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BACKGROUND: Fetal exposure to organophosphate (OP) pesticides might lead to fetal metabolic adaptations, predisposing individuals to adverse meta-
bolic profiles in later life.
OBJECTIVE: We examined the association of maternal urinary OP pesticide metabolite concentrations in pregnancy with offspring body mass index
(BMI) and fat measures at 10 years of age.
METHODS: Between 2002 and 2006, we included 642 mother–child pairs from the Generation R Study, a population-based prospective cohort study
in Rotterdam, the Netherlands. We measured maternal urinary concentrations of OP pesticide metabolites, namely, dialkyl phosphates, including three
dimethyl and three diethyl phosphates in early-, mid- and late-pregnancy. At 10 years of age, child total and regional body fat and lean mass were
measured through dual energy X-ray absorptiometry, and abdominal and organ fat through magnetic resonance imaging.

RESULTS: Higher maternal urinary pregnancy-average or trimester-specific dialkyl, dimethyl, or diethyl phosphate concentrations were not associated
with childhood BMI and the risk of overweight. In addition, we did not observe any association of dialkyl, dimethyl, or diethyl phosphate concentra-
tions with total and regional body fat, abdominal visceral fat, liver fat, or pericardial fat at child age of 10 y.
CONCLUSION: We observed no associations of maternal urinary dialkyl concentrations during pregnancy with childhood adiposity measures at
10 years of age. Whether these associations develop at older ages should be further studied. https://doi.org/10.1289/EHP12267

Introduction
Organophosphate (OP) pesticides are a class of insecticides com-
monly used for agricultural and landscape pest control.1 The gen-
eral population is regularly exposed to these pesticides through
ingestion of food and, to a lesser extent, through household insecti-
cide use.2,3 OP pesticide metabolites are able to pass the placental
barrier, causing direct fetal exposure, and may interfere with cell
differentiation, disrupt thyroid function and disturb the placental
transport of nutrients.4–6 In addition, results from animal studies
suggest that these chemicals might affect the cellular metabolism
of carbohydrates and lipids, increase insulin resistance, disturb glu-
cose homeostasis, and increase oxidative stress.7 These fetal devel-
opmental adaptations in response to maternal OP pesticides
exposure may adversely affect fetal and childhood metabolic de-
velopment. Among 784 pregnant women within the population-
based Generation R Study, higher OP metabolite concentrations in
pregnancy were associated with restricted fetal weight and length
growth, which are risk factors for higher child body mass index
(BMI) in later life.8,9 Two studies from a Danish prospective
cohort that included ∼ 200 pregnant mother–child pairs reported
that maternal occupational exposure to OPs during pregnancy,
assessed by questionnaires, was associated with higher offspring
BMI and fat percentage at 6–16 years of child age.10,11 To the

contrary, a study among 166 children from the general U.S. pop-
ulation reported no associations of maternal urinary third trimes-
ter OP metabolites with offspring BMI at 4–9 years of age.12 Last,
a European meta-analysis among 1,086 mother–child pairs using
multi-exposure models reported no associations of maternal urinary
OPmetabolites measured once in pregnancy with childhood adipos-
ity measures.13 These inconsistencies might be explained by differ-
ences in measurement methods, levels of exposure and variation in
sociodemographic, ethnic, and lifestyle characteristics of underlying
populations.14 Moreover, OP pesticide metabolites are highly vari-
able over time, but they were measured only once in pregnancy.15 In
addition, no previous studies included visceral, pericardial, and liver
fat outcomes when investigating the effect of maternal OP pesticide
exposure on the offspring, even though visceral adipose tissue is
more strongly associated with most metabolic risk factors than sub-
cutaneous abdominal adipose tissue.16

We hypothesized that fetal exposure to OPs would lead to
alterations in fetal metabolic development, causing adverse adi-
posity profiles in childhood. In a population-based prospective
cohort study among 642 mother–child pairs, we assessed the
associations of maternal urinary OP metabolite concentrations
measured at three time points in pregnancy with child BMI, the
risk of overweight or obesity, total and regional body fat, abdom-
inal fat, and organ fat at 10 years of age.

Methods

Study Design
This study was embedded in the Generation R Study, a population-
based prospective cohort study from fetal life until adulthood in
Rotterdam, the Netherlands.17 Study approval was obtained by
the medical ethical committee of the Erasmus Medical Center,
University Medical Center, Rotterdam (MEC 198.782/2001/31).
Mothers who had a delivery date of from April 2002 to January
2006 were invited to participate through their obstetric health
care provider or applied on their own. Mothers were enrolled
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during pregnancy and received no incentives for participation
other than the measurements, including fetal ultrasounds, which
were performed as part of the study. All participants came from an
urban environment given that Rotterdam is the second-largest city
in the Netherlands. Written informed consent was obtained from
all mothers. From February 2004 to January 2006, 800 women
with childhood follow-up data available were selected to deter-
mine OP metabolite concentrations in maternal urinary samples,
and 778 had urinary OP metabolite measurement at three time
points in pregnancy. Of these, 642 mother–child pairs participated
in the follow-up study at 10 y (Figure 1).

Urine OP Pesticide Metabolite Analysis
OP exposure was assessed by measuring six dialkyl phosphates
(DAP) in maternal urine samples at three time points in pregnancy.
DAP metabolites are breakdown products of most OPs, are non-
specific biomarkers of OP pesticides, and provide information on
the total exposure to most parent OP pesticides.18–20 Details of the
maternal urine specimen collection have been described else-
where.21 Briefly, urine samples were collected in 100-mL polypro-
pylene urine collection containers between 0800 and 2000 hours
and were stored for a maximum of 20 h at 4°C before being frozen
at −20 �C in 20-mL portions in polypropylene vials. They were
kept on −20 �C until analysis and were transported on dry ice by
airplane as a priority shipment to the Institut National de Santé
Publique in Quebec (INSPQ), Canada. Here, the measurements of
the DAP metabolites were performed using gas chromatography
coupled with tandemmass spectrometry (GC-MS/MS).22

The six DAP metabolites included three dimethyl (DM)
metabolites [dimethylphosphate (DMP), dimethylthiophosphate

(DMTP), and dimethyldithiophosphate (DMDTP)] and three
diethyl (DE) metabolites [diethylphosphate (DEP), diethylthio-
phosphate (DETP), and diethyldithiophosphate (DEDTP)], as pre-
viously described.14 Molar concentrations were used to enable
comparison with other studies. The three DM metabolites were
summed as total DM, and the three DE metabolites as total DE.
Themolar sum of the DM andDEmetabolite concentrations repre-
sent the total urinary DAP concentrations. The molar weights, lim-
its of detection (LODs), percentage of metabolites above the LOD,
and descriptive statistics of the metabolites in our study sample are
shown in Tables S1 and S2.14 The LODs were 0:26 lg=L for
DMP, 0:40 lg=L for DMTP, 0:09 lg=L for DMDTP, 0:50 lg=L
for DEP, 0:12 lg=L for DETP, and 0:06 lg=L for DEDTP. Values
below the LOD were imputed with machine-reported values when
available.22 We included measured concentrations below the LOD
in the analysis. In our study sample, a small number of concentra-
tions were still missing owing to insufficient sample or machine
error. The number ofmissing values permetabolite was as follows:
DMP, 1missing in the first trimester; DEDTP, 1missing in the sec-
ond and 1 missing in the third trimesters; DETP, 12, 19, and 14
missing in the first, second, and third trimesters, respectively; and
DEP, 1 missing in the first trimester. To account for urinary dilu-
tion, DAP concentrations were expressed in nanomoles per gram
creatinine.14,23,24

Childhood Measures of Adiposity
We used child adiposity measures at 10 years of age because
this was, in our study population, the latest possible time point
for assessing long-term effects of fetal pesticide exposure with-
out any pubertal influences on growth or fat distribution. We

Excluded: children without metabolic 
measurements at age 10 years. 

n = 136

Mother-child pairs with singleton live 
born children and maternal dialkyl 
phosphate measurements at three time 
points in pregnancy, with child metabolic 
measurements at 10 years of age.

n = 642

Mother-child pairs with singleton live 
born children and maternal dialkyl 
phosphate measurements in pregnancy.

n = 800

Excluded: mothers with only one or two 
dialkyl phosphate measurements in 
pregnancy 

n = 22

Mother-child pairs with singleton live 
born children and maternal dialkyl 
phosphate measurement at three time
points in pregnancy.

n = 778

Figure 1. Flowchart of participants included in the study. Generation R Study, Rotterdam, the Netherlands, 2002–2006.
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calculated BMI (in kilograms per meter squared) from height
and weight, measured without shoes and heavy clothing.
Participants were asked to undo themselves from cardigans or
jumpers and to empty their pockets. Age- and sex- adjusted
standard deviation scores (SDSs) were calculated using a Dutch
reference growth chart (Growth Analyzer 4.0; Dutch Growth
Research Foundation).25 Childhood overweight and obesity
were defined using the International Obesity Task Force cut-
offs.26 We obtained several measures of visceral adipose tissue
because, in adults, excess visceral, pericardial, and liver fat
have been linked to various cardiometabolic risk factors and
abnormalities, irrespective of BMI.16,27–30 In addition, in chil-
dren, an android fat distribution has been associated with cardi-
ovascular risk factors, such as an increased insulin resistance
and higher serum cholesterol.31 Total and regional body fat and
lean mass (in kilograms) were measured using dual energy
X-ray absorptiometry (DXA) scanning (iDXA; General Electric–
Lunar).32 Children were scanned in the supine position without
shoes, heavy clothing, or metal objects. The android-to-gynoid fat
mass ratio was calculated and used as a measure of waist-to-hip
ratio.32 Abdominal and organ fat were measured using a 3.0-Tesla
magnetic resonance imaging (MRI) scanner (Discovery MR750w;
General Electric Healthcare), using standard imaging and position-
ing protocols, as described previously.17 Pericardial fat included
epicardial and pericardial fat directly attached to the pericardium,
ranging from the apex to the left ventricular outflow tract. Total
visceral fat volume was generated by summing the volumes of the
liver, abdominal and, if necessary, the femoral fat-only scans. Fat
masses were obtained by multiplying the total volumes by the spe-
cific gravity of adipose tissue, 0:9 g=mL. The liver fat fraction
was determined by averaging the mean signal intensities in four
regions of interest of at least 4 cm2 in the central portion of the he-
patic volume. To enable comparison between the adiposity out-
comes, we computed internal SDSs. To create measures of total
fat and lean mass independent of height, we estimated the optimal
adjustment by log–log regression analysis and subsequently calcu-
lated fat mass index (total fat mass=height4), pericardial fat mass
index (pericardial fat mass=height3), visceral fat mass index (total
and abdominal visceral fat mass index=height3), and lean mass
index (lean mass=height2).33,34

Covariates
Information on maternal prepregnancy weight, parity, ethnic-
ity, educational level, and household income was obtained
through prenatal questionnaires. For ethnicity, women were
categorized as Dutch, European or non-European (including
Indonesian, Cape Verdian, Moroccan Surinamese, Turkish,
African, American, Asian, and Oceanian).17 Ethnic back-
ground was assessed in accordance with the country of birth
of participants themselves and their parents.17 If both parents
were born abroad, the country of birth of the participant’s
mother determined the ethnic background, in line with the classifi-
cation from Statistics Netherlands.35 Nutritional intake in the past
3 months was obtained in early pregnancy using a modified ver-
sion of a validated semiquantitative food frequency question-
naire.36,37 A previous study in the same population as the present
study showed that maternal early pregnancy fruit and vegetable
intake was associated with urinary DAP metabolite concentra-
tions.14 Therefore, we included daily fruit and vegetable caloric
intake, adjusted for the total caloric intake as a covariate. Maternal
height was measured without shoes at the time of enrollment, and
prepregnancy BMI was calculated.17 We obtained information
about child birthweight, gestational age at birth, and child sex
from medical records.

Statistical Analysis
First, we performed a nonresponse analysis. We compared the
characteristics of the mother–child pairs with and without meta-
bolic measurements at 10 years of child age, among those with
maternal urinary DAP metabolites measurements in pregnancy.
We used a Student t-test, chi-square test, or Mann-Whitney U-test
when applicable. Second, becauseOPmetabolites are nonpersistent,
rapidly excreted from the body and subsequently highly variable
over time, we calculated the average urinary DM, DE, and DAP
metabolite concentrations in pregnancy.15 Pregnancy-average uri-
nary concentrationswere calculated by dividing the summed concen-
trations of the three trimesters by three. This pregnancy-average
provides a better estimation of the exposure than any single expo-
sure measurement. Therefore, we considered as main analyses the
models including pregnancy-average DAP metabolite concentra-
tions as exposure. Urinary DM, DE, and DAP trimester-specific
and pregnancy-average concentrations were log10-transformed to
obtain better model fit. Third, we assessed the association of
pregnancy-average and trimester-specific maternal urinary DM,
DE, and DAP metabolites concentrations with child measures of
adiposity using linear regression models. We performed analysis
on trimester-specific exposures to determine specific windows of
vulnerability to OP pesticide exposure. To the best of our knowl-
edge, the critical exposure periods during pregnancy for child obe-
sity outcomes are not yet known. However, recently, early- and
mid-pregnancy have been determined to be windows of higher
vulnerability to OP pesticide for the outcome fetal growth.8 We
checked for linearity of all associations by plotting and visually
inspecting the residuals vs. the fitted values. Fourth, we exam-
ined the associations of maternal urinary DM, DE, and DAP con-
centrations in pregnancy with the risk of childhood overweight
or obesity using logistic regression models. Analysis were
adjusted for child sex and age (basic model) and, subsequently,
for maternal sociodemographic and lifestyle factors (main
model). Potential confounders were selected from the previous
literature and defined using a direct acyclic graph (Figure S1).
Potential confounders were maternal prepregnancy BMI, ethnic-
ity, parity, pregnancy smoking, educational level, household
income, daily fruit and vegetable intake, and child gestational
age at birth.38–40 We included the confounders that changed the
effect estimates for >10% for at least one of the outcomes. We
added each covariate separately to the basic model. This approach
enabled us to assess which covariate most strongly influenced the
association of the exposures with the outcomes. Based on this, par-
ity and gestational age at birth were excluded.41 We checked for
multicollinearity of all confounders with the exposures using the
variance inflation factor (VIF). The VIF was smaller than 2 for all
confounder–exposure combinations, indicating a low possibility
of collinearity. We explored potential effect modification by child
sex by adding an interaction term of child sex with the exposure to
the adjusted model, considering a p-value threshold of <0:10.
Based on this analysis, we concluded that child sex was not an
effect modifier.

As a sensitivity analysis, we first examined whether associa-
tions were restricted to women with a relatively high OP expo-
sure within our study population given that associations in
previous literature have been mainly observed in highly exposed
greenhouse workers. For this, we constructed binary exposure
variables for being in the highest 10th exposure percentile and,
subsequently, to gain more power, the 25th percentile of our pop-
ulation. We repeated the main analysis of these binary exposure
variables with the outcomes. Second, we performed a sensitivity
analysis refitting the main models with the exposure expressed in
nanomoles per liter and with additional multivariable adjustment
for creatinine instead of standardizing by creatinine. We did this
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additional analysis to assure that estimates from our main analy-
sis were not driven by nondilution factors related to creatinine
excretion.23 Third, given that a high percentage of values below
the LOD might reduce the ability to detect associations owing to
low variability, we repeated the main analysis including only indi-
vidual metabolites in groupings when >50% of women had urinary
exposure concentrations above the LOD. Last, to account for a
potential within-subject lognormal distribution of the pesticide ex-
posure levels throughout pregnancy, we calculated subject-specific
geometric averages of DM, DE, and DAP concentrations (in nano-
moles per gram creatinine) and repeated our main analysis.

Missing covariate values were imputed using multiple impu-
tation by the fully conditional specification method.42 Pooled
results from 25 imputed data sets were reported. The percentage
of missing values for covariates ranged from 0% to 12.1%; pre-
pregnancy BMI had the highest percentage of missing values at
12.1%. We included as predictors for imputation of covariates the
following characteristics: maternal age, prepregnancy BMI, eth-
nicity, education, household income, parity, smoking, fruit and
vegetable intake; paternal age, ethnicity and education; and child
age and sex. We additionally included the exposure maternal uri-
nary pregnancy-average DAP and outcome child age- and sex-
adjusted BMI. All statistical tests were two-sided. Analyses were
performed using R (version 4.1.0; R Development Core Team).

Results

Population Characteristics
The characteristics of the study population are shown in Table 1.
Mean maternal age ± SD was 30:1± 4:5 y and median prepreg-
nancy BMI was 22:3 kg=m2 [interquartile range (IQR): 20.6–25.0].
Most mothers were Dutch (61.1%), nulliparous (64.8%), never
smoked during pregnancy (78.0%), highly educated (67.6%), and
had a household income of >e2,000 per month (72.6%). Children
attended the follow-up visit at a mean age of 9.7 ± 0:2 y, and both
sexes were equally represented (50.5%male).Median sex- and age-
adjusted BMI of children at the follow-up visit was 16:7 kg=m2

(IQR: 15.5–18.2). As compared with the Generation R participants
not included in the study, mothers from our sample were older,
higher educated, more often Dutch, and had higher household
incomes (Table S3). The median pregnancy-average urinary con-
centrations of the OP metabolites in our study were 144.7 (105.2,
205.4) nmol/g creatinine for DMP, 128.97 (83.57, 205.79) nmol/g
creatinine for DMTP, 8.31 (25th to 75th percentile 2.48, 8.76) nmol/g
creatinine for DMDTP, 38.48 (24.34, 59.72) nmol/g creatinine for
DEP, 11.31 (6.15, 20.82) nmol/g creatinine forDETP, and 0.14 (0.00,
0.31) nmol/g creatinine forDEDTP (Table S2).

Maternal OPMetabolites and Child Measures of Adiposity
Looking at general adiposity measures, in the basic model, higher
maternal pregnancy-average urinaryDM,DE, andDAP concentra-
tions were associated with a lower fat mass index: differences of
0.38 [95% confidence interval (CI): −0:67, −0:08], −0:43 (95%
CI: −0:67, −0:18), and −0:46 (95% CI: −0:78, −0:15) SDS per
10-fold increase inmaternal urinary exposure concentration (Table
S4). These associationsweremainly present in the second and third
trimesters. With additional adjustment for potential confounders,
all associations attenuated toward nonsignificant (Table 2). We
observed no associations of maternal pregnancy-average urinary
DM, DE, or DAP concentrations with BMI, lean mass index or
android-to-gynoid fat mass ratio. In the basic model, but not in the
main model, higher maternal pregnancy-average urinary DM, DE,
and DAP metabolite concentrations were associated with lower
odds on obesity or overweight in offspring at 10 years of age

[odds ratio= 0:39 (95% CI: 0.16, 0.94), 0.41 (95% CI: 0.20, 0.85),
and 0.38 (95% CI: 0.15, 0.95)] (Figure 2; Table S5). Looking at
organ fat, in the basic model only higher maternal pregnancy-
average urinary DE concentrations were associated with a lower
liver fat fraction [difference= − 0:31 (95% CI: −0:59, −0:03)
SDS], but this association did not remain after adjustment for con-
founding (Table 3; Table S6). In all models, higher maternal pre-
pregnancy BMI and lower education level had the strongest effect
on the change in effect estimates (Table S7).

In our sensitivity analyses, we observed no associations of
pregnancy-average maternal urinary DM, DE, and DAP concen-
trations, with our outcomes comparing the highest 10th exposure
percentile to the lowest 90th [cutoff values: DM, 579.3; DE,
120.0; and DAP, 669:2 nmol=g creatinine (Tables S8 and S9)].
Likewise, we observed no associations when comparing the

Table 1. Characteristics of the study population, consisting of 642 mother–
child pairs. Mothers were included in pregnancy between 2004 and 2006.
Children were measured at 10 years of age. Generation R Study, Rotterdam,
the Netherlands, 2002–2006.

Total sample (n=642)

Maternal characteristics
Maternal age [y (mean±SD)] 31:0± 4:5
Ethnicity [n (%)]
Dutch 392 (61.1)
European 80 (12.5)
Non-European 170 (26.5)
Parity [n (%)]
Nulliparous 416 (64.8)
Multiparous 223 (34.7)
Prepregnancy BMI (kg=m2) [median (IQR)] 22.3 (20.6, 25.0)
Smoking [n (%)]
Never smoked during pregnancy 465 (78.0)
Smoked until pregnancy was known 53 (8.9)
Continued smoking in pregnancy 78 (13.1)
Highest education finished [n (%)]
Primary 17 (2.9)
Secondary 176 (29.5)
Higher 403 (67.6)
Household income per month [n (%)]
<e1,200 64 (11.2)
e1,200–e2,000 92 (16.2)
>e2,000 413 (72.6)

Total energy intake per day (kcal) [median
(IQR)]

2,071.4 (1,737.8, 2,413.4)

Vegetable intake per day (kcal) [median
(IQR)]

140.1 (108.3, 180.0)

Fruit intake per day (kcal) [median (IQR)] 191.8 (120.3, 229.9)
Child characteristics
Sex [n (%)]
Male 324 (50.5)
Female 318 (49.5)
Gestational age at birth (wk) [median (IQR)] 40.3 (39.4, 41.0)
Birthweight [g (mean±SD)] 3,461:9± 499:0
Child age at visit [y (mean±SD)] 9:6± 0:2
BMI (kg=m2) [median (IQR)]a 16.7 (15.5, 18.2)
Overweight or obesity [n (%)]b 106 (16.5)
Total body fat mass (kg) [median (IQR)] 8.2 (6.4, 10.9)
Lean mass [kg (mean± SD)] 23:7± 3:1
Android-to-gynoid fat mass ratio [median
(IQR)]

0.2 (0.1)

Total visceral fat mass (g) [median (IQR)] 369.1 (262.4, 495.5)
Pericardial fat mass (g) [median (IQR)] 9.3 (7.4, 13.0)
Liver fat fraction (%) [median (IQR)] 1.9 (1.6, 2.3)

Note: Values presented as mean±SD, median (IQR), or number of participants (valid
percentage). Number of missings per covariate (%): parity, n=3 (0.5); prepregnancy
BMI, n=78 (12.1); smoking, n=46 (7.2); education, n=46 (7.2); income, n=73
(11.4); energy intake, n=126 (19.6); total body fat mass, n=7 (1.1); lean mass, n=7
(1.1); android-to-gynoid fat mass ratio, n=7 (1.1); total visceral fat mass, n=144
(38.0), pericardial fat mass, n=224 (34.9), and liver fat fraction, n=201 (31.3). BMI,
body mass index; IQR, interquartile range; SD, standard deviation.
aAccording to Dutch reference growth charts, Dutch Growth Research Foundation.
bDefined using International Obesity Task Force cutoffs.
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highest 25th exposure percentile to the lowest 75th [cutoff values:
DM, 410.5; DE, 79.5; and DAP 501:7 nmol=g creatinine (Tables
S10 and S11)]. Refitting the continuous exposure models with
the exposure expressed in nanomoles per liter and with additional
multivariate adjustment for creatinine showed similar results to
the main analysis (Tables S12 and S13). When we regrouped the
exposures including only individual chemicals with >50% of val-
ues above the LOD, only the grouping of DE changed, excluding
DEDTP (Table S1). Analysis with those exposures did not signif-
icantly change the effect estimates as compared with the main
analysis (Tables S14 and S15). Last, repeating our analysis using
subject-specific geometric averages of DM, DE, and DAP expo-
sure instead of arithmetic pregnancy-averages yielded similar
effect estimates as compared with the main analysis (Tables S16
and S17).

Discussion
In this population-based study, we did not observe associations
of higher maternal urinary concentrations of average or trimester-
specific DM, DE, or DAP metabolites in pregnancy with child
BMI, the risk of overweight or obesity, total and regional body
fat, abdominal fat, and organ fat at 10 years of child age.
Previous studies suggested that in utero OP pesticide exposure
might adversely affect fetal metabolic development, predisposing
children to adverse metabolic profiles in later life. Two studies
from the same Danish prospective cohort used questionnaires to
determine maternal exposure to 200 different modern nonpersis-
tent pesticides in pregnancy.10,11 Those mothers were greenhouse
workers, and they were classified as occupationally exposed if
pesticides were applied in the working area more than once a
month and the women were involved in applying these pesticides
or handled the treated plants within 1 wk after treatment of the
plants. Among them, OPs were the most frequently used insecti-
cides. The first study reported that 184 children of exposed moth-
ers, as compared with 112 children of unexposed mothers, had
higher BMIs and fat percentages at pubertal age.10 The second
study reported that 168 children of mothers exposed to modern
nonpersistent pesticides in pregnancy had higher absolute weight,

but lower weight for gestational age, as compared with 79 con-
trols.11 To the contrary, 112 children of exposed mothers had a
larger increase in BMI z-scores and higher body fat percentage at
6–11 years of age, as compared with 65 children of unexposed
mothers.11 A prospective cohort study from the United States
among 166 mother–child pairs reported no associations of third
trimester urinary maternal DAP metabolite concentrations and
BMI z-scores at 4, 6, and 7–9 years of age.12 Last, using multi-
exposure models, a European meta-analysis assessed the mix-
ture effects of 77 environmental exposures during pregnancy
and 96 exposures in childhood with child BMI, overweight,
waist circumference, and fat mass at the average child age of
8 y.13 That study reported associations of urinary DEP concen-
trations in childhood with lower risks on adiposity at 8 years of
age among ∼ 1,086 children, but no associations were found for
childhood DMP, DMTP, DMDTP, and DETP, nor for any preg-
nancy exposure.13

In the present study, we observed no associations of maternal
urinary DAP metabolite concentrations in pregnancy with child
adiposity measures at 10 years of age after adjustments for con-
founders. Discrepancies between our results and the two Danish
studies might be due to presumably higher exposure levels and dif-
ferent sources of exposure in the participants of those studies.10,11

Women included in those studies were workers in greenhouses
where pesticides were frequently used, whereas our population
lived in urban settings where the main route of exposure is
through ingestion of foods.14 Therefore, exposure to OP pesti-
cides is likely to be lower, even in the highest 10th exposure
percentiles in our population. Unfortunately, because the two
Danish studies obtained no absolute concentrations of the pes-
ticides exposure, we were not able to compare this with our
population. In addition, given that they looked at overall expo-
sure to modern nonpersistent pesticides, they could not deter-
mine the specific effect of the OP pesticides. The two other
studies that measured maternal concentrations of DAP metabo-
lites in the general population, also through urine samples, nei-
ther observed associations of higher DAP concentrations with
child BMI, fat mass, and risk of overweight.12,13 Measurement

Table 2. Associations of average maternal dialkyl metabolite concentrations with measures of general fat mass at 10 years of age, main model. Generation R,
Rotterdam, the Netherlands, 2002–2006.

Measures of adiposity [SDS (95% CI)]

Period BMI (N =642)a p-Value
Fat mass index

(N =635) p-Value
Lean mass index

(N =635) p-Value

Android-to-gynoid
fat mass ratio
(N =635) p-Value

Total DMsb

Average 0.09 (−0:23, 0.41) 0.589 −0:07 (−0:35, 0.21) 0.620 0.13 (−0:17, 0.43) 0.402 0.08 (−0:22, 0.37) 0.598
<18 wk 0.13 (−0:09, 0.35) 0.247 0.09 (−0:11, 0.28) 0.380 0.08 (−0:12, 0.29) 0.426 0.13 (−0:07, 0.33) 0.215
18–25 wk −0:02 (−0:22, 0.27) 0.866 −0:09 (−0:30, 0.12) 0.401 0.07 (−0:16, 0.30) 0.069 0.01 (−0:21, 0.23) 0.944
>25 wk −0:01 (−0:24, 0.23) 0.962 −0:11 (−0:31, 0.10) 0.317 0.05 (−0:17, 0.27) 0.686 0.00 (−0:22, 0.21) 0.993

Total DEsc

Average 0.03 (−0:24, 0.30) 0.837 −0:19 (−0:43, 0.04) 0.111 0.11 (−0:14, 0.37) 0.374 −0:03 (−0:28, 0.21) 0.787
<18 wk 0.08 (−0:10, 0.28) 0.377 −0:05 (−0:22, 0.12) 0.568 0.14 (−0:04, 0.31) 0.127 −0:01 (−0:18, 0.16) 0.908
18–25 wk 0.02 (−0:18, 0.22) 0.858 −0:12 (−0:29, 0.06) 0.199 0.00 (−0:19, 0.19) 0.968 −0:06 (−0:25, 0.13) 0.550
>25 wk −0:09 (−0:28, 0.11) 0.373 −0:14 (−0:31, 0.04) 0.119 −0:05 (−0:23, 0.14) 0.623 −0:04 (−0:22, 0.14) 0.688

Total DAPsd

Average 0.02 (−0:32, 0.36) 0.912 −0:13 (−0:44, 0.17) 0.398 0.11 (−0:21, 0.43) 0.506 0.08 (−0:24, 0.40) 0.634
<18 wk 0.11 (−0:13, 0.34) 0.380 0.05 (−0:16, 0.25) 0.667 0.12 (−0:10, 0.34) 0.298 0.10 (−0:12, 0.32) 0.361
18–25 wk 0.01 (−0:25, 0.28) 0.924 −0:13 (−0:36, 0.09) 0.252 0.05 (−0:19, 0.29) 0.688 0.01 (−0:23, 0.24) 0.956
>25 wk −0:05 (−0:30, 0.20) 0.699 −0:13 (−0:35, 0.09) 0.230 0.01 (−0:22, 0.25) 0.917 0.01 (−0:22, 0.24) 0.959

Note: Values represent regression coefficients (95% confidence intervals) of the regression models that reflect the difference in SDS of child outcomes for a 10-fold increase in mater-
nal dialkyl urine metabolite concentrations (nmol/g creatinine). Model is corrected for maternal age, ethnicity, prepregnancy BMI, educational level, household income, smoking, daily
fruit and vegetable intake, and child sex and age (except for sex- and age-adjusted BMI SDS). p-Values are nominal. BMI, body mass index; CI, confidence interval; DAPs, dialkyl
phosphates; DEs, diethyl metabolites; DMs, dimethyl metabolites; SDS, standard deviation score.
aBMI is sex- and age-adjusted according to Dutch reference growth charts, Dutch Growth Research Foundation.
bDMs represent a molar sum of dimethylphosphate, dimethylthiophosphate, and dimethyldithiophosphate.
cDEs represent a molar sum of diethylphosphate, diethylthiophosphate, and diethyldithiophosphate.
dDAPs represent a molar sum of all of the above.
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of OP pesticides exposure is more reliable through urine sam-
ples as compared with questionnaires, given that the use of
questionnaires is prone to recall bias.

We are the first study looking at visceral, pericardial, and liver
fat outcomes when investigating the effect of maternal OP pesti-
cide exposure in pregnancy on the offspring. These fat mass out-
comes are interesting because visceral adipose tissue is more
strongly associated with most metabolic risk factors than subcuta-
neous abdominal adipose tissue.16 In addition, MRI is considered
the golden standard for the measurement of intra-abdominal
and organ fat deposition.43 We observed no associations of
maternal urinary DAP metabolite concentrations in pregnancy
with visceral, pericardial, or liver fat outcomes. Still, these out-
come measures should be taken forward to future studies, to
improve research on fetal OP pesticide exposure and metabolic
outcomes, preferably in more highly exposed, agricultural pop-
ulations and also investigating effects of childhood exposure.

In our study, we observed strong differences between the ba-
sic and main models. Adjusting for maternal prepregnancy BMI
and education caused the largest changes in effect estimates,
attenuating the association of higher maternal urinary DAP
metabolite concentrations with lower risks on overweight and
lower fat mass index in children at 10 years of age toward the
null. Therefore, maternal prepregnancy BMI and socioeconomic

status are important factors to consider in future research on OP
pesticides. Higher prepregnancy BMI and lower socioeconomic
status were associated with lower pesticide exposure in our popu-
lation, given that those women ate less fruit and vegetables,
which are main sources of OP pesticides.14 Yet, children from
lower educated and mothers with higher BMI have higher risks
on adverse adiposity profiles.44 This contrast might be an impor-
tant source of bias in research on the association of pesticide ex-
posure and fat measures, which we aimed to reduce by adjusting
for maternal fruit and vegetable intake.

An important strength of our study is the prospective data col-
lection from early pregnancy onward, allowing repeated measure-
ments of the OP pesticide metabolites throughout pregnancy. A
limitation of our study is that DAP metabolites are nonspecific
biomarkers of OP pesticide exposure.45 Measured DAP metabo-
lites are also present in the natural environment.46,47 Not all DAP
metabolites are breakdown products of OP pesticides.48 In addi-
tion, DAP urinary metabolite concentrations give no specific in-
formation on the parent OP pesticide they derive from, and they
capture only 75% of the OP pesticides in use.18,20,49 Studies
measuring DAP metabolites are unable to determine to which
specific OP pesticide the population is exposed. Given that the
use of OP pesticides is likely to differ between countries and
time, the generalizability of our results and comparability to other

Figure 2. Associations of maternal average dialkyl metabolite urinary concentrations with the risk of overweight/obesity at 10 years of age, main model.
Values are ORs (95% CIs) that reflect the risk of overweight/obesity in children with every 10-fold increase in maternal urinary dialkyl metabolite concentra-
tion. Model includes maternal age, ethnicity, prepregnancy body mass index, educational level, household income, and smoking. N =642 participants of the
Generation R Study, Rotterdam, the Netherlands, 2002–2006. Corresponding data are shown in Table S5. Note: CI, confidence interval; DAPs, dialkyl phos-
phates (molar sum DM and DE); DEs, diethyl metabolites (molar sum of diethylphosphate, diethylthiophosphate, and diethyldithiophosphate); DMs, dimethyl
metabolites (molar sum of dimethylphosphate, dimethylthiophosphate, and dimethyldithiophosphate); OR, odds ratio.
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studies should be considered carefully. However, estimation of
urinary DAP metabolite concentrations is considered the most
appropriate and useful tool to identify and compare levels of
OPs pesticides.1 In addition, DAP metabolites have short bio-
logical half-lives, leading to concentrations that are highly
variable over time and dependent on diet. In our study, we used
three urinary samples, whereas previous studies generally used
one maternal spot urine sample.12,13 The DAP metabolite con-
centrations between different trimesters in our study sample
had correlation coefficients varying from 0.14 to 0.38 (0.30 for
total DAP).15 Achieving better precision of the OP pesticide expo-
sure over pregnancy would require more frequent measurements
within each trimester.50 To our best knowledge, no reference val-
ues for absolute visceral, pericardial, and liver fat in childhood
exist. Therefore, we could not determine whether the values within
our study populations were within the normal clinical ranges. Our
study included a relatively healthy and highly educated urban pop-
ulation. This might affect the generalizability of our results toward
populations living in more agricultural settings. Our nonresponse
analysis showed that several maternal sociodemographic char-
acteristics were different for children that had no outcome data
available. However, we did not observe a difference in maternal
urinary DAP concentrations during pregnancy between children
with and without outcome data. Therefore, it seems unlikely
that selection bias owing to loss to follow-up influenced our
results. The low pesticide exposure in our population might
have reduced the ability to detect associations, and studies
among more highly exposed populations are still needed. In
addition, residual confounding might have occurred owing to
the observational nature of the study. However, a previous
study identifying determinants of higher OP pesticides exposure
in our study sample has been performed, enabling a targeted
selection of covariates in our models.14 Among others, this pre-
vious study reported that common dietary products other than
fruit and vegetables, such as grain and dairy, were not related to
higher OP pesticide exposure in our population.14 Last, we
adjusted the analyses for fruit and vegetable intake but had no
information available for organic food products, which also
might play an important role in the exposure.

Conclusion
In the present study, we observed no associations of maternal uri-
nary DAP metabolite concentrations during pregnancy with child
adiposity measures at 10 years of child age. Our results are im-
portant null observations given that we performed our study in a
large prospective cohort among the general population, measured
DAP metabolites throughout the whole pregnancy, and used
imaging techniques enabling measurement of visceral, pericar-
dial, and liver fat outcomes. The results of our studies should
be replicated among more ethnically diverse and more highly
exposed populations, such as individuals living and working in
areas with agricultural pesticide use. In addition, further studies
should assess the associations of OP pesticide exposure in preg-
nancy with other child cardiometabolic outcomes, such as insulin
resistance and vascular health, preferably also among more
highly exposed populations.
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Measures of visceral fat [SDS (95% CI)]

Period
Visceral fat index

(N =398) p-Value
Liver fat fraction

(N =441) p-Value
Pericardial fat mass index

(N =418) p-Value

Total DMsa

Average −0:16 (−0:52, 0.20) 0.384 −0:05 (−0:41, 0.31) 0.773 −0:09 (−0:46, 0.28) 0.631
<18 wk −0:02 (−0:28, 0.24) 0.877 0.05 (−0:22, 0.32) 0.725 0.02 (−0:23, 0.27) 0.880
18–25 wk −0:07 (−0:32, 0.19) 0.621 −0:06 (−0:33, 0.20) 0.634 −0:11 (−0:39, 0.17) 0.442
>25 wk −0:10 (−0:37, 0.16) 0.435 −0:05 (−0:30, 0.21) 0.726 −0:01 (−0:28, 0.26) 0.948

Total DEsb

Average −0:04 (−0:34, 0.25) 0.780 −0:10 (−0:39, 0.20) 0.506 0.01 (−0:31, 0.32) 0.972
<18 wk −0:03 (−0:25, 0.19) 0.791 −0:10 (−0:31, 0.11) 0.336 0.01 (−0:21, 0.23) 0.922
18–25 wk −0:05 (−0:17, 0.26) 0.659 −0:07 (−0:29, 0.15) 0.521 0.04 (−0:19, 0.27) 0.711
>25 wk −0:12 (−0:34, 0.10) 0.272 0.01 (−0:19, 0.21) 0.928 −0:04 (−0:26, 0.18) 0.718

Total DAPsc

Average −0:17 (−0:55, 0.22) 0.397 −0:07 (−0:47, 0.32) 0.721 −0:11 (−0:50, 0.29) 0.599
<18 wk −0:03 (−0:31, 0.25) 0.820 0.00 (−0:29, 0.29) 0.982 −0:01 (−0:28, 0.26) 0.942
18–25 wk −0:04 (−0:32, 0.24) 0.769 −0:09 (−0:37, 0.20) 0.545 −0:07 (−0:38, 0.24) 0.646
>25 wk −0:13 (−0:41, 0.15) 0.356 −0:04 (−0:31, 0.23) 0.764 −0:04 (−0:33, 0.24) 0.763

Note: Values represent regression coefficients (95% confidence intervals) of the regression models that reflect the difference in SDS of child outcomes for a 10-fold increase in mater-
nal dialkyl urine metabolite concentrations (nmol/g creatinine). Model is corrected for maternal age, ethnicity, prepregnancy body mass index, educational level, household income,
smoking, daily fruit and vegetable intake, and child sex and age (except for sex- and age-adjusted body mass index SDS). p-Values are nominal. CI, confidence interval; DAPs, dialkyl
phosphates; DEs, diethyl metabolites; DMs, dimethyl metabolites; SDS, standard deviation score.
aDMs represent a molar sum of dimethylphosphate, dimethylthiophosphate, and dimethyldithiophosphate.
bDEs represent a molar sum of diethylphosphate, diethylthiophosphate, and diethyldithiophosphate.
cDAPs represent a molar sum of all of the above.
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