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A B S T R A C T   

Background: Prenatal exposure to persistent organic pollutants (POPs) has been linked to cardiometabolic (CM) 
risk factors in childhood, but there are no studies evaluating the persistence of these associations into adoles-
cence, a period of relevant changes in endocrine-dependent organ systems and rapid increases in lean and fat 
mass. We examined the associations of prenatal POP exposures with body mass index (BMI) from age 4 to 18 
years, and with other CM risk markers in adolescence. 
Methods: We analysed 379 children from the Spanish INMA-Menorca birth cohort study with measured cord 
blood POP concentrations. We calculated BMI z-scores at ages 4, 6, 11, 14 and 18 years using the WHO growth 
reference. Body fat % was measured at 11 and 18 years and waist-to-height ratio (WHtR) and blood pressure (BP) 
at 11, 14 and 18 years. We measured CM biomarkers in fasting blood collected at age 14 years and calculated a 
CM-risk score as the sum of the sex-, and age-specific z-scores for waist circumference, mean arterial BP, ho-
meostatic model assessment of insulin resistance, fasting blood triglycerides, and high-density lipoprotein 
cholesterol (HDL-C) (n = 217). Generalised estimating equations and multivariate linear regression models 
assessed the associations with repeated and single time-point measures, respectively. 
Results: Hexachlorobenzene (HCB) exposure in the third tertile, compared to the first tertile, was associated with 
higher BMI (β = 0.24; 95% CI: 0.01, 0.47) and WHtR z-score (β = 0.27; 95% CI: 0.04, 0.51). A continuous in-
crease in HCB was associated with an elevated body fat % (β per 10-fold increase = 4.21; 95% CI: 0.51, 7.92), 
systolic BP (β = 0.32; 95% CI: 0.02, 0.64) and diastolic BP z-score (β = 0.32; 95% CI: 0.02, 0.62) across all ages, 
and with higher CM-risk score (β = 1.59; 95% CI: 0.02, 3.18) and lipid biomarkers (total cholesterol, triglycerides 
and low-density lipoprotein cholesterol (LDL-C)) at 14 years. Dichlorodiphenyltrichloroethane (p,p’-DDT) 
exposure was non-monotonically associated with BMI and systolic BP. p,p’-DDE and Σ-polychlorinated biphenyls 
(PCBs) (sum of congeners 118, 138, 153, 180) were not associated with adiposity or BP. p,p’-DDT exposure was 
associated with an increased CM-risk score, and ΣPCBs concentrations with LDL-C in all adolescents and with 
total cholesterol only in girls (p-sex interaction = 0.05). 

Abbreviations: BMI, body mass index; BP, blood pressure; CM, cardiometabolic; DAG, directed acyclic graph; p,p’-DDE, p,p’-dichlorodiphenyldichloroethane; p,p’- 
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INMA, Infancia y Medio Ambiente; LDL-C, low-density lipoprotein cholesterol; LOD, limit of detection; LOQ, limit of quantification; MAP, mean arterial pressure; 
PCBs, polychlorinated biphenyls; POP, persistent organic pollutant; T2D, type II diabetes mellitus; WHO, World Health Organization; WHtR, Waist-to-Height Ratio. 

* Corresponding autor at: Barcelona Institute for Global Health (ISGlobal), 88 Dr. Aiguader St., 08003 Barcelona, Spain. 
E-mail addresses: nuria.guil@isglobal.org (N. Güil-Oumrait), dania.valvi@mssm.edu (D. Valvi), raquel.garcia@isglobal.org (R. Garcia-Esteban), monica.guxens@ 

isglobal.org (M. Guxens), jordi.sunyer@isglobal.org (J. Sunyer), maties.torrent@ssib.es (M. Torrent), maribel.casas@isglobal.org (M. Casas), martine.vrijheid@ 
isglobal.org (M. Vrijheid).  

Contents lists available at ScienceDirect 

Environment International 

journal homepage: www.elsevier.com/locate/envint 

https://doi.org/10.1016/j.envint.2021.106469 
Received 16 November 2020; Received in revised form 10 February 2021; Accepted 15 February 2021   

mailto:nuria.guil@isglobal.org
mailto:dania.valvi@mssm.edu
mailto:raquel.garcia@isglobal.org
mailto:monica.guxens@isglobal.org
mailto:monica.guxens@isglobal.org
mailto:jordi.sunyer@isglobal.org
mailto:maties.torrent@ssib.es
mailto:maribel.casas@isglobal.org
mailto:martine.vrijheid@isglobal.org
mailto:martine.vrijheid@isglobal.org
www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2021.106469
https://doi.org/10.1016/j.envint.2021.106469
https://doi.org/10.1016/j.envint.2021.106469
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2021.106469&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Environment International 151 (2021) 106469

2

Conclusion: This first longitudinal study from 4 to 18 years suggests that the previously reported POP associations 
with child BMI persist later in adolescence and that prenatal POP exposures are associated with major risk factors 
for adult CM syndrome.   

1. Introduction 

Over the past four decades the prevalence of obesity, insulin resis-
tance, dyslipidemia, and hypertension - the main risk factors for adult 
metabolic syndrome - has increased worldwide in adults and children 
(NCD Risk Factor Collaboration (NCD-RisC), 2020, 2017a, 2017b, 
2016). Lifestyle factors, such as a poor-quality diet and sedentarism, and 
genetic susceptibility are primary contributors to the development of the 
metabolic disease (Ruiz et al., 2019). However, these factors alone 
cannot explain their current global trends (Heindel et al., 2015a). 

The ‘metabolic disruptor hypothesis’ postulates that endocrine- 
disrupting chemicals (EDCs), including persistent organic pollutants 
(POPs), may promote metabolic changes predisposing an organism to 
obesity, type II diabetes mellitus (T2D), or other aspects of metabolic 
syndrome, especially if exposure occurs during sensitive windows of 
foetal and child development (Grun and Blumberg, 2006; Heindel et al., 
2017; Heindel et al., 2015). This hypothesis is currently supported by 
data from in vivo and in vitro studies and to a lesser extent from 
observational studies (Heindel et al., 2017). POPs include carbon-based 
chlorinated lipophilic pesticides [i.e. dichlorodiphenyltrichloroethane 
(p,p’-DDT), its prime metabolite dichlorodiphenyldichloroethane (p,p’- 
DDE), and hexachlorobenzene (HCB)] as well as industrial chemicals 
[polychlorinated biphenyls (PCBs)]. They accumulate in animal and 
human lipid-containing tissues like adipose tissue and, similar to other 
EDCs, may disrupt critical biological processes of the endocrine and 
metabolic systems through mimicking or blocking the action of natural 
hormones (Heindel et al., 2017). The production and use of these 
chemicals have been banned (PCBs, HCB) or restricted (p,p’-DDT) under 
the Stockholm Convention (2004). However, due to their environmental 
persistence and the slow rate of biodegradation (between 3 and 15 years 
of half-lives) (Milbrath et al., 2009), these chemicals are still detected in 
international biomonitoring study populations, including pregnant 
women and children (Porta et al., 2008). Contaminated food, especially 
animal products, is the primary source of human exposure (Porta et al., 
2008). In early life, maternal concentrations of POPs are transmitted to 
the child through the placenta, and postnatally, via breast milk (Carrizo 
et al., 2006). 

In the Spanish INMA birth cohort studies, we have previously re-
ported that prenatal exposure to p,p’-DDT, p,p’-DDE, HCB and poten-
tially PCBs may increase the risk for rapid weight gain in infancy 
(Mendez et al., 2011; Valvi et al., 2014) and elevated body mass index 
(BMI) later in childhood (Agay-Shay et al., 2015; Smink et al., 2008; 
Valvi et al., 2012). Positive associations between prenatal exposure to p, 
p’-DDE and p,p’-DDT with BMI and other obesity-related outcomes in 
children, such as waist-to-height ratio (WHtR) and waist circumference, 
have also been reported in other longitudinal birth cohorts (Coker et al., 
2018; Delvaux et al., 2014; Heggeseth et al., 2015; Iszatt et al., 2015; 
Tang-Péronard et al., 2014, p. -; Vafeiadi et al., 2015; Warner et al., 
2017; Warner et al., 2014). Fewer cohorts found null associations be-
tween p,p’-DDE or p,p’-DDT and childhood obesity (Cupul-Uicab et al., 
2013; Garced et al., 2012; Høyer et al., 2014; Karlsen et al., 2017; 
Lauritzen et al., 2018). Findings for the association with prenatal PCBs 
have been less consistent (Cupul-Uicab et al., 2013; Delvaux et al., 2014; 
Høyer et al., 2014; Iszatt et al., 2015; Karlsen et al., 2017; Lauritzen 
et al., 2018; Tang-Péronard et al., 2014; Vafeiadi et al., 2015; Verhulst 
et al., 2009) as well as with prenatal HCB exposure (Cupul-Uicab et al., 
2013; Karlsen et al., 2017; Lauritzen et al., 2018; Vafeiadi et al., 2015). 

A major limitation of the current state of evidence is that the effects 
of prenatal POP exposure on cardiometabolic (CM) traits other than 
indirect measures of obesity have been rarely explored. To our 

knowledge, only one previous study has assessed associations of pre-
natal POP exposures with other CM risk factors beyond child anthro-
pometry (Vafeiadi et al., 2015). Further, no studies have assessed 
whether the associations shown between prenatal POPs exposure and 
childhood obesity and CM traits persist later in puberty, a sensitive 
period characterised by relevant changes in hormones with an essential 
role in metabolism and weight homeostasis and rapid developmental 
increases in lean and fat mass. As CM risk factors tend to track from 
childhood and adolescence into adulthood (Chen and Wang, 2008; 
Franks et al., 2010; Juhola et al., 2011; Juonala et al., 2011; Wright 
et al., 2010), the early identification of adolescents who are at risk of 
developing metabolic syndrome in later life is important. Therefore, we 
aimed to explore the persistency of the previously reported POP asso-
ciations with BMI throughout adolescence and further, to assess the 
association with other CM markers (body fat %, blood pressure, lipids, 
and insulin resistance), as well as a combined CM-risk score, in adoles-
cents from the Spanish INMA-Menorca birth cohort. 

2. Methods 

2.1. Study population 

Women presenting for antenatal care were recruited into the INMA 
(INfancia y Medio Ambiente – Environment and Childhood) birth cohort 
set up in the Spanish Island of Menorca between April 1997 and June 
1998 (n = 482). The protocol of the INMA study has been reported 
elsewhere (Guxens et al., 2012). Mothers were included if they (i) were 
resident in the study area, (ii) were at least 16 years old, (iii) had a 
singleton pregnancy, (iv) did not follow any assisted reproduction pro-
gramme, (v) wished to deliver in the reference hospital and (vi) had no 
communication barrier. POP levels were measured in cord blood sam-
ples of 405 mothers, and their children were followed periodically until 
they reached the age of 18 years old. Of these, 379 children (78.6% of 
the initially enrolled cohort) had available data of at least one anthro-
pometric (BMI, waist circumference) or blood pressure (BP) outcome 
between the age of 4 and 18 years and were included in the present study 
(Fig. 1). This study was approved by the ethics committee of the Hospital 
del Mar Research Institute (IMIM), and all mothers and adolescents 
signed written informed consent. 

2.2. Prenatal POPs assessment 

Concentrations of p,p’-DDT, p,p’-DDE, HCB, and the PCB congeners 
28, 52, 101, 118, 138, 153, 180 were measured in cord blood using gas 
chromatography (GC) with electron capture detection (Hewlett-Packard 
6890 N GC-ECD; Hewlett-Packard, Avondale, PA, USA) and GC coupled 
to chemical ionisation negative-ion mass spectrometry (Hewlett-Pack-
ard 5973 MSD) in the Department of Environmental Chemistry (IDEAE- 
CSIC) in Barcelona (Spain) (Carrizo et al., 2007; Valvi et al., 2012). 
Details on the sample extraction and clean up can be found elsewhere 
(Grimalt et al., 2010). The limits of detection (LOD) and quantification 
(LOQ) for all POPs ranged between 0.007 (p,p’-DDT) and 0.323 (HCB) 
ng/mL, and 0.011 and 0.485 ng/mL, respectively (Table S1). PCB con-
geners 28, 52 and 101 were excluded from this analysis because their 
percentages of values above the LOQ were less than 70% (Valvi et al., 
2012). Since PCB-153 has been suggested as a good marker for overall 
exposure to PCBs (Hagmar et al., 2006), we calculated the sum of PCB 
congeners 118, 138, 153, and 180 to create one single variable (ΣPCBs). 
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2.3. Anthropometric measurements 

All anthropometric measurements were measured by trained staff 
using a standard protocol (i.e. in light clothing and without shoes) at 
ages 4 years (n = 240), 6 years (n = 360), 11 years (n = 335), 14 years (n 
= 275), and 18 years (n = 224) for height and weight, and at ages 11 
years (n = 335), 14 years (n = 273), and 18 years (n = 225) for waist 
circumference (Fig. 1). We calculated BMI (weight/length2) age- and 
sex-specific z-scores using the World Health Organization (WHO) 
Growth reference (de Onis et al., 2009; de Onis et al., 2007). Overweight 
was defined as a BMI z-score equal to or above the WHO age- and sex- 
specific 85th percentile. Waist circumference was measured using an 
inelastic tape (SECA model 201) at the midpoint between the right lower 
rib and the iliac crest after gentle expiration. We used waist circumfer-
ence (cm) and height (cm) to calculate the waist-to-height ratio (WHtR) 
as a proxy of central obesity (Ashwell et al., 2012). We derived age-, and 
sex-specific WHtR z-scores, as the standardised residuals from regression 
models of WHtR as the dependent variable, and age and sex as the 
predictors (Eisenmann, 2008). 

Tetrapolar bioelectric impedance analyses were conducted using the 
RJL device at ages 11 (n = 334) and 18 years (n = 219). Fat-free mass at 
11 and 18 years old, was determined by using the Horlick et al. (2002) 
equation. Body fat was obtained by subtracting the fat-free mass from 
measured total body weight. Body fat % was calculated as body fat (kg) 
divided by the total body weight (kg) and multiplied by 100. 

2.4. Blood pressure (BP) 

Systolic and diastolic BP was measured using an automatic digital 
monitor (OMRON 705-CPII) at ages 11 years (n = 335), 14 years (n =
273), and 18 years (n = 225) of age. After five minutes of rest, three 
consecutive measurements were taken with one-minute time intervals 
between them. We took the average of the second and third measure-
ments to reduce measurement error, and like WHtR, we used regression 

models to derive BP z-scores standardised by age, sex, and height. 

2.5. Blood biomarkers 

Serum samples were collected at fasting conditions from adolescents 
at 14 years (n = 219) and were stored at − 20 ◦C until analysis was 
carried out at the CQS laboratory in Madrid (Spain) using standard 
procedures. We measured biomarkers related to childhood obesity and 
insulin resistance, including fasting total cholesterol, high-density li-
poprotein cholesterol (HDL-C), low-density lipoprotein cholesterol 
(LDL-C), triglycerides, insulin, and glucose. Total cholesterol was 
determined by cholesterol esterase and oxidase, HDL-C and LDL-C were 
measured by a direct method (particle elimination, cholesterol esterase 
and colourimetry) and triglycerides were quantified by lipase/glycerol 
kinase and colourimetric analysis. Insulin and glucose were analysed 
with hexokinase and luminescence immunoassay, respectively. Ho-
meostatic model assessment for insulin resistance (HOMA-IR), a marker 
of insulin sensitivity validated in adolescents (Atabek and Pirgon, 2007; 
Keskin et al., 2005), was calculated as fasting insulin (μIU ml − 1) ×
fasting glucose (mmol l − 1)/22.5) (Keskin et al., 2005). 

2.6. CM risk score 

We generated a continuous score of CM risk by summing the z-scores 
specific for age and sex of five individual CM markers commonly used 
for the definition of adult metabolic syndrome: waist circumference, 
mean arterial pressure (MAP), HDL-C, triglycerides, and HOMA-IR. We 
used MAP instead of accounting for both systolic and diastolic BP to deal 
with the significant correlation shown between the two BP variables, as 
suggested previously (Eisenmann, 2008). HDL-C was summed after 
values were multiplied by − 1 because it is inversely associated with CM 
risk. In the absence of a widely accepted definition for metabolic syn-
drome in children and adolescents, similar CM risk scores are increas-
ingly used in epidemiological studies and have been shown to associate 

n= 482  
Pregnant women enrolled in mid-1997 

n= 77 Excluded Children with missing 
data on POPs at birth  

n= 405  
Children with POPs measured at birth  

n= 379 
Children with at least one outcome measured  

n= 240  
Children with 
adiposity data 
available at 4 

years old

n= 360  
Children with 
adiposity data 
available at 6 

years old

n= 335 
Children with 

adiposity and blood 
pressure data available 

at 11 years old

n= 275 
Adolescents with adiposity 

and blood pressure data 
(n=273) available at 14 years 

old

n= 225  
Adolescents with 

adiposity and blood 
pressure data available 

at 18 years old

n= 219 
Adolescents with cardiometabolic data available at 14 years old

n= 26 Excluded Children without 
outcomes measurements    

Fig. 1. Flow chart of sample populations in our study. Note: POPs, persistent organic pollutants.  
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with risk factors of metabolic syndrome and to track CM risk from 
adolescence into adulthood (Eisenmann, 2008). The CM score was 
calculated for 216 subjects who had all five CM risk factors measured 
(Fig. 1). 

2.7. Covariates 

Information on the following covariates was obtained through 
interviewer-administered questionnaires answered by mothers at 
recruitment: maternal age, educational level, country of origin, parity 
(first child or not), smoking during pregnancy (“yes” if they smoke at the 
moment of the questionnaire), self-reported pre-pregnancy BMI (weight 
(kg)/height(m)2) and social class (using the UK Registrar General’s 1990 
classification according to parental occupation by ISCO88 code). We 
classified professional/managerial/technical occupations as 
nonmanual; skilled, partially skilled, and unskilled occupations as 
manual; and unemployed and housewives as unclassified. Infant sex, 
gestational age, birth weight and type of delivery were collected by 
clinical records. Exclusive breastfeeding duration and gestational dia-
betes were self-reported by mothers at follow-up visits after birth. 

2.8. Statistical analysis 

We log-transformed all cord blood POP concentrations to handle the 
right-skewed distributions. We, therefore, expressed β coefficients as the 
increase of 10-fold of the exposure is equal to a β*log (10) additive 
change in the mean of the outcome. We performed multiple imputations 
by chained equations of missing values in covariate data (<5%) to avoid 
loss of participants in the study (Spratt et al., 2010; Sterne et al., 2009). 
POP measurements below the LOQ were imputed using distribution- 
based multiple imputations by assuming a log-normal distribution of 
POPs and conditioning the imputation to the range (0, LOD) for values 
< LOD and (LOD, LOQ) for values < LOQ (Baccarelli et al., 2005). We 
generated five complete data sets by using the ice package for Stata 
(Royston, 2005), and estimates on each data set were combined using 
Rubin’s rules for multiple imputations (Little and Rubin, 2014). A 
detailed description of this procedure is provided in Table S2. Distri-
butions in imputed datasets were similar to those observed (Table S3). 
We performed generalised additive models (GAMs) with the R package 
‘mgcv’ to assess departures from linearity in the relationship between 
log-transformed POPs and each outcome. If the effective degrees of 
freedom were equal to 1, the relationship was closer to linear. Because a 
few GAM models showed evidence of non-linearity (Fig. S1-S2), we 
modelled POPs concentrations as both continuous and categorical var-
iables using tertile cut-offs. 

We estimated associations between prenatal POPs exposure and 
repeated anthropometric and BP measures using generalised estimating 
equations (GEE) with an unstructured correlation matrix. To assess 
whether the exposure effect differs over time, an interaction term be-
tween age at outcome assessment (4 years, 6 years, 11 years and/or 14 
years, and 18 years) and the POP exposure variable was included. 
Multivariable linear regression models were used to evaluate the asso-
ciations between the POPs concentrations and the CM biomarkers and 
risk score at 14 years old. 

Covariates included in the multivariate-adjusted GEEs and linear 
regression models were selected based on prior knowledge and directed 
acyclic graphs (DAGs) using DAGitty software (Shrier and Platt, 2008). 
Prior knowledge was acquired from previous analyses conducted in this 
cohort (Smink et al., 2008; Valvi et al., 2012) and evidence from other 
prospective studies (Ibarluzea et al., 2011; Ong et al., 2002; Vafeiadi 
et al., 2015). We additionally examined if maternal diet variables (daily 
intake of fruits and nuts, meat, fish, dairy products and vegetables) 
confounded the associations; since coefficient estimates did not change, 
these variables were not retained. Therefore, final multivariate models 
included the following maternal characteristics at pregnancy: parity 
history (nulliparous/multiparous), pre-pregnancy BMI (kg/m2), 

education (less secondary/secondary completed), socioeconomic status 
(non-manuals/manuals/unclassified), smoking (yes/no), and age 
(years) (Fig. S3). We additionally adjusted by child’s sex and age (years) 
at outcome assessment in the models without standardized outcomes. 
Gestational diabetes, delivery type, gestational duration, birth weight, 
and breastfeeding duration may be mediating factors in the association 
of prenatal POP exposures and child CM outcomes at later ages (Fig. S3). 
Therefore, we did not adjust associations for these variables as we are 
interested in the total effect of prenatal POP exposures on CM outcomes 
(VanderWeele, 2009). 

We performed a sensitivity analysis by splitting up the PCBs into 
dioxin-like (118) and non-dioxin like (sum of 138, 153, 180 congeners) 
PCBs, as they have shown to exhibit different modes of action in 
experimental studies (Kim et al., 2011). We stratified by sex to obtain 
sex-specific estimates, and we tested sex-interactions by inserting cross- 
product terms (POP*sex) in the statistical models, as POP effects have 
been suggested to differ by sex in previous studies (Valvi et al., 2012; 
Warner et al., 2017). Multipollutant models adjusted for the four main 
exposure variables (p,p’-DDT, p,p’-DDE, HCB and ΣPCBs) were also 
performed to evaluate whether associations for each POP are 
confounded by the effect of other POPs. We assessed collinearity with 
variance inflation factors (VIFs) for each model. Since all VIFs were less 
than 2 (Kim, 2019), none of the exposures was removed from the mul-
tipollutant models. The statistical package STATA version 15.0 (Stata 
Corporation, College Station, TX, USA) and R version 4.0.2 (R Founda-
tion, Vienna, Austria) were used for statistical analyses. 

3. Results 

3.1. Study population characteristics 

Children with at least one outcome measured from 4 to 18 years old 
(n = 379) and its subgroup of adolescents with biomarkers measured at 
14 years (n = 219) had similar offspring and maternal characteristics 
(Table 1). Table S4 shows that children included in the study (n = 379) 
were similar to those excluded (because of missing exposure or outcome 
data, n = 103), except for higher birth weight. In the full analysis pop-
ulation, about half of the children (49.3%) were females, and almost 
40% were breastfed for more than six months (Table 1). Almost all 
mothers were predominantly Spanish (97%), 21% of them had pre- 
pregnancy overweight, 58% were nulliparous, and 6% developed 
gestational diabetes during pregnancy (Table 1). The highest POP con-
centration on average was found for p,p’-DDE, followed by HCB, ΣPCBs, 
and p,p’-DDT (Table 1). The correlation between these compounds 
ranged from 0.15 (between p,p’-DDT and ΣPCBs) to 0.46 (between p,p’- 
DDT and p,p’-DDE) (data not shown). The prevalence of overweight was 
28–29% at 4, 6 and 11 years and 23% and 20% at 14 and 18 years, 
respectively (Table 2). 

Pearson’s correlation analysis showed strong positive correlations 
between BMI z-score and WHtR z-score at all ages (r>=0.82). Correla-
tions of body fat % with BMI z-score and WHtR z-score decreased with 
age (0.79 and 0.82 respectively, at 11 years, and 0.63 and 0.62 
respectively, at 18 years) (Tables S5-S7). Within-age correlations be-
tween BP (systolic and diastolic) and anthropometric measurements 
were significant at 14 years (r between 0.25 and 0.35), whereas they 
were small and at some cases non-significant at 11 and 18 years old 
(Tables S5-S7). Total cholesterol and LDL-C were the most strongly 
correlated CM biomarkers (r = 0.89) (Table S6). HDL-C was inversely 
correlated with all markers except for total cholesterol, and HOMA-IR 
correlated positively and significantly with all biomarkers (Table S6). 
CM risk correlated moderately and significantly with all anthropo-
metric, BP and biomarkers at 14 years (between 0.32 and 0.72), except 
for total cholesterol (r = 0.11) (Table S6). 

GAMs examining the shape of the relationships between anthropo-
metric and BP outcomes and POPs concentrations showed that re-
lationships with all study outcomes were linear with few exceptions 
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indicating non-linearity (Fig. S1): HCB with BMI z-score and WHtR z- 
score, and ΣPCBs with Systolic BP z-score. Regarding CM outcomes at 
14 years, there was a non-linear relationship between all POPs and total 
cholesterol and LDL-C except for HCB, and p,p’-DDE and triglycerides 
(Fig. S2). 

3.2. POPs associations with anthropometric and BP outcomes 

Increased concentrations of p,p’-DDT and HCB, but not p,p’-DDE and 
PCBs, were associated with higher BMI z-scores across the ages 
(Table 3). These associations reached statistical significance for cord 
blood p,p’-DDT concentrations in the second tertile (0.05 – 0.15 ng/mL) 
vs first tertile (<0.05 ng/mL) β = 0.23; 95% CI: 0.01, 0.45) and for HCB 
in the third tertile (>0.90 ng/mL) (β = 0.24; 95% CI: 0.01, 0.47) 
(Table 3). WHtR z-score and body fat % were only significantly associ-
ated with HCB (in the third tertile, β = 0.27; 95% CI: 0.04, 0.51; for a 10- 
fold increase, β = 4.21; 95% CI: 0.51, 7.92, respectively) (Table 3). 

p,p’-DDT concentrations in the second (0.05 – 0.15 ng/mL) and third 
tertile (>0.15 ng/mL) were associated with higher systolic BP z-scores 
(β = 0.22; 95% CI: 0.03, 0.41; β = 0.29; 95% CI: 0.08, 0.50, respec-
tively). A continuous increase in HCB concentrations was associated 
with higher systolic BP (for a 10-fold increase in HCB, β = 0.32; 95% CI: 
0.02, 0.64) (Table 3) and with higher diastolic BP (for a 10-fold increase, 
β = 0.32; 95% CI: 0.02, 0.62) (Table 3). Conversely, p,p’-DDE concen-
trations were negatively associated with both systolic and diastolic BP z- 
score, but these only reached statistical significance for p,p’-DDE in the 

second tertile and systolic BP (Table 3). Effect estimates did not change 
notably in complete cases analyses (data not shown). In unadjusted 
models, most coefficients were of larger magnitude (Table S8) and were 
attenuated mostly after adjustment of the maternal pre-pregnancy BMI 
covariate. 

The associations between POPs and BMI, WHtR and body fat % were 
largely consistent over the ages at follow-up (p for interaction > 0.10) 

Table 1 
Offspring and maternal characteristics of the study population.  

Characteristics Children with at least 
one outcome measured 
from 4 to 18 years (n =
379) 

Adolescents with 
biomarkers measured 
at 14 years (n = 219) 

Offspring characteristics   
Sex, female (%) 49.34 48.86 
Gestational age (weeks; 

mean ± SD) 
39.36 ± 1.54 39.32 ± 1.47 

Birth weight (g; mean ± SD) 3218.80 ± 457.35 3242.99 ± 464.52 
Delivery type, caesarean 

section (yes; %) 
19.26 17.81 

Breastfeeding > 6 months 
(yes; %) 

39.05 41.10 

Concentrations of prenatal 
POP exposure [median 
(25th, 75th) — ng/mL]   

p,p’-DDE 1.04 (0.58, 1.94) 1.02 (0.56, 1.95) 
p,p’-DDT 0.08 (0.04, 0.20) 0.08 (0.04, 0.17) 
HCB 0.68 (0.46, 1.01) 0.67 (0.44, 0.97) 
∑

PCBs 0.55 (0.41, 0.78) 0.53 (0.41, 0.75) 
Maternal characteristics   
Maternal country of origin, 

Spain (yes; %) 
96.68 98.45 

Age at delivery (years; mean 
± SD) 

29.84 ± 4.48 30.07 ± 4.47 

Maternal pre-pregnancy 
overweight (yes, %) 

20.58 20.64 

Maternal secondary 
education completed (%) 

40.79 42.00 

Social class (%)   
Non-manuals 45.12 47.03 
Manuals 33.98 31.42 
Unclassified 20.90 21.55 
Maternal gestational 

diabetes (yes; %) 
5.54 4.11 

Smoking during pregnancy 
(yes, %) 

36.68 34.25 

Maternal parity history, 
nulliparous (yes, %) 

58.05 63.01 

Note: p,p’-DDE, dichlorodiphenyldichloroethylene; p,p’-DDT, dichlor-
odiphenyltrichloroethylene; HCB, hexachlorobenzene; PCBs, polychlorinated 
biphenyls; POP, Persistent Organic Pollutant. 

Table 2 
Descriptive of anthropometric, and cardiometabolic characteristics of the study 
population at each follow-up.   

4 y 
n = 240 

6 y 
n = 360 

11 y 
n = 335 

14 y 
n = 275 

18 y 
n = 225 

Age (years; mean 
± SD) 

4.37 ±
0.16 

6.67 ±
0.20 

11.55 ±
0.65 

14.59 ±
0.21 

17.64 ±
0.23 

Anthropometric measurements 
Weight (kg; mean 
± SD) 

18.60 ±
2.76 

24.33 ±
4.24 

43.89 ±
10.33 

57.97 ±
11.39 

64.11 ±
11.82 

Height (cm; mean 
± SD) 

107.05 
± 5.03 

120.95 
± 5.07 

149.63 
± 8.31 

165.08 
± 8.08 

168.79 
± 9.33 

BMI (kg/m2; mean 
± SD)a 

16.17 ±
1.57 

16.55 ±
2.07 

19.44 ±
3.43 

21.20 ±
3.41 

22.45 ±
3.50 

BMI z-score (mean 
± SD) a 

0.57 ±
1.03 

0.58 ±
1.11 

0.57 ±
1.17 

0.34 ±
1.03 

0.21 ±
0.99 

Overweight (yes; 
%)a 

28.75 27.86 28.66 22.55 19.64 

Waist 
circumference 
(cm; mean ±
SD)b 

— — 65.80 ±
8.91 

76.01 ±
9.64 

77.11 ±
9.57 

WHtR (mean ± SD) 
b 

— — 0.44 ±
0.05 

0.46 ±
0.06 

0.46 ±
0.06 

WHtR z-score 
(mean ± SD) 

— — − 0.01 ±
1.01 

0.00 ±
1.02 

0.00 ±
1.00 

Fat Free Mass (kg; 
mean ± SD)c 

— — 35.19 ±
6.04 

— 52.39 ±
10.38 

Body fat mass (kg; 
mean ± SD)c 

— — 8.74 ±
6.37 

— 11.71 ±
8.69 

BIA- Body Fat % 
(mean ± SD) c 

— — 18.33 ±
9.98 

— 17.76 ±
11.24 

BP b      

Systolic BP 
(mmHg; mean ±
SD) 

— — 117.18 
± 9.48 

120.91 
± 11.33 

122.91 
± 10.81 

Systolic BP z-score 
(mean ± SD) 

— — − 0.01 ±
0.97 

− 0.02 ±
0.95 

0.01 ±
0.87 

Diastolic BP 
(mmHg; mean ±
SD) 

— — 72.10 ±
6.79 

75.79 ±
8.09 

74.70 ±
7.50 

Diastolic BP z-score 
(mean ± SD) 

— — 0.00 ±
0.97 

0.00 ±
0.93 

0.00 ±
0.85 

Cardiometabolic biomarkers (n 
= 219)     

HOMA IR (mean ±
SD) 

— — — 1.90 ±
0.78 

— 

Total cholesterol 
(mg/dL; mean ±
SD) 

— — — 154.85 
± 25.13 

— 

HDL-C (mg/dL; 
mean ± SD) 

— — — 50.43 ±
10.06 

— 

LDL-C (mg/dL; 
mean ± SD) 

— — — 86.21 ±
21.92 

— 

Triglycerides (mg/ 
dL; mean ± SD) 

— — — 66.03 ±
27.02 

— 

CM-risk score (n =
216) (mean ±
SD) 

— — — 0.06 ±
2.78 

—  

Note: —, no data; BMI, body mass index; BP, blood pressure; CM, car-
diometabolic; HOMA IR, homeostatic model assessment for insulin resistance; 
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein 
cholesterol; WHtR, waist-to-height ratio. 

a n = 224 at 18 y. 
b n = 273 at 14 y. 
c n = 334 at 11 y n = 219 at 18 y. 
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(Fig. 2). As the only exception, a higher WHtR z-score associated with p, 
p’-DDT was observed at age 14 years, but not at 11 or 18 years (p for 
interaction = 0.08) (Fig. 2B, Table S8). We observed the same patterns of 
association for systolic and diastolic BP z-scores (p for interaction =
0.01) (Fig. 2, Table S9). Overall, 18 years was the only age-point that did 
not show any statistically significant associations (Fig. 2A-E, Table S8). 
We found no associations between ΣPCBs and any of the outcomes 
assessed (Table 3). Dioxin-like PCB-118 had positive associations with 
BMI z-score and body fat % compared to non-dioxin-like congeners, but 
none of these associations was statistically significant (Table S10). We 
did not find statistical evidence of sex interaction (p interaction > 0.10) 
(Table S11). Estimates from the multipollutant model revealed stronger 
associations between p,p’-DDT and systolic BP z-score, and between 
HCB and body fat %, systolic BP and diastolic BP (Table S12). 

3.3. POPs associations with CM outcomes at 14 years 

Increased prenatal HCB concentrations were associated with higher 
CM risk scores in children at 14 years (for a 10-fold increase, β = 1.59; 
95% CI: 0.02, 3.18), as was p,p’-DDT exposure in the third tertile (>0.15 
ng/mL) (β = 1.09; 95% CI: 0.11, 2.07) (Table 4). HCB exposure in the 
third tertile (>0.90 ng/mL) was also associated with higher total 
cholesterol, triglycerides and LDL-C concentrations [(β = 14.47 mg/dL; 
95% CI: 5.73, 23.21); (β = 11.93 mg/dL; 95% CI: 2.31, 21.54); (β =
11.62 mg/dL; 95% CI: 3.84, 19.39), respectively] (Table 4). ΣPCBs only 
reached statistical significance with LDL-C (for a 10-fold increase in 
ΣPCBs, β = 11.44 mg/dL; 95% CI: 0.02, 22.89) and p,p’-DDE was not 
significantly associated with any of the CM outcomes. HOMA-IR and 
HDL-C were not associated with any of the measured POPs (Table 4). 
Nevertheless, we observed a positive association between dioxin-like 
PCB-118 and HOMA-IR in the sensitivity analysis (for a 10-fold in-
crease in PCB-118, β = 0.37; 95% CI: 0.02, 0.71) (Table S14). 

Total cholesterol and LDL-C levels showed a stronger positive asso-
ciation with ΣPCBs in girls [for a 10-fold increase, (β = 26.02 mg/dL; 
95% CI: 8.77, 43.24) and (β = 24.71 mg/dL; 95% CI: 9.03, 40.36), 
respectively] than in boys [(β = -3.64 mg/dL; 95% CI: –23.62, 16.37) 
and (β = − 2.65 mg/dL; 95% CI: − 19.99, 14.69), respectively] (p- 
interaction = 0.05) (Table S15). Including all four POPs in one multi-
pollutant reduced some of the effect estimates and the following asso-
ciations were no longer statistically significant: p,p’-DDT and HCB with 
CM-risk score, HCB and triglycerides, and ΣPCBs and LDL-C (Table S16). 

4. Discussion 

This is the first birth cohort study examining the long-term effects of 
prenatal exposure to POPs on obesity and other CM risk factors in ad-
olescents. We found that prenatal exposure to p,p’-DDT and HCB was 
associated with increased BMI, other adiposity measures, and BP in 
childhood and adolescence, and a higher CM risk at 14 years. These 
findings provide prospective evidence that in utero exposure to POPs 
increases the risk for metabolic disorders in the first years of life and that 
these effects may persist through age 18 years. 

4.1. POPs and adiposity 

We found that prenatal p,p’-DDT and HCB concentrations were 
significantly associated with increased BMI during childhood and 
adolescence (from 4 to 18 years old), as well as WHtR during adoles-
cence. We also found a positive association between prenatal HCB and 
body fat % in adolescence. These findings confirm that the relationship 
between prenatal p,p’-DDT and HCB and BMI reported previously in this 
cohort at 6 years old persists at later stages (Smink et al., 2008; Valvi 
et al., 2012). HCB has also been associated with an increased risk of 
overweight in childhood and rapid growth in early infancy in other 
INMA-Spanish cohorts (Agay-Shay et al., 2015; Valvi et al., 2014) as 
well as in birth cohorts from the Faroe Islands and Greece (Karlsen et al., 
2017; Vafeiadi et al., 2015). Conversely, two cohorts from Belgium and 
the US reported non-significant associations of prenatal exposures to 
HCB and child anthropometry in childhood (Cupul-Uicab et al., 2013; 
Delvaux et al., 2014). Higher exposure levels of HCB in Menorca 
compared to these cohorts could partly explain these inconsistencies. 

Prenatal exposure to p,p’-DDE has been linked to a higher child BMI 
in many previous prospective studies (Coker et al., 2018; Delvaux et al., 
2014; Heggeseth et al., 2015; Iszatt et al., 2015; Tang-Péronard et al., 
2014; Vafeiadi et al., 2015; Warner et al., 2017; Warner et al., 2014), 
including the Spanish-INMA cohorts (Agay-Shay et al., 2015; Valvi et al., 
2014; Valvi et al., 2012), but non-significant associations have been also 
reported in other studies (Cupul-Uicab et al., 2013; Garced et al., 2012; 
Høyer et al., 2014; Karlsen et al., 2017; Lauritzen et al., 2018). In the 
prior INMA-Menorca cohort analysis of 344 children at age 6 years only, 
we found a non-monotonic association between prenatal p,p’-DDE 
exposure and the risk for overweight that was stronger and significant in 
girls only (Valvi et al., 2012). In the present longitudinal analysis, 

Table 3 
Adjusted associationsa between prenatal cord blood concentrations of POPs and anthropometric and blood pressure outcomes during childhood and adolescence.  

Anthropometric and BP outcomesb POP exposure level p,p’-DDT β (95% CI) p,p’-DDE β (95% CI) HCB β (95% CI) 
∑

PCBs β (95% CI) 

BMI z-score (n = 379 subjects/ 1433 measures) T2 0.23 (0.01, 0.45) 0.15 (-0.07, 0.37) − 0.03 (-0.25, 0.19) − 0.06 (-0.27, 0.16)  
T3 0.16 (-0.07, 0.39) 0.16 (-0.07, 0.39) 0.24 (0.01, 0.47) 0.08 (-0.15, 0.31)  
10-fold increase 0.14 (-0.02, 0.30) 0.14 (-0.09, 0.39) 0.39 (0.05, 0.76)¶ − 0.16 (-0.53, 0.21) 

WHtR z-score (n = 339/ 833 measures) T2 0.06 (-0.17, 0.28) 0.18 (-0.04, 0.41) − 0.05 (-0.27, 0.18) 0.01 (-0.21, 0.24)  
T3 0.19 (-0.05, 0.43) 0.20 (-0.03, 0.44) 0.27 (0.04, 0.51) 0.05 (-0.19, 0.28)  
10-fold increase 0.14 (-0.05, 0.30) 0.07 (-0.18, 0.30) 0.39 (0.02, 0.76)¶ − 0.14 (-0.51, 0.25) 

Body Fat % (n = 335/ 553 measures) T2 0.23 (-1.99, 2.44) 1.64 (-0.66, 3.94) − 0.82 (-3.06, 1.42) 0.04 (-2.19, 2.28)  
T3 0.02 (-2.35, 2.39) 1.23 (-1.10, 3.56) 2.93 (0.62, 5.24) 0.48 (-1.89, 2.85)  
10-fold increase − 0.18 (-1.87, 1.5) 0.37 (-2.07, 2.83) 4.21 (0.51, 7.92) − 1.08 (-4.88, 2.74) 

Systolic BP z-score (n = 338/ 833 measures) T2 0.22 (0.03, 0.41) − 0.22 (-0.42, − 0.01) 0.16 (-0.04, 0.36) − 0.03 (-0.22, 0.17)  
T3 0.29 (0.08, 0.50) − 0.16 (-0.36, 0.05) 0.20 (-0.01, 0.41) 0.08 (-0.13, 0.28)  
10-fold increase 0.14 (-0.02, 0.28) − 0.09 (-0.32, 0.12) 0.32 (0.02, 0.64) − 0.16 (-0.46, 0.21)¶ 

Diastolic BP z-score (n = 338/ 833 measures) T2 0.10 (-0.09, 0.28) − 0.10 (-0.29, 0.09) 0.18 (-0.01, 0.37) 0.02 (-0.17, 0.20)  
T3 0.11 (-0.09, 0.31) − 0.13 (-0.33, 0.06) 0.26 (0.06, 0.46) 0.01 (-0.18, 0.21)  
10-fold increase 0.07 (-0.07, 0.21) − 0.14 (-0.35, 0.07) 0.32 (0.02, 0.62) − 0.09 (-0.41, 0.21) 

Note: ¶, non-linear association; BMI, body mass index; BP, blood pressure; CI, confidence interval; WHtR, waist-to-height ratio. Second (T2) or third tertile (T3) 
compared with first. 

a All models were adjusted for maternal characteristics (i.e. parity history, pre-pregnancy BMI, education, socioeconomic status, smoking, and age at pregnancy), 
and child’s follow up visit. Body fat % model was additionally adjusted by sex. bGeneralized estimating equation models include BMI measured at ages 4, 6, 11, 14 and 
18 years, WHtR and BP at ages 11, 14 and 18 years, and body fat % at ages 11 and 18 years. 
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Fig. 2. Adjusted associations between prenatal cord blood concentrations of POPs and BMI z-score (A), WHtR z-score (B), Body Fat % (C), Systolic BP z-score (D), 
and Diastolic BP z-score (E) at each age of follow-up from 4 years until age 18 years. Generalized estimating equation models were adjusted for maternal char-
acteristics (i.e. parity history, pre-pregnancy BMI, education, socioeconomic status, smoking, and age at pregnancy), and child’s follow up visit. Body fat % model 
was additionally adjusted by sex. Upper values represent the p-values of the age at follow-up interaction term. 
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associations with continuous BMI z-scores across all ages between 4 and 
18 years did not reach the level of significance at either sex, but a pattern 
of non-significant positive associations was observed at all ages most of 
which were of the same magnitude as the associations seen for p,p’-DDT. 
Our findings for prenatal p,p’-DDT exposure are consistent with previ-
ous studies that found positive associations with WHtR in girls at 2 years 
(Coker et al., 2018), BMI in boys at 12 years (Warner et al., 2017), BMI 
growth trajectories (Heindel et al., 2015), BMI and overweight risk at 9 
years (Warner et al., 2014). On the contrary, other cohorts reported non- 
significant associations with BMI at 5 years (Karlsen et al., 2017; Laur-
itzen et al., 2018) and 7 years (Cupul-Uicab et al., 2013). 

We did not find a clear association of prenatal exposure to PCBs and 
adiposity apart from the non-monotonic positive association with 
childhood overweight at age 6 years in girls shown previously in the 
INMA-Menorca study (Valvi et al., 2012). Our findings are in line with 
previous INMA-studies (Valvi et al., 2014) and other longitudinal co-
horts (Cupul-Uicab et al., 2013; Delvaux et al., 2014; Karlsen et al., 
2017; Lauritzen et al., 2018; Vafeiadi et al., 2015), but not with the 
findings of one other Spanish-INMA subcohort that found a positive 

association between PCB-138 and child BMI (Agay-Shay et al., 2015), 
and the study by Tang-Péronard et al. an association between high levels 
of 

∑
PCBs (138, 153, 180) and an elevated BMI in girls (Tang-Péronard 

et al., 2014). Overall, the evidence from birth cohorts about the po-
tential obesogenic role of PCBs exposure is inconclusive, which could be 
partially due to the different PCB exposure mixture and ranges across 
studies. 

The underlying mechanism(s) of p,p’-DDT and HCB-induced 
adiposity in humans are understood only in part. New experimental 
studies have shown mixtures of POPs to increment weight and visceral 
fat in animals, as well as fat uptake and storage in adipocytes (Cano- 
Sancho et al., 2017). p,p’-DDT is suggested to be an oestrogen receptor α 
agonist and androgen receptor antagonist, while HCB an androgen re-
ceptor and oestrogen receptor-related γ antagonist (Li et al., 2008). The 
pivotal role of oestrogens in regulating energy balance is well known, 
either by acting directly on the brain or through activation of oestrogen 
receptor on adipocytes (Mauvais-Jarvis et al., 2013). Several in vitro 
models showed that p,p’-DDT exposure increased lipid accumulation 
and adipocyte differentiation, by increasing the mRNA expression of 

Fig. 2. (continued). 
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peroxisome proliferator-activated receptor γ (PPARγ), the master regu-
lator of adipogenesis (Cano-Sancho et al., 2017). 

4.2. POPs and BP 

We found that p,p’-DDT and HCB were associated with higher BP in 
adolescence. Prenatal exposure to HCB and p,p’-DDE has also been 
associated with increased BP levels in Greek preschool children 
(Vafeiadi et al., 2015). In South Korea, circulating PCBs in 8-year-old 
children were related to higher BP levels after a one-year follow-up 
(Lee et al., 2016). In adults, exposure to p,p’-DDT, p,p’-DDE and PCBs 
have been associated with a higher risk for hypertension (Donat-Vargas 
et al., 2018; Goncharov et al., 2011; La Merrill et al., 2014; Lind et al., 
2014; Valera et al., 2013) and stroke (Lim et al., 2018). HCB has also 
been linked to hypertension (Arrebola et al., 2015) and abnormal 
growth of the left ventricle in the elderly (Sjöberg Lind et al., 2013). Our 
study suggests that any impact of HCB and p,p’-DDT exposure on BP may 
already start early in life. 

We did not detect sex interaction between DDT and BP, which could 
be due to methodological limitations, such as the modest sample size. 
However, based on prior knowledge, we hypothesized that the associ-
ation between p,p’-DDT and high BP may be due to its effects on 
adiposity or its anti-androgen activity that may directly affect BP levels, 
as low testosterone levels are linked to hypertension; and p,p’-DDT 
levels have been inversely associated with testosterone levels in men 
(Park et al., 2016). Experimental studies have also reported hyperten-
sion in animal models due to exposure to p,p’-DDT (La Merrill et al., 
2016) and HCB (Castilla et al., 2018). 

4.3. POPs and CM risk at 14 years old 

Our study showed that prenatal exposure to p,p’-DDT and HCB was 
associated with an increased CM risk at 14 years. HCB was also associ-
ated with greater levels of serum lipids (total cholesterol, triglycerides, 
and LDL-C). We further observed an association between prenatal 
exposure to PCBs and LDL-C. This relationship was stronger in girls, who 
presented an association with total cholesterol as well. PCBs are known 
to exhibit estrogenic, antiestrogenic, and antiandrogenic effects (Li 
et al., 2008), which may explain in part the sex-specific associations. 
These results differ from a previous study in which prenatal exposure to 
p,p’-DDE, HCB and PCBs (118, 138, 153, 156, 170, 180) was not asso-
ciated with blood lipids (total cholesterol, HDL-C, and LDL-C) at 4 years 

old (Vafeiadi et al., 2015). None of the POPs was associated with HOMA- 
IR, except for the dioxin-like PCB-118, which may be due to its binding 
on the aryl-hydrocarbon receptor (Lee, 2011). A previous study con-
ducted in the Faroe Islands reported positive associations between pre-
natal non-dioxin like ΣPCBs (138, 153, 180), p,p’-DDE and HCB with 
high insulin levels in 5–7-year-old girls (Tang-Péronard et al., 2015). 
Differences in POPs levels and low HOMA-IR levels in our population 
could explain, at least in part, the inconsistencies in findings across 
studies. Experimental studies have suggested that POPs and other EDCs 
may disturb blood lipids balance at different levels. First, by enhancing 
the liver synthesis of cholesterol and triglycerides (BOLL et al., 1998). 
Second, via down-regulation the expression of genes that regulate lipid 
homeostasis, such as gene-1 (Insig-1) and Lpin1 (Ruzzin et al., 2010). 
Third, by disrupting nuclear receptor pathways, including aryl hydro-
carbon receptor, pregnane X receptor and constitutive androstane, 
which may induce the expression of genes involved in the inflammatory 
pathway contributing in higher adiposity deposition, insulin resistance, 
and ultimately to metabolic syndrome (Ruzzin et al., 2010). 

5. Strengths and limitations 

Menorca is an island with rural and suburban environments without 
chemical plants producing POPs (Carrizo et al., 2007). However, some 
POPs were used as pesticides for agricultural purposes, which explains 
the high concentrations of HCB and p,p’-DDE, as a residual of p,p’-DDT 
use in the past. Compared with previous birth cohorts, exposure to p,p’- 
DDE (median, 1.04 ng/mL) was lower than the median exposure in other 
studies (Vafeiadi et al., 2015, 2.04 ng/mL; Cupul-Uicab et al., 2013, 
24.59 ng/mL; Garced et al., 2012, 7.60 ng/mL; Lauritzen et al., 2018, 
1.30 ng/mL). Conversely, HCB concentrations (0.68 ng/mL) were higher 
than those previously reported (Vafeiadi et al., 2015, 0.09 ng/mL; 
Cupul-Uicab et al., 2013, 0.24 ng/mL; Lauritzen et al., 2018, 0.10 ng/ 
mL). Exposure to PCBs (0.55 ng/mL) was lower than previously reported 
levels in the USA (Cupul-Uicab et al., 2013, 2.74 ng/mL) and in the 
Faroe Islands (Karlsen et al., 2017, 3.56 ng/mL) but somewhat higher 
than in another cohort in Greece (Vafeiadi et al 2015., 0.32 ng/mL). 
Therefore, this cohort represents a general western population with little 
industrial activity but with high exposure to some POPs in the past. 

Strengths of this study include its prospective design with repeated 
outcome assessments, and its long follow-up period (from pregnancy to 
late adolescence). This study is also strengthened by detailed childhood 
adiposity and CM measurements. We included body fat %, which 

Table 4 
Adjusted associationsa between prenatal cord blood concentrations of POPs and cardiometabolic traits at 14 years old.  

CM outcomes POP exposure level p,p’-DDT β (95% CI) p,p’-DDE β (95% CI) HCB β (95% CI) 
∑

PCBs β (95% CI) 

HOMA-IR (n = 219) T2 − 0.08 (-0.34, 0.18) 0.01 (-0.27, 0.28) 0.02 (-0.25, 0.29) 0.03 (-0.23, 0.29)  
T3 0.02 (-0.26, 0.30) 0.14 (-0.13, 0.41) 0.22 (-0.07, 0.50) 0.07 (-0.22, 0.35)  
10-fold increase 0.02 (-0.21, 0.18) − 0.05 (-0.35, 0.25) 0.23 (-0.23, 0.71) 0.12 (-0.30, 0.53) 

Total Cholesterol (mg/dL) (n = 219) T2 − 2.84 (-10.90, 5.22) − 0.40 (-8.90, 8.11) 7.79 (-0.26, 15.84) 0.20 (-7.88, 8.29)  
T3 1.21 (-7.62, 10.03) 1.36 (-6.97, 9.69) 14.47 (5.73, 23.21) 7.68 (-1.21, 16.58)  
10-fold increase − 0.74 (-7.07, 5.60)¶ − 1.57 (-10.96, 7.83)¶ 12.55 (-1.66, 26.73) 11.93 (-1.01, 24.87)¶ 

Triglycerides (mg/dL) (n = 219) T2 − 4.25 (-13.03, 4.52) 7.04 (-2.17, 16.24) 5.95 (-2.90, 14.80) 1.68 (-7.15, 10.51)  
T3 − 1.21 (-10.81, 8.38) 5.51 (-3.51, 14.52) 11.93 (2.31, 21.54) 7.46 (-2.24, 17.16)  
10-fold increase − 3.94 (-10.78, 2.90) 1.68 (-8.52, 11.90)¶ 12.41 (-3.41, 28.23) 12.83 (-1.22, 26.87) 

HDL-C (mg/dL) (n = 219) T2 − 1.76 (-5.03, 1.50) − 0.19 (-3.64, 3.26) 1.56 (-1.78, 4.90) 3.02 (-0.25, 6.29)  
T3 0.38 (-3.19, 3.95) − 0.04 (-3.42, 3.33) 1.63 (-2.00, 5.26) − 0.34 (-3.94, 3.26)  
10-fold increase 0.83 (-1.73, 3.38) − 0.58 (-4.37, 3.22) 0.83 (-4.97, 6.61) − 2.39 (-7.67, 2.86) 

LDL-C (mg/dL) (n = 219) T2 − 1.23 (-8.39, 5.93) − 1.15 (-8.68, 6.38) 5.57 (-1.59, 12.73) − 3.61 (-10.71, 3.49)  
T3 0.22 (-7.61, 8.06) 1.35 (-6.02, 8.73) 11.62 (3.84, 19.39) 6.87 (-0.93, 14.68)  
10-fold increase − 1.73 (-7.30, 3.85)¶ − 0.78 (-9.10, 7.53)¶ 10.13 (-2.42, 22.66) 11.44 (0.02, 22.89)¶ 

CM risk Score (n = 216) T2 0.75 (-0.14, 1.64) 0.30 (-0.65, 1.25) 0.26 (-0.65, 1.18) − 0.18 (-1.10, 0.73)  
T3 1.09 (0.11, 2.07) 0.41 (-0.53, 1.34) 1.14 (0.16, 2.13) 0.28 (-0.71, 1.28)  
10-fold increase 0.51 (-0.21, 1.20) 0.14 (-0.92, 1.20) 1.59 (0.02, 3.18) 0.18 (-1.27, 1.63) 

Note: ¶, non-linear association; CI, confidence interval; CM, cardiometabolic; HOMA IR, homeostatic model assessment for insulin resistance; HDL-C, high-density 
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol. Second (T2) or third tertile (T3) compared with first. aAll linear regression models were adjusted for 
maternal characteristics (i.e. parity history, pre-pregnancy BMI, education, socioeconomic status, smoking, and age at pregnancy), and child’s sex and age. 
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represents a more direct and reliable measure of adiposity, and a com-
posite CM-risk score (based on waist circumference, BP, lipids, and 
HOMA-IR). Study limitations include its modest sample size, which may 
have hindered the detection of statistically significant associations, 
especially interactions and estimates stratified by sex. Further, cord 
blood lipids were not measured at birth, and thus, POP concentrations 
were not lipid-adjusted in our study. However, in a meta-analysis of 
9000 mother–child pairs, the effect estimates between POPs (PCB-153 
and p,p’-DDE), and birth outcomes were similar when using lipid- 
adjusted (ng/g lipid) and unadjusted (ng/mL) POPs (Casas et al., 
2015). Another study on prenatal POPs (p,p’-DDT, p,p’-DDE, HCB and 
PCBs) and rapid weight gain and overweight in infancy also found 
similar results (Valvi et al., 2014). Although we adjusted by pre- 
pregnancy BMI, an important determinant of cardiometabolic health 
both in pregnancy (Bozkurt et al., 2016; Roland et al., 2020; Savitri 
et al., 2016) and in the offspring (Gaillard et al., 2014; Ludwig-Walz 
et al., 2018), residual confounding may have occurred due to unmea-
sured maternal lipid levels. Likewise, we cannot rule out potential 
confounding by other chemicals correlated with POPs. 

6. Conclusion 

This study suggests that the previously reported associations with 
child BMI of at least some of the POPs may persist later in adolescence 
and further, that prenatal POP exposure may be related to major risk 
factors for adult metabolic syndrome. These findings require further 
exploration in other settings and larger cohorts. 
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Fund “Investing in your future”. Mònica Guxens is funded by a Miguel 
Servet fellowship (CPII18/00018) awarded by the Spanish Institute of 
Health Carlos III. Damaskini Valvi is supported by the U.S. National 
Institute of Environmental Health Sciences (NIEHS P30ES023515 and 
R21ES029328). ISGlobal acknowledges support from the Spanish Min-
istry of Science, Innovation and Universities through the “Centro de 
Excelencia Severo Ochoa 2019-2023” Program (CEX2018-000806-S), 
and from the Generalitat de Catalunya through the CERCA Program. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.envint.2021.106469. 

References 

Agay-Shay, K., Martinez, D., Valvi, D., Garcia-Esteban, R., Basagaña, X., Robinson, O., 
Casas, M., Sunyer, J., Vrijheid, M., 2015. Exposure to Endocrine-Disrupting 
Chemicals during Pregnancy and Weight at 7 Years of Age: A Multi-pollutant 
Approach. Environ. Health Perspect. 123 (10), 1030–1037. https://doi.org/ 
10.1289/ehp.1409049. 

Arrebola, J.P., Fernández, M.F., Martin-Olmedo, P., Bonde, J.P., Martín-Rodriguez, J.L., 
Expósito, J., Rubio-Domínguez, A., Olea, N., 2015. Historical exposure to persistent 

organic pollutants and risk of incident hypertension. Environ. Res. 138, 217–223. 
https://doi.org/10.1016/j.envres.2015.02.018. 

Ashwell, M., Gunn, P., Gibson, S., 2012. Waist-to-height ratio is a better screening tool 
than waist circumference and BMI for adult cardiometabolic risk factors: systematic 
review and meta-analysis: Waist-to-height ratio as a screening tool. Obes. Rev. 13, 
275–286. https://doi.org/10.1111/j.1467-789X.2011.00952.x. 

Atabek, M.E., Pirgon, O., 2007. Assessment of Insulin Sensitivity from Measurements in 
Fasting State and During an Oral Glucose Tolerance Test in Obese Children. J. 
Pediatr. Endocrinol. Metab. 20. https://doi.org/10.1515/JPEM.2007.20.2.187. 

Baccarelli, A., Pfeiffer, R., Consonni, D., Pesatori, A.C., Bonzini, M., Patterson Jr., D.G., 
Bertazzi, P.A., Landi, M.T., 2005. Handling of dioxin measurement data in the 
presence of non-detectable values: Overview of available methods and their 
application in the Seveso chloracne study. Chemosphere 60 (7), 898–906. https:// 
doi.org/10.1016/j.chemosphere.2005.01.055. 

Boll*, M., Weber, L.W.D., Messner, B., Stampfl, A., 1998. Polychlorinated biphenyls 
affect the activities of gluconeogenic and lipogenic enzymes in rat liver: is there an 
interference with regulatory hormone actions? Xenobiotica 28 (5), 479–492. https:// 
doi.org/10.1080/004982598239407. 
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Llop, Sabrina, López, Tomàs, 2008. Monitoring concentrations of persistent organic 
pollutants in the general population: The international experience. Environ. Int. 34 
(4), 546–561. 

Roland, M.C.P., Lekva, T., Godang, K., Bollerslev, J., Henriksen, T., 2020. Changes in 
maternal blood glucose and lipid concentrations during pregnancy differ by 
maternal body mass index and are related to birthweight: A prospective, longitudinal 
study of healthy pregnancies. PLOS ONE 15, e0232749. https://doi.org/10.1371/ 
journal.pone.0232749. 

Royston, Patrick, 2005. Multiple Imputation of Missing Values: Update of Ice. Stata J. 5 
(4), 527–536. 

Ruiz, L.D., Zuelch, M.L., Dimitratos, S.M., Scherr, R.E., 2019. Adolescent Obesity: Diet 
Quality, Psychosocial Health, and Cardiometabolic Risk Factors. Nutrients 12, 43. 
https://doi.org/10.3390/nu12010043. 
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Sjöberg Lind, Y., Lind, L., Salihovic, S., van Bavel, B., Lind, P.M., 2013. Persistent organic 
pollutants and abnormal geometry of the left ventricle in the elderly: J. Hypertens. 
31, 1547–1553. https://doi.org/10.1097/HJH.0b013e32836221b3. 

Smink, A., Ribas-Fito, N., Garcia, R., Torrent, M., Mendez, M.A., Grimalt, J.O., Sunyer, J., 
2008. Exposure to hexachlorobenzene during pregnancy increases the risk of 
overweight in children aged 6 years. Acta Paediatr. 97, 1465–1469. https://doi.org/ 
10.1111/j.1651-2227.2008.00937.x. 

Spratt, M., Carpenter, J., Sterne, J.A.C., Carlin, J.B., Heron, J., Henderson, J., Tilling, K., 
2010. Strategies for Multiple Imputation in Longitudinal Studies. Am. J. Epidemiol. 
172 (4), 478–487. 

Sterne, J.A.C., White, I.R., Carlin, J.B., Spratt, M., Royston, P., Kenward, M.G., Wood, A. 
M., Carpenter, J.R., 2009. Multiple imputation for missing data in epidemiological 
and clinical research: potential and pitfalls. BMJ 338 b2393-b2393.  

Tang-Péronard, J.L., Heitmann, B.L., Andersen, H.R., Steuerwald, U., Grandjean, P., 
Weihe, P., Jensen, T.K., 2014. Association between prenatal polychlorinateSd 
biphenyl exposure and obesity development at ages 5 and 7 y: a prospective cohort 
study of 656 children from the Faroe Islands. Am. J. Clin. Nutr. 99, 5–13. https:// 
doi.org/10.3945/ajcn.113.066720. 
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