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Abstract

Even the low levels of non-essential elements exposure common in the US may have health consequences especially early in
life. However, little is known about the infant’s dynamic exposure to essential and non-essential elements. This study aims
to evaluate exposure to essential and non-essential elements during infants’ first year of life and to explore the association
between the exposure and rice consumption. Paired urine samples from infants enrolled in the New Hampshire Birth Cohort
Study (NHBCS) were collected at approximately 6 weeks (exclusively breastfed) and at 1 year of age after weaning (n=187).
A further independent subgroup of NHBCS infants with details about rice consumption at 1 year of age also was included
(n=147). Urinary concentrations of 8 essential (Co, Cr, Cu, Fe, Mn, Mo, Ni, and Se) and 9 non-essential (Al, As, Cd, Hg,
Pb, Sb, Sn, V, and U) elements were determined as a measure of exposure. Several essential (Co, Fe, Mo, Ni, and Se) and
non-essential (Al, As, Cd, Hg, Pb, Sb, Sn, and V) elements had higher concentrations at 1 year than at 6 weeks of age. The
highest increases were for urinary As and Mo with median concentrations of 0.20 and 1.02 pg/L at 6 weeks and 2.31 and
45.36 ug/L at 1 year of age, respectively. At 1 year of age, As and Mo urine concentrations were related to rice consumption.
Further efforts are necessary to minimize exposure to non-essential elements while retaining essential elements to protect
and promote children’s health.
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Introduction

Exposure to non-essential elements such as arsenic (As),
lead (Pb), mercury (Hg), and cadmium (Cd) has become
a significant global health issue owing to their frequency
and toxic effects on human health (ATSDR 2019a). This
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concern is particularly relevant for infants and young chil-
dren for whom non-essential element exposures, even at the
low levels common in the United States of America (US)
and elsewhere, may have health consequences (Farzan et al.
2016; Nadeau et al. 2014; Vahter et al. 2020; Wasserman
et al. 2014).

There is a growing body of evidence reporting high lev-
els of non-essential elements in foods for infants and young
children (Arcella et al. 2021; EFSA 2009a; Karagas et al.
2016; Signes-Pastor et al. 2016), which supports that food
intake is a source of essential but also non-essential ele-
ments (FDA 2020a). The US Subcommittee on Economic
and Consumer Policy of the Committee on Oversight and
Reform of the House of Representatives reported that US
baby foods have levels of As, Pb, Cd, and Hg higher than
current standards for food or water (Congress 2021a, b).
Consumption of rice and rice containing foods are common
in infants’ and young children’s food (e.g., during weaning)
because of its putative organoleptic and nutritional value and
relatively low allergenic potential. However, consumption of
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rice and rice-based products relate to an increase of urinary
As concentrations (Davis et al. 2017; Karagas et al. 2016;
Signes-Pastor et al. 2018). Other non-essential elements,
such as Cd and Pb, are also accumulated in foods grown with
contaminated soil and water; the contamination comes from
both natural and anthropogenic sources, such as agricultural
and industrial activities (EFSA 2009b, 2010). Regulations to
set maximum allowable levels of non-essential elements in
food have recently been proposed or established to decrease
exposure (EC 2015, 2021a, 2021b, 2021; FDA 2020b). Yet,
further efforts are necessary to successfully minimize early-
life toxic dietary exposures to protect public health (Con-
gress 2021a; Nachman et al. 2018).

Very little data exist on biomarker measurements as
internal exposures and exposure trends in essential and non-
essential elements during the first year of life (Carignan et al.
2016; Karagas et al. 2016; Ljung et al. 2011; Signes-Pastor
et al. 2017). Humans excrete several elements in urine after
exposure and thus exposures can be assessed via urinary ele-
ment concentrations (Fort et al. 2014). However, the rate of
excretion in urine of each element may differ (ATSDR 2007,
2012a, 2010; EFSA 2009a, b; Vacchi-Suzzi et al. 2016).

In this study, we hypothesized that urinary element con-
centrations, as an indicator of internal exposure to essential
[i.e., cobalt (Co), chromium (Cr), copper (Cu), iron (Fe),
manganese (Mn), molybdenum (Mo), nickel (Ni), and sele-
nium (Se)] and non-essential [i.e., aluminum (Al), As, Cd,
Hg, Pb, antimony (Sb), tin (Sn), vanadium (V), and ura-
nium (U)] elements would increase in the first year of life
following the introduction of foods other than breastmilk,
including solid foods among previously exclusively breast-
fed infants. To test our hypothesis, we assessed element
concentrations in urine samples collected at 6 weeks of age
before weaning and approximately 1 year of age among the
same infants. Moreover, based on our prior findings on rice
consumption and As exposure early in life (Karagas et al.
2016), we also investigated the associations between rice and
rice-based products consumption and the concentrations of
other non-essential and essential elements in urine samples
from one-year-old infants.

Methods
Study Population

Our study comprised infants enrolled in the New Hampshire
Birth Cohort Study (NHBCS), a longitudinal pregnancy
cohort designed to examine the impacts of toxicants in drink-
ing water and diet on maternal—child health. Since 2009, the
NHBCS has recruited pregnant women 18—45 years of age at
approximately 24-28 weeks of gestation from prenatal clin-
ics in the rural state of New Hampshire. Eligibility criteria
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include English literacy, the use of a private, unregulated
water system at home (e.g., private well), not planning to
move during pregnancy, and a singleton birth as described
previously (Gilbert-Diamond et al. 2011). Women were
asked to complete a self-administered lifestyle and medical
history questionnaire (Gilbert-Diamond et al. 2011; Karagas
et al. 2016).

The Committee for the Protection of Human Subjects at
Dartmouth College approved the study, and all participants
provided written informed consent.

Urine and Food Diary Collection

Spot urine samples were collected at approximately 6 weeks
and 1 year of age in cotton urine pads and stored in polyeth-
ylene sterile containers. Samples were aliquoted into 1.8 ml
vials within 24-72 h and frozen at —80 °C until analysis
(Carignan et al. 2015).

The urine samples collection took place after complet-
ing a 3-day food diary. Infants’ parents or caregivers were
asked to complete the food diary at the end of each day.
The unstructured food diary included details of infants’ food
and beverage intake during 3 consecutive days (e.g., time of
feeding and type and amount of foods/beverage consumed).
The food diaries were collected on paper during clinical vis-
its (Carignan et al. 2015; Karagas et al. 2016; Signes-Pastor
et al. 2018).

Laboratory Analysis

We determined urinary concentrations of essential elements
(i.e., Co, Cr, Cu, Fe, Mn, Mo, Ni, and Se) and non-essential
elements (i.e., Al, As, Cd, Hg, Pb, Sb, Sn, U, and V) at the
Trace Element Analysis Core at Dartmouth College. Urinary
specific gravity was measured with a handheld refractom-
eter with automatic temperature compensation (PAL-10S;
ATAGO Co Ltd).

Elemental analysis of urine was conducted with an Agi-
lent 8900 inductively coupled plasma-mass spectrometry
(ICP-MS) in direct solution acquisition mode. Urinary As
species concentrations were determined using the Agilent
8900 ICP-MS interfaced with an Agilent liquid chromato-
graph 1260 equipped with a Thermo AS7, 2 X250-mm col-
umn, and a Thermo AG7, 2 X 50-mm guard column (Jackson
2015; Signes-Pastor et al. 2020).

Several NIST human urine standard reference materi-
als 26609 level I and level II were analyzed in each analysis
batch. The average (standard deviation) recoveries across
batches (n=3) for arsenobetaine, DMA, MMA, and iAs
were 105% (3), 115% (9), 100% (4), and 101% (11), respec-
tively. The limit of detection (LOD) was calculated as the
mean of the blank concentrations plus 3 times their standard
deviation multiplied by the dilution factor. The average LOD
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across analysis batches for each essential and non-essential
element of interest in this study is reported in Tables S1
and S2. Only when the ICP-MS standard calibration curve
provided zero or negative values the value of LOD/ \/ 2 was
imputed (Lubin et al. 2004). The remaining urine concentra-
tions, even those below the LOD, were not imputed, taking
advantage of the ICP-MS wide linear dynamic range (EFSA
2009a). Missing values were assumed to be at random. The
Multivariate Imputation by Chained Equations (MICE)
method was applied to impute the missing values with the
average values obtained from 5 generated complete datasets
(Buuren 2011).

Statistical Analysis

The urinary element concentrations, including the sum of
urinary As species (XAs=inorganic arsenic + monomethy-
larsonic acid (MMA) + dimethylarsinic acid (DMA)), were
divided by the specific gravity to correct for urine dilution
(Nermell et al. 2008). The concentrations were positively
skewed and thus they were natural logarithm transformed
(Ln) before statistical analysis.

Our study population comprises 2 separately drawn sub-
groups from the NHBCS according to the availability of
element concentrations in paired urine samples at 6 weeks
and 1 year of age and one-year-old infants’ consumption of
rice and rice-based products.

Subgroup 1 was used to evaluate changes in urinary ele-
ments from 6 weeks to 1 year of age. Subgroup 1 contained
187 infants exclusively breastfed at 6 weeks of age with
paired urine samples at 6 weeks and 1 year of age analyzed
for essential and non-essential element concentrations; 82
infants with missing dietary information at 6 weeks of age;
and 79 consumers of formula or solid food at 6 weeks of
age were excluded (Fig. S1A). The urinary Al and Sn con-
centrations contained 43 missing values each, which were
imputed using MICE (Buuren 2011). In this subgroup, die-
tary information on rice consumption at 1 year of age was
not available. The subgroup 1 dietary information was used
to identify exclusively breastfed infants at 6 weeks consum-
ing solid food at 1 year of age. The dietary information and
urine samples were collected in 2014-19.

Subgroup 2 was used to evaluate the association between
rice and rice product intake and urinary elements. Subgroup
2 contained 147 one-year-old infants with information on
rice consumption after excluding 5 infants without urinary
essential and non-essential elements data (Fig. S1B) (Kara-
gas et al. 2016). In this subgroup, urinary Al, Sn, and Hg
concentrations were excluded owing to the high proportion
of imputed values (> 60%). The subgroup 2 dietary informa-
tion regarding rice and rice-based product consumption and
urine samples at 1 year of age were gathered in 2013-2014.

Using the infant study population subgroup 1, we
assessed the urinary essential and non-essential element con-
centrations in samples collected at 6 weeks and 1 year of age
descriptively and by performing paired ¢ test analyses. We
calculated the ratio between the concentrations at 1 year of
age versus 6 weeks of age in the paired samples (i.e., 61‘5:2;5
urine concentrations) to explore magnitude of change in the
urinary essential and non-essential element concentrations,
as shown in Fig. S2. A ratio equal to 1 indicates that the con-
centrations did not change. We also performed the mixture
approach Weighted Quantile Sum (WQS) regression using
the assessment time point (i.e., 6 weeks vs. 1 year—binary)
as the dependent variable. The WQS regression model
included 40% of the dataset for training and 60% for valida-
tion, and 100 bootstrap samples for parameter estimation
were assigned. The estimates of mixture effects and indica-
tors of exposure importance (i.e., weights) were calculated
with the WQS regression model by combining the exposures
to an empirically weighted index (Carrico et al. 2015).

Using the infant study population subgroup 2, we evalu-
ated urinary essential and non-essential element concentra-
tions at 1 year of age in association with rice consumption
within the 2 days prior to urine sample collection. Descrip-
tive and two-sample 7 test analyses comparing rice consum-
ers vs. non-rice consumers were performed.

Results

Both infant study population subgroups had a slightly une-
ven distribution of boys and girls (45%/55% and 56%/44%
of boys/girls in subgroup 1 and 2, respectively). Mothers
were generally married (>90%), and about 80% of them had
a college graduate or any postgraduate schooling (Table 1).

In Subgroup 1, the concentrations of 8 of the 9 non-essen-
tial elements evaluated in the paired urine samples were
higher at 1 year compared to 6 weeks of age (i.e., Al, D As,
Cd, Hg, Pb, Sb, Sn, and V) with a p-value < 0.05 in paired t
test analyses (Fig. 1 and Table S3). The urinary median con-
centrations of the non-essential elements at 6 weeks/1 year
of age were 86.09/113.66 pg/L (Al), 0.20/2.31 pg/L (Y As),
0.12/0.13 pg/L (Cd), 0.14/0.17 pg/L (Hg), 0.55/0.57 pg/L
(Pb), 1.82/4.20 pg/L (Sb), 1.25/2.17 pg/L (Sn), and
0.11/0.15 pg/L (V) (Table S3). In addition, 5 of the 8§ essen-
tial elements had urinary concentrations higher at 1 year
than at 6 weeks of age (i.e., Co, Fe, Mo, Ni, and Se) with a
p-value <0.05 in paired ¢ test analyses (Fig. 2 and Table S3).
The urinary median concentrations of the essential ele-
ments at 6 weeks/1 year of age were 0.19/0.39 ug/L (Co),
78.36/89.82 ug/L (Fe), 1.05/45.36 pg/L (Mo), 1.80/3.29 pg/L
(Ni), and 14.14 /36.39 pg/L (Se) (Table S3).

Among non-essential elements, the median ratio between
concentrations at 1 year and 6 weeks of age concentrations
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Table 1 Selected characteristics of study mothers and infants

Variables

Study sample for 6 weeks vs. 1 year of age infants’
urine comparisons (n=187%)

Study sample for 1 year of age infants’ urine
vs. rice consumption comparisons (n=147%)

Gestational age (weeks)
Maternal pre-pregnancy BMI
Maternal education

< 11th grade or high school graduate or 10 (5%)
equivalent

Junior college graduate or some college 24 (13%)
or technical school

College graduate 73 (40%)

Any postgraduate schooling 75 (41%)

Parity:

0 80 (44%)

1 69 (38%)

>1 34 (19%)

Smoking pregnancy (no/yes) 172 (92%) /1 15(8%)

Marital status

Married 166 (91%)
Single 13 (7%)
Divorced 3(2%)

Infants (boys/girls) 85 (45%) /102 (55%)

39.29 (33.86, 38.56-40.14, 42.29)
23.40 (16.82, 23.40-26-37, 41.75)

39.14 (31.43, 38.43-40.00, 41.86)
24.03 (17.37, 21.50-27.96, 48.18)

9 (6%)
28 (19%)

50 (35%)
57 (40%)

64 (44%)
57 (39%)
25 (17%)
132 (90%)/15 (10%)

135 (94%)

7(5%)

2(1%)

82 (56%)/65 (44%)

Continuous values are reported as median (minimum, interquartile range: Q1-Q3, maximum), and categorical values as relative and absolute

frequencies and relative frequencies

#Study population subgroup 1 with essential and non-essential element concentrations data available in paired urine samples collected at
6 weeks and 1 year of age. Maternal education contains 5 missing values. Parity contains 4 missing values. Marital status contains 5 missing

values

*Study population subgroup 2 with essential and non-essential element concentrations and rice consumption at 1 year of age. Maternal BMI
contains 1 missing value. Maternal education contains 3 missing values. Parity contains 1 missing value. Marital status contains 3 missing val-

ues

ranged from 1.0 for U (i.e., no changes) to 14.8 for ) As
(i.e., a nearly 15-fold increase) (Table S3). The median
ratios for Al, Cd, Hg, Pb, Sb, Sn, and V ranged from 1.1
to 1.7 (Table S3). Among essential elements, the median
ratio between 1 year and 6 weeks of age ranged from 0.9
for Mn to 31.8 for Mo. The median ratios for Co, Cr, Cu,
Fe, Ni, and Se ranged from 0.9 to 1.9 (Table S3). The distri-
bution of ﬁ of age natural logarithm-transformed (Ln)
urinary essential and non-essential element concentrations
are shown in Fig. S2.

The overall analysis of exposure to the element mixture
at 1 year of age versus 6 weeks of age using WQS model
regression assigned the highest positive weights to urinary
Y As (i.e., 0.516) and Mo (i.e., 0.289) concentrations fol-
lowed by urinary Co with a weight 0.081 (Fig. S3). Urinary
Y As, Mo, and Co represented 51.6%, 26.9%, and 8.1% of
the total weights of the mixture. For Hg, V, Sb, Ni, Cr, and
U, the positive weights ranged from 0.001 to 0.028 with a
percentage contribution to the total weights of the mixture
ranging from 0.1 to 2.8% (Fig. S3). The remaining elements
had weighted index close to zero. The WQS model regres-
sion did not identify any negative weights.
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In Subgroup 2, the consumption of rice at 1 year of age
was associated with increased urinary Y As and Mo concen-
trations with a p-value <0.05 in two-samples ¢ test analyses
(Figs. 3, 4, and Table S4). The medians urinary ZAS were
2.96 and 1.88 ug/L for rice and no rice consumers, respec-
tively. The medians urinary Mo concentrations were 67.01
and 45.90 pg/L for rice and no rice consumers, respectively
(Table S4). Although urinary ) As and Mo concentrations
were only weakly correlated at 6 weeks of age (Spearman’s
p=0.18, Fig. S4), they were moderately correlated at 1 year
of age (p=0.64) (Fig. S5), among both infant rice (p=0.48)
(Fig. S6) and non-rice consumers (p=0.55) (Fig. S7). The
consumption of rice at 1 year of age was also associated with
a borderline statistically significant increase in urinary Ni with
a p-value of 0.053 in the two-sample 7 test analysis (Table S4).

Discussion

In our US-based exclusively breastfed infant study popu-
lation, we found increased urinary concentrations of non-
essential (i.e., Al, As, Cd, Hg, Pb, Sb, Sn, and V) and
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Fig. 1 Urinary non-essential element concentrations in urine samples
collected at 6 weeks and 1 year of age from the same set of infants.
N=187. ®Statistically significant paired t test (p-value<0.05.
Table S3). 6W =6 weeks of age. 1Y =1 year of age. Notice that the

essential elements (i.e., Co, Fe, Mo, Ni, and Se) at 1 year
compared to 6 weeks of age. Among 1-year-old infants, uri-
nary  As and Mo concentrations were higher for infants
who consumed rice and rice-based products.

Inorganic arsenic is a well-known human carcinogen with
increasing evidence that early-life exposure may increase the
risk of a wide range of detrimental health effects (i.e., neuro-
logical, cardiovascular, respiratory, and metabolic diseases)
with impacts throughout the life course (Farzan et al. 2016;
IARC 2012; Rodriguez-Barranco et al. 2016; Signes-Pastor
etal. 2019, 2021). We observed a median increase in infants’
urinary Y As concentrations of 15-fold at 1 year compared
to that at 6 weeks of age, concentrations at 1 year of age

scale of the y-axis varies to facilitate the visualization of the concen-
trations in each plot. The As concentrations refer to the sum of inor-
ganic arsenic, monomethylarsonic acid, and dimethylarsinic acid

correlated with consumption of rice and rice-based products.
The 1-year-old infants’ urinary Y As are in line with earlier
studies with an increased Y As exposure during weaning in
infants 6 to 9 month of age in the US with a median (range)
of 0.99 (0.17-11.95) ug/L (Signes-Pastor et al. 2018) and
in the United Kingdom (UK) of 2.81 (0.18-12.89) ug/L
(Signes-Pastor et al. 2017).

Rice may contain higher As than other cereals and veg-
etables (Signes-Pastor et al. 2008; Williams et al. 2007). To
reduce inorganic arsenic exposure, the maximum level of
100 pg/kg has been enforced for rice destined to produce
foods for infants and young children in Europe (EC 2015). In
the US, the 100 pg/kg of inorganic arsenic level in infant rice
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Fig.2 Urinary essential element concentrations in urine samples
collected at 6 weeks and 1 year of age from the same set of infants.
N=187. ®Statistically significant paired t test (p-value<0.05.

cereals is an action level but not a regulation (FDA 2020b),
which could limit manufacturer compliance (Carey et al.
2018; Congress 2021a; FDA 2020a). Our study includes
data gathered before the FDA action level was finalized in
August 2020 (FDA 2020a), thus further studies will need to
evaluate more recent exposures.

Besides inorganic arsenic, exposure to Cd, Hg, and Pb is
also of public health concern. Cadmium is a human carcino-
gen, and Pb and Hg are strong neurotoxicants (ATSDR 1999,
2007, 2012a; EFSA 2015, 2010, 2009b). There is no defined
safe level of exposure to inorganic arsenic, Cd, Hg, or Pb,
yet detectable levels are being reported in baby foods (Brody
and Houlihan 2019; Congress 2021a, b). This may explain
the increased exposure to these non-essential elements in
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Table S3). 6W =6 weeks of age. 1Y =1 year of age. Notice that the
scale of the y-axis varies to facilitate the visualization of the concen-
trations in each plot

our infant study population between 6 weeks and 1 year of
age. The current FDA plan, Closer to Zero, aims to reduce
infants’ and young children’s exposure to toxic elements
from food, but the effectiveness of the plan still needs to
be evaluated (FDA 2021). Likewise, the European Com-
mission has recently enforced stricter regulations regarding
maximum limits of Cd and Pb in a wide variety of foods to
reduce exposure (EC 2021a, b).

Of the other non-essential elements, ingestion of Al, Sb,
Sn, and V from diet is among the primary exposure routes
for non-occupationally exposed adults (ATSDR 2005a,
2008, 2012b, 2008; b; EFSA 2005). Consistent with this,
we observed increased urinary concentrations in our one-
year-old infants from 6 weeks of age. Aluminum is also
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Fig.3 Association between urinary non-essential element concentra-
tions and rice consumption at 1 year of age. N=147. ®Statistically
significant two-sample t test (p-value <0.05. Table S4). Notice that

associated with neurotoxicity (Dérea and Marques 2010).
The median urinary Al concentration of 113.6 pug/L in our
one-year-old infants was slightly higher than the upper
bound reference value in urine for adults of 110 ug/L (Caroli
et al. 1994; EFSA 2008) and thus warrants further investi-
gation. At 1 year of age, the urinary levels of Sb, Sn, and
V were each relatively low (ATSDR 2012b; b; Poddalgoda
et al. 2016), and the levels of the essential elements Co, Fe,
and Se reached similar levels to those reported in the gen-
eral population (ATSDR 2003, 2004; Bresson et al. 2015;
Pfrimer et al. 2014). The median urinary Ni concentration
of 3.29 pg/L at 1 year of age was higher than the upper
bound reference value of 3 ug/L for healthy adults (ATSDR,
2005b). Further studies are necessary to assess the health

Pb Sh
a1
2.
2.
0.
01 :
' D1
_2.
-4
No rice Rice No rice Rice

the scale of the y-axis varies to facilitate the visualization of the con-
centrations in each plot. The As concentrations refer to the sum of
inorganic arsenic, monomethylarsonic acid, and dimethylarsinic acid

impact of the overall real-life simultaneous exposures to
essential and non-essential elements (ATSDR 2012b; b;
Poddalgoda et al. 2016).

In our mixture exposure assessment using WQS regres-
sion, the highest positive weights were assigned to urinary
> As and Mo concentrations, suggesting that they are the
largest contributors of the exposure mixture of essential and
non-essential elements during weaning. The joint effect of
an exposure mixture of inorganic arsenic and Mo on chil-
dren’s health is still scarce (Garcia-Villarino et al. 2021);
however, both have been related to an increased oxidative
stress (Domingo-Relloso et al. 2019; Tolins et al. 2014).

Urinary Mo concentrations were related to rice and rice
product consumption among one-year-old infants. Rice is

@ Springer



A. J. Signes-Pastor et al.

Co Cr Cu Fe
5
1.
1
4 6
0.
3 i o B
-1 ’ . i 5 i
s == 2 '
-2 -1 4
< 1
oo
3
£ -3
c
o 3
2 2 0
© *
€ Mn Mo Ni Se
()]
Q
c
8 . 6 %
5 & 5
44 L Z A
% - 2
7 4 g 4
21 2 : .
1 o
3 -
2
01 0
2
No rice Rice No rice Rice No rice Rice No rice Rice

Fig.4 Association between urinary essential element concentrations
and rice consumption at 1 year of age. N=147. ®Statistically signifi-
cant two-sample t test (p-value < 0.05. Table S4). Notice that the scale

a source of the essential element Mo (Huang et al. 2019),
and urine is the dominant excretion route for Mo (ATSDR
2020). This may explain the increased urinary Mo with rice
consumption. Ingestion of Mo is a cofactor for important
enzymes, such as aldehyde oxidase, xanthine dehydroge-
nase, sulfite oxidase, and amidoxime reducing component
(Huang et al. 2019). The urinary Mo concentrations in our
one-year-old infants were similar to the urinary Mo con-
centrations reported in a prior study of 496 US residents
including both urban and rural communities, both males and
females, and persons aged 6—88 years from all major eth-
nicities with a median (interquartile range: Q1-Q3) of 56.5
(27.9-93.9) ug/L (ATSDR 2020; Paschal et al. 1998). Rice
can also accumulate Ni (Cao et al. 2017), which may also
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of the y-axis varies to facilitate the visualization of the concentrations
in each plot

explain the higher urinary concentration trend among rice
consumers compared to non-rice consumers. Among rice
consumers, the median urinary Ni concentration (3.48 ug/L)
was higher than the upper bound reference value for healthy
adults (ATSDR 2005b).

While our findings are based on a modest sample size
from a well-characterized cohort study, we nevertheless
observed statistically significant increases in urinary concen-
trations of several essential and non-essential elements dur-
ing their first year of life. However, the potential contribution
of metabolic changes in the kinetics and excretion of essen-
tial and non-essential elements during children’s first year of
life still needs to be explored (Skroder Loveborn et al. 2016).
Urinary multi-element analysis using mass spectrometry was
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performed following established protocols (Pirkle 2012). In
addition, we also performed urinary As speciation and calcu-
lated the summation of inorganic arsenic, MMA, and DMA
(3 As) excluding non-toxic organoarsenical compounds (i.e.,
arsenobetaine) as a proxy for inorganic arsenic exposure,
which allowed us to control for As exposure misclassifi-
cation from unmetabolized forms (Jones et al. 2016). We
used rice and rice-based products data from a food diary
completed just before a spot urine sample collection, where
element concentrations were determined as an internal expo-
sure biomarker. This approach allowed us to capture rapidly
excreted essential and non-essential elements in urine, such
as As and Mo (ATSDR 2020; Meharg et al. 2014); however,
urinary concentrations may not provide an accurate meas-
urement of recent exposure for elements slowly released in
the urine, such as Co and Cd (ATSDR 2004, 2012a). For the
latter, urinary concentrations are a biomarker of long-term
exposure (Vacchi-Suzzi et al. 2016). It is also important to
bear in mind that the dietary information gathered with a
food diary based on 3 consecutive days might not represent
children’s typical food consumption pattern.

Information regarding biomarker concentrations of essen-
tial and non-essential elements among infants over their first
year of life is scant, and despite concerns regarding non-
essential elements in foods marketed for infants, limited data
exist on whether such foods increase infant biomarker con-
centrations. Yet infancy is a crucial period of development
and a time when sensitivity to toxicants may be greatest.
Future efforts should aim to reduce toxic dietary exposures
while preserving beneficial nutrients in foods consumed by
infants and young children.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12403-022-00489-x.

Acknowledgements We thank all participating families of the NHBCS,
researchers, fieldworkers, and other individuals who have contributed
to the NHBCS.

Author Contributions AJS-P contributed to formal statistical analysis,
conceptualization, methodology, visualization, and writing and review-
ing of the manuscript; VS contributed to methodology and reviewing
of the manuscript; BJ performed urinary essential and non-essential
element concentrations analysis and reviewing of the manuscript;
KLC contributed to methodology and reviewing of the manuscript;
TP performed methodology and reviewing of the manuscript; MRK
contributed to conceptualization, methodology, and reviewing of the
manuscript.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. Antonio J. Signes-Pastor is currently
funded by CIDEGENT/2020/050. Margaret R. Karagas has been
funded by NIH Grants P20GM104416, UG3/UH30D023275, P01
ES022832, P42ES007373, and R25CA 13428, P20 ES018175, and US
EPA Grants RD83544201and RD83459901.

Data Availability Analytic data used in this study are included in the
manuscript figures and tables and its Supplementary Information files.

Declarations

Competing interest The authors declare that they have no known
competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Arcella D, Cascio C, Gémez Ruiz J A (2021) Chronic dietary exposure
to inorganic arsenic. EFSA J. https://doi.org/10.2903/j.efsa.2021.
6380

ATSDR (1999) Toxicological profile for mercury. ATSDR’s toxico-
logical profiles

ATSDR (2003) Toxicological profile for selenium. ATSDR’s toxico-
logical profiles. pp 217-227

ATSDR (2004) Toxicological profile for cobalt. ATSDR’s toxicologi-
cal profiles

ATSDR (2005a) Toxicological profile for tin and tin compounds. ATS-
DR’s toxicological profiles

ATSDR (2005b) Toxicological profile for nickel. ATSDR’s toxicologi-
cal profiles

ATSDR (2007) Toxicological profile for lead. ATSDR’s toxicological
profiles

ATSDR (2008) Toxicological profile for aluminum. ATSDR’s Toxi-
cological profiles

ATSDR (2012a) Toxicological profile for cadmium. ATSDR’s toxi-
cological profiles

ATSDR (2012b) Toxicological profile for vanadium. ATSDR’s toxi-
cological profiles

ATSDR (2019a) Substance priority list | ATSDR

ATSDR (2019b) Toxicological profile for antimony and compounds.
ATSDR’s toxicological profiles

ATSDR (2020) Toxicological profile for molybdenum. ATSDR’s toxi-
cological profiles

Bresson JL, Burlingame B, Dean T, Fairweather-Tait S, Heinonen M,
Hirsch-Ernst KI, Mangelsdorf I, McArdle H, Naska A, Neuhdu-
ser-Berthold M, Nowicka G, Pentieva K, Sanz Y, Siani A, Sjodin
A, Stern M, Tomé D, Turck D, Van Loveren H, Vinceti M, Wil-
latts P (2015) Scientific opinion on dietary reference values for
iron. EFSA J. https://doi.org/10.2903/j.efsa.2015.4254

Brody C, Houlihan J (2019) What’s in my baby’s food? Healthy babies
bright future

Cao Z, Mou R, Cao Z, Lin X, Xu P, Chen Z, Zhu Z, Chen M (2017)
Nickel in milled rice (Oryza sativa L.) from the three main rice-
producing regions in China. Food Addit Contam Part B Surveill
10:69-77. https://doi.org/10.1080/19393210.2016.1250822

@ Springer


https://doi.org/10.1007/s12403-022-00489-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2903/j.efsa.2021.6380
https://doi.org/10.2903/j.efsa.2021.6380
https://doi.org/10.2903/j.efsa.2015.4254
https://doi.org/10.1080/19393210.2016.1250822

A. J. Signes-Pastor et al.

Carey M, Donaldson E, Signes-Pastor AJ, Meharg AA (2018) Dilution
of rice with other gluten free grains to lower inorganic arsenic in
foods for young children in response to European Union regula-
tions provides impetus to setting stricter standards. PLoS ONE
18:1-9

Carignan CC, Cottingham KL, Jackson BP, Farzan SF, Gandolfi AJ
(2015) Estimated exposure to arsenic in breastfed and formula-
fed infants in a United States Cohort. Environ Health Perspect
500:500-507

Carignan CC, Karagas MR, Punshon T, Gilbert-Diamond D, Cotting-
ham KL (2016) Contribution of breast milk and formula to arsenic
exposure during the first year of life in a US prospective cohort.
J Eposure Sci Environ Epidemiol 26:452—457. https://doi.org/10.
1038/jes.2015.69

Caroli S, Alimonti A, Coni E, Petrucci F, Senofonte O, Violante N
(1994) The assessment of reference values for elements in human
biological tissues and fluids: a systematic review. Crit Rev Anal
Chem 24:363-398. https://doi.org/10.1080/10408349408048824

Carrico C, Gennings C, Wheeler DC, Factor-Litvak P (2015) Char-
acterization of weighted quantile sum regression for highly cor-
related data in a risk analysis setting. J Agric Biol Environ Stat
20:100-120. https://doi.org/10.1007/s13253-014-0180-3

Congress (2021a) Baby foods are tainted with dangerous levels of
arsenic, lead, cadmium, and mercury staff report Subcommit-
tee on Economic and Consumer Policy Committee on Over-
sight and Reform U.S. House of Representatives. US House of
Representatives

Congress (2021b) New disclosures show dangerous levels of
toxic heavy metals in even more baby foods. US house of
representatives

Davis MA, Signes-Pastor AJ, Argos M, Slaughter F, Pendergrast C,
Punshon T, Gossai A, Ahsan H, Karagas MR (2017) Assessment
of human dietary exposure to arsenic through rice. Sci Total Envi-
ron 586:1237-1244. https://doi.org/10.1016/j.scitotenv.2017.02.
119

Domingo-Relloso A, Grau-Perez M, Galan-Chilet I, Garrido-Martinez
M1J, Tormos C, Navas-Acien A, Gomez-Ariza JL, Monzo-Beltran
L, Saez-Tormo G, Garcia-Barrera T, Duefias Laita A, Briongos
Figuero LS, Martin-Escudero JC, Chaves FJ, Redon J, Tellez-
Plaza M (2019) Urinary metals and metal mixtures and oxidative
stress biomarkers in an adult population from Spain: the Hortega
Study. Environ Int 123:171-180. https://doi.org/10.1016/j.envint.
2018.11.055

Dérea JG, Marques RC (2010) Infants’ exposure to aluminum from
vaccines and breast milk during the first 6 months. J Eposure
Sci Environ Epidemiol 20:598-601. https://doi.org/10.1038/jes.
2009.64

EC (2015) Commission Regulation 2015/1006 of 25 June 2015 amend-
ing Regulation (EC) No 1881/2006 as regards maximum levels of
inorganic arsenic in foodstuffs. Official Journal of the European
Communities

EC (2021a) EUR-Lex - 32021bR 1323 - EN - EUR-Lex. Official Journal
of the European Communities

EC (2021b) EUR-Lex - 32021aR1317 - EN - EUR-Lex. Official Journal
of the European Communities

EFSA (2005) Opinion of the Scientific Panel on Dietetic products,
nutrition and allergies [NDA] related to the tolerable upper intake
level of tin. EFSA J. https://doi.org/10.2903/j.efsa.2005.254

EFSA (2008) Safety of aluminium from dietary intake—scientific opin-
ion of the panel on food additives, flavourings, processing Aids
and Food Contact Materials (AFC). EFSA J. https://doi.org/10.
2903/j.efsa.2008.754

EFSA (2009a) Cadmium in food—scientific opinion of the panel on
contaminants in the food chain. https://doi.org/10.2903/j.efsa.
2009a.980

@ Springer

EFSA (2009b) European Food Safety Authority. Scientific opinion on
arsenic in food. EFSA panel on contaminants in food chain (CON-
TAM). EFSAJ 7:1-8

EFSA (2010) Scientific opinion on lead in food. EFSA J. https://doi.
org/10.2903/j.efsa.2010.1570

EFSA (2015) Statement on the benefits of fish/seafood consumption
compared to the risks of methylmercury in fish/seafood. EFSA J.
https://doi.org/10.2903/j.efsa.2015.3982

Farzan SF, Li Z, Korrick SA, Spiegelman D, Enelow R, Nadeau K,
Baker ER, Karagas MR (2016) Infant infections and respiratory
symptoms in relation to arsenic exposure in a U.S. cohort. Environ
Health Perspect. https://doi.org/10.1289/ehp.1409282

FDA (2020a) Supporting document for action level for inorganic arse-
nic in rice cereals for infants. FDA pp 1-9

FDA (2020b) FDA issues final guidance for industry on action level for
inorganic arsenic in infant rice cereals | FDA. FDA

FDA (2021) Closer to Zero: Action Plan for Baby Foods. FDA

Fort M, Cosin-Tomés M, Grimalt JO, Querol X, Casas M, Sunyer J
(2014) Assessment of exposure to trace metals in a cohort of
pregnant women from an urban center by urine analysis in the
first and third trimesters of pregnancy. Environ Sci Pollut Res
21:9234-9241. https://doi.org/10.1007/s11356-014-2827-6

Garcia-Villarino M, Signes-Pastor AJ, Karagas MR, Riafio-Galén I,
Rodriguez-Dehli C, Grimalt JO, Junqué E, Fernandez-Somoano
A, Tardon A (2021) Exposure to metal mixture and growth indi-
cators at 4-5 years. A study in the INMA-Asturias cohort. Envi-
ron Res. https://doi.org/10.1016/j.envres.2021.112375

Gilbert-Diamond D, Cottingham KL, Gruber JF, Punshon T, Sayar-
ath V, Gandolfi AJ, Baker ER, Jackson BP, Folt CL, Karagas
MR (2011) Rice consumption contributes to arsenic exposure in
US women. Proc Natl Acad Sci USA 108:20656-20660. https://
doi.org/10.1073/pnas.1109127108

Huang XY, Liu H, Zhu YF, Pinson SRM, Lin HX, Guerinot ML,
Zhao FJ, Salt DE (2019) Natural variation in a molybdate trans-
porter controls grain molybdenum concentration in rice. New
Phytol 221:1983-1997. https://doi.org/10.1111/nph.15546

TARC (2012) Arsenic, metals, fibers and dusts. a review of human
carcinogens. IARC monographs on the evaluation of carcino-
genic risks to humans. 100C, 527.

Jackson B (2015) Fast ion chromatography-ICP-QQQ for arsenic
speciation. Physiol Behav 6:1405-1407. https://doi.org/10.
1039/C5JA00049A Fast

Jones MR, Tellez-Plaza M, Vaidya D, Grau M, Francesconi KA,
Goessler W, Guallar E, Post WS, Kaufman JD, Navas-Acien
A (2016) Estimation of inorganic arsenic exposure in popula-
tions with frequent seafood intake: evidence from MESA and
NHANES. Am J Epidemiol 184:590-602. https://doi.org/10.
1093/aje/kww097

Karagas MR, Punshon T, Sayarath V, Jackson BP, Folt CL, Cot-
tingham KL (2016) Association of rice and rice-product con-
sumption with arsenic exposure early in life. JAMA Pediatr
03766:1-8. https://doi.org/10.1001/jamapediatrics.2016.0120

Ljung K, Palm B, Grandér M, Vahter M (2011) High concentra-
tions of essential and toxic elements in infant formula and infant
foods—a matter of concern. Food Chem 127:943-951. https://
doi.org/10.1016/j.foodchem.2011.01.062

Lubin JH, Colt JS, Camann D, Davis S, Cerhan JR, Severson RK,
Bernstein L, Hartge P (2004) Epidemiologic evaluation of
measurement data in the presence of detection limits. Environ
Health Perspect 112:1691-1696. https://doi.org/10.1289/ehp.
7199

Meharg AA, Williams PN, Deacon CM, Norton GJ, Hossain M,
Louhing D, Marwa E, Lawgalwi Y, Taggart M, Cascio C, Haris P
(2014) Urinary excretion of arsenic following rice consumption.
Environ Pollut 194:181-187. https://doi.org/10.1016/j.envpol.
2014.07.031


https://doi.org/10.1038/jes.2015.69
https://doi.org/10.1038/jes.2015.69
https://doi.org/10.1080/10408349408048824
https://doi.org/10.1007/s13253-014-0180-3
https://doi.org/10.1016/j.scitotenv.2017.02.119
https://doi.org/10.1016/j.scitotenv.2017.02.119
https://doi.org/10.1016/j.envint.2018.11.055
https://doi.org/10.1016/j.envint.2018.11.055
https://doi.org/10.1038/jes.2009.64
https://doi.org/10.1038/jes.2009.64
https://doi.org/10.2903/j.efsa.2005.254
https://doi.org/10.2903/j.efsa.2008.754
https://doi.org/10.2903/j.efsa.2008.754
https://doi.org/10.2903/j.efsa.2009a.980
https://doi.org/10.2903/j.efsa.2009a.980
https://doi.org/10.2903/j.efsa.2010.1570
https://doi.org/10.2903/j.efsa.2010.1570
https://doi.org/10.2903/j.efsa.2015.3982
https://doi.org/10.1289/ehp.1409282
https://doi.org/10.1007/s11356-014-2827-6
https://doi.org/10.1016/j.envres.2021.112375
https://doi.org/10.1073/pnas.1109127108
https://doi.org/10.1073/pnas.1109127108
https://doi.org/10.1111/nph.15546
https://doi.org/10.1039/C5JA00049A.Fast
https://doi.org/10.1039/C5JA00049A.Fast
https://doi.org/10.1093/aje/kww097
https://doi.org/10.1093/aje/kww097
https://doi.org/10.1001/jamapediatrics.2016.0120
https://doi.org/10.1016/j.foodchem.2011.01.062
https://doi.org/10.1016/j.foodchem.2011.01.062
https://doi.org/10.1289/ehp.7199
https://doi.org/10.1289/ehp.7199
https://doi.org/10.1016/j.envpol.2014.07.031
https://doi.org/10.1016/j.envpol.2014.07.031

Dietary Exposure to Essential and Non-essential Elements During Infants’First Year of Life...

Nachman KE, Punshon T, Rardin L, Signes-Pastor AJ, Murray CJ,
Jackson BP, Guerinot ML, Burke TA, Chen CY, Ahsan H, Argos
M, Cottingham KL, Cubadda F, Ginsberg GL, Goodale BC, Kur-
zius-spencer M, Meharg AA, Miller MD, Nigra AE, Pendergrast
CB, Raab A, Reimer K, Scheckel KG, Schwerdtle T, Taylor VF,
Tokar EJ, Warczak TM, Karagas MR (2018) Opportunities and
challenges for dietary arsenic intervention. Environ Health Per-
spect 126:6—11. https://doi.org/10.1289/EHP3997

Nadeau KC, Li Z, Farzan S, Koestler D, Robbins D, Fei DL, Mali-
patlolla M, Maecker H, Enelow R, Korrick S, Karagas MR (2014)
In utero arsenic exposure and fetal immune repertoire in a US
pregnancy cohort. Clin Immunol 155:188-197. https://doi.org/
10.1016/j.clim.2014.09.004

Nermell B, Lindberg A-L, Rahman M, Berglund M, Ke Persson LA,
Arifeen SE, Vahter M (2008) Urinary arsenic concentration
adjustment factors and malnutrition. Environ Res 106:212-218.
https://doi.org/10.1016/j.envres.2007.08.005

Paschal DC, Ting BG, Morrow JC, Pirkle JL, Jackson RJ, Sampson EJ,
Miller DT, Caldwell KL (1998) Trace metals in urine of United
States residents: reference range concentrations. Environ Res
76:53-59. https://doi.org/10.1006/enrs.1997.3793

Pfrimer K, Micheletto RF, Marchini JS, Padovan GJ, Moriguti JC,
Ferriolli E (2014) Impact of aging on urinary excretion of iron
and zinc. Nutr Metab Insights. https://doi.org/10.4137/nmi.s12977

Pirkle JL. (2012) Laboratory procedure manual urine multi-element
ICP-DRC-MS Renamed from "Inductively Coupled Plasma-Mass
Spectrometry (ICP-DRC-MS)" Method No: 3018.3 (15 element
panel) and 3018A.2 (total arsenic)

Poddalgoda D, Macey K, Jayawardene I, Krishnan K (2016) Deriva-
tion of biomonitoring equivalent for inorganic tin for interpreting
population-level urinary biomonitoring data. Regul Toxicol Phar-
macol 81:430—436. https://doi.org/10.1016/j.yrtph.2016.09.030

Rodriguez-Barranco M, Gil F, Herndndez AF, Alguacil J, Lorca A,
Mendoza R, Gémez I, Molina-Villalba I, Gonzalez-Alzaga B,
Aguilar-Garduiio C, Rohlman DS, Lacasafia M (2016) Postna-
tal arsenic exposure and attention impairment in school children.
Cortex. https://doi.org/10.1016/j.cortex.2014.12.018

Signes-Pastor AJ, Mitra K, Sarkhel S, Hobbes M, Burl6 F, De Groot
WT, Carbonell-Barrachina AA, Burl6 F, De Groot WT, Car-
bonell-Barrachina AA (2008) Arsenic speciation in food and
estimation of the dietary intake of inorganic arsenic in a rural
village of West Bengal, India. J Agric Food Chem 56:9469-9474.
https://doi.org/10.1021/jf801600j

Signes-Pastor AJ, Carey M, Meharg AA (2016) Inorganic arsenic in
rice-based products for infants and young children. Food Chem
191:128-134. https://doi.org/10.1016/j.foodchem.2014.11.078

Signes-Pastor AJ, Woodside JV, Mcmullan P, Mullan K, Carey M,
Karagas MR, Meharg AA (2017) Levels of infants’ urinary arse-
nic metabolites related to formula feeding and weaning with rice
products exceeding the EU inorganic arsenic standard. PLoS
ONE. https://doi.org/10.1371/journal.pone.0176923

Signes-Pastor AJ, Cottingham KL, Carey M, Sayarath V, Palys T,
Meharg AA, Folt CLCL, Karagas MR, Kathryn LC (2018)
Infants’ dietary arsenic exposure during transition to solid food.
Sci Rep 8:2-9. https://doi.org/10.1038/s41598-018-25372-1

Signes-Pastor AJ, Vioque J, Navarrete-Mufioz EM, Carey M, Garcia-
Villarino M, Fernandez-Somoano A, Tardon A, Santa-Marina L,
Irizar A, Casas M, Guxens M, Llop S, Soler-Blasco R, Garcia-
de-la-Hera M, Karagas MR, Meharg AA (2019) Inorganic arsenic
exposure and neuropsychological development of children of 4-5
years of age living in Spain. Environ Res 174:135-142. https://
doi.org/10.1016/j.envres.2019.04.028

Signes-Pastor AJ, Punshon T, Cottingham KL, Jackson BP, Sayarath
V, Gilbert-Diamond D, Korrick S, Karagas MR (2020) Arsenic
exposure in relation to apple consumption among infants in the
new hampshire birth cohort study. Expos Health. https://doi.org/
10.1007/s12403-020-00356-7

Signes-Pastor AJ, Martinez-camblor P, Baker E, Madan J, Guill MF,
Karagas MR (2021) Prenatal exposure to arsenic and lung func-
tion in children from the New Hampshire Birth Cohort Study.
Environ Int 155:106673. https://doi.org/10.1016/j.envint.2021.
106673

Skroder Loveborn H, Kippler M, Lu Y, Ahmed S, Kuehnelt D, Raqib
R, Vahter M (2016) Arsenic metabolism in children differs from
that in adults. Toxicol Sci. https://doi.org/10.1093/toxsci/kfw060

Tolins M, Ruchirawat M, Landrigan P (2014) The developmental neu-
rotoxicity of arsenic: cognitive and behavioral consequences of
early life exposure. Ann Glob Health 80:303-314. https://doi.org/
10.1016/j.a0gh.2014.09.005

Vacchi-Suzzi C, Kruse D, Harrington J, Levine K, Meliker JR (2016) Is
urinary cadmium a biomarker of long-term exposure in humans?
A review. Curr Environ Health Rep. https://doi.org/10.1007/
s40572-016-0107-y

Vahter M, Skroder H, Rahman SM, Levi M, Derakhshani Hamadani
J, Kippler M (2020) Prenatal and childhood arsenic exposure
through drinking water and food and cognitive abilities at 10
years of age: a prospective cohort study. Environ Int 139:105723.
https://doi.org/10.1016/j.envint.2020.105723

van Buuren S (2011) mice: Multivariate imputation by chained equa-
tions in. J Stat Softw 45:1-67. https://doi.org/10.18637/jss.v045.
i03

Wasserman GA, Liu X, Lolacono NJ, Kline J, Factor-Litvak P, Van
Geen A, Mey JL, Levy D, Abramson R, Schwartz A, Graziano
JH (2014) A cross-sectional study of well water arsenic and child
1Q in Maine schoolchildren. Environ Health 13:1-10. https://doi.
org/10.1186/1476-069X-13-23

Williams PN, Villada A, Figuerola J, Green AJ, Deacon C, Raab A,
Feldmann J, Meharg AA (2007) Greatly enhanced arsenic shoot
assimilation in rice leads to elevated grain levels compared to
wheat and barley. Environ Sci Technol 41:6854—6859. https://doi.
org/10.1021/es070627i

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1289/EHP3997
https://doi.org/10.1016/j.clim.2014.09.004
https://doi.org/10.1016/j.clim.2014.09.004
https://doi.org/10.1016/j.envres.2007.08.005
https://doi.org/10.1006/enrs.1997.3793
https://doi.org/10.4137/nmi.s12977
https://doi.org/10.1016/j.yrtph.2016.09.030
https://doi.org/10.1016/j.cortex.2014.12.018
https://doi.org/10.1021/jf801600j
https://doi.org/10.1016/j.foodchem.2014.11.078
https://doi.org/10.1371/journal.pone.0176923
https://doi.org/10.1038/s41598-018-25372-1
https://doi.org/10.1016/j.envres.2019.04.028
https://doi.org/10.1016/j.envres.2019.04.028
https://doi.org/10.1007/s12403-020-00356-7
https://doi.org/10.1007/s12403-020-00356-7
https://doi.org/10.1016/j.envint.2021.106673
https://doi.org/10.1016/j.envint.2021.106673
https://doi.org/10.1093/toxsci/kfw060
https://doi.org/10.1016/j.aogh.2014.09.005
https://doi.org/10.1016/j.aogh.2014.09.005
https://doi.org/10.1007/s40572-016-0107-y
https://doi.org/10.1007/s40572-016-0107-y
https://doi.org/10.1016/j.envint.2020.105723
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.1186/1476-069X-13-23
https://doi.org/10.1186/1476-069X-13-23
https://doi.org/10.1021/es070627i
https://doi.org/10.1021/es070627i

	Dietary Exposure to Essential and Non-essential Elements During Infants’ First Year of Life in the New Hampshire Birth Cohort Study
	Abstract
	Introduction
	Methods
	Study Population
	Urine and Food Diary Collection
	Laboratory Analysis
	Statistical Analysis

	Results
	Discussion
	Acknowledgements 
	References




