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Abstract Infant exposure to neurotoxic elements is a public
health issue that needs monitoring with regard to breast milk
composition. We studied six neurotoxic elements in breast
milk samples at different stages of lactation in mothers from
Porto Velho, Brazil. We used a flow-injection mercury system
(FIMS) to determine total Hg concentrations and an inductive-
ly coupled plasma optical emission spectrometer (ICP-OES)
to determine the concentrations of Al, As, Cd, Pb, and Mn in
106 donors of a human milk bank. Association rules analyses
were applied to determine the pattern of binary and ternary
mixtures of the measured exposants. The metal concentration
was mostly below the limit of detection (LOD) for Cd (99%),
Pb (84%), and Hg (72%), and it was above the LOD for As
(53%), Mn (60%), and Al (82%), respectively. Median con-
centrations (dry weight) of Al, As, Hg, Mn, and Pb were
1.81 pg/g, 13.8 ng/g, 7.1 ng/g, 51.1 ng/g, and 0.43 ng/g,
respectively. Al is singly the most frequent element to which
infants are exposed. Occurring binary combination
(> LOD) was 56% for Al-Mn, 41% for Al-As, 22% for
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Al-Hg, and 13% for Al-Pb. In 100% of neonates, expo-
sure to Al-ethylmercury (EtHg) occurred through immu-
nization with thimerosal-containing vaccines (TCV).
Association rules analysis revealed that Al was present
in all of the multilevel combinations and hierarchical
levels and that it showed a strong link with other neuro-
toxic elements (especially with Mn, As, and Hg). (a)
Nursing infants are exposed to combinations of
neurotoxicants by different routes, dosages, and at differ-
ent stages of development; (b) In breastfed infants, the
binary exposures to Al and total Hg can occur through
breast milk and additionally through TCV (EtHg and
Al); (¢) The measured neurotoxic elements were found
at low frequencies in breast milk and at concentrations
that pose no public health concerns for milk banking.
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Introduction

Human milk is a source of nourishment for newborns and
infants, providing essential nutrition and immunoprotective
features. The World Health Organization (WHO), policy
makers, pediatricians, and health workers recommend
breastfeeding as a public health priority to protect, promote,
and support healthy infant development. The WHO recom-
mends breastfeeding exclusively for the first 6 months of life
[1]. And, in many parts of the world including Brazil, human
milk is prescribed for premature and critically ill infants in
neonatal units when the mother’s own milk is insufficient or
not available [2]. The majority of newborns in the world are
nursed by mothers living in less-developed countries.

The least fortunate in developing countries live in less than
ideal urban environments, frequently in contaminated areas.
Therefore, maternal environmental exposure to metals can
occur mainly through lifestyle, air, and food [3-5]. In food,
it will depend not only on the type and its origin but also on
the cookware in which foods are prepared. Weidenhamer et al.
[6] showed that artisanal aluminum cookware is a significant
source of exposure to toxic metals (Al, Pb, As, Cd), and it can
leach substantial amounts of these metals per serving. Toxic
elements can cross both the placental and the mammary gland
barriers [7-9]. As a result, simultaneous exposures to multiple
neurotoxic substances are common in breastfed children liv-
ing in contaminated environments [10, 11]. Furthermore, the
toxicokinetics of neurotoxic elements seem exacerbated by
high intestinal absorption in milk diet [12]. Therefore, the
presence of toxic elements in human milk is an indicator of
maternal exposure occurring during pregnancy and lactation.

Thus, human milk is a biomonitoring tool that indicates the
level of accumulation and/or contamination of environmental
toxic chemicals; it is useful to assess maternal exposure and
respective hazardous risks for the developing infant [13].
However, exposures to more than one neurotoxic element do
occur. Therefore, estimations of exposure to toxic metals by
nursing infants are subject to unavoidable shortcomings; data
on human milk intake and metal determination are rarely
available from the same studies [11]. Nevertheless, risk anal-
ysis for metals in human milk has been addressed with avail-
able published results [14].

The issue of exposure and potential harm related to a com-
bination of neurotoxic elements during early life has become a
persistent problem; solutions are hindered by the complexity
of such studies. Child neurodevelopment inequalities start
during pregnancy and extend through lactation; indeed, expo-
sure to toxic metals can accumulate when the child is still
breastfeeding [15]. To understand the cumulative and/or syn-
ergistic effects of multiple exposures requires full assessment
of the co-occurring substances. Additionally, it is also impor-
tant to estimate binary and ternary interactions to interpret
higher order interactions [16].
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Studies have shown substantial risk for both forms of
organic-Hg exposure — methyl-Hg (MeHg) from maternal fish
consumption and ethylmercury (EtHg) from thimerosal-
containing vaccines (TCV) still used in developing countries
[17, 18]. Occurrence of exposure to the binary mixture of Al-
EtHg (adjuvant and thimerosal in hepatitis B vaccine) is by far
higher than the combination of Al and total Hg in colostrum
given to term and pre-term newborns [19]. The potential ad-
ditive or synergistic effects on children of combined (binary or
ternary) exposure will depend on the type of the multiple co-
occurring exposures [10, 19]. Von Stackelberg et al. [20]
reviewed neurotoxic outcomes of combined exposures to
As-Pb-Cd-Mn; it appears that there is a synergistic effect of
the binary combination of Pb-As and Pb-Cd. Therefore, re-
search exploring intrinsic (maternal diet) and extrinsic (TCV)
metal exposure is seldom undertaken in postnatal infants.

Due to the importance of exposure to low-doses of neuro-
toxic substances in early life, the study of breast milk compo-
sition is critical to assess levels of contaminants relevant to
human lactation and public health. This study characterizes all
sources of exposures to neurotoxic elements (Al, As, Cd, Hg,
Pb, and Mn) during breastfeeding. We assessed multiple ex-
posures of co-occurring elements in binary and ternary com-
binations from intrinsic (breast milk) and extrinsic (routine
immunization with TCVs) sources.

Materials and Methods
Sampling

The study was approved by the institutional Ethics Committee
(Ethics Committee for Studies in Humans of the Federal
University of Ronddnia, #002/2010) according to Brazilian
regulations (#196, Conselho Nacional de Satde). Mothers
were recruited during the year of 2015 among donors to the
Human-Milk Bank of Santa Agata (Hospital Dr. Ary Pinheiro)
in the city of Porto Velho-RO (population, 510,000). This
Milk Bank provides specialized services supporting and
counseling mothers with difficulties in lactating.
Furthermore, the services centralize the social diversity of
mothers and recipients in society; there is thus, a good societal
representation for both donors and recipient infants. During
visits to the milk bank, after face-to-face interviews to explain
the purpose of the study participating mothers provided in-
formed consent. Volunteer mothers that agreed to participate
in the study were in good health (without signs of mastitis and
chronic diseases) at the time of milk collection and considered
eligible by the milk bank to be donors. In the present study,
they had term babies from singleton pregnancy, and
breastfeeding between 0 and 240 days. Because of organiza-
tional structure (located within the Hospital facility), some
mothers were still in the maternity ward. The inclusion/
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exclusion criteria are an “a priori” decision by the milk bank
procedures, thus reducing sampling bias. During the inter-
view, the child’s vaccination card was used to obtain informa-
tion on TCV received at the time of the milk sampling.

Samples of human milk (10 to 20 mL) were collected di-
rectly from both breasts by hand expression, before donation
to the Milk Bank. Samples were collected in sterile plastic
containers that had been especially prepared (trace-metal free),
taken under refrigeration to the laboratory, properly aliquoted
and stored at — 80 °C until analysis. In order to preserve the
anonymity of the volunteers, all personal information was
appropriately disguised.

Sample Preparation and Analysis

Samples of breast milk were defrosted and homogenized by
gentle shaking and were properly weighed on analytical scales
before and after lyophilization (Terroni-Mod. LH 0500, Sao
Carlos, Sao Paulo, Brazil). Before analysis, an aliquot of the
freeze-dried material was chemically digested with nitric acid.
A sample (circa 300 mg dry weight) was weighed into a beaker
of 100 mL and mixed with 5.0 mL of HNO; (65%, Merck). A
few drops of H,O, (30%, Merck) were used with controlled
temperature at 80 °C on a hot plate (Nova Instruments, Model
NI 1512, Sao Paulo, Brazil) for circa 60 min until total solubi-
lization of the samples. Subsequently, 0.1 Mol/L of HCI (v/v,
37% Merck) was added with final volume titrated into a 10-mL
falcon tube [21-23].

The concentrations of the chosen elements were measured
using appropriate techniques.

For the determination of Al, As, Cd, Mn, and Pb, we used an
inductively coupled plasma optical emission spectrometer
(ICP-OES-Perkin-Elmer, mod. Optima 8300, Waltham, MA,
USA); this analytical technique allows the detection of nano-
gram quantities of multiple elements in breast milk, but is not
suitable for Hg; more details on instrumental condition and
method are described elsewhere [21]. Hg determination is best
done by cold-vapor atomic absorption spectroscopy. All
chemicals used in sample processing were of high purity grade.

Total Hg determination was done by cold-vapor atomic
absorption spectroscopy with a flow-injection mercury system
(FIMS) (FIMS-400 — Perkin Elmer, Ueberlingen, Germany)
equipped with an automatic sampler (AS90) and software
Winlab-PerkinElmer according to our routine method [24].
Chemical treatment of freeze-dried samples was done with
H,SO4:HNO; (98 and 65%, respectively, Merck) solution
and KMnOy4 (5% w/v, Merck) for oxidation. For about
500 mg of sample (dry weight), 5.0 mL of acid mixture
(H,SO4:HNOs;—1:1) was added and digested in a digestion
block at 60 °C for 1 h (Tecnal-Mod.007A, Piracicaba, Sdo
Paulo, Brazil). After digestion, 4.0 mL of KMnO, solution
(5% w/v) was added to the sample, leaving it for 30 min more
in the digestion block. After cooling to room temperature,

drops of hydroxylamine hydrochloride (12% w/v, Merck)
were added, and the volume was made up to 10 mL with
ultra-pure water (Milli-Q Plus, Millipore, Bedford, MA,
USA). All glassware was washed clean in 10% (w/v) HNO;3
and rinsed with ultra-pure H,O.

Quality control was done according to routine laboratory anal-
yses for all samples and using certified reference materials; anal-
yses were run in duplicate, following methodology published
elsewhere [25, 26]. The limit of detection (LOD) for each chem-
ical element, as well as the percentages of recovery of reference
materials are shown in Table 1. For quality control, we used
reference material (NIST-1549). The quality control procedure
is routinely employed within the laboratory. All analytical work
was done by the same investigator. The chosen elements are
backed by literature indicating existing neurological issues of
concern related to environmental exposure.

Statistical Analysis

Graphics were created to visually represent cumulative distribu-
tion of lactation stages of the collected samples as well as con-
centrations of the measured elements. We also created histograms
to analyze the binary occurrence in the same sample of combined
exposure of elements occurring above LOD. To further analyze
the data, we used a statistical method to calculate the association
between the analyzed elements that could reveal the frequency of
patterns of binary and ternary mixtures.

We applied association rules (AR) to discover associations
and to verify the data adjustment degree for a set of multiple
exposures of measured elements in human milk. The AR tech-
nique uses the Apriori algorithm involving two steps: (i) gen-
eration of subsets of I with a support greater than a minimum
support, and (ii) generation of association rules from the sub-
sets of I whose confidence is greater than a fixed minimum
confidence [27]. The AR takes into account a hierarchy for
grouping the items and examining the existing rules at differ-
ent levels. The method creates association rules for which the
causes or consequences belong either to the same level or to
two different levels of hierarchy. The quality measurements
are probabilistic values which limit the combinatorial explo-
sion during the two phases of the algorithm and allow the
sorting of the results [27]; to eliminate redundant and unnec-
essary rules, the reading of the results was simplified by two
indexes, alpha and beta, between 0 and 1 [28]. Additionally,
multidimensional scaling (MDS) was applied to integrate the
multiple associations in the milk composition data; analyses
were performed with software XLSTAT 2017.1202 (XLStat
data analysis and statistics add-in for MS Excel,;
ADDINSOFT, Paris, France). The outcomes showed existing
patterns of interactions between chosen elements in a simul-
taneously occurring set (binary or ternary mixture). In the
present case, AR revealed which elements of the same trans-
action (> LOD) occurred with higher frequency.
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Table 1
Rondénia) mothers at 0-210 days postpartum

Descriptive statistics of the metal concentrations in breast milk (mg/kg, dry weight)* of collected in 2005 from Brazilian (Porto Velho,

Metal n % LOD Average + SD (mg/kg) Median (mg/kg) Min-max (mg/kg) % Recovery NIST-1549
Al 105 82 2307+23 1.814 <0.100-10.284 88
Mn 105 60 0.119+0.17 0.051 <0.021-1.123 103
As 106 53 0.063 £ 0.1 0.014 < 0.005-0.575 111
Hg 106 28 0.010 +0.01 0.007 < 0.007-0.061 125
Pb 105 16 0.531+04 0.431 <0.431-3.509 121
Cd 102 1 0.074 £ 0.01 0.074 <0.074-0.115 94
TCV
Al 92" NA 250 NA
EtHg* 92" NA 125 NA

NA not applicable

*Average water percentage in breast milk = 87.6 £ 2.6% (freeze-dried)
#Number of available vaccination cards

¥ Adapted from Dérea and Marques [29]

Results

Table 1 summarizes data on concentrations of neurotoxic ele-
ments (Al, Hg, Pb, Cd, As, and Mn) in milk and additional
uptake of Al and EtHg in the hepatitis B vaccine (TCV) that is
taken by all newborns. Stage of lactation of donor milk varied
from 0 to 210 days (Fig. 1). Most samples (87%) were from
mothers within 60 days postpartum; colostrum samples (0 to
4 days) comprised 43% (Fig. 1). Vaccination records traceable
by immunization cards were only possible for 92 infants. In
these infants, the hepatitis B vaccine (TCV) was given on the
day of birth to 61 infants (66.3%) and within the first 24 h to
88.0% (81/92); only 6.5% (6/92) received this vaccine on
postnatal days 3 to 12.

The cumulative frequency distribution of the measured el-
ement concentrations is illustrated in Fig. 1; the values are
represented as mass/volume for easier comparison with liter-
ature. Elements measured above LOD ranged from a negligi-
ble 1% (Cd) to 82% (Al); of the six elements measured, only
Al, Mn, and As had a detection frequency > 50%. Among the
measured toxic elements, Al was the most commonly occur-
ring element, and it was also found at the highest concentra-
tions (Fig. 1); it occurred in all infants through hepatitis B
immunization. Therefore, the high prevalence of Al in sam-
ples determined the binary exposures (Figs. 1 and 2).

Figure 2 illustrates the most common binary combination
of the selected elements. Relevant binary combinations hap-
pened with Al and Hg by different media and routes
(breastfeeding and TCV) as well as in different chemical
forms: as Al-EtHg in hepatitis B (thimerosal preserved) vac-
cine and as total Hg (MeHg and inorganic Hg) in breast milk.
Therefore, the Al and Hg combined exposure was the most
prevalent in these infants. It is worth noting that this common
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occurrence should be taken into account when considering
ternary combinations. Furthermore, when considering the
TCV media, adjuvant Al can occur in distinct chemical forms
(hydroxide and phosphate).

Therefore, ternary combinations (above LOD) in milk
showed very low frequencies involving Hg and Pb; these
were 0% for Mn-Hg-Pb, 1.8% for As-Hg-Pb, and 1.8% for
Al-Hg-Pb. Coincidentally, all but two samples showed
both Hg and Pb concentrations below LOD. However,
low frequencies were observed for Mn-As-Hg (8.5%) and
Al-Mn-As (21.7%). The overall outcome of the association
rules applied to this sample is shown in Fig. 3 illustrating
the hierarchy of all the possible combinations. The associ-
ation rules obtained by the Apriori algorithm and the dif-
ferent values for each rule appear symmetrically organized.
The size of the circle indicates the relative strength of the
link between the items. The association rules (presence
and/or absence) of neurotoxin metals (Al, Mn, Pb, As,
and total Hg) in human milk were obtained by the
Apriori algorithm as were differences for each rule. The
values obtained for confidence, support, and lift were re-
spectively 1.0, 0.079, and 1.74. Al is present at different
hierarchical levels and in all multilevel combinations, thus
indicating the strength of the link between Al and the other
neurotoxic elements (especially Mn, Pb, and Hg).

A complementary analysis using the crosstab (antecedent
and consequent) and the sorting criteria of rules (confidence,
support, or lift) was performed. After applying the MDS meth-
od, the proximity of the five elements can be visualized in
Fig. 4. The closest values meeting the criteria of minimum
support and confidence were obtained for Al-Mn (0.785 or
78.5%), Al-As (0.602 or 60.2%), and Al-Hg (0.560 or 56%).
These values are helpful in understanding the complexity of
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Fig. 2 Frequency of occurrence of binary combination of neurotoxic
metals in human milk (matching samples with concentrations above
limit of detection) and in thimerosal-containing vaccine (TCV; hepatitis
B) taken at birth by donors’ infants

and Pb) in breast-milk, neonates immunized against hepatitis
B experience a very high burden of both Al and EtHg [29].
Howeyver, the results indicate that milk donated to the bank
had a great variation in the frequency of measured toxic ele-
ments > LOD; only Al, Mn, and As showed concentrations
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> 50% of LOD. Because Al had a very high prevalence in
intrinsic (82%) and extrinsic (100%) exposures, only the bi-
nary combination containing this element was of any rele-
vance. Additionally, during the first day postpartum, neonates
are likely to consume volumes near 15 mL [30]; therefore,
exposure to most of the measured neurotoxicants is minimal.

The study revealed also that intrinsic Al and Hg (mother’s
milk) varied greatly (Table 1, Fig. 1), but the TCV (hepatitis B
vaccine) was the most consistent source of Al and EtHg

exposures (Table 1, Fig. 2). While human milk showed a
low frequency of Hg (28% > LOD) and an even lower binary
combination of 22% (> LOD) in milk, the combination of Al-
EtHg in the TCV was 100%. When newborns receive the
hepatitis B vaccine (TCV), they experience a very high burden
of'both Al and EtHg [31]. Furthermore, substances intrinsical-
ly transferred from mothers to infants (during lactation) are
gradual and proportional to the weight of the nursing infant
[32]; in contrast, the combined mixture of Al:EtHg is taken in

Fig. 4 Illustration of the

multidimensional scaling (MDS) ’
outcome showing links among [
measured elements; results of the 0,3 1 H
MDS analysis were based on the g
symmetric matrix averaging the Mn @ 0,2 -
confidences between neurotoxin
metals involved in association
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{ ]
0,2 As
0,3
Pb
-0,4
o
Dim1
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a bolus by neonates, and in this study, this was mostly within
the first 24 h postpartum. In human milk, the median ratio of
Al:THg (10) in samples with both elements measured above
LOD is much lower (Fig. 2) than in TCV — circa 50 [10]. For
comparison, in umbilical cord blood from Jamaican new-
borns, the median Al:THg ratio was circa 2.3 [33].

Sources of contaminations differ for different elements;
differences in barriers (placenta and mammary gland) and
mineral metabolism also modulate fetuses’ and nursing in-
fants’ exposures. In the case of Hg, maternal transfer is higher
for the inorganic (maternal amalgam fillings) than for the or-
ganic form (MeHg in fish and seafood) from maternal diet
[24]; nevertheless, during lactation, the retention of MeHg is
relatively higher than that of inorganic Hg [34]. In the nursing
infant, exposure to Hg is from human milk and additionally
from TCV. Although both organic (MeHg) and inorganic Hg
occur in breast milk, the proportion of MeHg in milk is always
lower than inorganic Hg [24]; in the case of TCV, the Hg is
totally in the organic form (EtHg). After a single shot of TCV,
aneonate can receive an excessive load of Hg (12.5 ug EtHg).
A neonate body burden by TCV can reach levels higher than
those transferred by these urban mothers in colostrum; it has
been estimated that the amount of Hg in hepatitis B vaccine is
comparable to the total Hg received in breastfeeding during
the first month of nursing [32]. In our study, total Hg > LOD
occurred only in 28% of the samples.

Thus, partition of Pb, Hg, Cd, and Mn in the maternal/fetal
unit (maternal blood and umbilical cord blood) indicated that
Hg in the fetuses exceeds by more than threefold that of
mothers; Mn also increased in fetal circulation compared to
maternal levels; fetal Pb was nearly equivalent (only 10%
lower) to maternal concentrations, while Cd levels were great-
ly diminished in fetal blood [35]. There are differences in
barriers (placental and mammary) operating during early life;
As seems to cross the placental barrier more easily than the
mammary gland. Concha et al. [7] found similar levels of As
in cord and maternal blood, but reported less As in breast milk
[36]. The barrier function of the human mammary gland was
evaluated by analyzing maternal sera and corresponding co-
lostrum samples for Cd and Pb; the corresponding values were
200 and 325%, respectively [37]. Sharma et al. [38] reported
blood:milk ratio which ranges for Mn (1.7 to 4.1), Pb (0.7 to
4.1), THg (0.5 to 2.4), As (0.5 to 2.8), and Cd (1.7 to 7).

Comparing studies of multiple elements in human milk
across time and place is complex due to limitations related
to differences in the populations examined (and pertaining to
environmental issues), time of sampling, and analytical strat-
egies (different methods). Furthermore, the effects of com-
bined low-level exposures of neurotoxicants have been stud-
ied, but no consistent results have been possible. Multi-
exposures seem to depend on the studied neurotoxicants and
exposed population [17]. Experimental studies of exposure to
binary mixtures of toxic metals can provide insights into the

mechanism of actions of binary exposures. Gibson et al. [39]
showed in vitro interactions of Cd Hg (at levels of dietary Hg
per day and of Hg found as thimerosal per vaccine injection)
with hemoglobin. Prato and Biandolino [40] showed that a
binary mixture of Hg:Cd gave an antagonist response com-
pared to single element exposure.

Because of analytical limitations, ICP is not suitable for
determinations of Hg chemical forms in milk [24], but it is
the method of choice for multi-element analysis of breast milk
[14]. Therefore, human milk studies with simultaneous deter-
mination of elements that include Al and Hg are difficult to
find, and our results are the first in recent literature. However,
Al appears in the highest concentrations when in combination
with other neurotoxic elements [41-44].

Exposure to binary mixtures of neurotoxicants are often
considered additive. However, complex interactions with me-
dia and host organism may result in an antagonist and syner-
gistic effect [16], depending on the elemental mixture [45].
Therefore, ternary combinations (above LOD) in milk oc-
curred in considerable amounts only for AlI-Mn-As (21.7%).
Studies of nursing infants that address the effects of multiple
exposures with neurotoxic elements and that take into consid-
eration both organic Hg (MeHg and EtHg) exposures are rare
[18]. However, in vitro studies point to the differences in the
biochemical fate of Cd, Hg, (MeHg and thimerosal) that may
lead to a cumulative “buildup” of Hg (from thimerosal) on Hb
[46]. Therefore, the novelty of this paper is to show real sce-
narios of combined exposures occurring in early life that con-
tribute to understanding toxic metal mixtures in infants.

Studies of human milk composition pose severe limitations
when sampling from mothers in a relatively large city. The
choice of a human milk bank is the most feasible approach
to collecting a sufficient volume of milk that can be analyzed
by different methods. However, the advantages of sampling in
a human milk bank also carry limitations intrinsically associ-
ated with this convenient approach. As a cross-sectional study,
it only allows us to infer the frequency of occurrences of the
specific metal combinations. Another limitation is associated
with different stages of lactation and its influence on milk
protein and fat complexes with trace elements. Except for
TCV, no other information or risk factors could be obtained
during the specific interval of time. Therefore, it was not pos-
sible to study changes in composition due to intrinsic or con-
stitutional features.

In environmental science, the study of one toxicant, espe-
cially at low levels, is not sufficient to establish interactions
(additivity/synergism). Milk sample size poses a serious lim-
itation; large volumes, especially at early stages of lactation,
are often unfeasible, and pooled samples are not suitable for a
relevant combination of neurotoxicants. Therefore, it is crucial
to identify sources, exposure route (characterization), and a
clear quantification of the elements’ contribution. These are
the strengths of the used sampling strategy. Additionally,
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evidence of low toxic metal levels can promote breastfeeding
and its use in human milk banks. In the present case, it was
possible to (a) identify the routes and occurrence of
neurotoxicants encountered by newborns; (b) quantify the
commonly occurring low-dose mixtures during early life; (c)
provide basic information on binary mixtures that can guide
future research on low-dose mixtures; and (d) define mixtures
of neurotoxicants based on observed occurrences.

Concluding Remarks

— The exposure of neurotoxic elements (Al, As, Cd, Pb,
Mn, and Hg) to the young is intrinsically through placenta
and human milk. Additional exogenous exposure (Al-
EtHg) can occur through thimerosal-containing vaccines.

—  We studied breast milk metal mixtures, specifying the
individual elements with a focus on frequency of occur-
rence of concentrations > LOD. Multi-elements accessi-
ble to infants reveal the relevance of the combination of
Hg and Al in early life.

—  Breast-milk analysis can provide a snapshot of the current
exposure experienced by mother and infants; however,
due to low concentrations, milk from banks poses no
public health concerns. In these donors’ samples, neuro-
toxic elements are mostly low and probably of no public
health concern, and therefore safe for milk bank use.

— Association rules analysis demonstrated the complexity
of early life exposure to single and multiple (binary and
ternary) combinations of neurotoxic elements, and it was
useful to guide public health policies to protect vulnerable
groups—pregnant mothers and nursing infants.

—  Human milk is the only source of nutrition for exclusively
breastfed infants, but in early life, it is not the only source
of multi-element exposure. In nursing infants, this type of
exposure can occur both through breast milk and through
TCV (which are also Al-adjuvanted).
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