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A B S T R A C T

Introduction: Prenatal exposure to organochlorine compounds (OCs) can increase the risk of reported respiratory
symptoms in children. It remains unclear whether these compounds can also impact on lung function. We as-
sessed the association between prenatal exposure to OCs and lung function during childhood.
Methods: We included 1308 mother-child pairs enrolled in a prospective cohort study. Prenatal concentrations of
p,p′-dichlorodiphenyltrichloroethane [p,p′-DDT], p,p′-dichlorodiphenyldichloroethylene [p,p′-DDE], hexa-
chlorobenzene [HCB], and seven polychlorinated biphenyls [PCBs] were measured in cord blood. Spirometry
was performed in the offspring at ages 4 (n=636) and 7 years (n= 1192).
Results: More than 80% of samples presented quantifiable levels of p,p′-DDE, HCB, PCB-138, PCB-153, and PCB-
180; p,p′-DDE was the compound with the highest median concentrations. At 4 years, prenatal p,p′-DDE exposure
was associated with a decrease in forced expiratory volume in 1 s (FEV1) in all quartiles of exposure (e.g., third
quartile [0.23–0.34 ng/mL]: β for FEV1 −53.61mL, 95% CI −89.87, −17.35, vs. the lowest). Prenatal p,p′-DDE
levels also decreased forced vital capacity (FVC) and FEV1/FVC, but associations did not reach statistical sig-
nificance in most exposure quartiles. At 7 years, p,p′-DDE was associated with a decrease in FVC and FEV1 in only
the second quartile of exposure (e.g. β for FEV1 −36.96mL, 95% CI −66.22, −7.70, vs. the lowest). Prenatal
exposure to HCB was associated with decreased FVC and FEV1, but in only the second quartile and at 7 years
(e.g. [0.07–0.14 ng/mL]: β for FEV1 −25.79mL, 95% CI −55.98, 4.39, vs. the lowest). PCBs were not con-
sistently associated with lung function.
Conclusion: Prenatal exposure to p,p′-DDE may decrease lung function during childhood, especially FEV1 and at
medium levels of exposure. Further and deeper knowledge on the impact of environmental chemicals during
pregnancy on lung development is needed.

1. Introduction

Respiratory diseases are among the leading causes of paediatric
morbidity worldwide and the aetiology of some of them, such as

asthma, remains unclear (European Respiratory Society, 2017). Adverse
environmental exposures such as air pollution and smoking during
prenatal life have been associated with respiratory diseases and al-
terations in the lung development in childhood and adulthood (Gehring
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et al., 2015; Kajekar, 2007; Miller and Marty, 2010). Organochlorine
compounds (OCs), synthetic persistent pollutants extensively used as
pesticides, electrical insulators, and other industrial products until their
ban in 1970s, have also been suspected to influence the development of
the lung (Hansen et al., 2016). Exposure to environmental chemicals
such as OCs during prenatal life may induce developmental adaptations
of the lung and airways, leading to relatively small airways. Such
adaptations could lead to a reduction in expiratory flows - reflected by
lower lung function values - and consequently increasing the risk of
adverse respiratory outcomes (Miller and Marty, 2010). Due to their
persistence, OCs are still detectable in current populations' blood (Haug
et al., 2018). General population is exposed mainly through diet,
whereas foetuses and new-borns can be exposed to OCs through pla-
cental transfer and breastfeeding (Sunyer et al., 2005).

Several studies have assessed the effects of prenatal exposure to OCs
on adverse respiratory outcomes in the offspring, mainly using par-
ental-reported symptoms (Dallaire et al., 2006; Gascon et al., 2014a,
2014b, 2012; Hansen et al., 2016, 2014; Sunyer et al., 2010, 2006,
2005). These studies showed that prenatal exposure to OCs, particularly
p,p′-dichlorodiphenyldichloroethylene (p,p′-DDE) but also hexa-
chlorobenzene (HCB) and polychlorinated biphenyls (PCBs), can in-
crease the risk of lower respiratory tract infections, wheeze, and asthma
in children (Gascon et al., 2014a, 2014b, 2012; Sunyer et al., 2006,
2005) and asthma medication use in adults (Hansen et al., 2014), even
at low exposure levels (Sunyer et al., 2005). Only one study assessed the
impact of OCs exposure during prenatal life on lung function (Hansen
et al., 2016). Authors observed that prenatal exposure to p,p′-DDE, HCB,
and PCBs was associated with offspring reduced forced expiratory vo-
lume in one second (FEV1)/forced vital capacity (FVC) ratio (increased
risk of airway obstruction) at 20 years of age. In this cohort however,
the sample size was quite small (n= 414) and the OCs concentrations
were determined in the 80's and might not reflect current exposure
(Hansen et al., 2016).

Investigating the effects of prenatal exposure to OCs on lung func-
tion is relevant because reduced lung function in infancy not only poses
a burden of childhood morbidity but is also a risk factor for the de-
velopment of chronic diseases during adulthood such as bronchial
asthma (Antó et al., 2010; Martinez, 2009) and chronic obstructive
pulmonary disease (Bui et al., 2017; Martinez, 2016). The present study
therefore aims to estimate the association between exposure to OCs
during pregnancy and lung function in childhood.

2. Material and methods

2.1. Study population

This study is based in three geographic areas belonging to the
Spanish INMA (INfancia y Medio Ambiente – Environment and
Childhood) population-based birth cohort: Gipuzkoa, Sabadell, and
Valencia. Pregnant women attending for prenatal care visits during the
first trimester of their pregnancy who fulfilled the eligibility criteria
were invited to participate in the cohort between 2004 and 2008
(Guxens et al., 2012). Eligible women had to be 16 years or older, re-
siding in the study area, willing to deliver in the reference hospital, not
have followed assisted reproduction, not to be twin pregnant, and not
have any communication problems.

For the present study, population was restricted to children with
prenatal OCs concentrations measured in maternal serum drawn during
pregnancy or in cord serum that additionally had available and ac-
ceptable lung function data at 4 or at 7 years of age. A total of 1308
children had available data on exposure and outcome at 4 or at 7 years
(Fig. 1). The study was approved by the ethical committees of the
centres involved in the study. Written informed consent was obtained
from the parents of all children.

2.2. Prenatal OCs exposure assessment

Quantification of p,p′-dichlorodiphenyltrichloroethane (p,p′-DDT),
p,p′-DDE, HCB, and several PCB congeners (PCB-28, -52, -101, -118,
-138, -153, and -180) was determined in maternal or cord serum.
Maternal serum samples were collected between the 7th and 26th week
of pregnancy (median=13weeks; interquartile range (IQR)=1.6)
and cord serum samples were extracted at birth. Samples were analysed
by gas chromatography methods described elsewhere (Goñi et al.,
2007). Limits of detection (LOD) in Gipuzkoa and Sabadell were
0.073 ng/mL for all compounds and in Valencia they ranged between
0.01 and 0.071 ng/mL. p,p′-DDT and PCB congeners 28, 52, 101, and
118 presented detectable levels in< 25% of analysed samples and were
excluded from the analyses. We therefore calculated the sum of PCBs
(ΣPCB) as the sum of PCB-138, PCB-153, and PCB-180. Samples with
p,p′-DDE, HCB, PCB-138, -153, and -180 concentrations below the LOD
were imputed on a defined range between 0 and each corresponding
LOD (data not shown). Since cord serum is considered the best proxy of
OCs exposure during foetal life (Korrick et al., 2000), we estimated the
equivalent concentrations in cord serum from the concentrations
measured in maternal serum by applying cohort specific conversion
factors using paired cord and maternal measurements available in Gi-
puzkoa and Valencia (Supplementary Methods 1).

2.3. Lung function assessment

Lung function was assessed from spirometry tests performed at
4 years (mean=4.4 years, standard deviation (SD)=0.2) in Gipuzkoa
and Sabadell, and at 7 years in Gipuzkoa, Sabadell, and Valencia
(mean= 7.4 years, SD= 0.5) following the American Thoracic Society
(ATS) and the European Respiratory Society (ERS) guidelines (Miller
et al., 2005). Children with at least one acceptable manoeuvre were
included. Lung function parameters selected for the analyses were FVC
(mL), FEV1 (mL), and FEV1/FVC (%).

2.4. Covariates

Information on maternal ethnicity, country of birth, education level,
socio-economic status (coded according to the International Standard
Classification of Occupations-88 system), smoking during pregnancy,
alcohol consumption, history of allergy, rhinitis or eczema, age at de-
livery, and parity was obtained by questionnaires administered to the
mothers at 12th and 32th weeks of pregnancy. Information on maternal
diet was obtained from a 100-item semi-quantitative food frequency
questionnaire administered to the mothers at 12th and 32th weeks of
pregnancy. Measured maternal height and reported weight by the
mother at the first trimester visit were used to calculate pre-pregnancy
body mass index (BMI) (kg/m2). Gestational age, child's sex, and birth
weight and height were obtained from clinical records. Preterm birth
and low birth weight were defined as< 37weeks of gestational age
and< 2500 g at birth, respectively. Postnatal questionnaires provided
information on number of breastfeeding, day care attendance, and
doctor diagnosed asthma. Child's height and weight at 4 and 7 years
were measured and age was recorded at the time of the spirometry test.

2.5. Statistical analysis

The analyses were performed separately for children who had out-
come data at 4 years (n=636) and at 7 years (n= 1192) (Fig. 1). The
shape of the relationship between OCs and lung function was tested by
General Additive Models (GAMs). None of the associations showed
linearity (Supplementary Fig. S1) and therefore OCs concentrations
were included in the models as exposure categories using age-specific
quartiles as cut-offs. To reduce the likelihood of bias due to follow-up
losses and missing data, we performed multiple imputations by chained
equations of missing values for the covariates where 10 complete
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datasets were generated (Supplementary Methods 2). Distributions
among variables from the imputed and the observed datasets did not
differ (Supplementary Table S1). Potential confounders, effect modi-
fiers, and mediators of the association of interest were assessed by the
construction of a directed acyclic graph (DAG) using DAGitty software
(Supplementary Fig. S2) (Textor et al., 2011). Multivariable linear re-
gression models were used to estimate the association between quartiles
of OCs concentrations and lung function separately at 4 (n=636) and 7
(n=1192) years of age. Multivariable linear mixed models were used
in the population with two lung function measurements available
(n=520) with random intercepts for subjects and cohorts. Covariates
included in the models were those selected from the DAG: maternal age
at delivery, maternal pre-pregnancy BMI, maternal educational level,
maternal social class, maternal country of birth, parity, maternal life-
style (smoking and alcohol consumption during pregnancy), and ma-
ternal diet (specifically fish, meat, vegetables and fruits). Additionally,
models were adjusted for region of residence and child's sex, age, and
height at the time of the lung function assessment because these child
characteristics are the most important predictors of pulmonary function
(Quanjer et al., 2012). Effect modification by preterm birth, low birth
weight, maternal history of asthma, rhinitis or eczema, and child's sex
was assessed through inclusion of the interaction terms in the models
(p-value< 0.10) and stratified analyses, when possible. OCs can in-
fluence height of the child and hence potentially mediate the associa-
tion of OCs and lung function (Balte et al., 2017). We therefore, tested
whether height met the conditions to act as mediator: i) it was

associated with OCs; ii) it was associated with lung function and iii)
after including it in the models as confounder the association was no
longer significant. In case all these conditions were fulfilled we then
performed mediation analysis. To assess the robustness of our results,
various sensitivity analyses were performed. We performed all models
again by using the complete case dataset, the lipid-adjusted OCs con-
centrations, the maternal serum concentrations, and the lung function
parameters expressed as sex, height, age, and ethnicity -adjusted z-
scores according to the Global Lung Function Initiative reference values
(Quanjer et al., 2012). Models were also repeated by excluding children
who were unable to perform reproducible spirometry tests and children
with asthma. Finally, to differentiate the role of each OC, we performed
a multipollutant model in which all main exposure variables (p,p′-DDE,
HCB, and ΣPCB) were included.

3. Results

3.1. Study population

Children from the study population were representative of the total
sample in terms of sex, gestational age, and birth weight, among other
characteristics. Mothers included in the analyses were slightly older,
had higher education levels but lower social class, and were more likely
to be European in comparison to the total sample (Supplementary Table
S2). Complete details of the characteristics of the study populations at 4
and 7 years are shown in Table 1. p,p′-DDE was the compound with the

Mothers recruited during 
pregnancy
N=2150

Loss to follow up and mother-
child pairs with no prenatal OCs 

measurement
N=99

Mother-child pairs with prenatal 
OCs measurement

N=2051

Mother-child pairs with 
prenatal OCs measurement

and spirometry performed at 4 
years

N=636

Gipuzkoa N=287

Sabadell N=349

Valencia N=433

Loss to follow up and children
with no spirometry performance 

neither at 4 nor at 7 years 
N=743

Gipuzkoa N=370

Sabadell N=389

Mother-child pairs with 
prenatal OCs measurement

and spirometry performed at 7 
years

N=1192

Mother-child pairs with prenatal 
OCs measurement and lung 

function at 4 or 7 years
N=1308

Fig. 1. Flowchart of the included study population.
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highest median concentrations in cord blood (0.28 ng/mL;
IQR=0.3 ng/mL) (Table 2). HCB and the ΣPCB presented median
concentrations of 0.13 ng/mL and 0.28 ng/mL, respectively. Among the
three study regions, the highest median levels of OCs were observed in
Valencia (Supplementary Table S3).

3.2. p,p′-DDE and lung function

At 4 years, prenatal exposure to p,p′-DDE seemed to be associated
with a decrease in FVC in all quartiles of exposure compared to the
lowest quartile, but associations did not reach statistical significance
(e.g. fourth quartile [> 0.35 ng/mL] β −37.56mL, 95% CI −80.58,
5.46) (Fig. 2a and Supplementary Table S4). Prenatal exposure to p,p′-
DDE was associated with a decrease in FEV1 in all quartiles of exposure
compared to the lowest quartile (e.g. fourth quartile β −42.82mL, 95%
CI −80.65, −4.99) (Fig. 2a and Supplementary Table S4). Being ex-
posed to the second and third quartiles of p,p′-DDE concentrations were
also associated with decreased FEV1/FVC, compared to the lowest
quartile; however only the third quartile showed statistical significance
(e.g. third quartile [0.23–0.34 ng/mL] β −2%, 95% CI −3.5, −0.5)
(Fig. 2a and Supplementary Table S4). At 7 years, children exposed to
the second quartile of p,p′-DDE concentrations (0.17–0.28 ng/mL), had
a decreased FVC and FEV1 (β for FVC −39.45mL, 95% CI −71.23,
−7.66; and FEV1 −36.07mL, 95% CI −65.21, −6.92) compared to
the lowest quartile of exposure; such associations were not observed in
children exposed to the third and fourth quartiles (Fig. 2a and Sup-
plementary Table S4). No association was observed for FEV1/FVC at
7 years. In children with two available lung function measurements
(n= 520), we observed an overall association between prenatal ex-
posure to the second and third quartiles of p,p′-DDE and reduced FEV1

(e.g. third quartile [23–34 ng/mL] β −37.17mL, 95% CI −71.92,
−2.42), although results on the second quartile were borderline sta-
tistically significant ([0.14–0.23 ng/mL] β −33.82mL, 95% CI
−68.22, 0.59) (Table 3). We did not observe any associations with FVC
nor FEV1/FVC (Table 3).

3.3. HCB and lung function

At 4 years, cord blood HCB seemed to be related to reduced FVC and
FEV1, particularly in the third and fourth quartiles, when compared to
the lowest exposed group, although associations did not reach statis-
tical significance (Fig. 2b and Supplementary Table S4). HCB was not
associated with FEV1/FVC at 4 years. At 7 years, only children exposed
to the second quartile of HCB concentrations (0.07–0.14 ng/mL) had
reduced FVC and FEV1 (e.g. β for FVC −56.68mL, 95% CI −89.87,
−23.49) and increased FEV1/FVC (β 1.24%, 95% CI 0.14, 2.34)
(Fig. 2b and Supplementary Table S4) but no associations were ob-
served among the third and fourth quartiles of exposure. In the multi-
variate linear mixed models we did not observe any association be-
tween HCB and lung function (Table 3).

3.4. PCBs and lung function

Regarding PCBs, no consistent associations were observed between
any of the analysed PCBs, including the ΣPCB, and lung function
parameters neither at 4 nor at 7 years (Fig. 2c and d, and Supplemen-
tary Fig. S3 and Table S4). We only observed an increase in FEV1/FVC
ratio at 7 years (β 1.2%, 95% CI 0.1, 2.3) associated with being exposed
to the second quartile of PCB-153 concentrations (0.08–0.12 ng/mL)
compared to the lowest quartile (Fig. 2c and Supplementary Table S4).
No associations were observed in the analysis considering those chil-
dren with two available lung function measurements (Table 3).

3.5. Additional analyses

Interaction and stratification analyses could only be performed for

Table 1
Maternal and child characteristics of the study populations at 4 and 7 years of
agea.

4 years
(n= 636)

7 years (n= 1192)

Maternal characteristics
Age at delivery (years), mean (SD) 32.3 (3.8) 32.1 (3.9)
Pre-pregnancy BMI (kg/m2), mean (SD) 23.3 (4.3) 23.5 (4.3)
Educational level, %
Less than primary or primary 18.3 21.2
Secondary 37.4 40.4
University 44.2 38.3

Social class, %
Low 27.5 25.3
Medium 32.4 29.2
High 40.1 45.5

Country of birth, %
European 96.5 96.4
Non-European 3.5 3.6

Parity, %
Nulliparous 57.6 56.6
Multiparous 42.4 43.4

Smoking during pregnancy, %
Never smoker 49.8 46.2
Smoker before pregnancy 36.4 37
Smoker during pregnancy 13.9 16.8

History of asthma, rhinitis, or eczema,
% yes

28.8 28

Diet (servings/day), mean (SD)
Vegetables 4.9 (1.8) 4.9 (1.9)
Fish 0.7 (0.3) 0.7 (0.3)
Meat 1.1 (0.4) 1.1 (0.4)

Alcohol consumption (g/day), mean
(SD)

0.3 (0.9) 0.3 (1.0)

Child characteristics
Sex, % female 48.3 49.3
Gestational age (weeks), mean (SD) 39.9 (1.8) 39.9 (1.8)
Preterm, yes (< 37weeks), mean
(SD)

2.7 3.9

Birth weight (g), mean (SD) 3266 (423) 3257 (456)
Low birth weight, % <2500 g 4.4 5.1

Breastfeeding, % yes 93 89.6
Day care attendance, % yes 87.8 83.1
Height at follow-up (cm), mean (SD) 106.3 (4.3) 125.3 (6)
Weight at follow-up (kg), mean (SD) 18.4 (2.7) 27.4 (5.6)
Ever asthma, % yes 2.9 6.2
FVC (L), mean (SD) 1.0 (0.2) 1.8 (0.3)
FEV1 (L), mean (SD) 0.9 (0.2) 1.5 (0.2)
FEV1/FVC (%), mean (SD) 92.9 (6.7) 86.7 (6.7)
≥2 acceptable and reproducible

manoeuvres, %
61.2 63.6

BMI: body mass index; SD: standard deviation; FVC: forced vital capacity; FEV1:
forced expiratory volume in 1 s.

a Values come from the observed dataset.

Table 2
Concentrations (ng/mL) of p,p′-dichlorodiphenyldichloroethylene (p,p′-DDE),
hexachlorobenzene (HCB), polychlorinated biphenyl congeners (PCB-138, PCB-
153, PCB-180), and the sum of polychlorinated biphenyls (ΣPCB) in the study
populationa.

% < LOD Minimum p25 Median p75 Maximum

p,p′-DDE 1.6 0.00 0.18 0.28 0.48 43.39
HCB 13.6 0.00 0.07 0.13 0.23 4.64
PCB-138 20.3 0.00 0.05 0.08 0.11 1.61
PCB-153 12.8 0.00 0.07 0.11 0.16 1.44
PCB-180 20.6 0.00 0.05 0.08 0.12 1.33
ΣPCB – 0.01 0.18 0.28 0.39 4.02

LOD: limit of detection; p: percentile.
a Cord serum concentrations (ng/mL) from mother-child pairs with prenatal

OCs measurement and lung function assessment at 4 or 7 years of age
(n=1308). LODs in Gipuzkoa and Sabadell were 0.071 ng/mL and in Valencia
ranged between 0.01 and 0.071 ng/mL.
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child's sex due to the low number of preterm, low birth weight babies,
and mothers with history of asthma, rhinitis or eczema in each quartile
of exposure. Child's sex did not show any interaction in our associations
of interest (data not shown). Height was not associated with any
quartile of OCs and hence we did not perform subsequent mediation
analysis.

Overall, effect estimates did not change in complete case analyses
(Supplementary Table S5), using the lipid-adjusted OCs concentrations
(data not shown), the maternal serum concentrations (Supplementary
Table S5), and the lung function standardised z-scores (Supplementary
Fig. S4). Results were similar after excluding those children who were
not able to perform reproducible spirometry tests (Supplementary Table
S6) and children with asthma (data not shown). Finally, results re-
mained robust when models were adjusted for all main OCs together
(data not shown).

4. Discussion

In this prospective study, we observed that prenatal exposure to p,p′-
DDE was associated with reduced FEV1 and also with reduced FVC and
FEV1/FVC at 4 years, although most of the associations with FVC and
FEV1/FVC did not reach statistical significance. Prenatal p,p′-DDE levels
also reduced FVC and FEV1 at 7 years but only at medium levels of

exposure. Additionally, HCB seemed to be associated with reduced FVC
and FEV1 at certain exposure levels at both ages, but most of the as-
sociations were borderline statistically significant. Inconsistent results
were observed among analysed PCBs.

To our knowledge, only one study has assessed the effects of pre-
natal exposure to OCs and lung function in the offspring (Hansen et al.,
2016). In a Danish birth cohort of 414 participants established in the
80s, they observed an increased risk of airway obstruction (FEV1/
FVC < 75%) at 20 years of age associated with exposure to very high
concentrations of p,p′-DDE, HCB, and PCBs (e.g. p,p′-
DDE=3.2–38.8 ng/mL). They did not find any association with re-
duced FEV1 (% predicted value<90%). Two other studies have as-
sessed postnatal exposure to p,p′-DDE in relation to lung function and
found decreases in FVC and FEV1 with increasing blood concentrations
of p,p′-DDE in adults (n=1696; median=152 ng/g lipid;
IQR=213.1) (Ye et al., 2015) and in school-aged children (n= 328;
median= 0.30 ng/mL, IQR=0.2) (Balte et al., 2017). These two stu-
dies did not assess neither HCB nor PCBs (Balte et al., 2017; Ye et al.,
2015). In our study we observed a reduction in lung function, especially
in FEV1, at pre-school and school ages in relation to prenatal p,p′-DDE
concentrations around 0.30 ng/mL, at similar concentrations and even
lower than these previous studies. These associations were not seen at
higher p,p′-DDE exposure levels in the case of 7-year-old children. We

Fig. 2. Associations (β (95% CI)) between cord serum p,p′-DDE (a), HCB (b), PCB-153 (c), and ΣPCB (d), in quartile ranges (ng/mL), and lung function at 4 (n=636)
and 7 (n=1192) years of agea.
aModels adjusted for children's region of residence, sex, age and height at the time of the lung function assessment, maternal age at delivery, maternal pre-pregnancy
BMI, maternal educational level, maternal social class, maternal country of birth, parity, maternal smoking during pregnancy, maternal diet, and maternal alcohol
consumption. Values represent mL for FVC and FEV1 and % for FEV1/FVC.
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observed a similar exposure-response relationship in relation to pre-
natal HCB exposure and lung function at school-age, where associations
were not seen at higher HCB exposure levels.

Similarly to previous studies on OCs and respiratory health, for p,p′-
DDE and HCB we only observed associations at certain exposure con-
centrations but not at higher levels (Dallaire et al., 2004; Dewailly
et al., 2000; Glynn et al., 2008; Karmaus et al., 2003). It is well es-
tablished that endocrine disrupting chemicals, including OCs, can have
a non-monotonic exposure-response having effects at low doses that are
not predicted by effects at higher doses (Vandenberg et al., 2012). This
means that increasing concentrations not necessarily have greater ef-
fects on the complete exposure range. This exposure-response pattern is
very common in natural hormones and endocrine disruptors since they
act at extremely low concentrations. Biological mechanisms involved in
this pattern are related to cytotoxicity and cellular or tissue specific
receptors including negative feedback, down-regulation and desensiti-
zation, receptor selectivity, and receptor competition (Vandenberg
et al., 2012).

Reduced lung function in early life can predispose to asthma-related
symptoms in childhood (Martinez, 2009). In recent years, many studies
have reported associations between prenatal exposure to OCs, mainly
p,p′-DDE, and low respiratory tract infections, wheezing, asthma, and
asthma medication use during childhood and early adulthood assessed
through parental-reported symptoms (Dallaire et al., 2006; Gascon
et al., 2014a, 2014b, 2012; Hansen et al., 2016, 2014; Sunyer et al.,
2010, 2006, 2005). These findings are in accordance with our results
since we observed a decrease in FEV1, FVC and/or FEV1/FVC, which
reflect decreased airway patency in obstructive lung diseases such as

asthma, associated with exposure to p,p′-DDE during foetal life. These
associations did not change after excluding children with asthma di-
agnosis, probably because these children often perform spirometry tests
within the normal range (Bacharier et al., 2004).

We suspect OCs may interact with cellular receptors and alter sig-
nalling pathways which are associated with lung morphogenesis and
inflammation. The development of the lung starts at around 4weeks of
gestation and continues postnatally with alveolarisation and lung
growth and expansion (Kajekar, 2007). Lung development is the result
of a complex interaction between growth factors, hormones, genetic
factors, and environmental factors, among others (Frey and Gerritsen,
2006). Estrogenic and androgenic receptors are expressed in the lung
and their modulation plays an important role on the development and
functioning of the lungs during foetal development (Carey et al., 2007).
OCs are endocrine disruptors able to interfere with hormonal activities
due to their estrogenic and anti-androgenic properties. They can in-
teract with the estrogenic receptor (ER) signalling pathway directly and
indirectly through the aryl hydrocarbon receptor (AhR) (Shanle and Xu,
2011), and consequently alter the development and the correct func-
tioning of the airways. p,p′-DDE, HCB, and PCB-153 have been shown to
induce AhR expression in vitro (Gaspar-Ramírez et al., 2015). Activa-
tion of AhR has been associated to delayed lung development in rats
and to adverse immunological effects through different mechanisms
such as inflammation (Kransler et al., 2009). In children, OCs have been
associated with increased inflammatory markers such as interleukins
and immunoglobulins (Brooks et al., 2007; Gascon et al., 2014b;
Karmaus et al., 2005). Induction of AhR expression and activity mod-
ulation by exposure to OCs might be crucial in the developing lung and

Table 3
Associations (β (95% CI)) between cord serum p,p′-DDE (a), HCB (b), PCB-153 (c), and ΣPCB (d), in quartile range (ng/mL), and lung function during childhood
in children with repeated measurements (n= 520)a.

FVC (mL) FEV1 (mL) FEV1/FVC (%)

ng/mL β (95% CI) β (95% CI) β (95% CI)

p,p′-DDE
<0.14 Ref Ref Ref
0.14–0.23 −16.71 (−55.43, 22.01) −33.82 (−68.22, 0.59) −1.21 (−2.54, 0.12)
0.23–0.34 −25.03 (−64.15, 14.09) −37.17 (−71.92, −2.42) −1.12 (−2.46, 0.22)
> 0.35 −7.83 (−48.61, 32.95) −19.84 (−56.07, 16.39) −0.70 (−2.09, 0.70)

HCB
<0.06 Ref Ref Ref
0.06–0.10 −14.78 (−57.91, 28.36) −11.68 (−48.60, 25.25) 0.35 (−1.19, 1.88)
0.10–0.16 −29.65 (−72.58, 13.27) −12.52 (−50.23, 25.18) 0.76 (−0.74, 2.27)
> 0.16 −29.01 (−76.37, 18.35) −22.43 (−64.00, 19.15) 0.47 (−1.18, 2.12)

PCB-138
<0.04 Ref Ref Ref
0.04–0.07 −6.94 (−50.47, 36.59) −9.22 (−47.78, 29.34) −0.28 (−1.76, 1.19)
0.07–0.10 −16.58 (−60.84, 27.68) −30.07 (−69.41, 9.27) −1.02 (−2.55, 0.51)
> 0.10 −6.69 (−54.19, 40.81) 4.95 (−37.28, 47.18) 0.73 (−0.86, 2.32)

PCB-153
<0.07 Ref Ref Ref
0.07–0.10 −16.28 (−57.33, 24.77) −16.23 (−53.06, 20.59) −0.38 (−1.82, 1.06)
0.10–0.15 6.07 (−36.98, 49.13) 2.13 (−36.35, 40.61) −0.31 (−1.80, 1.18)
> 0.15 −4.76 (−52.50, 42.99) −5.05 (−47.71, 37.61) −0.27 (−1.90, 1.37)

PCB-180
<0.05 Ref Ref Ref
0.05–0.07 −5.11 (−51.95, 41.73) −12.07 (−54.06, 29.91) −0.71 (−2.28, 0.86)
0.07–0.11 13.79 (−34.88, 62.46) 18.49 (−24.91, 61.89) 0.14 (−1.51, 1.78)
> 0.11 2.21 (−52.70, 57.11) 7.67 (−41.37, 56.71) 0.08 (−1.76, 1.91)

ΣPCBs
< 0.16 Ref Ref Ref
0.16–0.25 −31.43 (−74.09, 11.24) −28.20 (−67.30, 10.91) −0.29 (−1.77, 1.20)
0.25–0.35 0.46 (−44.56, 45.48) −7.72 (−48.48, 33.05) −0.61 (−2.14, 0.93)
> 0.36 −13.91 (−64.24, 36.42) −7.73 (−53.19, 37.72) 0.17 (−1.54, 1.88)

a Models adjusted for children's region of residence, sex, age and height at the time of the lung function assessment, maternal age at delivery, maternal pre-
pregnancy BMI, maternal educational level, maternal social class, maternal country of birth, parity, maternal smoking during pregnancy, maternal diet, and
maternal alcohol consumption.
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immune system.
The importance for the study of OCs relies on the widespread

human exposure to these compounds and their adverse health effects.
Even though OCs have been banned since the 1970s, detectable levels
of p,p′-DDE, HCB, and some PCBs have been found in> 80% of preg-
nant women included in our study, even the recruitment started after
2004. Indeed, OCs concentrations have been detected in almost all
children aged 6–11 years participating in the HELIX cohort between
2013 and 2016 including INMA (Haug et al., 2018); showing that
current populations, and consequently the future generations, are still
exposed to these compounds.

The main strengths of the present study are its population-based
prospective design, the relatively large sample size, and the objective
assessment of lung function. The present study, however, has some
limitations. First, differences were observed between mothers of in-
cluded children and those from the total sample: included mothers
tended to be older, more educated, and European. This might have
biased the obtained estimates, but we would not expect the estimates to
change since such variables did not affect the associations (data not
shown). Although our results may not be generalisable to the general
population, it is not likely to affect internal validity, i.e. the association
estimates between exposure to OCs and lung function in the offspring.
Second, the acceptability criteria of the lung function tests were similar
in all INMA regions of residence but were not identical. This could have
led to a differential lung function parameter selection between the
studied regions. We took this into account by adjusting the models for
region of residence. Third, the reliability of spirometry results in chil-
dren, particularly FVC and in 4 year-olds, might be arguable. Thus,
results obtained need to be interpreted carefully. Nonetheless, to ensure
the optimal reliability achievable, tests were performed by pulmonol-
ogists or trained nurses and each obtained manoeuvre was thoroughly
examined to be considered acceptable and reproducible for the analyses
following the ATS/ERS guidelines. Furthermore, the estimates did not
substantially change when analyses were restricted to children who
performed reproducible manoeuvres. Forth, in our study population we
did not measure postnatal exposure to OCs, which may be relevant
since the lung mainly develops until 2 years of age (Kajekar, 2007).
Further studies assessing the childhood exposure to OCs in relation to
lung function, and preferable using physiologically based pharmaco-
kinetic models to estimate lactational exposure to OCs are needed to
elucidate which is the most susceptible period of exposure to OCs for
lung development. Fifth, we could not perform stratified analysis for
most of the effect modifiers due to the small sample size. Studies
pooling information from different birth cohorts would allow an ap-
propriate analysis of effect modification to detect susceptible groups of
the population to these exposures. Sixth, we only considered OCs ex-
posure although the foetus is exposed to a wide range of environmental
chemicals including perfluoroalkyl compounds (PFASs), phenols,
phthalates, and organophosphate pesticides that can also potentially
affect lung development (Gascon et al., 2015; Qin et al., 2017; Raanan
et al., 2016). Nonetheless, recent exposome studies reveal that corre-
lations between exposures in different exposure groups (e.g. between
OCs and PFASs) are much lower than among exposures in the same
group (e.g. within OCs) (Tamayo-Uria et al., 2019). Therefore, we do
not expect our estimates to be largely affected by other exposure groups
not considered in the present study. Finally, we did not correct for
multiple comparisons which may have led to false-positive findings
(type I error). However, statistical correction for multiple comparisons
increases the chances of false negative findings (type II error), which in
the context of public health research might have worse consequences.
Also, it assumes that the tested hypotheses are independent, which may
not be the case in this study since the exposures tested, as well as the
outcomes, are related.

5. Conclusion

In conclusion, our results suggest that prenatal exposure to p,p′-DDE
may decrease lung function during childhood, especially FEV1 and at
medium levels of exposure. Since lung function in infancy predicts
pulmonary function throughout life, further and deeper knowledge on
the impact of environmental chemicals during pregnancy on lung de-
velopment is needed for the development of public health policies
targeted at the prevention of chronic respiratory diseases.
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