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Abstract

Background: Attention-deficit/hyperactivity disorder (ADHD) is increasing worldwide for

reasons largely unknown and environmental chemicals with neurotoxic properties, such

as persistent organic pollutants (POPs), have been proposed to play a role. We
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investigated the association between prenatal and postnatal exposure to polychlorinated

biphenyl-153 (PCB-153), p-p�-dichlorodiphenyldichloroethylene (p-p’-DDE) and hexachlor-

obenzene (HCB) and ADHD in childhood.

Methods: We pooled seven European birth cohort studies encompassing 4437 mother–

child pairs from the general population with concentrations of PCB-153, p-p�-DDE and

HCB measured in cord blood, maternal blood or milk. We then calculated prenatal (birth)

and postnatal (3, 6, 12 and 24 months) POP concentrations using a pharmacokinetic

model. The operational definition of ADHD varied across cohorts and ranged from doctor

diagnosis obtained from patient registries to maternal or teachers reports. We used mul-

tilevel (mixed) logistic regression models to estimate the associations between exposure

to POPs at birth, 3, 6, 12 and 24 months and ADHD.

Results: The global prevalence of ADHD in our study was 6%. The mean age at assess-

ment of ADHD was 5.8 years (range: 3.8–9.5 years). We found no association between

exposure to PCB-153, p-p�-DDE and HCB at any age point between birth and 24 months

and ADHD, in the pooled analyses (pooled odds ratios ranging from 1.00 to 1.01). A num-

ber of sensitivity analyses gave basically the same results.

Conclusions: In the largest study to date of 4437 children in seven European birth

cohorts, we did not observe any association between either pre- or postnatal exposure

(up to 24 months) to PCB-153, p-p�-DDE and HCB and the risk of ADHD before the age of

10 years.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is consid-

ered the most common neurobehavioral disorder in child-

hood, with a worldwide prevalence of about 5.3% in

children and adolescents.1 Although there are major chal-

lenges tied to shifts in diagnostics and awareness of disease,

it is agreed upon that there has been a substantial increase

in the prevalence of ADHD during the last 20–25 years.2

Environmental factors may contribute to the increase of

the ADHD prevalence during the last decades, since genes

are stable over the period studied, yet the nature of such

factors remains poorly understood.

A recent joint World Health Organization (WHO)–UN

study on chemicals with endocrine-disrupting effects suggests

that chemicals are, in part, responsible for the rise in

neurodevelopmental disorders.3 Persistent organic pollutants

(POPs) are of particular concern due to their biomagnifying

and bioaccumulating properties, which lead to high concen-

trations in humans. They transfer to the fetus and infant

through placenta and mother’s milk, the infant’s body

burden increases during the length of breastfeeding to levels

manifold those of the mother then, after cessation of breast-

feeding, decreases in parallel with the continued infant

growth in body mass (which dilutes the concentration in

blood).4

Among these chemicals are the polychlorinated biphen-

yls (PCBs), p-p�-dichlorodiphenyltrichloroethane (p-p�-DDT)

and its metabolite p-p�-dichlorodiphenyldichloroethylene

(p-p�-DDE) and hexachlorobenzene (HCB), which were all

used extensively in agriculture and/or industry from the

1930s until their ban (or, in the case of p-p�-DDT, restric-

tion).5 Epidemiological and experimental evidence suggests

Key Messages

• In this pooled analysis of seven European population-based birth cohort studies including 4400 children, we exam-

ined whether prenatal and postnatal POPs exposure was associated with ADHD diagnosis in childhood.

• A pharmacokinetic model was used to distinguish between prenatal and postnatal exposure, in order to reduce the

risk of exposure misclassification.

• We conclude that there are strong indications that POPs exposure during pregnancy or up to 24 months is not associ-

ated with ADHD diagnosis in children 3–10 years of age, at exposure levels typical of the general population in Europe.
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that PCBs, p-p�-DDE and HCB are developmental neurotox-

icants.6 However, few studies have specifically studied these

toxicants in relation to ADHD. In a study of 800 Danish

women with PCBs, p-p�-DDE and HCB measured during

pregnancy, then followed for 20 years through national

registries, no relation between the measured concentrations

and ADHD was observed in their offspring.7 Some other

studies also have failed to find an association between

PCBs, p-p�-DDE or HCB and ADHD symptomatology.8–13

However, in a well-conducted study of 607 mother–child

pairs residing near a PCB-contaminated harbour in New

Bedford (Massachusetts), the authors found moderate asso-

ciations between PCB and p-p�-DDE serum levels in the

mothers and ADHD symptomatology in their children.14

Pre- and postnatal exposure was later estimated in the same

study population using a pharmacokinetic model, conclud-

ing that larger effects were observed for prenatal than for

postnatal exposure to PCB-153 and ADHD-related behav-

iours at 8 years of age.15 In another study, prenatal expo-

sure to HCB was associated with an increase in ADHD

symptoms in 475 children at 4 years of age in Spain.16

The inconsistency in results could be due to modest

study samples, misclassification of exposure, varying expo-

sure ranges and varying underlying unmeasured confound-

ing patterns. To overcome these limitations, we pooled

data from seven European birth cohorts encompassing in

total 4437 mother–child pairs with concentrations of PCB-

153, p-p�-DDE and HCB measured in cord blood, maternal

blood or milk. We calculated pre- and postnatal exposure

up to 2 years of life in all infants using a pharmacokinetic

model,4 which was validated using data from one of the

cohorts, and studied the associations with ADHD in child-

hood. We selected the 2-year postnatal time window, since

some crucial processes, such as synaptogenesis, synaptic

pruning and myelination, occur not only during pregnancy,

but also during the first years of life.17

Methods

Description of cohorts

We selected birth cohort studies with available information

on POPs and ADHD symptoms using two online invento-

ries (www.enrieco.org and www.birthcohorts.net).

Eighteen cohorts had relevant data according to the regis-

tries and seven of these cohorts agreed to participate:

INUENDO (Greenland, Poland and Ukraine sub-

cohorts),18 FLEHS I (Belgium),12,19 PELAGIE (France),20

PCB cohort (Slovakia),21 INMA (Gipuzkoa, Menorca,

Sabadell and Valencia sub-cohorts) (Spain), HUMIS

(Norway)22 and DUISBURG (Germany).23 The population

sample was restricted to: live-born singleton births with

data on concentrations of PCB-153 and/or p-p�-DDE

and/or HCB, measured either in maternal serum/whole

blood, cord serum/plasma or breast milk; and available

information on ADHD symptoms. The INUENDO-Poland

cohort was originally invited but then excluded before stat-

istical analysis due to the low number of subjects with

complete information on ADHD and POPs (n¼69). In

total, the study sample encompassed 4437 mother–child

pairs from seven European cohort studies. Ethical approval

was obtained from the local authorized Institutional

Review Boards.

Exposure assessment

POP concentrations were measured in cord serum/plasma in

FLEHS I, PCB cohort, PELAGIE and INMA-Menorca; in

maternal serum/whole blood in DUISBURG, INUENDO-

Greenland, INUNEDO-Ukraine, INMA-Valencia, INMA-

Sabadell and INMA-Gipuzkoa; and in breast milk in

HUMIS. INMA-Gipuzkoa also collected cord blood in a half

of participants, although these data were not used in the

present study. In addition, we used POPs measured in child

serum at 6 and 16 months in the Slovakian cohort to validate

the pharmacokinetic calculations. All cohorts provided

wet-weight and lipid-adjusted POP concentrations, plus

information on lipid collection time (Supplementary Table 1,

available as Supplementary data at IJE online). In our study,

we used the PCB-153 congener as a marker of PCB exposure.

We replaced POP concentrations below the limit of detec-

tion/quantification (LOD/LOQ) with a uniform randomly

generated number between zero and the analysis-specific

threshold reported from the laboratories. The percentage of

values below LOD/LOQ for PCB-153 and p-p�-DDE was less

than 4.0% for most cohorts, with some notable exceptions:

FLEHS I had 17.8% and PELAGIE 14.6% below LOD/

LOQ, for PCB-153 and p-p�-DDE, respectively (Tables 3

and 4). For HCB, percentage of values below LOD/LOQ

varied: four cohorts had samples below LOD ranging from

3.6 % to 24.2% (FLEHS I) (Table 5).

The pharmacokinetic model: input variables

We calculated individual child PCB-153, p-p�-DDE and

HCB concentrations at birth, 3, 6, 12, 24 months based on

a pharmacokinetic model.4

The model’s equations use a number of input variables:

child’s and mother’s weight at birth, 3, 6, 12 and

24 months and proportion of breastfeeding at each month,

summed up to a cumulative proportion of breastfeeding at

3, 6, 12 and 24 months.

Child’s weight data at birth and at multiple and varying

age points during first years of life were measured: by

nurses or doctors (PCB cohort); recorded during paediatric
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examinations in children’s health cards and reported by

parents (HUMIS); obtained by study staff and from paedi-

atric records (INMA); or parent-reported (FLEHS I,

DUISBURG, PELAGIE and INUENDO). We used the

obtained data to estimate child’s weight at 3, 6, 12 and

24 months, using a cohort-specific, sex-specific, multilevel

(mixed) linear model fitted with cubic polynomials,

adjusted for child’s height at birth, birth weight, gesta-

tional age, parity, maternal height, maternal weight and

age at delivery and with random effects for infant. We used

estimates that incorporated the estimated random effect

for each individual. For DUISBURG and INUENDO, we

used standard WHO growth curves24 as they had informa-

tion on child’s weight on fewer than two data points after

birth.

Maternal weight and height were based on self-reports

in all cohorts. For all cohorts except for HUMIS, only pre-

pregnancy weight was available. In the HUMIS cohort,

maternal weight at the end of pregnancy, after delivery, at

milk-sampling time and at 6, 12, and 24 months was also

collected. We used the HUMIS maternal weight data to fit

a predictive model of maternal weight development post-

partum, using an ordinary linear regression model with a

cubic polynomial in child’s age plus mother’s height, age,

pre-pregnancy weight, duration of total and exclusive

breastfeeding and parity, and used this model to estimate

individual maternal weights at delivery, 3, 6, 12 and

24 months for all cohorts (see Supplementary Methods 2,

available as Supplementary data at IJE online).

Duration of exclusive and partial breastfeeding was

reported in all cohorts. During partial breastfeeding, the

proportion of human milk to other food steadily declines

and this decline was mapped in HUMIS where 2600 moth-

ers had been asked to report the proportions of milk to

other food at each month during the first 12 months.

These proportions were assumed to apply for children with

the same duration pattern of exclusive and partial breast-

feeding in other cohorts, and used to estimate cumulative

monthly proportion of breast milk to other food. Finally,

the proportion of breastfeeding at each month was

summed up to a cumulative proportion of breastfeeding at

3, 6, 12 and 24 months.

Pharmacokinetic model

For cohorts with POPs measured in cord blood, this was

taken to represent exposure at birth. We then calculated

postnatal exposure using three equations for the transfer of

POPs from mother to child4 (see also Supplementary

Methods 3, available as Supplementary data at IJE online).

The first equation estimates the transfer of milk fat to

the infant during the breastfeeding period. We first used

published equations25 to estimate the infant’s total need

for milk, taking the infant’s age, sex and birth weight into

consideration. Then we multiplied the total need by the

cumulative milk proportions, and used a standard milk fat

percentage of 3.4% to calculate the amount of milk fat

ingested by the infant.4

The second equation calculates temporal concentrations

of POPs in breast milk, taking into account the decrease in

concentration due to transfer of POPs from the mother to

the child, as well as any changes in concentration due to

maternal weight changes.

The third and final equation calculates the concentration

in the infant, based on the amount of milk fat consumed by

the infant up to the given age, the temporal concentration

of POPs in the milk fat and the dilution in concentration

due to infant body growth in the same period.

The equations allow both forward and backward calcu-

lations and, depending on the matrix wherein the concen-

trations were measured (maternal pregnancy serum, cord

blood, breast milk), different applications of the model

were used to encompass appropriate calculations and

derive the needed estimates. Thus, the same calculations

were used to back-calculate human milk concentrations to

estimated concentrations in maternal blood at time of

delivery. Model equations were performed using STATA

13 (Stata Corporation, College Station).

Validation of the pharmacokinetic model

We evaluated the exposure estimates obtained by using our

pharmacokinetic model with concentrations measured in

serum at age 6 and 16 months in 455 children from the

Slovakian PCB cohort. We calculated the Spearman corre-

lation between estimated and measured blood concentra-

tions for PCB-153, p-p�-DDE and HCB due to skewed

distributions with long tails towards high values in both

measured and predicted values. The Spearman correlations

(with errors excluded as described in Supplementary

Methods 3, available as Supplementary data at IJE online)

were 0.75 (PCB-153, N¼311), 0.76 (p-p�-DDE, N¼ 311)

and 0.77 (HCB, N¼ 278) at 6 months and were 0.79

(PCB-153, N¼308), 0.82 (p-p�-DDE, N¼309) and 0.79

(HCB, N¼278) at 16 months. The explained variances

from linear regressions for PCB-153, p-p�-DDE and HCB

on the logged data were 0.61, 0.56 and 0.62 at 6 months,

respectively; at 16 months, they were 0.67, 0.66 and 0.66,

respectively. Results from this evaluation are presented in

Supplementary Methods 4 and Supplementary Figures 5

and 6, available as Supplementary data at IJE online.

ADHD assessment

We used patient registries and three different questionnaire

instruments to assess ADHD symptoms.
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In the HUMIS cohort, information on ADHD was

obtained from the Norwegian Patient Registry,26 which held

updated diagnosis of ADHD up to August 2014, at a time

when the children’s mean and median age was 10 years

(range 6–12 years). In the rest of the cohorts, three different

questionnaires were used: the Attention syndrome scale of

the Child Behavior Checklist for Toddlers (CBCL-ADHD)27

was used in the PCB cohort (4 years); the Hyperactivity/

Inattention problems subscale of the Strengths and

Difficulties Questionnaire (SDQ-Hyperactivity/Inattention)28

was used in INUENDO (7–8 years), FLEHS I (8 years) and

PELAGIE (6 years); and, finally, the ADHD Criteria of

Diagnostic and Statistical Manual of Mental Disorders,

Fourth Edition (ADHD-DSM-IV) list,29 was used in the four

INMA regions (4–5 years) and DUISBURG (9 years)

(Table 1). All questionnaires were completed by parents

except in the INMA cohorts, where they were completed by

teachers. For all tests, higher scores indicated more ADHD

symptomatology. We used established cut-offs reported in

the literature to correspond to clinical ADHD symptomatol-

ogy. The CBCL-ADHD is based on the sum of six items

(range 0–12). The raw scores have been standardized within

each individual in the PCB cohort (using a T-score distribu-

tion) and then a T-score>65 was used as the cut-off score to

classify children with ADHD.27 The SDQ-hyperactivity/

Inattention is composed of five items (total scores obtainable

ranges from 0 to 10). A score�7 points has been used to

classify children with ADHD.28 Finally, ADHD-DSM-IV

consists of 18 symptoms categorized into two separate

groups: inattention (9 symptoms) and hyperactivity/impul-

sivity (9 symptoms). Each ADHD symptom is rated on a

four-point scale (0¼ never or rarely, 1¼ sometimes,

2¼ often or 3¼ very often). Then, in the binary scoring

method, the first two response options of the original

responses (i.e. options 0 and 1) are recoded as the symptom

being absent (recoded as 0), whereas the next two response

options (i.e. options 2 and 3) are recoded as the symptom

being present (recoded as 1). A score of�6 symptoms of

inattention or hyperactivity was used as the cut-off for an

ADHD case.29 Our operational definition of ADHD was

either symptoms above the aforementioned thresholds or a

doctor diagnosis registered in a patient registry.

From here on, we will refer to the main outcome of the

study as ADHD.

Other variables

We identified eight potential confounders a priori using

directed acyclic graphs (DAGs) (Supplementary Figure 7,

available as Supplementary data at IJE online): maternal pre-

pregnancy body mass index (BMI, continuous), maternal age

(years, continuous), maternal education (low, medium,

high), maternal smoking during pregnancy (yes/no), mater-

nal parity (nulliparous yes/no), duration of total breastfeed-

ing (months, continuous) and child’s sex (male/female).

Categories for primary and secondary education varied, so

we combined categories to create relative low, medium and

high per cohort. Models testing the association up to birth

were not adjusted by duration of total breastfeeding.

Statistical analyses

We imputed missing data on covariates, separately by

cohort, using multiple imputation by chained equations

assuming data is missing at random30,31 and, for each impu-

tation set (n¼ 5), we ran the equations that estimate the

postnatal concentrations of POPs. We combined exposure,

outcome and covariate data from individual cohorts into one

pooled data set and then used a multilevel (mixed) logistic

regression model to estimate associations between exposure

to POPs at birth, 3, 6, 12 and 24 months and ADHD.

Models were fitted via maximum likelihood, using the

STATA 13.0 ‘mi estimate’ function to pool five imputation

results. The predictors used in the fixed-effects part of the

model were the exposure and the potential confounders, and

cohort was included as an independent random-effect part of

the model. For each compound and time-point, we tested for

heterogeneity of effects over cohorts by adding both a

random intercept and a random slope with independent var-

iances for the intercept and the slope term and the covariance

set to zero. We assessed assumptions of linearity (on the log-

odds scale) using cubic splines [comparing Akaike informa-

tion criterion (AIC) and Bayesian information criterion (BIC)

statistics for linear term model and spline model] and diag-

nostic plots, and calculated delta-betas (from corresponding

logistic models without random terms) to find possible influ-

ential observations. We assessed assumptions of normality of

residuals and assessed the combination of high leverage and

residuals in order to fit regression models with and without

influential observations. We also tested possible effect modi-

fication by child’s sex, maternal education and parity using a

p-value< 0.10 to indicate statistical significance. As a sensi-

tivity analysis, we repeated the main analysis leaving out one

cohort at a time to determine the influence of a particular

cohort and leaving out cohorts with the highest and lowest

prevalence of ADHD. We repeated the models stratifying

by matrix type: maternal blood cohorts, cord blood

cohorts and breast milk cohorts. We also repeated the

models but excluding the three cohorts (INUENDO-

Greenland, INUENDO-Ukraine and DUISBURG) with

fewer than two measurements on children’s weight after

birth. Moreover, we re-ran the analysis for the five cohorts

where SDQ had been applied and where we thus had the

opportunity to separate inattentive and hyperactive
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symptomatology; SDQ-inattention (SDQ-items 15 and 25)

ranged from 0 to 4, whereas SDQ-hyperactivity (SDQ-

items 2, 10 and 21) ranged from 0 to 6. We then used a

multilevel (mixed) negative binomial regression model to

estimate associations between exposure to POPs at birth,

3, 6, 12 and 24 months and SDQ-inattention and SDQ-

hyperactivity. Models were fitted via maximum likelihood,

using the STATA 13.0 ‘mi estimate’ function to pool

the five imputation datasets. The predictors used in the

fixed-effects part of the model were the exposure and

the potential confounders, and cohort was included as the

independent random-effect part of the model.

Results

The global prevalence of ADHD in our study was 6.0%

(range: 2.5–16.1) and Table 1 shows the outcome distribu-

tion in all participating cohorts. The mean age of assess-

ment of ADHD was 5.8 years (range: 3.8–9.5 years).

Percentage of highly educated mothers and duration of

breastfeeding varied markedly across cohorts (Table 2).

Tables 3–5 show the measured POPs concentrations as

well as the estimated pre- and postnatal concentrations. In

general, the highest prenatal and postnatal concentrations

for the three POPs were observed in INUENDO-

Greenland, INUENDO-Ukraine (except for PCB-153),

PCB cohort and INMA-Menorca. The lowest prenatal and

postnatal concentrations were observed in PELAGIE,

HUMIS and FLEHS I (except for p-p�-DDE). We observed

moderate to high correlations between prenatal and

postnatal POP concentration (Supplementary Table 8,

available as Supplementary data at IJE online). These

correlations tended to decrease over the child’s age, the

highest correlations observed between the prenatal and

3-month concentrations. Overall correlations for PCB-153

between pre- and postnatal ranged from 0.82 (prenatal vs

3 months) to 0.64 (prenatal vs 24 months); for p-p�-DDE,

correlations ranged between 0.91 (prenatal vs 3 months)

and 0.76 (prenatal vs 24 months); and for HCB, correla-

tions ranged between 0.89 (prenatal vs 3 months) and 0.72

(prenatal vs 24 months).

Figures 1–3 and Supplementary Tables 9–11, available

as Supplementary data at IJE online, show the adjusted

association between POPs exposure at different time-

points and ADHD. The pooled data showed no associa-

tions between PCB-153, p-p�-DDE and HCB exposure at

any of the time-points and ADHD [pooled odds ratios

(ORs) ranging from 1.00 to 1.01]. These null OR point

estimates were precise, with 95% confidence intervals

(CIs) ranging from 0.99 to 1.01 for PCB-153, from 0.99 to

1.03 for p-p�-DDE and from 1.00 to 1.01 for HCB. None

of the individual cohort analyses showed any clear trend

association between POPs exposure and ADHD. The only

exception was for p-p�DDE, were a borderline increased

OR was observed for the PCB cohort at birth and

24 months, although, in both cases, the lower confidence

limit comprised the null value. There was no heterogeneity

between cohorts in any of the analysis for any exposure

(Supplementary Table 12, available as Supplementary data

at IJE online). There were no deviations from linearity

(from AIC and BIC statistics comparing linear term

model vs spline models) between POPs and ADHD

(Supplementary Table 13, available as Supplementary data

at IJE online). There was no significant difference in esti-

mates from regression models fitted with and without

influential observations (data not shown). We observed no

effect modification by child’s sex, maternal education or

parity in the pooled analysis (data not shown).

Table 1. Description of the outcome

Cohort Country Test Evaluator Age (years)

mean (SD)

N N with

ADHD

(%)

INUENDO-Greenland Greenland SDQ Parents 7.9 (0.6) 518 31 6.0

INUENDO-Ukraine Ukraine SDQ Parents 7.0 (0.4) 490 26 5.3

FLEHS I Belgium SDQ Parents 8.3 (0.3) 256 39 15.2

PELAGIE France SDQ Parents 6.0 (0.2) 188 13 6.9

PCB cohort Slovakia CBCL-ADHD Parents 3.8 (0.1) 455 29 6.4

INMA-Menorca Spain ADHD-DSM-IV Teachers 4.6 (0.3) 304 49 16.1

INMA-Valencia Spain ADHD-DSM-IV Teachers 5.9 (0.4) 347 25 7.2

INMA-Sabadell Spain ADHD-DSM-IV Teachers 4.4 (0.3) 442 23 5.2

INMA-Gipuzkoa Spain ADHD-DSM-IV Teachers 4.4 (0.2) 310 8 2.6

HUMIS Norway NPR Medical doctor 7.0 (0.1) 1015 25 2.5

DUISBURG Germany ADHD-DSM-IV Parents 9.5 (0.4) 112 7 6.3

NPR, Norwegian Patient Registry; CBCL-ADHD, Attention-Deficit and Hyperactivity problems subscale of the Child Behavior Checklist for Toddlers;

SDQ, Hyperactivity/Inattention problems subscale of the Strengths and Difficulties Questionnaire; ADHD-DSM-IV, ADHD Criteria of Diagnostic and Statistical

Manual of Mental Disorders, Fourth Edition (ADHD-DSM-IV).
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When we removed one cohort at a time, pooled esti-

mates did not change (data not shown). When we repeated

the analyses restricting to the type of matrix (maternal

blood, cord blood and milk), results were similar (data not

shown). Also, we did observe the same results when

the three cohorts with fewer than two measurements on

children’s weight after birth (INUENDO-Greenland,

INUENDO-Ukraine and DUISBURG) were excluded from

the analyses (data not shown). When we separated SDQ

scores into primarily inattentive or primarily hyperactive

symptomatology and used these scores continuously, also

no association was observed between POPs exposure and

any outcome (Supplementary Table 14, available as

Supplementary data at IJE online). Excluding cohorts with

high (FLEHS I and INMA-Menorca) or low (HUMIS)

prevalence of ADHD did not change the results (data not

shown).

Discussion

To our knowledge, this is the largest study to investigate

the association between prenatal and postnatal exposure to

POPs and ADHD in the general population. In a sample of

4437 children with an estimated prevalence of ADHD

about 6%, we did not observe any association between

either pre- or postnatal exposure (up to 24 months) to

PCB-153, p-p�-DDE and HCB and the risk of ADHD before

the age of 10 years.

This study has several strengths: the large sample size

(almost 4500 children in seven European cohort studies),

prenatal and postnatal exposure assessment using a model

to estimate postnatal exposure to lipophilic environmental

toxicants, a wide range of exposure concentrations and

centralized statistical analysis allowing a standardized pro-

tocol to increase comparability of the data. Furthermore,

we were able to adjust for all known potential confound-

ers. Additionally, the study design by itself controls for

unmeasured confounding to some degree, since the under-

lying confounding patterns are likely to vary across

countries.

However, there are some limitations. A weakness of the

present study is related to the outcome measurement.

Different questionnaires (SDQ, CBCL-ADHD and ADHD-

DSM-IV) with different evaluators (parents and teachers)

were used, and only one cohort had information on spe-

cialist diagnosis from medical registries. These question-

naires include different numbers of questions and assign

different weight to the main ADHD symptoms (inatten-

tion, hyperactivity or impulsivity), although they all likely

to tap into overlapping aspects associated with ADHD.

Furthermore, the diagnosis of ADHD is uncertain in pre-

school children, since it has been shown that only �50%T
a
b

le
5
.
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of the children diagnosed before 4 years of age will still ful-

fil the diagnostic criteria at 6 years of age.32 In our study,

the age at assessment of ADHD ranged from 3.8 to

9.5 years, with approximately 10% between 3.8 and

4 years of age. However, we did obtain an overall preva-

lence of 6% ADHD in our study, which is not far from the

worldwide prevalence of 5.3%.1 In addition, we consis-

tently found no associations between prenatal and postna-

tal exposure to PCB-153, p-p�-DDE and HCB and ADHD,

robust in a number of sensitivity analyses, and also when

restricting to the HUMIS cohort that had objective diagno-

sis from its national registry. The use of ADHD diagnosis

instead of continuum of ADHD symptoms might reduce

our ability to capture subclinical effects of POPs on neuro-

psychological development that may be important for pop-

ulation health. However, in cohorts that had assessed

ADHD using the SDQ questionnaire (INUENDO-

Greenland, INUENDO-Ukraine, FLEHS I, PELAGIE and

PCB cohort), we did not detect an association between

POPs exposure and ADHD symptoms as a continuous out-

come (data not shown).

Another potential limitation of the present study could

be the heterogeneity in the models. As shown in

Supplementary Table 12, available as Supplementary data

at IJE online, the random-effects parameters (the standard

deviation of the random intercept), which represent the

Figure 2. Associations between pre- and postnatal (at 24 months) exposure to p-p�-DDE (ng/g) and the risk of ADHD (based on 100 ng/g lipid p-p�-DDE

increase). (a) Exposure at birth. (b) Exposure at 24 months. *Models were adjusted for: maternal pre-pregnancy body mass index (kg/m2, continuous),

maternal age (years, continuous), maternal education (low, medium, high), maternal smoking during pregnancy (yes/no), maternal parity (nullipar-

ous, yes/no) and child’s sex (male/female). **Models were also adjusted for duration of total breastfeeding (months, continuous).

Figure 1. Associations between pre- and postnatal (at 24 months) exposure to PCB-153 (ng/g) and the risk of ADHD (based on 10 ng/g lipid PCB-153

increase). (a) Exposure at birth. (b) Exposure at 24 months. *Models were adjusted for: maternal pre-pregnancy body mass index

(kg/m2, continuous), maternal age (years, continuous), maternal education (low, medium, high), maternal smoking during pregnancy (yes/no), mater-

nal parity (nulliparous, yes/no) and child’s sex (male/female). **Models were also adjusted for duration of total breastfeeding (months, continuous).
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baseline level of the outcome (ADHD), between the

cohorts are different from zero, meaning that the cohorts

have different prevalence of ADHD. However, the stand-

ard deviation of the random-slope term, which represents

the difference in the effect of the exposures on ADHD over

the cohorts, is close to zero, which means that, in this

study, there is no difference in the effect of the toxicants on

ADHD over the cohorts. Thus, the different levels of

ADHD across cohorts cannot be explained by differential

population sensitivity to the toxicants studied, but are

likely due to other risk factors not studied in this paper.

Another major limitation is that POPs were measured

in three different matrices, and therefore at three different

time-windows: maternal blood during pregnancy, cord

blood and milk. Although, these toxicants are stable in

adults due to their long half-lives (PCB-153 about

14 years,33 p-p�-DDE about 13 years34 and HCB about

9 years),35 their concentrations vary substantially in the

perinatal period. Thus, we modelled postnatal exposure.4

Although there are uncertainties tied to such models

(amongst others, they presuppose equilibrium between the

fat compartments in the mother and her fetus, of which we

lack exact knowledge), their use is necessary to avoid

drawing multiple blood samples from the infants. This

exposure model was selected in view of its efficiency and

simplicity compared with the previous postnatal models.

Moreover, we evaluated our chosen exposure model using

data from the PCB cohort where actual concentrations had

been measured in child blood at 6 and at 16 months. We

observed satisfactory results by showing a moderate to

high correlation (Spearman Rho> 0.75) between estimated

and measured POP concentrations. Moreover, the

explained variances from linear regressions on the logged

data were 0.61, 0.56 and 0.62 at 6 months, respectively. At

16 months, values were similar (0.67 for PCB-153), 0.66

for p-p�-DDE and 0.66 for HCB). These values are similar

to or better than those obtained by a previously published

pharmacokinetic method:36 0.59 (N¼ 216), 0.49

(N¼ 216) and 0.40 (N¼ 210).

Further, it seems likely that misclassification will

increase with the time between measured concentration

and the age at estimated concentration, and this could lead

to less power to detect an effect of exposure with later age.

However, the effect estimates in our study are consistent

over time. There is also misclassification based on the way

we calculate fat percentage based on measured BMI. This

may lead to a differential bias, as BMIs in the normal range

are less accurate in estimating the fat percentage than

BMIs in the higher range, and ADHD is associated with

BMI.37 However, we observed no interaction with obesity

in our study. We show that, when applying our model, the

predicted values tend to be systematically higher than the

measured values in the low end of the concentrations. This

leads to an overestimation of the estimated exposure

effects (Supplementary Figures 5 and 6, available as

Supplementary data at IJE online). However, importantly

for this study, the overestimation goes to zero when the

true exposure effect goes to zero.

Child’s weight after birth at a number of different ages

was available in most cohorts and we used this to estimate

child’s weight at the selected time-points. However, we did

not have information about change in child weight in three

cohorts and instead used general growth curves from the

WHO, which may have reduced the precision of the esti-

mated postnatal values for those three specific cohorts.

Maternal weight change after delivery was also estimated

Figure 3. Associations between pre- and postnatal (at 24 months) exposure to HCB (ng/g) and the risk of ADHD (based on 100 ng/g lipid HCB increase).

(a) Exposure at birth. (b) Exposure at 24 months. *Models were adjusted for: maternal pre-pregnancy body mass index (kg/m2, continuous), maternal

age (years, continuous), maternal education (low, medium, high), maternal smoking during pregnancy (yes/no), maternal parity (nulliparous, yes/no)

and child’s sex (male/female). **Models were also adjusted for duration of total breastfeeding (months, continuous).
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at the selected time-points based on measured change in

maternal weight after delivery in HUMIS and pre-

pregnancy BMI in the other cohorts. Nutrition data were

not available and therefore no information was added

about the environmental chemicals exposure through food

or water. These calculations may have decreased model

precision and could lead to exposure misclassification,

decreasing our chance of observing an effect. However,

breastfeeding is the major source of body burden of PCB,

DDE and HCB in young children,36,38 and we had more

accurate information on breastfeeding in some cohorts,

where mothers were asked about not only total breastfeed-

ing, but the proportion of breastfeeding during the

partial-breastfeeding period. We did a number of sensitiv-

ity analyses, amongst others excluding cohorts with fewer

than two measurements on children’s weight, and the

results remained the same, indicating that no major bias

has occurred. In accordance with other studies,39,40 we

chose lipid-adjusted POP concentrations and did not apply

conversion factors due to the considerable uncertainty

associated with these. Study-specific conversion factors are

difficult to apply to other studies with differing distribu-

tions of underlying co-factors.

The null effects of PCB-153, p-p�-DDE and HCB expo-

sure on ADHD suggested in the present study are in

accordance with some of the previous studies, which

overall report consistent findings.8–13 In one of these pre-

vious studies that included the FLEHS I cohort,12 increased

odds of SDQ-hyperactivity subscale at 7–8 years were

reported for PCB and p-p�-DDE exposure, although the

estimates reported were rather imprecise. Only in the New

Bedford cohort study, the authors report increased ADHD

at 8 years, obtained either through a teacher’s rating scale

or by using neuropsychological measures of inattentive and

impulsive behaviours, in association with prenatal expo-

sure to PCBs and p-p�-DDE.14,15,41 The different results

from the two studies conducted in the New Bedford cohort

and the present pooled analysis may be explained by differ-

ent PCB exposure profile and ADHD assessment. In the

New Bedford cohort, children were exposed via the mother

to specific PCB mixtures due to the proximity to an indus-

try and the de-chlorination processes that occurred.42

Most child population exposure to PCBs is through the

food chain, which gives rise to a different PCB mixture.

In our study, we used the PCB-153 congener as a marker

of PCB exposure and this should be comparable across

child cohorts with background exposures. Furthermore, it

should also be noted that, in the New Bedford cohort, the

authors assessed ADHD by the Conners’ Rating Scale

for Teachers, which includes 59 items and separates the

different ADHD symptomatologies. They also treated

the outcome as a continuous score. Finally, ADHD was

measured at older ages in New Bedford (8 years) compared

with most of the cohorts participating in the present study.

Together, these factors could have made the New Bedford

study more sensitive to detect small effects. We also

included in our analysis a subsample of the Spanish study

(INMA-Menorca cohort) that previously reported a nega-

tive association between prenatal HCB exposure and

ADHD.16 Differences in the final population included in

the present study, exposure assessment modelling, covari-

ate adjustment and analytical strategy explain the different

results.

Animal studies have shown that postnatal exposure to

PCB-153 (or PCB-126) through mothers’ milk is related to

increased motor activity and attention deficits in male

rats.43 In experimental studies, a mixture of PCB and poly-

brominated diphenyl ether (PBDE) co-exposure has been

associated with hyperactivity and deficits in inhibitory con-

trol,44 disruption in endocrine activity45 and with an

increase in dopamine concentrations in the prefrontal cor-

tex, which may be the link between PCB and altered behav-

iour in rats.46 Monkeys exposed to PCBs exhibit some of

the characteristics found in children with attention-deficit

disorder.47 In mice, exposure to a low dose of DDT during

neonatal nervous system development caused behavioural

and neurochemical changes in adulthood.48 HCB exposure

increased the activity level in a study in rats.49 However,

not all animal studies report increased risk of ADHD symp-

toms in association with POPs.50 Effects of PCB-153 on

ADHD behaviour may depend on the exposure level,

whereby high doses may aggravate ADHD symptoms in

genetically vulnerable individuals that could possibly

explain findings in one study and not another. An animal

model of ADHD using rats concluded that, in normal con-

trols, postnatal exposure to PCB-153 may not constitute an

environmental risk factor for developing the full range of

ADHD symptoms.51 It is unclear to what the extent the

findings from animal studies can be generalized to the

human population; however, it appears overall that the lit-

erature supports that, in children from the general popula-

tion, background exposure to POPs in subjects with no

genetic susceptibility does not increase the risk of ADHD.

The aetiology of ADHD is not yet completely under-

stood. The heritability of ADHD is estimated to be about

77%.52 However, our recent understanding is that ADHD

results from complex interactions of genetic, environmen-

tal and social factors.53 Identified factors include preg-

nancy and delivery complications leading to hypoxia, low

birth weight, maternal smoking, fetal exposure to alcohol,

environmental toxins and dietary factors.54 Psychosocial

adversities in the home environment (e.g. low social class,

low income, large family size, family dysfunction and sin-

gle-parent families), maternal mental disorders, violence
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and stress during pregnancy also appear to play a role in

the aetiology of this disorder.52,55 Our inability to take

into account the complex gene–environment interactions

and the individual psychosocial vulnerabilities to chemical

exposures might have affected our results.

In summary, we found no increased risk of ADHD in asso-

ciation with prenatal and early postnatal exposure to PCB-

153, p-p�-DDE and HCB in a sample of 4437 children from

the general population of seven European birth cohort studies.

Future pooled studies require psychosocial, genetic and epige-

netic information together with environmental contaminants

in order to ascertain whether vulnerability to environmental

toxicant exposure may contribute to ADHD prevalence.

Supplementary data

Supplementary data are available at IJE online.
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Schölmerich A, Wilhelm M. The influence of low level pre- and

perinatal exposure to PCDD/Fs, PCBs, and lead on attention

performance and attention-related behavior among German

International Journal of Epidemiology, 2018, Vol. 47, No. 4 1095

D
ow

nloaded from
 https://academ

ic.oup.com
/ije/article/47/4/1082/4975495 by guest on 08 N

ovem
ber 2022

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy052#supplementary-data
http://www.proyectoinma.org/presentacion-inma/listadoinvestigadores/en_listado-investigadores.html
http://www.proyectoinma.org/presentacion-inma/listadoinvestigadores/en_listado-investigadores.html
http://www.who.int/ceh/publications/endocrine/en/
http://www.who.int/ceh/publications/endocrine/en/
http://chm.pops.int/TheConvention/Overview/tabid/3351/Default.aspx
http://chm.pops.int/TheConvention/Overview/tabid/3351/Default.aspx


school-aged children: results from the Duisburg Birth Cohort

Study. Int J Hyg Environ Health 2015;218:153–62.

11. Newman J, Behforooz B, Khuzwayo AG, Gallo MV, Schell LM.

PCBs and ADHD in Mohawk adolescents. Neurotoxicol Teratol

2014;42:25–34.

12. Sioen I, Den Hond E, Nelen V et al. Prenatal exposure to envi-

ronmental contaminants and behavioural problems at age

7-8years. Environ Int 2013;59:225–31.

13. Kyriklaki A, Vafeiadi M, Kampouri M et al. Prenatal exposure

to persistent organic pollutants in association with offspring neu-

ropsychological development at 4years of age: the Rhea mother-

child cohort, Crete, Greece. Environ Int 2016;97:204–11.

14. Sagiv SK, Thurston SW, Bellinger DC, Tolbert PE, Altshul LM,

Korrick SA. Prenatal organochlorine exposure and behaviors

associated with attention deficit hyperactivity disorder in school-

aged children. Am J Epidemiol 2010;171:593–601.

15. Verner M-A, Hart JE, Sagiv SK, Bellinger DC, Altshul LM,

Korrick SA. Measured prenatal and estimated postnatal levels of

polychlorinated biphenyls (PCBs) and ADHD-related behaviors in

8-year-old children. Environ Health Perspect 2015;123:888–94.
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