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A B S T R A C T

Background: The relationship between maternal selenium (Se) status and child neurodevelopment has been
scarcely assessed. In a previous study we observed an inverse U-shaped association between maternal Se con-
centrations and infant neurodevelopment at 12 months of age. In this study, this non-linear association was
explored at preschool age. The effect modification by breastfeeding, child's sex and cord blood mercury was also
evaluated.
Methods: Study subjects were 490 mother-child pairs from the Spanish Childhood and Environment Project
(INMA, 2003–2012). Child neuropsychological development was assessed at around 5 years of age by the
McCarthy Scales of Children's Abilities (MSCA). Sociodemographic and dietary characteristics were collected by
questionnaire at the first and third trimester of gestation and at 5 years of age. Se was measured in serum
samples by ICP-MS at the end of the first trimester of pregnancy (mean ± standard deviation
(SD)=12.4 ± 0.6 weeks of gestation).
Results: The mean ± SD of maternal serum Se concentrations was 79.9 ± 8.1 µg/L. In multivariate analysis, no
linear association was found between Se concentrations and the nine MSCA scales. Generalized additive models
indicated inverted U-shaped relationships between Se concentrations and the verbal and global memory scales.
When assessing the influence of effect modifiers, breastfeeding played a role: the association between Se and
neuropsychological development was inverted U-shaped for the quantitative, general cognitive, working
memory, fine motor, global motor and executive function scales only for non-breastfed children.
Conclusion: Low and high maternal Se concentrations seem to be harmful for child neuropsychological devel-
opment, however further studies should explore this non-linear relationship.

1. Introduction

Selenium (Se) is a trace element that is essential for early devel-
opment since it is incorporated into selenoproteins with a crucial role in
preventing damage from oxidative stress during foetal development
(Mihailovič et al., 2000; Mistry and Williams, 2011). During pregnancy
there is an enhanced demand for Se since it is in part transferred to the
foetus (Nandakumaran et al., 2003; Santos et al., 2017); in fact, a

decreasing concentration of Se in maternal blood has been reported
during this period (Pieczyńska and Grajeta, 2015).

A deficiency of Se during pregnancy has been associated with ad-
verse outcomes, which include miscarriages, preeclampsia, gestational
diabetes, premature rupture of membranes and intra-uterine growth
restriction (Mistry et al., 2012). In addition, selenoproteins are im-
portant for normal brain function, and a lower expression of them can
lead to impaired cognitive function and neurological disorders (Pillai
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et al., 2014). However, adverse effects in the nervous system due to a
chronic overexposure to Se have also been identified in China, USA or
Italy in populations living in high Se content areas (Vinceti et al., 2014).

Se is also present in breast milk as organic compounds and seleno-
proteins, especially the GPx. In fact, human milk is fundamental for the
infant's optimum Se status; thus, a higher plasma Se concentration and
glutathione peroxidases (GPx) activity in breastfed infants compared
with formula-fed or cow milk-fed infants has been reported (Dorea,
2002). In addition, breast milk has other nutrients, such as fatty acids,
that are crucial for development of the nervous system (Innis, 2014).

Very few prospective studies have evaluated the relationship be-
tween Se status during pregnancy and child neuropsychological de-
velopment among populations with intermediate Se levels and the re-
sults obtained have been heterogeneous. Thus, positive, negative and
null effects on child neuropsychological development have been ob-
served in relationship to prenatal Se levels (Amorós et al., 2018; Kippler
et al., 2016; Oken et al., 2016; Polanska et al., 2016; Skröder et al.,
2015; Yang et al., 2013) and, in addition, the shape of this association
has scarcely been assessed.

In a previous study, we reported an inverted U-shaped relationship
between maternal Se status and child neuropsychological development
evaluated at around 12 months of age, the turning point for this asso-
ciation being estimated at 86 µg/L (Amorós et al., 2018). The relevance
of these findings justifies a further evaluation of Se-related effects at
older ages.

The aim of this study was to evaluate the association between ma-
ternal Se status and child neuropsychological development evaluated at
5 years of age in the same Spanish population. We also assessed the
effect modification by children's sex, breastfeeding, and cord blood
mercury.

2. Methods

2.1. Study population

Study subjects were participants in the Valencia region cohort of the
INMA Project (Childhood and Environment Project: http://www.
proyectoinma.org) – a multicentre birth cohort study that aims to in-
vestigate the effects of environmental exposures and diet during preg-
nancy on foetal and child health in different areas of Spain.

The study protocol has been reported elsewhere (Guxens et al.,
2012). Briefly, pregnant women were recruited at the beginning of their
pregnancy in the Spanish region of Valencia (n=855, 2003–2005). A
total sample of 787 (92%) women was followed up until delivery. Their
children were enrolled at birth and monitored until 5 years of age
(n=536, 63%). The final study population was made up of 490 (57%)
mother–child pairs for whom Se concentrations and neuropsychological
test scores were available. Informed consent was obtained from all
participants in each phase and the study was approved by the Ethics
Committee of La Fe Hospital, Valencia, Spain.

2.2. Selenium concentrations

Concentrations of Se were determined in serum samples taken at the
end of the first trimester of pregnancy (mean ± standard deviation
(SD)=12.4 ± 0.6 weeks of gestation). The concentrations of serum Se
were determined by inductively coupled plasma mass spectrometry
with the collision/reaction cell system in hydrogen mode. More in-
formation about the methodology used for Se analysis has been re-
ported in detail elsewhere (Amorós et al., 2018) and can be found in the
supplementary material.

The limit of detection was 0.03 µg/L and no samples had con-
centrations below this value. Se concentrations were corrected ac-
cording to the variations in three daily measures of the Seronorm™ (lot
MI0181) reference material. The correction was performed by adding to
each measure the difference between the daily mean of the reference

measures and the overall mean of the reference measures (Amorós
et al., 2018).

2.3. Child neurodevelopment evaluation

The neuropsychological development of the children was assessed at
5 years of age (mean ± SD=5.8 ± 0.16 years) by using a standar-
dized version of the McCarthy Scales of Children's Abilities (MSCA)
adapted to the Spanish population (McCarthy D, 2009).

The MSCA comprise 18 subtests that yield standardized test scores
for six conventional domains. The verbal scale refers to cognitive tasks
related to the processing of verbal information; the perceptual-perfor-
mance scale refers to cognitive tasks related to perceptual information
processing, including manual performance; the quantitative scale as-
sesses numerical abilities; the global memory scale considers short-term
retention of information (verbal, visual or numerical); and the motor
scale refers to fine (e.g. drawing) and gross (e.g. balance or accuracy)
abilities. The sum of the first three scales provides a general cognitive
scale. MCSA's subtests were reorganized into new outcome subarea
scores according to those tasks highly associated with a specific neu-
rocognitive function (Julvez et al., 2007, 2011). The new outcome
subareas were: working memory, which refers to those cognitive tasks
related to temporarily storing and managing the information required
to carry out other cognitive tasks such as learning, reasoning and
comprehension; executive function, which refers to those cognitive
tasks critical to non-routine, goal-oriented situations that are performed
by the pre-frontal cortex; and fine motor. Items comprising each of the
scales are indicated in Fig. S.1 of the Supplemental material. Testing
was conducted by two psychologists using a strict protocol.

2.4. Other variables

The women completed two questionnaires during their pregnancy,
one at the first trimester (mean ± SD=12.6 ± 1.4 weeks of gesta-
tion) and the other at the third trimester (mean ± SD=32.3 ± 1.8
weeks of gestation). The questionnaires were administered by trained
interviewers and focused on sociodemographic, dietary, environmental
and lifestyle information during pregnancy. The maternal covariates
and potential confounders collected were: country of birth, age, body
mass index before pregnancy, level of education, parity, area of re-
sidence, working status during pregnancy, smoking at the beginning of
pregnancy and season of sampling. We also obtained data on paternal
age, working status and level of education.

Parental social class was defined from the maternal or paternal
occupation during pregnancy with the highest social class, according to
a widely used Spanish adaptation of the International Standard
Classification of Occupations, approved in 1988 (ISCO88) (Class I+ II:
managerial jobs, senior technical staff and commercial managers; class
III: skilled non-manual workers; and class IV+V: manual and unskilled
workers).

Information on diet during pregnancy was collected by using a
semiquantitative food frequency questionnaire (FFQ). Maternal intake
of bread, eggs and seafood were identified as sources of Se in our study
population (Amorós et al., 2018), and for this reason they were tested
as possible confounders in the present study.

Information on the children's gestational age, sex, birth weight,
breastfeeding (no, yes) and birth size was obtained from clinical records
and subsequent interviews. Breastfeeding was defined as receiving
breast milk, although it could be supplemented with any other food or
liquid, including non-human milk.

Information about maternal and paternal working status, maternal
and paternal smoking habit in the presence of the child, and a proxy of
the maternal verbal intelligence quotient (IQ) was obtained in an in-
terview at the same time-point as the neuropsychological development
assessment. The maternal verbal IQ proxy was assessed using the
Similarities Subtest of the Weschler Adult Intelligence-Third Edition
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