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HIGHLIGHTS

e Zn was the element detected in the highest concentrations and TI in the lowest levels.

e Associations of As, Cd, Cu, Sb, Tl, Zn with working situation, social class, age, were found.

o Seafood, meat, fruits, nuts, vegetables and alcohol intake affected all metals levels but Cd, and Cu.

e Proximity to industrial areas, fields and air pollution, were related to all metals except Cd, Sb and Se.

ARTICLE INFO ABSTRACT

Handling Editor: Lena Q. Ma Background: Humans are regularly exposed to metals and metalloids present in air, water, food, soil and domestic
materials. Most of them can cross the placental barrier and cause adverse impacts on the developing foetus.

Keywords: Objectives: To describe the prenatal concentrations of metals and metalloids and to study the associated socio-

Meta}f q demographic, environmental and dietary factors in pregnant Spanish women.

Metalloids

Methods: Subjects were 1346 pregnant women of the INMA Project, for whom the following metals arsenic (As),
cadmium (Cd), cobalt (Co), copper (Cu), molybdenum (Mo), nickel (Ni), lead (Pb), antimony (Sb), selenium (Se),
thallium (T1) and zinc (Zn) were determined in urine, at both the first and the third trimesters of gestation.
Sociodemographic, dietary and environmental information was collected through questionnaires during preg-
nancy. Multiple linear mixed models were built in order to study the association between each metal and
metalloid concentrations and the sociodemographic, environmental and dietary factors.

Results: The most detected compounds were As, Co, Mo, Sb, Se and Zn at both trimesters. Zn was the element
found in the highest concentrations at both trimesters and Tl was detected in the lowest concentrations. We
observed significant associations between As, Cd, Cu, Sb, Tl and Zn concentrations and working situation, social
class and age. Seafood, meat, fruits, nuts, vegetables and alcohol intake affected the levels of all the metals but Cd
and Cu. Proximity to industrial areas, fields and air pollution were related to all metals except Cd, Sb and Se.
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Conclusions: This is the first large prospective longitudinal study on the exposure to metals and metalloids during
pregnancy and associated factors to include several cohorts in Spain. The present study shows that some
modifiable lifestyles, food intakes and environmental factors could be associated with prenatal exposure to metal
(loid)s, which may be considered in further studies to assess their relationship with neonatal health outcomes.

1. Introduction

Metals and metalloids can be released into the environment from
both natural and anthropogenic sources, mainly mining and industrial
activity. Specifically, for lead (Pb) the most significant sources are
energy-related sources associated with fuel combustion, and heat-
generating and industrial facilities (Briffa et al., 2020). Elevated levels
of cobalt (Co) in the soil may result from anthropogenic activities such as
the application of Co-containing sludge or phosphate fertilizers, the
disposal of Co-containing waste and atmospheric deposition from ac-
tivities such as mining, smelting, refining or combustion. Sources of
nickel (Ni) emissions into the air include burning coal and oil for power
and heat, waste and sewage sludge incineration, mining and steel pro-
duction industries, as well as electroplating. Smoking is a relevant
source of cadmium (Cd). Selenium (Se) is present in the soil and humans
are exposed to different Se compounds depending on the food source;
since, plants accumulates the inorganic form and animals transform Se
into the organic form, mostly selenocysteine and selenomethionine
(Peters et al., 2016). The most important sources of thallium (T1)
exposure in the general population are the air emissions from
coal-burning power plants and copper (Cu), Pb and zinc (Zn) smelters
(Nordberg et al., 2014).

Once emitted from their sources, metals have the property of accu-
mulating in the environment for many years. Humans are regularly
exposed to metals and metalloids present in air, water, food, soil and
domestic materials. Whereas certain metals and trace minerals are
essential for life, e.g. Zn, Cu, Se and iron (Fe), others such as Pb, arsenic
(As), Tl, chromium (Cr) or Cd can be toxic, even at low concentrations
(Fort et al., 2014). Additionally, human exposure rarely occurs in isolation
(Sanders et al., 2015). Regarding their distribution, environmental levels
of trace elements and heavy metals clearly differ from one country or
region to another around the world (Wang et al., 2019a). Each country
with data available has its own report based on large-scale pop-
ulation-based studies, but the results are heterogeneous with respect to
each other. This fact is based on their different socioeconomic status and
demographic indicators, which affect the relevance of each anthropogenic
source (Callan et al., 2013; Lewin et al., 2017). Metals enter the human
body through inhalation, ingestion and skin contact. In fact, the body
burden of metal elements in humans is known to be influenced by dietary
habits, lifestyles and environmental conditions. In Spain, most of the
metals measured in urine samples are similar to those reported in previous
studies worldwide, especially from non-contaminated sites (Forns et al.,
2014; Pérez et al., 2018).

Most of the metals can cross the placental barrier and be transferred to
the foetus, so both pregnant women and foetus are considered a vulner-
able group in terms of exposure (Iyengar and Rapp, 2001). This group of
metals may have adverse impacts on the developing foetus, as they have
an affinity for the same ligands and transporters used by essential metals
(Nazzareno, 2002). Extensive research has been conducted on the effect of
prenatal exposure to metals on children’s health and development, but
most of the studies were based on specific metals in maternal blood
samples (Inadera et al., 2020; Goto et al., 2021; Kobayashi et al., 2019).
Some of this research was carried out within the framework of the INMA —
INfancia y Medio Ambiente (Environment and Childhood) - Project
(http://www.proyectoinma.org/), which is a network of seven birth co-
horts in Spain that aims to study the role that exposure to environmental
pollutants in air, water and diet during pregnancy and childhood plays in
child growth and development (Guxens et al., 2012; Lozano et al., 2020,
2021; Soler-Blasco et al., 2020, 2021).

Therefore, the objective of the present work is to describe the pre-
natal concentrations of metals and metalloids and to study the associ-
ated sociodemographic, environmental and dietary factors in pregnant
Spanish women participant in three of the INMA cohorts.

2. Methods
2.1. Study population

Subjects were participants in the Valencia, Gipuzkoa and Sabadell
cohorts of the INMA Project (Supplemental Figure S1). The study pro-
tocol has been reported elsewhere (Guxens et al., 2012). Briefly, during
the first trimester of pregnancy, 2270 pregnant women were recruited
during their first antenatal visit (2003-2008) in 3 regions of Spain:
Valencia (east, n = 855), Gipuzkoa (north, n = 638) and Sabadell
(north-east, n = 777). Recruitment took place by consecutive sampling
of those women who met the inclusion criteria: >16 years, singleton
pregnancy, non-assisted conception, delivery scheduled at the reference
hospital, and no impairment hindering communication. The study
sample comprised mothers for whom the following metals As, Cd, Co,
Cu, Mo, Ni, Pb, Sb, Se, Tl and Zn had been determined in urine (n =
1346, 59.3 %), at both the first and the third trimesters of gestation.

Analyses were performed to determine any differences between the
population included in the study (considering mothers with double uri-
nary measurements for at least one metal during pregnancy, n = 1346,
59.3 %) and those who were not included (because they had no double
urinary measurements for any metal, n = 924, 40.7 %). Among the par-
ticipants, there was a higher percentage of slightly older mothers with a
higher level of education and social class than in the case of non-
participants. Sociodemographic, dietary and environmental characteris-
tics of both study participants with double urine measures and the pop-
ulation not included in the study are shown in Supplemental Table S1.

Informed consent was obtained from all participants in each phase,
and the study was approved by the hospital ethics committees in the
participating regions.

2.2. Measurements of metals

Concentrations of metals were determined in spot urine samples
(Gaitens et al., 2021) taken at the first (mean [SD] = 13.13 [1.47] weeks
of gestation) and third (mean [SD] = 33.08 [2.13] weeks of gestation)
trimesters of pregnancy.

In the Gipuzkoa and Valencia cohorts, the urine samples were
analysed at the University of Granada as follows: the samples were
kept frozen at —20 °C until the analysis. A calibration curve was pre-
pared in ultrapure water (Milli-Q) with 2 % HNO3 (Merck) and 1 %
HCl (Merck) using appropriate standard metal solutions (Agilent
Technologies). Urine samples were diluted 1:10 in ultrapure water
(Milli-Q) with 2 % HNO3 (Merck) and 1 % HCI (Merck). Appropriate
blanks were analysed to correct the results. The multi-element ana-
lyses were performed on an Agilent 8900 triple quadrupole ICP-MS-MS
(Agilent Technologies, Santa Clara, CA, USA). The instrument was
tuned and performance parameters were checked prior to analysis. To
ensure the quality of the results, a multi-element 400 pg/L internal
standard solution with Sc, Ge, Ir and Rh was added to the samples
online. Furthermore, suitable certified reference materials [National
Institute of Standards and Technology NIST (USA) Trace Elements in
Natural Water Standard Reference Material SRM 1640a and Seronorm
(Sero, Billingstad, Norway) Trace Elements Urine L1 and L2
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(references 210,605 and 210,705 respectively)] were reanalysed
together with a blank and an intermediate calibration standard every
12 samples. Additionally, one in every 12 samples was reanalysed at
the end of each session.

On the other hand, in the Sabadell cohort, urine samples were ana-
lysed at the Institute of Environmental Assessment and Water Research
(Barcelona) by inductively coupled plasma quadruple mass spectrom-
etry (Q-ICP-MS). Prior to instrumental analysis, urine samples were
digested and diluted as follows: 3 mL of urine were introduced in Teflon
vessels together with 3 mL of Instra-Analysed 65 % HNO3 (J.T. Baker,
Germany) and 1.5 mL of Instra-Analysed 30 % H3O, (Baker) and they
were left in an oven at 90 °C overnight. Once all liquid had been
evaporated off, the resulting solid samples were dissolved with 3 mL of
4 % HNO3 dilution, placed in 7 mL glass bottles and subsequently stored
in a refrigerator until instrumental analysis. An internal standard of
indium (10 ppb) was introduced and, depending on the density, samples
were diluted with MilliQ water to 30 mL or 60 mL to prevent spectral
interferences. Q-ICP-MS analysis was performed by an X-SERIES II de-
vice from Thermo Fisher Scientific. One MilliQ water blank was pro-
cessed in each batch of samples to control for possible contamination. A
Bio-Rad Level 1 (Lyphochek Urine Metals Control 1-69131; Marnes-la-
Coquette, France) urine reference was extensively used to evaluate
analytical performance, as it contains metal concentrations close to
those in the urine samples from the study cohort. This reference material
provided certified values for As, Cd, Co, Cr, Cu, Mn, Ni, Pb, Sb, Tl, Zn and
Se. Prior to digestion, the lyophilized reference urine samples were
reconstituted with 25 mL of MilliQ water as recommended by the
manufacturer. One aliquot of this standard was analysed within each
batch of samples as a control. The instrumental limit of detection (LOD)
for most metals was 0.2 ng/mL except in the case of Cu, Mo and Zn, in
which it was 1.0, 2.0 and 2.5 ng/mL.

Concentrations below the LOD obtained from both laboratories were
replaced with the LOD divided by 2 for analysis. Limits of detection
(LOD) are reported in Supplemental Table S2 for each element.

2.3. Measure of creatinine

Creatinine concentrations were also measured in the same urine
samples at the first and third trimesters of pregnancy by DRI® Creati-
nine-Detected® Test using AV680 from Beckman Coulter. Urinary metal
concentrations were expressed for descriptive purposes in pg/g of
creatinine to control for differences in urine dilution.

2.4. Sociodemographic covariates

Women filled in two questionnaires during their pregnancy, at the
first trimester (mean [SD] = 13.21 [1.58] weeks of gestation) and at the
third trimester (mean [SD] = 32.3 [2.21] weeks of gestation). The
questionnaires were administered by trained interviewers and focused
on sociodemographic, environmental and lifestyle information during
pregnancy. The maternal covariates used in this study were age (years),
body mass index (BMI) (kg/mz), country of birth (Spain, Latin America,
other), education level (up to primary, secondary, university), parity (O,
1, >2), type of zone of residence (urban, semi-urban, rural), working
during pregnancy (yes/no), smoking before pregnancy (yes/no), smok-
ing during pregnancy (yes/no) and passive exposure to tobacco smoke
(yes/no).

We defined parental social class from the parental occupation during
pregnancy according to a widely used Spanish adaptation of the Inter-
national Standard Classification of Occupations coding system
(ISCO88). Class I + II included managerial jobs, technical staff and
commercial managers; Class III included skilled non-manual workers;
and class IV + V included manual and unskilled workers (Domi-
ngo-Salvany et al., 2013).
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2.5. Dietary covariates

Information on diet during pregnancy was obtained from a semi-
quantitative food frequency questionnaire (FFQ) at the first and third
trimester. This FFQ was validated in the Valencia cohort with good
reproducibility for nutrient and food intake (Vioque et al., 2013). We
obtained data (expressed as the mean of the daily servings registered in
both trimesters) on the intake of dairy products, eggs, meat (including
red and white meat categories), seafood (including lean fish, oily fish
and others), fruit, vegetables, legumes, nuts, potatoes, cereals and pasta,
bread, sweets, beverages with and without alcohol, coffee and other
infusions (such as tea), animal and vegetal fats, processed food and
dressings (see Supplemental Table S1). Estimates on daily caloric intake
were derived from the FFQ.

2.6. Environmental covariates

Exposure to environmental pollutants was assessed by analysing
outdoor exposures based on the home address for the period of preg-
nancy. Some of these variables were collected through questionnaires at
the third trimester of pregnancy and include the proximity to a street
with traffic (metres), the frequency with which cars pass near the house
(constantly, frequently, rarely, never), the frequency with which heavy
traffic passes near the house (constantly, frequently, rarely, never), and
the proximity to a greenhouse (yes/no), to a crop field (yes/no) or to
industrial activity (yes/no).

Percentages of agricultural areas, semi-natural areas and wetlands in
use, urban fabric land use and green urban areas, and sports and outdoor
leisure facilities near the house were obtained within a buffer area of
300 m for each geocode. Land use information was obtained from the
Urban Atlas database for the period 2006-2012, except for INMA
Gipuzkoa, where local data from the European Nature Information
System (EUNIS) was used in 2009.

Prenatal exposure to air pollutants including particulate matter (<2.5
pm in diameter, PMys, pg/m>) and nitrogen dioxide (NO;) was also
measured following the methodology explained in previous INMA studies
(Lertxundi et al., 2019; Iniguez et al., 2009). Land-use regression (LUR)
was employed to predict NO, and PM; 5 levels at the women’s residential
addresses using the information from empirical measures and Geograph-
ical Information Systems data (altitude, distance to roads, traffic and land
uses). Estimations of the women’s PM; 5 exposures during pregnancy
followed different procedures in each cohort. In the case of Gipuzkoa,
daily PMy5 levels were measured at seven sites in the study area
throughout the whole period of the pregnancies. In the case of Sabadell,
PM, 5 measurements were taken 3 times a day for 14 days in different
seasons in 2009. In the case of Valencia, PM, 5 measurements were taken
five times in five different months (twice in the summer and once in each
of the other seasons) at four monitoring sites between April 2004 and June
2005, coinciding with the pregnancy of the participating women.

2.7. Statistical analysis

Basic descriptive statistics were calculated for each metal overall, each
weekly measure and by participant characteristics. Metal concentrations
in linear regressions were adjusted for creatinine, week of measure and
cohort in all cases. The distributions of urinary metal concentrations were
skewed and, for further analyses, they were log-transformed to approach
normality (Supplemental Figure S2). Paired t-tests were used to assess
differences between concentrations adjusted for creatinine measured at
the first and third trimesters of pregnancy. The ANOVA F-test was applied
to compare the mean of the metal concentrations across categories of the
study population’s categorical characteristics. Correlations between the
log2-logarithms and continuous population characteristics, as well as
among metals, were assessed by the Pearson test, adjusting for creatinine
(average of both measures), week of measure and cohort. Differences
between included and non-included participants in terms of socio-
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Fig. 1. Correlations among log2-transfomed urinary metal concentrations
measured during pregnancy, calculated by the mean of the first and third
trimester measures. INMA Project (Spain, 2003-2008).

metals at the first and third trimesters of gestation separately. At the first
trimester of gestation the most correlated groups of metals were: (1) Cd-
Cu-Ni-Pb; and (2) Se-Tl-Zn. At the third trimester, correlations were
higher among: (1) Cd-Ni-Pb; and (2) Cu-Mo-Se-Zn (Pearson correlation
coefficients >0.20 and p < 0.05 in all cases). Correlations between the
two measures were also calculated (Supplemental Figure S4). Overall,
correlations between the two measures of metals were low, except for Cd
(Pearson coefficient = 0.41).

PCA with varimax normalized rotation pointed to 4 optimal principal
rotated components (RC) by using non-graphical solutions for Cattell’s
scree test (Raiche et al., 2013), which explained 57 % of the total variance
(Supplemental Figure S5). PCA clustered the metals to each RC as follows
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(Briffa et al., 2020): RC1: Co-Cu-Ni (16 %) (Peters et al., 2016); RC2:
Sb-Tl-Zn (14 %) (Nordberg et al., 2014); RC3: As-Se (13 %); and (Fort
et al., 2014) RC4: Cd-Mo-Pb (14 %) (see Supplemental Table S4).

Independent multivariate linear regressions between levels of metals
measured in maternal urine and sociodemographic, dietary and envi-
ronmental factors were plotted grouped on the basis of this PCA clus-
tering (Figs. 2-5) in order to assess similarities among them. Results
according to the clustering are presented as follows (only significant
covariates are indicated in the text):

3.3. Multivariate analyses

3.3.1. Cobalt-copper-nickel

Results for the Co, Cu and Ni multivariate models can be seen in
Fig. 2. Co concentrations were significantly lower in Latin American
mothers and higher in those from the Valencia and Sabadell cohorts.
However, Ni showed lower levels in the Valencia cohort but higher in
Sabadell, compared to Gipuzkoa. Women from Sabadell presented the
lowest concentrations for Cu but the highest for Co and Ni (p-value
<0.001 in all cases). Increased parity was positively associated with Co
and Ni concentrations (p [95%CI], p-value: 0.34 [0.15, 0.54] and 0.19
[0.02, 0.37], <0.001, respectively). Smoking during pregnancy
increased Ni levels (0.14 [0.05, 0.24], 0.003) but decreased Co con-
centrations (—0.12 [-0.23, —0.02], 0.022). Regarding dietary habits, the
intake of nuts increased Ni concentrations (0.59 [0.05, 1.13], 0.033) but
the consumption of alcoholic drinks significantly decreased them
(—0.52[-0.94, —0.09], 0.018). White meat was associated with lower Co
levels (—0.30 [-0.54, —0.05], 0.016). On the other hand, the proximity
of the house to a greenhouse decreased Ni concentrations (—0.33 [-0.51,
—0.16], <0.001), proximity to both crop fields and industrial activity
reduced Co levels (—0.12 [-0.22, —0.02], 0.022 and —0.13 [-0.24,
—0.03], 0.015, respectively) and proximity to agricultural areas lowered
the levels of Cu (-0.10 [-0.19, —0.01], 0.030).

3.3.2. Antimony-thallium-ginc

Fig. 3 shows the multivariate models for Sb, Tl and Zn. Latin
American women showed higher levels of Tl and Valencian mothers had
lower concentrations. Zn was directly related to the Valencia cohort but
inversely related to the Sabadell cohort (p-value <0.001 in all cases). Zn
was also lower in non-rural zones (f [95%CI], p-value: —0.21 [-0.39,
—0.03], 0.019, and —0.18 [-0.35, —0.01], 0.036, for urban and semi-
urban areas, respectively). Smokers and women belonging to the
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Fig. 2. Estimated effects of sociodemographic, dietary and environmental factors on cobalt, copper and nickel concentrations, in the linear regression analyses. INMA

Project (Spain, 2003-2008).
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Fig. 3. Estimated effects of sociodemographic, dietary and environmental factors on antimony, thallium and zinc concentrations, in the linear regression analyses.
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Fig. 4. Estimated effects of sociodemographic, dietary and environmental factors on arsenic and selenium concentrations, in the linear regression analyses. INMA

Project (Gipuzkoa, Sabadell and Valencia. Spain. 2003-2008).

lowest social class presented higher Zn concentrations (0.22 [0.13,
0.32], <0.001 and 0.11 [0.03, 0.2], 0.008, respectively). Dietary habits
affected these metals in several ways. Red meat consumption was
associated with higher Zn concentrations (0.25 [0.1, 0.39], 0.001) but
this metal showed an inverse relationship with the intake of oily fish
(—-0.21 [-0.35, —0.07], 0.003) and to a lesser extent with the con-
sumption of fruits and tea and coffee. Lean fish intake decreased Tl levels
but the consumption of dressings increased them. On the other hand, Sb
levels increased with the consumption of processed foods (0.18 [0.08,
0.29], 0.001) but exhibited a slight decrease with vegetal oil intake.
Finally, particulate matter levels were related to Tl concentrations (0.45
[0.23, 0.68], <0.001).

3.3.3. Arsenic-selenium

The results of the As and Se multivariate models are shown in Fig. 4.
Lower As and Se concentrations were found in foreign women (p-values
= 0.001). As levels were also lower in mothers from the Sabadell cohort
(B [95%CI], p-value: —0.42 [-0.61, —0.23], <0.001) and in those who

live in non-rural areas (—0.48 [-0.79, —0.16], 0.003, and —0.51 [-0.81,
—0.21], 0.001, for urban and semi-urban zones, respectively), and
inversely associated with their BMI (—0.12 [-0.19, —0.04], 0.002). In
contrast, As levels slightly increased with age (0.10 [0.01, 0.18], 0.021).
Consumption of all types of seafood was associated with higher As
concentrations (0.99 [0.7, 1.29], <0.001, for lean fish; 0.39 [0.13,
0.66], 0.004, for oily fish; and 1.89 [1.23, 2.55], <0.001, for other fish)
but only oily fish was related to Se (0.12 [0.01, 0.23], 0.032). Se levels
were also increased with red meat consumption (0.14 [0.02, 0.25],
0.019). Both metals showed a slight decrease in their concentrations
with increasing intake of non-alcoholic drinks. Regarding environ-
mental factors, the levels of particulate matter were related to As con-
centrations (0.51 [0.2, 0.82], 0.001).

3.3.4. Cadmium-molybdenum-lead

Fig. 5 presents the results for the multivariate models for the cluster
Cd-Mo-Pb. Higher levels of Pb were found in women from the Sabadell
cohort (B [95%CI], p-value: 1.43 [1.3, 1.57], <0.001), smokers (0.48
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Fig. 5. Estimated effects of sociodemographic, dietary and environmental factors on cadmium, molybdenum and lead concentrations, in the linear regression an-

alyses. INMA Project (Gipuzkoa, Sabadell and Valencia. Spain. 2003-2008).

[0.35, 0.62], <0.001) and who gave birth >2 times (0.32 [0.11, 0.52],
0.002). Moreover, Latin American women and those who participated in
the Sabadell cohort had significantly higher levels of Cd (0.46 [0.27,
0.66], <0.001, and 1.18 [1.05, 1.31], <0.001), respectively). Smoking
habit was also significantly associated with increasing Cd concentrations
(0.38 [0.22, 0.54], <0.001). In addition, women from Sabadell also had
higher levels of Mo (0.12 [0.04, 0.2], 0.005). Regarding dietary habits,
the intake of potatoes was associated with increasing Cd concentrations
(0.19 [0.05, 0.34)] 0.008) and the intake of bread was associated with
increasing Mo. In addition, the consumption of nuts displayed an inverse
relationship with Pb levels (—0.80 [-1.45, —0.15], 0.015), as did alco-
holic drinks with Mo (—0.44 [-0.77, —0.11], 0.009). Furthermore,
proximity to a greenhouse and prenatal exposure to particulate matter

were related to increasing levels of Pb (0.41 [0.21, 0.61], <0.001 and
0.61 [0.36, 0.85], <0.001, respectively).

4. Discussion

In this Spanish birth cohort study, we have analysed different metal
and metalloid concentrations at two different time points during preg-
nancy, namely, the first and the third trimester of gestation. All the
metals and metalloids were detected being the most detected com-
pounds As, Co, Mo, Sb, Se and Zn at both trimesters. Zn was the element
found in the highest concentrations at both trimesters and Tl was
detected in the lowest concentrations. We also studied the factors
associated with the metal and metalloid concentrations and observed

Table 2
Urinary metal(loid) concentrations in pregnant women in the present and previously published studies.
Country Sample Years Descriptive”  As Ccd Co Cu Mo Ni Pb Sb Se Tl Zn
size
Present study Spain 1346 2004-2008 GM 34.43 0.23 0.52 7.18 38.80 1.27 1.14 0.35 17.09 0.17 305.18
Callan et al., 2013 Australia 157 2008-2011 Median 13.20 1.20 10.40 2.30 396.00
Hinwood et al., Australia 173 2008-2011 Median 0.66 0.55 <0.25 0.29
2015
Wai et al., 2018 Burma 409 2016 Median 55.30  0.60 1.30
Wang et al., 2019 China 7359 2012-2014 GM 15.01 0.31 1.81 8.98 0.27 248.78
Wang et al., 2020 China 389 2014-2015  Median 17.86  0.44 12.75
Wu et al., 2020 China 244 2014-2015 Median 26.38 0.85 0.58 18.35 8.14 0.44
Dereumeaux France 990 2011 GM 11.04 0.12 0.85 1.38
et al., 2016
Shirai et al., 2010 Japan 78 2007-2008 GM 76.90 0.77 12.80 79.00 0.48 393.00
Lewis et al., 2018 Mexico 212 1997-2004 GM 13.80 0.18 1.20 17.30 9.50 2.90 288.00
Birgisdottir et al., Norway 174 2003 Median 79.60 0.16
2013
Ashrap et al., Puerto 1285 2011-2017 GM 10.90 0.12 1.00 14.00 58.90 5.40 0.25 0.09 266.00
2020 Rico
Bocca et al., 2020 Spain 49 2016-2017  Median 20.00 0.70 0.90 16.00 1.70  1.20 21.00 383.00
Bommarito et al., USA 390 2006-2008 Median 17.90 0.08 8.96 51.30 2.84 0.35 37.00 0.13 242.00
2019
Cowell et al., 2020 USA 100 2011 Mean 11.45 0.16 1.46 0.45
Jain et al., 2013 USA 1565 2003-2010 GM 0.45 43.84 0.43 0.07 0.16
Kalloo et al., 2018 USA 389 2003-2006 GM 5.30 0.20 0.70
Kim et al., 2020 USA 130 2006-2008 Median 18.00 0.08 9.08 51.30 2.84 0.35 37.20 0.13 367.50
Wang et al., 2019 USA 1335 1999-2000 GM 14.20 0.43 0.61 9.74 40.70 3.70 0.84 0.09 1.07 0.12 270.00
Watson et al., USA 404 1999-2016 GM 8.77 0.15 0.60 49.30 0.52 0.08 0.17
2020

GM: geometric mean.

# Unadjusted values. Concentrations from studies in other units were transformed to pg/L.
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significant associations with some sociodemographic (working situa-
tion, social class, age), lifestyle (smoking and alcohol consumption),
dietary (intake of seafood, meat, fruits, nuts, vegetables) and environ-
mental (proximity to industrial areas, fields and greenhouses, traffic
density and air pollution) variables.

For most of the metals measured in urine, there are no established
reference values for pregnant women. However, the urine concentra-
tions of metals and metalloids in the present study and in previous
studies conducted on pregnant women have been compared (Table 2).

4.1. Arsenic

The concentrations of total As observed in our study population were
higher than those found in pregnant women from Australia (Callan et al.,
2013), China (Wang et al., 2019a, 2020; Wu et al., 2020), France
(Dereumeaux et al., 2016), Mexico (Lewis et al., 2018), Puerto Rico
(Ashrap et al., 2020), USA (Bommarito et al., 2019; Cowell et al., 2020;
Hoover et al., 2020; Watson et al., 2020; Jain, 2013; Kalloo et al., 2018;
Kim et al., 2020) and those from the HEALS-EXHES Spanish cohort
(Bocca et al., 2020). Among the studies reviewed, only pregnant women
from Burma (Wai et al., 2018), Japan (Shirai et al., 2010) and Norway
(Birgisdottir et al., 2013) presented higher levels of As than our study
population (Table 2).

As it is excreted relatively rapidly via urine, in fact, urinary con-
centration of As is usually used as an indicator of recent exposure
(Soler-Blasco et al., 2021). Reference levels of arsenic in the urine from
the general population appear to be in the range of 5-50 pg/L (Nordberg
et al.,, 2014). Among the studies reviewed, only those conducted on
populations from Burma (Wai et al., 2018), Japan (Shirai et al., 2010)
and Norway (Birgisdottir et al., 2013) showed a median or GM of As
above this range.

As concentrations in our study were directly associated with
maternal seafood consumption as a main dietary predictor factor. The
main form of As present in seafood is the organic one, arsenobetaine
(Hackethal et al., 2021). Maternal urinary As has been also associated
with seafood intake in previous studies (Callan et al., 2013; Ashrap et al.,
2020). Another factor related to maternal As concentrations in our study
was the particulate matter levels, which according to previous studies
carried out on particulate matter speciation in outdoor and indoor en-
vironments is mainly due to mineral matter resuspension (Rivas et al.,
2014; Mao et al., 2020). Other maternal characteristics associated with
the total As concentrations were country of birth, location, BMI before
pregnancy, age, parity and zone of residence. Non-Spanish women,
those participating in the Sabadell cohort, women with lower BMI,
younger, with higher parity and living in the semi-urban and urban
zones had lower urinary As concentrations. Other studies also showed
some of these relationships. Thus, in a study from the USA, an inverse
association between As and maternal BMI and a direct association with
seafood and low-fat yogurt intake were observed (Osorio-Yanez et al.,
2018). In China, a direct association was also found between maternal
urinary As concentrations and increasing age and BMI, passive smoking
during pregnancy and doing exercise (Wang et al., 2019a).

Arsenobetaine has been found to be the arsenic form in the highest
concentrations in our population (Soler-Blasco et al., 2021). Arsen-
obetaine and other organic As forms, such as arsenosugars and arsen-
olipids, are generally considered less toxic than inorganic As (Soler-Blasco
et al., 2021), although in vitro studies have revealed cytotoxic effects of
certain arsenic-containing hydrocarbons (Bornhorst et al., 2020).

4.2. Cadmium

Cadmium concentrations in our population were higher than in
pregnant women from France (Dereumeaux et al., 2016), Mexico (Lewis
et al., 2018), Norway (Birgisdottir et al., 2013), Puerto Rico (Ashrap
et al., 2020) and most of the USA studies (Bommarito et al., 2019;
Cowell et al., 2020; Watson et al., 2020; Kalloo et al., 2018; Kim et al.,
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2020). Nevertheless, they were lower than in pregnant women from
Australia (Hinwood et al., 2015), Burma (Wai et al., 2018), China (Wang
et al., 2019a, 2020; Wu et al., 2020), Japan (Shirai et al., 2010), the
Spanish study (Bocca et al., 2020) and one of the studies from the USA
(Wang et al., 2019b) (Table 2).

Both urine and blood are useful matrices for detecting exposures, as
blood Cd primarily reflects recent exposure and urine Cd represents
long-term exposure (Sanders et al., 2015). In urine, reference levels
would vary with age, area and smoking habits, but they are generally
<1 pg/g creatinine. Cd concentrations observed in our population were
all below this level (Nordberg et al., 2014).

In our study, urinary Cd concentrations were higher in women who
were smokers or ex-smokers with respect to non-smokers. This associ-
ation with ex-smokers could indicate the long half-life of this compound
in the body; Cd can be accumulated for around 10-30 years in muscle,
bone, kidney and liver (Nordberg et al., 2014). Other factors associated
with Cd concentrations were increasing maternal age, the intake of
potatoes, and country of birth (non-Spanish women had higher Cd
concentrations). The positive association between urinary Cd and age
has been supported by previous studies (Ashrap et al., 2020; Wang et al.,
2019b; Gil and Hernandez, 2015). Additionally, the European Food
Safety Agency (EFSA) analysed the occurrence of Cd in different food-
stuffs and found that potatoes were one of the highest dietary contrib-
utors to the Cd body burden (European Food Safety Authority, 2009).

Maternal Cd accumulates mainly in the placenta with partially direct
transfer to the foetus; however, maternal blood Cd concentrations have
been inversely associated with children’s IQ assessed at 60 months of
age in a birth cohort in Korea (Cheng et al., 2017). Additionally, in a
mother-child cohort study in rural Bangladesh, maternal urinary Cd was
associated with hyperactivity assessed at 10 years of age (Gustin et al.,
2018). Foetus can also be affected indirectly; the placental cadmium
accumulation could interfere with placental transport of key micro-
nutrients and disrupt foetal growth and development (Zhao et al., 2020;
Cheng et al., 2017).

4.3. Lead

Pb concentrations in our population were found to be lower than
those observed in the studies conducted on pregnant Burmese (Wai
et al., 2018), Chinese (Wang et al., 2019a) and Japanese (Shirai et al.,
2010) women (Table 2). This fact could be explained by the ban on Pb in
petrol in Spain as of 2001 (Llop et al., 2013).

Urinary Pb has been used in the biological monitoring of lead, but
only to a limited extent (Tsaih et al., 2001). Although there is an asso-
ciation between Pb concentrations in urine and blood, the variation is
too large to allow prediction of individual blood Pb from a urinary Pb
concentration. Pb concentration in blood is considered more suitable for
biomonitoring than in urine because it reflects the combination of
exposure during the previous months and exposure over the past few
years (Nordberg et al., 2014). Due to negative feedback regulation, Pb
exposure causes an increase in aminolevulinic acid (ALA) in various
tissues and in plasma, and consequently excretion of ALA in urine is
elevated, and has been proposed as a suitable alternative to detect Pb
exposure (Sakai, 2000).

Urinary Pb concentrations in our study were associated with the
proximity of the dwelling to a greenhouse and the particulate matter
concentrations. Similarly to As, Pb has also been detected in particulate
matter measured in outdoor and indoor environments, associated with
mineral matter resuspension (Rivas et al., 2014; Li et al., 2009). Other
factors associated with urinary Pb concentrations were smoking during
pregnancy and increasing parity. These two factors were also found to be
related to maternal lead levels in Puerto Rico (Ashrap et al., 2020) and
USA (Jain, 2013).

Although the Pb levels in populations around the world have
decreased due to the phasing out of leaded petrol, there is still a debate
about the lead concentrations considered to be safe for humans (Shefa
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and Héroux, 2017). Early exposure to Pb has been related to adverse
effects on children’s cognitive and behavioural development (Grandjean
and Landrigan, 2006).

4.4. Other non-essential metals and metalloids: nickel, antimony,
thallium

Our population presented the lowest concentrations of Ni of those
reviewed. Urinary Ni concentrations were positively associated with the
intake of sweets and nuts. Similarly, urinary Ni was positively associated
with the intake of nuts, hazelnut spread and chocolate among 3- to 14-
year-old German children (Wilhelm et al., 2013). Sweet cakes, pastries
and nuts were the foodstuffs that were found to have the highest Ni
concentrations in a total diet study conducted in Spain (Gonzalez-Weller
et al., 2012). Moreover, smoking before pregnancy has been associated
with urinary Ni concentrations in the present study. This relationship is
well known, since tobacco has been shown to be a considerable source of
Ni (Stojanovic et al., 2004). The adverse effects of early exposure to Ni
have not been explored in depth. Nevertheless, some evidence of a
negative association between prenatal exposure to Ni and birth weight
has been observed (Sun et al., 2018; McDermott et al., 2015), although
further studies are needed to confirm it. Additionally, Ni has been seen
to interfere with TLR4 receptors resulting in toxic effects in broilers that
could affect their mucosal innate immunity (Wu et al., 2014).

The Sb concentrations observed in our study were higher than in the
other studies reviewed. Urine is considered the most reliable biological
medium for testing Sb, as it is indicative of recent exposure due to its
elimination half-life of 95 h; this characteristic appears to be greater for
pentavalent Sb than for trivalent compounds (Centre for Disease Control
and Prevention (CDC), 2013). Regarding the associated factors, we
observed a positive association between urinary Sb concentrations and
the intake of processed food, dressings and red meat. Sb is usually found
in the composition of polyethylene terephthalate (PET) food packaging
(Jiang et al., 2010) and migration of this compound from this type of
plastic to food has been reported (Haldimann et al., 2013).

Levels of Tl in the present study were similar to those found in the
USA studies (Bommarito et al., 2019; Jain, 2013; Kim et al., 2020; Wang
et al., 2019b) and lower than the levels observed in China and Australia
(Wu et al., 2020; Hinwood et al., 2015; Wang et al., 2019b) (Table 2).
The WHO Task Force (WHO task force, 1996) considered that exposures
leading to urinary Tl concentrations of <5 pg/L are unlikely to cause
adverse health effects. Urinary samples have shown reliable biomarkers
of Tl status (Hinwood et al., 2015).

In the present study, urinary Tl concentrations were positively
associated with particulate matter concentrations and the proximity of
the residence to a street with traffic. Tl is widely, but sparingly,
distributed around the world, although the most important sources of Tl
exposure in the general population are air emissions from coal-burning
power plants and smelters. Tl is also found in fossil fuels (Nordberg et al.,
2014). It is excreted in both animals and humans by the kidneys and
intestine, and to a small extent through the hair and in milk. It can also
cross the placental barrier. The number of epidemiological studies that
assess the health effects associated to Tl exposure during childhood is
still limited. However, prenatal Tl has recently been linked to preterm
delivery (Karakis et al., 2021), ADHD symptoms (Tong et al., 2020), a
delay in postnatal growth (Qi et al., 2019), shortened neonatal telomere
length (Wu et al., 2021) and reduced mitochondrial DNA copy number
(Wu et al., 2019). Although the literature is still scarce, the study of the
early health effects of thallium exposure seems to be an emerging topic
in Environmental Epidemiology.

4.5. Essential metals or metalloids: cobalt, copper, molybdenum, selenium
and zinc

Urinary Co concentrations in our population were low and only
slightly higher than in one of the USA studies (Jain, 2013). Increased
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parity and decreased BMI before pregnancy were associated with higher
Co concentrations. This inverse association between Co concentrations
and the participant’s BMI has also been reported in a prospective study
of US women (Niehoff et al., 2020) and among pregnant women from
Puerto Rico (Ashrap et al.,, 2020). Regarding Cu, concentrations
observed in our population were the lowest among those observed in
pregnant women in all the studies reviewed. In the present study, Cu
levels were lower among mothers who worked during pregnancy, those
from the Sabadell cohort, those who drank alcohol during pregnancy,
and those who lived near an agricultural area. Other studies observing
these specific relationships have not been found. The main contributor
to the amount of Cu in the body is the diet; however, we did not observe
any significant association with any of the foodstuffs. Urinary Co and Cu
levels have been shown to reflect recent exposure (Agency for Toxic
Substances and Disease Registry, 2004). Despite the fact that only 2 % of
Cu is excreted in urine (Wijmenga and Klomp, 2004), the amount
excreted is directly related to the internal dose and can therefore be a
useful exposure biomarker (Nordberg et al., 2014).

Urinary Mo levels in our study were similar to those observed in
pregnant women from the USA (Watson et al., 2020; Jain, 2013; Kim
et al., 2020; Wang et al., 2019b), lower than in pregnant women from
Japan (Shirai et al., 2010) and Puerto Rico (Ashrap et al., 2020), and
higher than in pregnant women from Mexico (Lewis et al., 2018). Uri-
nary Mo is mostly an indicator of long-term exposure, with urine being
the primary route of excretion (Turnlund et al., 1995). Mo concentra-
tions in our study were associated with decreased BMI and with bread
consumption. The main route of exposure to Mo in the general popu-
lation is the diet, especially the intake of cereals and dairy products
(Nordberg et al., 2014). Positive relationships between Mo concentra-
tions and foodstuff intakes have previously been reported with seafood
and rice (Wang et al., 2019a), as well as insoluble fibre and low-fat
yogurt in women who also displayed an inverse association between
BMI and Mo levels (Osorio-Yanez et al., 2018).

Few studies have reported urinary Se concentrations among preg-
nant women. Levels observed in our study were quite similar to those
found in Spain (Bocca et al., 2020) but higher than in all the Chinese
studies (Wang et al., 2019a, 2019b; Wu et al., 2020) and lower than most
of the USA studies that reported Se levels (Bommarito et al., 2019; Kim
et al., 2020). Urinary Se is an indicator of short-term exposure and
studies have shown a correlation between dietary Se intake, the primary
route of human exposure, and daily urinary excretion (Hays et al., 2014;
Sanz Alaejos and Diaz Romero, 1993).

The factors associated with urinary Se in our study were the levels of
particulate matter, the intake of seafood, living in a semi-urban and
urban zone, increased age, decreased BMI before pregnancy, and being
born in Latin America. Up to 90 % of the Se content in ambient air is
emitted during the burning of fossil fuels and bound to fly ash and to
suspended particles (Nordberg et al., 2014). However, the main source
of Se exposure in the general population is diet, with cereals, meat,
seafood, eggs and milk/dairy products being the main dietary sources
(Rayman, 2012). Urinary Se concentrations were also associated with
seafood consumption in the previous Spanish study (Bocca et al., 2020),
but the rest of the studies with Se data reviewed only associated the
metal with passive smoking and the intake of multivitamins (Wang
et al., 2019a).

Urinary Zn concentrations varied from one study to another. We
found levels that were higher than China (Wang et al., 2019a), Mexico
(Lewis et al., 2018) and Puerto Rico (Ashrap et al., 2020), and lower
than those in Australia (Callan et al., 2013), Japan (Shirai et al., 2010)
and the previous Spanish study (Bocca et al., 2020). Urinary samples
have been shown to be reliable biomarkers of Zn status (Lowe et al.,
2009). The determinants of higher Zn concentrations in our study pop-
ulation were the intake of red meat, lower social class, smoking during
pregnancy, living in a rural zone and belonging to the Valencia cohort.
The intake of meat is considered the main dietary contributor to Zn
concentrations in developed countries (Nordberg et al., 2014). Only the
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relationship with the smoking habit has been found previously (Wang
et al., 2019a).

Most of these essential elements play an important role in human
health and metabolism. For instance, Se plays a key role in several major
metabolic pathways such as thyroid hormone metabolism, antioxidant
defence systems and immune functions (Rayman, 2012). It is incorpo-
rated into selenoproteins in the form of selenocysteine and is funda-
mental for their functioning (Bellinger et al., 2009). Cu is a transition
metal involved in numerous biological processes such as cellular respi-
ration, antioxidant defence, connective tissue formation, neurotrans-
mitter biosynthesis, peptide hormone maturation, pigmentation,
keratinization and iron homeostasis (Uriu-Adams et al., 2010). Co is
essential to mammals in the form of cobalamin (vitamin B12). Zn is an
essential component of proteins including antioxidant enzymes, metal-
loenzymes, zinc-binding factors and transporters. These are required for
biological processes including carbohydrate and protein metabolism,
DNA and RNA synthesis, cellular replication and differentiation, and
hormone regulation (Nordberg et al., 2014). However, some studies
have shown an association between them and negative aspects of chil-
dren’s health and development. For instance, increasing prenatal levels
of Se have been associated with lower head circumference and lower
gestational age (Lozano et al., 2020) in our study population. Addi-
tionally, we observed that the relationship between prenatal Se and
children’s cognitive development at 14 months (Amoros et al., 2018)
and 5 years of age (Amoros et al., 2019) was inverted U-shaped, so both
low and high Se concentrations seem to have deleterious effects on
neuropsychological development. We also observed a negative associ-
ation between prenatal serum levels of Cu and children’s neuropsy-
chological development (Amoros et al., 2019). Zn deficiency during
pregnancy has been associated with an increment in the risk of maternal
and neonate morbidity and mortality (Wilson et al., 2016). However, an
excessive intake of zinc can have the adverse effect of suppressing Cu
absorption (Fassier et al., 2019). Very few epidemiological studies have
evaluated the association between maternal levels of Co and child
development. A case control study conducted in China suggested that
the occurrence of congenital heart defects at birth may be associated
with cobalt exposure during pregnancy (Zhang et al., 2020). Another
study conducted in the USA observed that placental levels of Co were
associated with an increase in newborns’ weight, but with a non-linear
shape, a turning point for the association being observed at about 0.011
pg/L (Mikelson et al., 2019).

4.6. Metal relationships

We calculated both correlations and principal components with the
metals and metalloids in order to study the possible relationship be-
tween them. Some of the results coincided between the two analyses.
Firstly, a high correlation between Co and Ni was observed, both ele-
ments being clustered in the first component. Also, a high correlation
between Cd and Pb was seen, both of them being clustered in the fourth
component. And finally, As and Se were highly correlated and clustered
in the fourth component.

Cd and Pb have been found to be correlated or clustered in previous
studies (Ashrap et al., 2020; Wang et al., 2019b; Kim et al., 2019). Cd
and Pb are found together in ores in relatively high concentrations. In
fact, Cd is obtained as a by-product of the refining of zinc and other
metals, particularly Cu and Pb (Nordberg et al., 2014). In our study
population, women who smoked and those who belonged to the
Sabadell cohort had higher levels of both elements. Co-exposure to
both metals has been associated with renal dysfunction (Chen et al.,
2019).

Urinary Co and Ni was also found to be correlated in the study
conducted with midlife women in USA (Wang et al., 2019b). Both metals
have been found together in ores and in industrial sources, such as
metallurgy or battery production (Nordberg et al., 2014). The most
important associated factor shared by these two elements in our study
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population is the cohort of origin, women from Sabadell being the ones
who presented higher co-exposure.

Finally, As and Se have been found to be correlated and clustered in
our population, with oily fish consumption as the main shared source.
The organic form of As is the most present in seafood (Hackethal et al.,
2021), although it is considered the less toxic one. Due to the high
seafood consumption in this population (mean of 5.04 servings per
week), we can assume that most of the total As observed is the organic
one, arsenobetaine (Soler-Blasco et al., 2021). Another study conducted
on a Mediterranean population observed a moderate but significant
correlation between As and Se measured in cord blood, and both bio-
markers were also correlated with maternal seafood consumption
(Miklavcic et al., 2013). Antagonistic effects or mutual detoxification
between As and Se have also been confirmed in many animal species,
including humans (Levander, 1977; Zeng et al., 2005).

4.7. Strengths and limitations

This is the first large prospective study that includes several
Spanish birth cohorts, which provides a unique opportunity to char-
acterize exposure to metal(loid)s in this population. Few studies have
assessed exposure to multiple metal(loid)s among pregnant women.
The study design allows for repeated collection of urine samples and
questionnaire data to account for the varying levels of exposure during
pregnancy. We measured a large panel of metal(loid)s, which helps to
inform about their relationships in future epidemiological analyses.
Nevertheless, the study does have some limitations: 1) the metal(oid)
concentrations were obtained from two laboratories using different
analytical methods and materials, which limited the metal(loid)
availability in all three cohorts and could affect the reproducibility of
our results regarding low concentrations; and 2) the lack of con-
founding for multivitamin supplements could have caused a bias in
some results. Some studies have shown associations between multi-
vitamin supplements intake and urinary metal(iod)s levels. Thus, Mo
and Sb concentrations have been positively related to folic acid and
iron supplements (Ashrap et al., 2020), and lower urinary Cd, Se, Tl
and Zn levels with folic acid supplementation (34, 41, 50,99), which is
likely to be caused by decreased intestinal absorption (99). On the
other hand, urinary Cd and Se concentrations have been shown to be
increased in pregnant women taking multivitamin supplementation
(Bocca et al., 2020). The possible explanation may be the fact that the
bioavailability of Se increases with a diet rich in protein and vitamins
(mainly A, C and E); it also stimulates the immune system and acts
antagonistically to certain heavy metals (100).

5. Conclusions

This is the first large prospective birth cohort study on the exposure
to metals and metalloids and associated factors among pregnant women
from several regions of Spain. We analysed different metals and metal-
loids at two different time points during pregnancy, namely, at the first
and the third trimester of gestation. We observed that the levels for most
of them were not correlated between measures. This fact could indicate
differences in metabolism throughout pregnancy, and thus only a spot
urine measure of metals may not be a reliable biomarker of exposure to
metals and metalloids for the whole pregnancy. We observed significant
associations between As, Cd, Co, Cu, Mo, Ni, Pb, Sb, Se, Tl and Zn urine
concentrations and some sociodemographic (working situation, social
class, age), lifestyle (smoking and alcohol consumption), dietary (sea-
food, meat, fruits, nuts, vegetables) and environmental (proximity to
industrial areas, fields and greenhouses, traffic density, and air pollu-
tion) variables. The present study shows that some modifiable lifestyles,
food intakes and environmental factors could be associated with pre-
natal exposure to metal(loid)s, which may be considered in further
studies to assess their relationship with neonatal health outcomes.
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