S, Tardif R, Bilodeau l, Hudnell K. Bioindicator and
exposure data for population based study of manganese. Neurotoxicology 1999;20(2):30, 343–354.

4. Bouchard M, Laforest F, Vandelac L, Bellinger D, Mergler D. Hair Manganese and Hyperactive
Behaviors: Pilot Study of School-Age Children Exposed through Tap Water. Environ Health Perspect
2007;15(1):122–127. [PubMed: 17366831]

5. Brenneman KA, Wong BA, Bucellato MA, Costa ER, Gross EA, Dorman DC. Direct olfactory
transport of inhaled manganese (54MnCl2)to the rat brain: Toxikinetic investigations in a unilateral
nasal occlusion model. Toxicol Appl Pharmacol 2000;169:238–248. [PubMed: 11133346]

Menezes-Filho et al. Page 8

Neurotoxicology. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.atsdr.cdc.gov/HAC/hair_analysis/index.html


6. Collip PJ, Chen SY, Maitinsky CS. Manganese in infant formulas and learning disability. Ann Nutr
Metab 1983;27:488–494. [PubMed: 6651226]

7. Compendium Method IO-2.1. Sampling of ambient air for total suspended particulate matter (spm)
and PM10 using high volume (hv) sampler, EPA.)

8. Ericson JE, Crinella FM, Clarke-Stewart KA, Allhusen VD, Chan T, Robertson RT. Prenatal
manganese levels linked to childhood behavioral disinhibition. Neurotoxicology and Teratology
2007;29:181–187. [PubMed: 17079114]

9. Garrick MD, Dolan KG. An expression system for a transporter of iron and other metals. Methods Mol
Biol 2003;196:147–154. [PubMed: 12152193]

10. He P, Liu DH, Zhang GQ. Effects of high-level-manganese sewage irrigation on children’s
neurobehavior. Zhonghua Yu Fang Yi Xue Za Zhi (Chin J Prevent Med) 1994;28(4):216–218.

11. IBGE – Instituto Brasileiro de Geografia e Estatística. Estimativas – Contagem da população2007.
[Accessed on September 03, 2008.].
http:.www.ibge.gov.br/home/estatistica/populacao/contagem2007/
popmunic2007layoutTCU14112007.xls

12. Iregren A. Manganese neurotoxicity in industrial exposures: proof of effects, critical exposure level,
and sensitive tests. Neurotoxicology 1999;20:315–324. [PubMed: 10385893]

13. Keen CL, Ensunsa JL, Clegg MS. Manganese metabolism in animals and humans including the
toxicity of manganese. Met Ions Biol Syst 2000;37:89–121. [PubMed: 10693132]

14. Krachler M, Rossipal E, Micetic-Turk D. Concentration of trace elements in sera of newborns young
infants and adults. Biol Trace Elem Res 1999;68:121–35. [PubMed: 10327023]

15. Lucchini RG, Albini E, Benedetti L, Borghesi S, Coccaglio R, Malara EC, Parrinello G, Garattini S,
Resola S, Alessio L. High Prevalence of Parkinsonian Disorders Associated to Manganese Exposure
in the Vicinities of Ferroalloy Industries. American Journal of Industrial Medicine 2007;50:788–800.
[PubMed: 17918215]

16. Lyden A, Larsson BS, Lindquist NG. Melanin affinity of manganese. Acta Pharmacologica et
Toxicologica 1984;55(2):133–138. [PubMed: 6437141]

17. Mena I, Horiuchi K, Burke K, et al. Chronic manganese poisoning: Individual susceptibility and
absorption of iron. Neurology 1969;19:1000–1006. [PubMed: 5387706]

18. Mergler D. Neurotoxic effects of low level exposure to manganese in human populations.
Environmental Research 1999;80:99–102. [PubMed: 10092399]

19. Miekeley N, Carneiro MTWD, da Silveira CLP. How reliable are human hair reference intervals for
trace elements? The Science of the Total Environment 1998;218:9–17. [PubMed: 9718741]

20. VEEP (Vereda Estudos e Execução de Projetos Ltda). Technical Report: “Relatório Final do Estudo
Epidemiológico para Verificação de Efeitos sobre a Saúde da População Circunvizinha à Empresa
RDM”; Simões Filho. Novembro, 2005; p. 54

21. Papavasiliou PS, Miller ST, et al. Role of liver in regulating distribution and excretion of manganese.
Am J Physiol 1966;211(1):211–216. [PubMed: 5911040]

22. Pihl RO, Parkes M. Hair element content in learning disabled children. Science 1977;198:204–206.
[PubMed: 905825]

23. Rodriguez-Agudelo Y, Riojas-Rodriguez H, Rios C, Rosas I, Sabido Pedraza E, Miranda J, Siebe C,
Texcalac JL, Santos-Burgoa C. Motor alterations associated with exposure to manganese in the
environment in Mexico. Sci Total Environ 2006;368:542–556. [PubMed: 16793118]

24. Roth JA. [0] Homeostatic and toxic mechanisms regulating manganese uptake, retention, and
elimination. Biol Res 2006;39(1):45–57. [PubMed: 16629164]

25. Smargiassi A, Takser L, Masse A, Sergerie M, Mergler D, et al. A comparative study of manganese
and lead levels in human umbilical cords and maternal blood from two urban centers exposed to
different gasoline additives. Science of the Total Environment 2002;290:157–164. [PubMed:
12083707]

26. Sturaro A, Parvoli G, Doretti L, Allegri G, Costa C. The influence of color, age, and sex on the content
of zinc, copper, nickel, manganese, and lead in human hair. Biological Trace Element Research
1994;40(1):1–8. [PubMed: 7511917]

Menezes-Filho et al. Page 9

Neurotoxicology. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http:.www.ibge.gov.br/home/estatistica/populacao/contagem2007/popmunic2007layoutTCU14112007.xls
http:.www.ibge.gov.br/home/estatistica/populacao/contagem2007/popmunic2007layoutTCU14112007.xls


27. Takser L, Lafond J, Bouchard M, St-Amour G, Mergler D. Manganese levels during pregnancy and
at birth: Relation to environmental factors and smoking in a Southwest Quebec population.
Environmental Research 2004;95(2):119–125. [PubMed: 15147916]

28. Takser L, Mergler D, Hellier G, Sahuquillo J, Huel G. Manganese, Monoamine Metabolite Levels at
Birth, and Child Psychomotor Development. NeuroToxicology 2003;24:667–674. [PubMed:
12900080]

29. Tanaka, S. Manganese and its compounds. In: Zenz, C., editor. Occupational medicine: principles
and practical applications. Chicago: Year Book Medical Publishers; 1988. p. 583-89.

30. Torrente M, Colomina MT, Domingo JL. Metal Concentrations in Hair and Cognitive Assessment
in an Adolescent Population. Biological Trace Element Research 2005;104:215–221. [PubMed:
15930591]

31. Wasserman GA, Liu X, Parvez F, Ahsan H, Levy D, Factor-Litvak P, et al. Water manganese exposure
and children’s intellectual function in Araihazar, Bangladesh. Environ Health Perspect 2006;114(1):
124–129. [PubMed: 16393669]

32. Wasserman GA, Liu X, Parvez F, Ahsan H, Factor-Litvak P, van Geen A, et al. Water arsenic exposure
and children’s intellectual function in Araihazar, Bangladesh. Environ Health Perspect
2004;12:1329–1333. [PubMed: 15345348]

33. WHO (World Health Organization). Report of the WHO/UNICEF/UNU Consultation. Geneva,
Switzerland: 1994 December 1993. Indicators and Strategies for Iron Deficiency and Anemia
Programmes; p. 6-10.

34. WHO (World Health Organization). Guidelines for Drinking-Water Quality [electronic resource]:
Incorporating First Addendum. 2006a. Available: http.//www.who.int/watersanitationhealth

35. Woolf A, Wright R, Amarasiriwardena C, Bellinger D. A Child with Chronic Manganese Exposure
from Drinking Water. Environ Health Perspect 2002;110(6):613–16. [PubMed: 12055054]

36. Wright RO, Amarasiriwardena C, Woolf AD, Jim R, Bellinger DC. Neuropsychological correlates
of hair arsenic, manganese, and cadmium levels in school-age children residing near a hazardous
waste site. NeuroToxicology 2006;27:210–216. [PubMed: 16310252]

Menezes-Filho et al. Page 10

Neurotoxicology. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Schematic map of the Cotegipe Village (exposed community) in Simões Filho town and
reference community (Capiarara, Lauro de Freitas), in the Metropolitan Area of Salvador,
Bahia, Brazil (top); showing the four residential areas with radial distances from the plant
(bottom).
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Figure 2.
Box plot of MnH data according to area of residence, clustered by gender. R is for referents
and A thru D the four residential areas in the exposed community.
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Figure 3.
Residual plot of log transformed Mn concentration in hair versus years of maternal exposure
time previous to child birth.
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Table 3

Table 3a. Results of the multiple regression model for log MnH with the dependent variables: age, gender and area of residence.

Variable Unstandardized Coefficients t Stat. P value

Intercept 1.506 16.439 <0.001
Age (months) −0.0004 −0.241 0.810
Gender −0.255 −3.838 <0.001
Area of residence −0.206 −4.790 <0.001

Table 3b. Results of the multiple regression model for log MnH with the dependent variables: age, gender, area of residence and maternal exposure
time before child’s birth (years).

Variable Unstandardized Coefficients t Stat. P value

Intercept 1.915 12.458 <0.001
Age (months) 0.0004 0.210 0.834
Gender −0.219 −3.508 0.001
Area of residence −0.502 −6.142 <0.001
Maternal exposure time before child’s
birth (y)

0.013 3.802 <0.001

logMnH (n=109; r2=0.268; F=19.420, p<0.001)

logMnH (n=109; r2=0.368; F=20.378, p<0.001)
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