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ARTICLE INFO ABSTRACT
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Background: Bisphenol A (BPA) has been associated with impairments in children’s behavior, but few studies
have investigated its relationship with cognitive function.
BPA Objective: To investigate the association of urinary BPA concentrations with cognitive domains and intelligence
Cognitive function quotient (IQ) in Spanish boys.
gihavior Methods: BPA levels were quantified by liquid chromatography-tandem mass spectrometry (LC-MS-MS) in one
Endocrine disrupting chemicals spot urine sample from 269 boys of the INMA-Granada cohort, in their follow-up at 9-11 years of age. Cognitive
ptng
EDCs function was evaluated by a trained psychologist using a comprehensive neuropsychological test battery (in-
cluding general intelligence, language skills, working memory, attention, impulsivity, visual-motor coordina-
tion, processing speed and executive function, among others). Cross-sectional associations between BPA levels
and neuropsychological standardized scores were analyzed by adjusted linear and logistic regression models.
Results: Median (P25, P75) BPA concentrations were 4.76 (2.77, 9.03) pg/L and 4.75 (2.75, 10.2) ug/g of
creatinine (Cr). Boys in the third and fourth quartile of volume-based BPA concentrations showed better pro-
cessing speed scores than boys in the first quartile (B = 5.47; 95%CI: 1.4, 9.4 and 3 = 3.57; 95%CI: -0.4, 7.5,
respectively); and boys in the third quartile showed better inhibitory control (f = 1.6; 95%CI: -0.3, 3.5) and
impulsivity (f = -4.2; 95%CI: -9.0, 0.0). In contrast, boys in the fourth quartile showed poorer working memory
scores than those in the first quartile (= -1.0; 95%CI: -2.1, -0.1). All these associations were attenuated when
Cr-standardized BPA concentrations were considered. Cr-based BPA concentrations were also associated with a
higher risk of being below the 20th percentile of working memory scores [OR, = 1.51; 95%CI: 1.01, 2.25].
Discussion: Our findings do not support an association between urinary BPA concentrations and cognitive
function or IQ among boys, except for working memory. BPA was previously found to be associated with be-
havior problems in the same study population, suggesting that BPA may predominantly affect the behavior of
children rather than their cognitive function, in line with previous epidemiologic studies.

1. Introduction sources of chemical exposure (Freire et al., 2019). Diet is considered the

predominant source of exposure to BPA in the general population, due

Bisphenol A (BPA) is a man-made chemical extensively used in the
manufacture of a wide range of materials, including polycarbonate
plastics, epoxy resin liners of canned food, medical devices, some dental
sealants, and thermal receipts, among others (Vandenberg et al., 2007;
Molina-Molina et al., 2019). Even more, BPA has recently been detected
in socks for infants, highlighting the novel role of textiles as potential

its leaching from food packaging and can liners (Vandenberg et al.,
2010), followed by dermal absorption and inhalation (Ehrlich et al.,
2014; Michatowicz, 2014). Biomonitoring studies have confirmed the
continuous and chronic exposure of humans to BPA, explaining its
detection in the urine of more than 90% of the general population in
Europe and the USA (Becker et al., 2009; Calafat et al., 2008; Casas
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et al., 2011; Vandenberg et al., 2010). BPA has been detected in other
biological matrices besides urine, such as maternal blood, placenta,
amniotic fluid, cord and fetal serum blood, and maternal breast milk,
demonstrating the internal exposure to BPA of mothers, fetuses, and
newborns (Vandenberg et al., 2010).

BPA is a known endocrine-disrupting compound (EDC) with the
potential to alter hormonal homeostasis (Mustieles et al., 2018a), even
at environmentally relevant doses, through its effects on multiple
steroid hormone receptors that mediate a myriad of cellular effects
(Casals-Casas and Desvergne, 2011; Vandenberg et al., 2010). Several
in vitro and in vivo studies have shown that BPA can interfere with
estrogenic pathways by binding to nuclear estrogen receptors (ERs)
(Wetherill et al., 2007) as well as other membrane estrogen receptor
families (Alonso-Magdalena et al., 2012). It has also been found to exert
antagonistic activities after binding to the androgen receptor (Molina-
Molina et al., 2013) and to alter the expression of steroidogenic en-
zymes, as well as interacting with glucocorticoid, PPAR-y, and thyroid
signaling pathways (Mustieles et al., 2015, 2018b).

The developing brain is a key target for BPA, and experimental
studies have associated pre-, peri, and post-natal BPA exposure with
various alterations in brain structure, behavior, and certain cognitive
domains (Nesan et al., 2018). Rodent models have shown that BPA can
alter the expression of nuclear estrogen receptors in the amygdala and
hypothalamus (Cao et al., 2013; Rebuli et al., 2014), in neuronal cell
populations in the substantia nigra (Tando et al., 2007), in the peri-
ventricular preoptic area of the hypothalamus (Rubin et al., 2006), and
in the locus coeruleus (Tando et al., 2014). Behavioral changes linked
to BPA exposure include increased anxiety (Luo et al., 2014; Xu et al.,
2012), hyperactivity (Komada et al., 2014), greater aggressiveness
(Patisaul and Bateman, 2008), and modifications in socio-sexual
(Porrini et al., 2005) and play (Dessi-Fulgheri et al., 2002) behaviors.
Rodent studies have also found that BPA exposure induces spatial and
non-spatial memory impairments associated with neural modifications,
especially in processes involved in synaptic plasticity (Kuwahara et al.,
2013; Mhaouty-Kodja et al., 2018; Poimenova et al., 2010; Weinberger
et al., 2014; Xu et al., 2010).

Although most published studies have analyzed the relationship of
developmental BPA exposure with the behavior of children, which has
been reported to be sex-specific (Casas et al., 2015; Findlay and Kohen,
2015; Mustieles et al., 2015, 2018b; Perera et al., 2012; Roen et al.,
2015), much less is known about its relationship with their cognitive
functions. Therefore, the objective of this study was to explore the re-
lationship of urinary BPA concentrations with cognitive functioning in a
group of Spanish boys aged 9-11 years.

2. Methods
2.1. Study population

The INMA (Infancia y Medio Ambiente — Environment and
Childhood) cohort is a population-based study developed in seven
Spanish regions with the aim of exploring the possible effects of en-
vironmental pollutants during pregnancy and early childhood (Guxens
et al., 2012) on child growth and development. From 2000 to 2002, the
INMA-Granada sub-cohort enrolled 668 mother-son pairs (Fernandez
et al., 2007). For the current study, all families from the INMA-Granada
cohort were contacted and invited to participate in the 2010-2012
follow-up, when the children reached the age of 9-11 years. Written
consent was obtained from 300 families (44.9%), and BPA concentra-
tions were available for 298 boys. Eighteen of these children were ex-
cluded from the present study for the presence of chronic disease that
could interfere with cognitive development, i.e., hyperthyroidism
(n = 1), diabetes (n = 1), language disorder (n = 2), attention deficit
hyperactivity disorder (ADHD) (n = 7), Noonan syndrome (n = 1),
Asperger syndrome (n = 2), cerebral palsy (n = 1), Tourette syndrome
with ADHD (n = 1), and Charcot-Marie-Toth syndrome with ADHD

163

Neurotoxicology 74 (2019) 162-171

(n = 1), and for a history of brain tumor surgery (n = 1). Additionally,
11 children were excluded due to an incomplete neuropsychological
assessment or the absence of important covariate data. Therefore, the
final study sample size comprised 269 mother-son pairs with data
available on urinary BPA concentrations, cognitive assessment data,
and covariates. The study followed the principles of the declaration of
Helsinki and was approved by the Ethics Committee of San Cecilio
University Hospital (Granada, Spain).

2.2. BPA exposure assessment

At the follow-up session at the hospital, always held between 5 p.m.
and 8 p.m., a single non-fasting spot urine sample was collected in a 10-
mL polypropylene tube and immediately stored at -20 °C. Total BPA
(free plus conjugated) was quantified at the laboratory of the Analytical
Chemistry Department of Cordoba University (Spain) as previously
described (Perez-Lobato et al., 2016), using liquid chromatography-
mass spectrometry with a limit of detection (LOD) of 0.1 ug/L and a
limit of quantification (LOQ) of 0.2 ug/L. Urinary creatinine (Cr) con-
centrations (mg/dl) were determined at the Public Health Laboratory of
the Basque Country (Spain) to account for urine dilution (Fernandez
et al., 2015). The researchers who conducted the urine analyses were
blinded to the characteristics of the study participants. Collection,
storage, and processing of urine samples were conducted under con-
trolled conditions, and account was taken of background BPA con-
tamination from the presence of polymers in components of the urine
collection containers and/or equipment or labware. An inter-laboratory
comparison was also performed with the Institute for Prevention and
Occupational Medicine of the German Social Accident Insurance
(IPA)—Institute of the Ruhr-University Bochum (Germany), with con-
siderable experience in BPA determination.

2.3. Neuropsychological assessment

The cognitive function of each boy was assessed at the University
Hospital facilities by a trained neuropsychologist (RPL) blinded to their
exposure levels, using a comprehensive neuropsychological battery of
tests (Perez-Lobato et al., 2015). This battery was chosen because it
assesses omnibus features of child neurodevelopment (e.g., IQ, lan-
guage, attention, processing speed, etc.) and because previous epide-
miologic studies have used similar tests to study cognitive domains in
relation to BPA exposure (Mustieles et al., 2015):

1 General cognitive intelligence: applying the Kaufman Brief
Intelligence Test (K-BIT) (Kaufman and Kaufman, 1997) and basing
the IQ calculation on verbal and nonverbal scale scores.
Language: using the verbal scale of the K-BIT (Kaufman and
Kaufman, 1997), which has two subtests: i) verbal knowledge, in
which the child must name graphically displayed objects to assess
receptive vocabulary; and ii) general knowledge and riddles, in
which the child must name words from their definition and their
visualization with letters missing to assess expressive reasoning.
Attention: applying the continuous performance test (CPT)
(Conners, 1995) to assess sustained and selective attention together
with impulsivity. In this task, the child must press any key on the
keyboard as quickly as possible whenever the letter ‘A’ appears in
yellow (‘go’ condition). Dependent variables for analyses are hits
(press any key in ‘go’ condition), commission errors (press any key
in ‘no go’ condition), omission errors (no key pressed in ‘go’ con-
dition), and attention index.

4 Verbal memory: applying the Complutense-Spain Madrid verbal
learning test (TAVECI) (Benedet et al., 2001) to assess different
memory and learning processes, including immediate recall, short-
and long term recall, and recognition. The examiner reads aloud a
list of 15 words five times. The child must state words recalled
immediately after each reading and then after intervals of 10 and
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20 min.

5 Visual-motor coordination: applying the Trail Making Test part A
(TMTA) (Reitan, 1958), in which the child must connect con-
secutive numbers in an alternating sequence as quickly as possible,
with the time in seconds (s) as dependent variable.

6 Processing speed: calculating the sum of two subtests (symbol
search and coding) from Edition IV of the Wechsler Intelligence
Scales for Children (WISC-IV) (Wechsler, 2007). The two tasks must
be completed in a maximum of 2min. In the first task, the child
selects certain figures from a series of figures. In the second task, the
child fills in spaces under numbers with corresponding symbols
following an established model.

7 Executive function: assessing four components: updating, inhibi-
tion, shifting, and abstract reasoning (Diamond, 2013).

8 Updating measurements: assessing two components: a) Working
memory: the child listens to a letter-number sequencing subtest
from the WISC-IV (Spanish version) and repeats the numbers from
the lowest to the highest, followed by repetition of the letters in
alphabetic order (Wechsler, 2007); b) Verbal fluency: the children
must say as many names of animals as possible during a 1-min
period in the categorical verbal fluency test (FAS), with the number
of animals correctly pronounced as dependent variable (Benton and
Hamsher, 1989).

9 Inhibition: applying two subtests: a) the Spanish version of the
Stroop Color and Word Test (Golden, 2005) to evaluate cognition
and inhibition, in which the child must name colored words (con-
dition 1), read color-words printed in black ink (condition 2), and
name the color of words printed in colors that conflict with their
meaning, e.g. the word ‘red’ appears in yellow ink (condition 3,
inhibition); the dependent variable is the interference score, calcu-
lated from the results of the three conditions using a specific for-
mula; b) the Go/No-Go task (Donders, 1969) to evaluate motor in-
hibition, in which the child must respond to certain stimuli on the
computer screen while inhibiting any response to a distracter sti-
mulus, with the hit and false alarm rates as dependent variables.

10 Shifting: using part B of the TMT (Reitan, 1958), in which the child
must connect consecutive numbers and letters in an alternating se-
quence as quickly as possible, with the time measured in seconds (s)
as dependent variable.

Abstract reasoning (matrix analogies test): measured with the
non-verbal scale of the K-BIT (Kaufman and Kaufman, 1997). The
child selects a picture that best completes a visual pattern following
a visual analogy. The dependent variable is the number of correct
responses.

11

A higher score always indicates better cognitive function except for
the following tests, in which a higher score indicates worse cognitive
function: i) subtests “commission errors” and “omissions” from the CPT
test on sustained attention function; ii) the TMT-A test of visual-motor
coordination function; iii) the TMT-B test of shifting; and iv) the “false-
alarm rate” subtest of the Go/No-Go test on impulsivity and/or inhibi-
tion function.

2.4. Covariates

Models were adjusted for the same set of covariates as in a previous
study of BPA and behavior in the same population (Perez-Lobato et al.,
2016), including: breastfeeding and smoking during pregnancy; child’s
age and body mass index [BMI (kg/m?)] (Wirt et al., 2015), and mo-
ther’s age, marital status (married/not married), education level (uni-
versity/secondary school/up to primary) and mother’s intelligence
score, measured with the Similarities subtest of the Wechsler Adult
Intelligence-Third Edition (WAIS-III) at the time of assessment. The
final models also included as potential confounders exposure to en-
vironmental tobacco smoke (any/none) in the home, based on ques-
tionnaire.

164

Neurotoxicology 74 (2019) 162-171

2.5. Statistical analysis

The analysis was based on our previous experience of behavior and
cognitive functioning in these same children from the INMA-Granada
cohort (Pérez-Lobato et al., 2015 and 2016). In the descriptive analysis
of parental and children characteristics, absolute frequencies were
calculated for categorical variables, and measures of central tendency
and dispersion for continuous variables. The relationship of urinary
BPA concentrations with the characteristics of children and parents was
analyzed with the Mann-Whitney or Kruskal-Wallis test for categorical
covariates and the Spearman correlation test for continuous covariates.

The median value and interquartile range (IQR) of BPA concentra-
tions (ug/L) were calculated. BPA exposure was considered using both
volume-based urinary BPA (ug/L) and creatinine (Cr)-standardized ur-
inary BPA (ug/g) concentrations, as independent variables, as re-
commended (LaKind and Naiman, 2015). These concentrations were
log.-transformed to standardize the data distribution and reduce the
influence of outliers. BPA levels were also divided into quartiles to
evaluate potential non-linear associations. Mean (standard deviation),
median and range values were calculated for neuropsychological test
scores, which were analyzed as continuous variables because some
scores could not be standardized for Spanish child populations.

Linear regression models were used to analyze the association be-
tween BPA concentrations and neuropsychological test scores, with
Beta coefficients representing the mean change in neuropsychological
scores associated with each unit increase in log.-BPA concentrations or
the mean difference in neuropsychological scores between the second,
third, or fourth quartiles and the first quartile of BPA exposure. Their
respective 95% Confidence Intervals (CIs) were also calculated. Logistic
regression models were also performed using log.-transformed Cr-
standardized BPA concentrations to analyze the risk of being below or
above the 20th or 80th percentile of cognitive function scores, calcu-
lating multivariable-adjusted odds ratios (ORs) with their corre-
sponding 95% CIs. All models were adjusted for children’s age and BMI,
tobacco exposure at home, mothers’ age, intelligence, marital status,
education level, breastfeeding, and smoking during pregnancy.

SPSS v20.0 (IBM, Chicago, IL) was used for data analyses, and the
significance level was set at p< 0.05.

3. Results
3.1. Characteristics of the study population

The mean ( * standard deviation) age of the children was 9.9
( £ 0.3) years, the mean BMI 19.2 ( * 3.5) kg/mz, and around one-
third of families reported tobacco exposure at home (Table 1). The
median age was 39.7 ( + 4.9) years for mothers and 42.1 ( = 5.4) years
for fathers; 23.4% of mothers and 21.6% of fathers had completed
university education, around 90% of mothers and fathers were married,
21.6% of mothers reported smoking during pregnancy, and 87% re-
ported breastfeeding the child. The place of residence was urban in
24.5% of families, semirural in 58%, and rural in 17.5% (Table 1).

BPA was found in all urine samples, at a wide range of concentra-
tions. Fig. 1 shows a boxplot of BPA concentrations. Median (P25, P75)
urinary BPA concentrations (ug/L) and Cr-standardized BPA con-
centrations (ug/g) were 4.76 (2.77, 9.03) and 4.75 (2.75, 10.2), re-
spectively. Table 2 displays the distribution of the raw cognitive func-
tion scores of the children. Median IQ was 108 and all remaining
cognitive scores were within normal ranges.

3.2. Cross-sectional associations between BPA and cognitive function scores

When log.-transformed volume-based urinary BPA concentrations
(ug/L) were used as a continuous variable, higher BPA levels tended to
be associated with greater cognitive function scores, although in gen-
eral, confidence intervals included the null value. In adjusted models,
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Table 1

Geometric mean and ‘geometric mean standard deviation’ of urinary BPA
concentrations (ug/L) by demographic characteristics of the study population
(n = 269).

BPA (ug/L)
n Mean Median GM #+ GSD p Value'
(SD)/%

Child Variables

Age (years) 269 9.9 (0.3) - - 0.08

BMI (kg/m?) 269 19.2(3.5) - - 0.93

Urinary creatinine (mg/ 269 90.2 (0.5) - - 0.07

dL)
1Q 269 108.2 - - 0.15
(11.8)

Area of residence (%)

Urban 269 24.5 5.2 4.7 = 2.7 0.66

Semiurban 269 58.0 4.7 47 £ 25

Rural 269 17.5 4.4 4.2 = 2.8
Tobacco Exposure (%)

Yes 269 294 4.7 47 £ 25 0.85

No 269 70.6 4.8 4.4 = 2.8
Maternal Variables

Age (years) 269 39.7 (4.9) - - 0.55

Verbal reasoning® 269 14.9 (4.6) - - 0.76
Marital status (%)

Married 269 90.7 4.7 4.6 = 25 0.57

Unmarried 269 9.3 5.2 4.6 = 3.2
Education Level (%)

University 269 23.4 5.0 52 * 2.7 0.26

Secondary school 269 31.6 5.0 4.8 = 2.3

Up to primary 269 45.0 4.13 4.2 £ 27
Breastfeeding (%)

Yes 269 87.0 4.7 4.6 = 25 0.88

No 269 13.0 5.1 46 = 3.5
Smoking during

pregnancy” (%)

Yes 269 21.6 4.9 47 £ 2.6 0.85

No 269 78.4 4.7 4.6 = 2.6
Paternal Variables

Age (years) 262 42.1 (5.4) - - 0.42
Marital status (%)

Married 263  90.3 4.7 4.6 = 25 0.62

Unmarried 263 9.7 5.1 46 = 2.7
Education level (%)

University 266 21.6 4.3 4.2 = 27 0.30

Secondary school 266 32.0 5.0 55 *+ 25

Up to primary 266 45.4 4.8 43 * 2.6

GM: geometric mean; GSD: geometric standard deviation; SD = standard de-
viation; IQ: intelligence quotient.

! p-Value: Statistical significance value reached for hypothesis testing
(Mann-Whitney test for breastfeeding, smoking during pregnancy,
Kruskal-Wallis test for area of residence, maternal and paternal education.
Finally, for continuous variables, bivariate analysis with Spearman correlation
test).

2 Verbal reasoning, measured by Similarities subtest of WAIS-IIL

3 Mother’s habit.

higher BPA concentrations were associated with lower impulsivity [B=
-1.70; 95%CI: -3.36, -0.05], faster processing speed [ = 1.57; 95%CI:
0.09, 3.04], and better inhibitory control [} = 0.75; 95%CI: 0.06, 1.43]
(Table 3). However, when log.-transformed Cr-standardized urinary
BPA concentrations (ug/g) were used as continuous variable, adjusted
models showed an attenuation of previous associations towards im-
pulsivity [= -1.67; 95%CI: -3.32, -0.00], processing speed [} = 1.29;
95%CI: -0.20, -2.77], and inhibitory control [B = 0.61; 95%CI: -0.08,
1.30] (Table 4).

When volume-based urinary BPA concentrations were categorized
in quartiles, the processing speed was faster for boys in the third and
fourth quartile of BPA concentrations than for those in the first quartile
[third quartile 3 = 5.47; 95%CIL: 1.4, 9.4; fourth quartile 3 = 3.57;
95%CI: -0.4, 7.5], while boys in the third quartile showed better
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inhibitory control [third quartile B = 1.6; 95%CI: -0.3, 3.5] and im-
pulsivity [third quartile f= -4.2; 95%CL: -9.0, 0.0] (Table 5). In con-
trast, boys in the fourth quartile showed worse working memory than
those in the first quartile [fourth quartile f= -1.0; 95%CI: -2.1, -0.1].
All these associations were attenuated when quartiles of Cr-standar-
dized BPA concentrations were considered (Table 5).

Logistic regression analyses also showed that higher loge-trans-
formed Cr-standardized BPA concentrations were associated with a
higher risk of being below the 20th percentile of working memory, in
both unadjusted and adjusted models [OR = 1.44; 95%CI: 1.00, 2.08;
OR a = 1.51; 95%CI: 1.01, 2.25]. No associations were observed with
the remaining cognitive functions evaluated (Table 6).

4. Discussion

The results of this study do not support a relationship between ur-
inary BPA concentrations and cognitive abilities in boys at 9-11 years
of age. Initially, some associations were observed with specific cogni-
tive functions, but these were attenuated or disappeared when the
models were adjusted for covariates or when Cr-standardized BPA
concentrations were considered, with the exception of working
memory. Given the comprehensive assessment of neuropsychological
functions conducted, the absence of associations is surprising, espe-
cially in the context of previous associations found with behavior
throughout the literature (Mustieles et al., 2015).

A previous study of the same study population, including the same
269 boys as in the current analysis, found that higher volume-based and
Cr-standardized BPA concentrations were both associated with worse
behavioral scores in all scales, mainly with more somatic complaints
and more social and thought problems, and that there were no sub-
stantial differences between unadjusted and adjusted models (Perez-
Lobato et al., 2016). In contrast, no consistent associations were ob-
served between urinary BPA concentrations and cognitive functions in
the present study, even when models were adjusted for the same set of
covariates, except for a potential association between higher BPA
concentrations and poorer working memory.

Our findings are in line with previous epidemiological studies on
child behavior and cognitive functions, suggesting that BPA exposure
may be predominantly associated with behavior domains rather than
cognitive functions. Although epidemiologic evidence on the impact of
BPA exposure in children has been strengthened over the past few
years, most researchers have assessed behavior rather than cognitive
function. Moreover, the few studies on cognitive function have pub-
lished less consistent results than those obtained for children’s behavior
(Ejaredar et al., 2017; Mustieles et al., 2015, 2018b). Thus, in the EDEN
birth cohort, Philippat et al. (2017) reported the association of prenatal
urinary BPA concentrations with relationship problems and hyper-
activity-inattention in children at 3 and 5 years of age (Philippat et al.,
2017). In the same cohort, Nakiwala et al. (2018) found no association
in the boys between prenatal BPA exposure and the verbal performance
or IQ (Nakiwala et al., 2018) (see Supplemental Table 1). A similar
pattern was observed in the Spanish INMA-Sabadell cohort, in which
prenatal BPA exposure was associated with an increased risk of ADHD-
hyperactivity symptoms and psychomotor development but not with
cognitive development (Casas et al., 2015). Likewise, in a study of the
MIREC mother-child cohort (Braun et al., 2017a), higher prenatal ur-
inary BPA concentrations were related to more behavior problems in
the children at 3 years of age, but no significant associations were found
with most of cognitive functions (Braun et al., 2017a). Finally, exposure
to dental composite restorations based on bisphenol A-glycidyl me-
thacrylate was associated with behavior problems but not cognitive
functions in the New England Children’s Amalgam Trial (NECAT) of
children aged 6-10 years (Maserejian et al., 2012a, b; Maserejian et al.,
2014). Further details of these epidemiological studies are summarized
in Supplemental Table 1.

Prenatal urinary BPA concentrations have been consistently
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Median (P25,P75)=4.75(2.75,10.23) ng/g Creatinine
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004 ;

Fig. 1. Boxplots of urinary BPA concentrations (ug/L) and urinary creatinine-adjusted BPA (ug/g) in 269 boys from the INMA-Granada cohort.

associated with more behavior problems and worse executive function
during infancy, persisting into early and late childhood among children
from the HOME cohort Study (Braun et al., 2011, 2017b; Stacy et al.,
2017). However, prenatal BPA exposure has not been associated with
any specific cognitive domain or with the IQ over time (Braun et al.,
2017a; Stacy et al., 2017). Only BPA exposure was cross-sectionally
associated with worse overall cognition, verbal abilities and speed of

mental processing among boys in the HOME study at 8 years of age
(Stacy et al., 2017), and only working memory, a component of ex-
ecutive function, remained negatively and significant associated with
BPA exposure among boys in the MIREC study at 3 years of age (Braun
et al., 2017a). Another exception is the association of higher prenatal
urinary BPA concentrations with a greater risk of poorer language skills
among male but not female toddlers in the Odense Child Cohort,

Table 2
Children’s scores in neuropsychological tests.
Cognitive Function Test n Median Mean SD Range
General Cognitive IQh 269 108.0 108.2 11.8 77 to 141
Verbal expression and comprehension K-BIT
Full verbal® 269 52.0 51.2 5.5 32t073
Sustained attention CPT
Correct detection” 258 65.0 63.7 5.7 35 to 70
Commission errors® 258 7.0 9.6 11.6 0 to 110
Omissions® 258 5.0 6.4 5.6 0 to 35
Attention Index” 258 1.0 0.7 0.4 0tol
Verbal Memory TAVEC
Immediate Recall Trial 1° 269 7.0 7.0 1.7 3to12
Immediate Recall Trial 5” 269 12.0 11.9 2.1 6 to 15
Short-term recall” 269 11.0 11.0 2.4 4to 15
Long-term recall” 269 12.0 11.5 2.5 4 to 15
Visual-motor coordination TMT-A time (s)° 268 27.0 29.0 10.8 9 to 86
Processing speed WISC-IV
Verbal Performance” 268 99.0 97.5 11.4 64 to 130
Executive Functions
Working Memory WISC-IV
Letter-number sequencing” 269 17.0 17.4 2.7 10 to 25
Verbal Fluency FAS® 267 17.0 17.0 4.2 6 to 28
Impulsivity/Inhibition STROOP
Words” 267 114.0 113.9 10.3 86 to 141
Colors” 267 79.0 79.2 9.0 55 to 109
Words and Colors” 267 49.0 48.6 7.0 30to 71
Inhibitory Control (Interference)” 267 2.0 2.2 5.3 —16.7 to 20.8
GO NO GO
Hit rate” 255 1.0 1.0 0.04 0.5 to 1.0
False-alarm rate® 255 0.05 0.06 0.59 0.00 to 0.39
Shifting TMT-B time (s)° 268 53.0 60.1 31.8 23 to 360
Abstract reasoning Matrix analogies” 269 31.0 31.1 4.7 18 to 44

CPT = Continuous performance test; FAS = Verbal fluency test; IQ = Intelligence quotient; K-BIT = Kaufman brief intelligence test; SD = Standard deviation;
s = seconds; STROOP = Stroop color and word test; TAVECI = Complutense-Spain Madrid verbal learning test; TMT = Trail making test; WISC-IV = Wechsler

Intelligence Scale for Children;

For all tests, direct scores were used in the analysis.
> Higher scores determines better cognitive function.
¢ Higher score determines worse cognitive function.
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Table 3
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Distribution of cognitive function scores by log. BPA (ug/L) concentrations among 269 boys from the INMA-Granada cohort.

Cognitive Functions

BPA (log. transformed, unadjusted for covariates)

BPA (log. transformed, adjusted for covariates®)

n B 95%CI B 95% CI
Intelligence quotient (IQ)" 269 1.13 —0.36;2.62 0.21 —1.26; 1.69
Verbal comprehensionb 269 0.31 —0.39;1.01 0.16 —0.57; 0.89
Impulsivity® 258 -1.39 —2.87;0.091 -1.70 —3.36; -0.05*
Attention Index” 258 —0.03 —0.09;0.02 —0.04 —0.10;0.02
Long-term recall® 269 —0.01 —0.32;0.31 -0.14 —0.47;0.20
Immediate Recall Trial 5° 269 0.01 —0.26;0.27 -0.13 —0.41; 0.15
Visual-motor coordination (s)¢ 268 0.17 —1.20:1.54 0.33 —-1.10; 1.77
Processing speedb 268 1.57 0.13;3.01* 1.57 0.09;3.04*
Working Memoryb 269 —0.05 —0.40;0.29 —-0.25 —0.61;0.11
Verbal Fluencyb 267 0.18 —0.34;0.71 0.21 —0.35;0.76
Inhibitory Control (Interference)b 267 0.65 —0.18;1.32F 0.75 0.06;1.43*
Hit rate® 255 0.00 —0.00;0.01 0.00 —0.00;0.01
False-alarm rate® 255 —0.00 —0.01;0.01 —0.00 —0.01;0.00
Shifting (s)° 268 —0.99 —5.03;3.05 -2.12 —5.76;1.52
Abstract reasoningb 269 0.28 —0.36;0.87 0.01 —0.58;0.60

CIL: confidence interval; s = seconds. * p < 0.05; 1 p < 0.1.

We show the most relevant abilities measured. For all tests, direct scores were used in the analysis.

A higher score indicates better cognitive function.
A higher score indicates worse cognitive function.
9Immediate Recall Trial 5 (TAVECI).

°Models were adjusted for child’s age (years), BMI (kg/mz), smoking exposure at home (yes/no), mother’s age at time of assessment (years), mother’s intelligence
score, maternal marital status (married/unmarried), maternal education (university/secondary school/up to primary), smoking exposure during pregnancy (yes/no)

and breastfeeding (yes/no).

Table 4
Distribution of cognitive function scores by log. BPA Cr-standardized (ug/g)
concentrations among 269 boys from the INMA-Granada cohort.

Cognitive functions®

BPA/Creatinine (ug/g)
(log, transformed,
unadjusted for

BPA/Creatinine (ug/g)
(log, transformed,
adjusted for covariates®)

covariates)
n B 95% CI B(SE)  95% CI
Intelligence quotient 269  0.55 —0.94;2.03 -0.07 —1.54;1.41
QP
Verbal 269 0.09 —0.60;0.80 0.16 —0.58;0.89
comprehension®
Impulsivity® 258 -1.30 —2.77;0.18% -1.67 —3.32; -0.00*
Attention Index” 258 —0.03 —0.09;0.03 —-0.04 —0.10;0.03
Long-term recall® 269 —0.02 —0.33; 0.30 —0.18 —0.51;0.15
Immediate Recall 269 0.06 —0.21;0.32 —-0.10 —0.38;0.18
Trial 5°
Visual-motor 268 0.08 —1.28;1.44 —0.00 —1.44;1.44
coordination (s)°
Processing speed” 268 1.31 —0.12;2.75% 1.29 —0.20;2.77F
Working Memoryb 269 -0.07 —0.41;0.27 —-0.20 —0.56;0.16
Verbal Fluency® 267 0.17 —0.36;0.70 0.28 —0.28;0.84
Inhibitory Control 267 0.48 —0.19;1.14 0.61 —0.08;1.30F
(Interference)®
Hit rate® 255 0.00 —0.00;0.01 0.00 —0.00;0.01
False-alarm rate® 255 —0.00 —0.01;0.00 —-0.01 —0.01;0.00
Shifting (s)° 268 -—0.07 —4.08;3.94 -1.44 —5.10;2.21
Abstract reasoningb 269 —0.09 —0.68;0.50 -0.18 —0.77;0.41

SE = standard error; CI: confidence interval; s = seconds. * p < 0.05; ¥ p < 0.1.
2We show the most relevant abilities measured. For all tests, direct scores were
used in the analysis.

A higher score indicates better cognitive function.

A higher score indicates worse cognitive function.

9mmediate Recall Trial 5 (TAVECI).

®Models were adjusted for child’s age (years), BMI (kg/m?), smoking exposure
at home (yes/no), mother’s age at time of assessment (years), mother’s in-
telligence score, marital status (married/unmarried), maternal education
(university/secondary school/up to primary), smoking exposure during preg-
nancy (yes/no) and breastfeeding (yes/no).

suggesting a possible sex-specific effect of BPA on early language de-
velopment, although no association was found with ADHD symptoms
(Jensen et al., 2019).

Differences in findings on the effects of BPA exposure between
children’s behavior and their cognitive functions may in part be attri-
butable to methodological factors. Thus, trained psychologists usually
conduct the assessment of cognitive function at a specific time point,
whereas the parents report on the behavior of their children in daily
life. It is also possible that sex-specific behaviors may be more sensitive
to BPA exposure in comparison to cognitive domains and the IQ, which
may also explain the different patterns described in the literature
(Mustieles et al., 2015, 2018b). In general, the relationship of BPA
exposure to behavior problems rather than cognition appears to be a
consistent pattern in the epidemiologic literature, although further
studies on cognition are required.

Experimental studies, mostly in rodents, have shown that BPA ex-
posure can interfere with diverse brain areas and functions, leading not
only to behavioral changes but also to impairments in memory and
spatial learning, among other functions (Braun et al., 2017c; Gore et al.,
2018). These results could be at least partially explained by hormonal
mechanisms related to an altered estrogen-androgen balance (Mustieles
et al., 2015). These include subtle epigenetic disruptions of nuclear
estrogenic receptors and developmental alterations in sexually-di-
morphic brain areas and functions in response to low BPA doses, as
shown in the CLARITY-BPA studies, among others (Arambula et al.,
2018, 2017,2016; Kundakovic et al., 2013). A recent review of the
CLARITY-BPA studies confirms this altered neuroendocrine develop-
ment, and the abrogation of brain and behavioral sexual dimorphisms,
even at BPA doses below those considered "safe" for humans by reg-
ulatory agencies (Patisaul, 2019).

The median urinary BPA concentration in this study was 4.75 ug/L
(4.76 pg/g Cr), similar to some previous findings in children of the same
age (Calafat et al., 2008) and younger populations (Braun et al., 2011;
Casas et al., 2011; Perera et al., 2012); however, it was higher than
observations in other studies of children of the same age, including: the
German Environmental Survey on Children (Becker et al., 2009),
2.13ng/mL; the 2005-2006 NHANES study (Lakind and Naiman,
2011), 2.7 ng/mL, the 2007-2011 Canadian Health measures survey
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Table 6

Risk of being below or above the 20™ or 80" percentile of cognitive function
scores by loge BPA Cr-standardized (ug/g) concentrations among 269 boys from
the INMA-Granada cohort.

Cognitive functions” BPA/Creatinine (ug/g)
(log transformed,

adjusted for

BPA/Creatinine (ug/g)
(log. transformed,
adjusted for

covariatesd) covariatesd®)
n OR 95% CI OR 95% CI
Intelligence quotient 269 0.92 0.67;1.26 0.97 0.69;1.38
Q"
Verbal comprehension” 269 0.88 0.64;1.21 0.91 0.63;1.31
Attention
Correct detections” 258 1.20 0.86;1.68 1.16 0.80;1.69
Impulsivity® 258 1.03 0.76;1.39 1.06 0.76;1.47
Omission errors® 258 1.13 0.83;1.54 1.10 0.78;1.56
Attention Index” 258 1.17 0.87;1.56 1.20 0.88;1.65
Verbal memory
Immediate recall” 269 1.11 0.80;1.55 1.32 0.91;1.91
Short-term recall® 269 0.76 0.53;1.07 0.88 0.61;1.28
Long-term recall” 269 1.09 0.79;1.50 1.20 0.85;1.68
Visual-motor 268 - - - -
coordination®
Processing speedb 268 0.87 0.63;1.21 0.83 0.56;1.21
Executive Function
Working Memory"” 269 1.44 1.00;2.08* 1.51 1.01;2.25*
Verbal Fluenc:yb 267 1.26 0.90;1.75 1.17 0.81;1.70
Impulsivity/Inhibition
STROOP words” 267 0.99 0.71;1.40 1.05 0.72;1.53
STROOP colors” 267 0.76 0.55;1.06 0.85 0.60;1.22
STROOP words and 267 0.96 0.69;1.35 1.05 0.73;1.52
colors”
Inhibitory Control 267 0.99 0.72;1.36 0.96 0.67;1.37
(Interference)”
Hit rate” 255 0.83 0.57;1.24 0.82 0.53;1.28
False-alarm rate® 255  0.77 0.56;1.07 0.71 0.49;1.02
Shifting (s)* 268 0.87 0.64;1.18 0.83 0.60;1.16
Abstract reasoningb 269 1.18 0.84;1.65 1.11 0.76;1.62

OR: Odds Ratio; CI: confidence interval; s = seconds. * p < 0.05; ¥ p < 0.1.

2 We show the most relevant abilities measured. For all tests, scores were
dichotomized into percentile 20 when a lower score meant worse cognitive
function or percentile 80 when higher scoring meant worse cognitive function,
except for attention index which was dichotomized into 0-1.

b A higher score indicates better cognitive function. Therefore, a higher OR
means a higher risk of being below the 20™ percentile.

¢ A higher score indicates worse cognitive function. Therefore, a higher OR
means a higher risk of being above the 80" percentile.

4 Models were adjusted for child’s age (years), BMI (kg/m?), smoking ex-
posure at home (yes/no), mother’s age at time of assessment (years), mother’s
intelligence score, marital status (married/unmarried), maternal education
(university/secondary school/up to primary), smoking exposure during preg-
nancy (yes/no) and breastfeeding (yes/no).

(Findlay and Kohen, 2015), 1.3 ng/mL; and the DEMOCOPHES study on
Spanish children at similar age (6-11 y) (Covaci et al., 2015), 1.83ng/
mL; among others (Hong et al., 2013). Urinary BPA concentrations can
be influenced by the type and timing of sample collection (non-fasting
between 17:00 and 20:00 h in the present study), country-specific BPA
regulations, and differences in food intake and lifestyle.

Although no consistent associations with cognitive functions were
observed in this study, with the exception of working memory, the
relative effect sizes observed (changes of 1-2 points in the neu-
ropsychological scales) are in the subclinical range. However, given
that human BPA exposure is ubiquitous, adverse effects could occur at a
population level (Bellinger, 2004). Importantly, a large number of
people exposed to a small risk may generate many more cases of disease
than a small number exposed to a high risk (Rose, 1985).

Our study has some limitations. First, the use of a single spot urine
sample to characterize BPA exposure may increase the risk of exposure
misclassification. However, this would probably lead to an
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underestimation rather than overestimation of BPA effects due to the
non-persistent nature and short-term variability of this chemical (Betts,
2013). Second, the cross-sectional design of the study does not allow
the inference of causal relationships. Third, no assessment was made of
possible effects of co-exposure to other chemical compounds, such as
phthalates and organohalogenated compounds, among others. Fourth,
since multiple comparisons were performed, we cannot rule out that
some of the few observed associations may be due to chance. However,
this possibility is counteracted by our interpretation of results, which
was based on the model robustness (comparison between unadjusted
and adjusted models and between volume-based and creatinine-ad-
justed BPA concentrations), and on the comparison of associations
observed in the current study with the available epidemiologic litera-
ture (Supplemental Table 1). Finally, sex-dependent relationships
cannot be ruled out, because the study only included boys. The main
study strengths include its contribution to the scant data available on
BPA exposure and cognitive functions and the application by a trained
psychologist of a comprehensive battery of tests. In addition, the ana-
lyses controlled for a large number of relevant covariates based on data
from multiple questionnaires, physical examinations, and laboratory
analyses of samples collected at the follow-up.

5. Conclusion

Results obtained in boys aged 9-11 years from the Spanish INMA-
Granada cohort do not support an association between urinary BPA
concentrations and cognitive abilities of the children, except for poorer
working memory. Given our previous finding of a positive association
between BPA and behavior problems in the same study population,
these data suggest that BPA may be predominantly associated with their
behavior.
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