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ABSTRACT

Childhood exposure to phthalates, a class of chemicals with known reproductive and developmental effects, has
been hypothesized to increase the risk of obesity, but this association is not well understood in preschool chil-
dren. We examined the association between urinary concentrations of phthalate metabolites and concurrently
measured body mass index (BMI) and skinfolds among children between the ages of two and five years.

We collected anthropometric measures and biomonitoring data on approximately 200 children enrolled in the
Maternal-Infant Research on Environmental Chemicals Child Development Plus study. We measured 22 phtha-
late metabolites in children’s urine and used the 19 metabolites detected in at least 40% of samples. Our primary
outcome was BMI z-scores calculated using the World Health Organization growth standards. Skinfold z-scores
were secondary outcomes. We used multivariable linear regression to evaluate the association between tertiles of
phthalate concentrations and each anthropometric measure. We also used weighted quantile sum regression to
identify priority exposures of concern.

Our analytic sample included 189 singleton-born children with complete anthropometric data. Children with
concentrations of the parent compound di-n-butyl phthalate (3> -DnBP) in the third tertile had 0.475 (95% CI:
0.068, 0.883) higher BMI z-scores than those in the lower tertile. > DnBP was identified as a priority exposure in
the weighted quantile sum regression BMI model.

In this population of Canadian preschool aged children, we identified DnBP as a potential chemical of concern
in regard to childhood obesity. Future research with serial phthalate measurements and anthropometric mea-
surements in young children will help confirm these findings.

1. Introduction’

et al., 2006; Romano et al, 2014). Early life exposure to
endocrine-disrupting chemicals, such as phthalates, is hypothesized to

The global prevalence of childhood obesity has increased dramati- be one of the pathways leading to the development of childhood obesity
cally in recent decades (GBD Obesity Collaboration, 2014). Obesity is a (Grun and Blumberg, 2009; Heindel et al., 2015). Experimental data has
multifactorial condition rather than a simple caloric imbalance (Keith shown that phthalate exposure may induce weight gain by stimulating
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peroxisome proliferator-activated receptors (PPAR), decreasing andro-
genic activity, and increasing adipocyte number and size (Biemann
et al., 2012; Casals-Casas and Desvergne, 2011; Desvergne et al., 2009;
Hao et al., 2012; Hurst and Waxman, 2003). Findings from epidemio-
logical studies in adults and children have been equivocal (Goodman
etal., 2014), and hindered by the methodological challenges of multiple
correlated exposures and inability to establish temporality. Further-
more, insufficient research has been dedicated to measuring the asso-
ciation between phthalate exposure and anthropometry during windows
of developmental susceptibility such as early childhood.

Phthalates are synthetic organic chemicals that are commonly used
as plasticizers, solvents and additives in numerous consumer products
(Wang et al., 2019). Low molecular weight (LMW) phthalates, which
contain between one to four carbon chains, are commonly found in
personal care products and cosmetics, adhesives, enteric coated medi-
cations, and toys. High molecular weight (HMW) phthalates, which
contain greater than five carbon chains, are commonly found in plastics,
food packaging, and polyvinyl products (Wang et al., 2019; Wittassek
etal., 2011). These chemicals readily leach out of these products and are
absorbed by humans via ingestion or dermal absorption. Ingestion of
both food and dust is one of the primary routes of exposure to many
phthalates in young children (Weiss et al., 2018; Wormuth et al., 2006);
the phthalates are then converted into monoesters or oxidative metab-
olites in the gastrointestinal tract, conjugated with glucuronide or sul-
fate and excreted via urine (Wang et al., 2019; Wittassek et al., 2011).

Young children tend to have higher phthalate exposure than adults
due to their specific behaviors (e.g., mouthing and crawling), higher
food requirements per unit body mass and ventilation rate. Furthermore,
their rapid growth and under-developed detoxification mechanisms put
young children at increased risk to the potential adverse effects of
phthalate exposures (Braun, 2017; Gow et al., 2001; Wormuth et al.,
2006). Still, the evidence from human studies on the association be-
tween phthalate exposure and measures of body fat in early childhood is
scant and conflicting (Boas et al., 2010; Deierlein et al., 2016; Goodman
et al., 2014; Maresca et al., 2016; Shoaff et al., 2017; Vafeiadi et al.,
2018; Zhang et al., 2014).

In a 2014 systematic review of seven studies, including six cross-
sectional studies, Goodman et al. concluded that the evidence was
insufficient to determine whether childhood phthalate exposure is
associated with childhood obesity (Goodman et al., 2014). More
recently, longitudinal studies remain inconsistent with positive (Deier-
lein et al., 2016; Shoaff et al., 2017; Vafeiadi et al., 2018), null (Maresca
et al., 2016; Shoaff et al., 2017), and inverse (Vafeiadi et al., 2018;
Zhang et al., 2014) associations being reported. Of note, only three
identified studies have examined the potential obesity-related effects of
phthalate exposure in children younger than five years of age (Boas
et al., 2010; Shoaff et al., 2017; Vafeiadi et al., 2018). Statistically sig-
nificant positive associations in these studies were restricted to a specific
subgroup defined by the child’s age (Shoaff et al., 2017) and sex
(Vafeiadi et al., 2018).

The objective of the present study was to determine the association
between childhood urinary phthalate concentrations and concurrently
measured body mass index (BMI) and skinfold measurements in a pop-
ulation of Canadian preschool children with extensive biomonitoring
data. Given previous epidemiological (Vafeiadi et al., 2018; Yang et al.,
2017; Zhang et al., 2014) and experimental (Grun and Blumberg, 2009;
Hao et al., 2012) evidence of sex-specific obesity related effects of
phthalate exposures, our secondary objective was to explore whether the
association between phthalate exposure and anthropometric outcomes
differed between boys and girls. To account for the challenges of
analyzing multiple correlated exposures, we supplemented traditional
regression models with weighted quantile sum regression (Carrico and
Gennings, 2015; Tanner et al., 2019).
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2. Methods
2.1. Study population

The Maternal-Infant Research on Environmental Chemicals (MIREC)
study is a national-level pregnancy cohort of 2001 women from 10 Ca-
nadian cities (Vancouver, Edmonton, Winnipeg, Sudbury, Ottawa,
Kingston, Toronto, Hamilton, Montreal, and Halifax) (Arbuckle et al.,
2013). Briefly, women were recruited between 2008 and 2011 in their
first trimester and followed through delivery. Compared to the national
average, MIREC participants tended be of higher socioeconomic status,
and have a lower rate of smoking, and lower BMI (Arbuckle et al., 2013).
A follow-up study of child growth, neurodevelopment, and exposure
biomonitoring was conducted in six study sites between 2013 and 2015
(Vancouver, Toronto, Hamilton, Kingston, Montreal, and Halifax)
(MIREC-Child Development Plus (MIREC-CD Plus)). This follow-up
group was similar to the overall MIREC population in terms of key
characteristics such as pre-pregnancy BMI, smoking, and education.
Biomonitoring of phthalate metabolites was conducted on 200 children
between ages of 2 and 5 years of age. A spot random urine sample was
collected from each participating child, during a home visit, unless the
participant requested a clinic visit. Parents were reminded that urine
would be collected at this visit and they might want to give their child a
beverage before the appointment time. The study was reviewed by the
Health Canada Research Ethics Board, CHU de Quebec Ethics Board, as
well as by ethics committees at all recruitment sites, and parents signed
an informed consent form for their child’s participation.

2.2. Exposures: child urinary phthalate metabolite concentrations

We measured 22 phthalate metabolites in children’s urine samples
that were collected at the time of the biomonitoring visit (Suppl
Table 1). To create summary indices of parent compounds, we calcu-
lated molar sums for metabolites of parent compounds by dividing
metabolites by their molecular weight, summing all metabolites of a
specific parent compound and multiplying the sum by 1000. We calcu-
lated molar sums for DEHP, DiNP, DnBP, DIDP, DiBP; the corresponding
metabolites are shown in Suppl Table 1. Four metabolites (MMP, MEP,
MBzP, MCPP) were distinct and treated as individual analytes (Table 1).
We excluded three metabolites (MCHP, MOP, MNP) from the analyses
that were detectable in less than 40% of samples (Suppl Table 1).

Analysis of the urine samples was performed at the Centre de tox-
icologie du Québec of the Institut National de Santé Publique du Québec.
In brief, following an enzyme deconjugation step, the analytes were
extracted using a robotized liquid-liquid extraction unit at pH 3 with a
mixture of hexane:ethyl acetate. The extracts were brought to dryness,
taken up in a solution of acetonitrile:water (25:75), and analyzed by an
ultra-performance liquid chromatograph (Waters Acquity, Waters
Limited Mississauga, ON, Canada) and tandem mass spectrometer
(Waters Xevo TQ-S with MassLynx software version 4.1) in the multiple
reaction monitoring mode with an “electrospray” source operated in the
negative mode. Machine readings were used for all values below the
limit of detection. To account for heterogeneity in urinary dilution,
phthalate concentrations were standardized for urine specific gravity
(SG), measured using a refractometer, according to the following for-
mula: P. = P; [(SGy- 1)/(SG;j - 1)], where P, = SG standardized metab-
olite concentration (ug/ml), P; = observed metabolite concentration,
SG; = specific gravity of the urine sample, and SG;, = median SG for the
cohort (Just et al., 2010). Descriptive statistics are presented for
SG-standardized phthalate concentrations. To account for urinary dilu-
tion in multivariable models, SG was entered as a covariate with the raw
phthalate concentrations. This approach facilitates comparison of crude
and unadjusted models.

In the MIREC study, first trimester urinary concentrations of 11
phthalate metabolites were measured and descriptive statistics have
been previously reported for the seven metabolites with a sufficient
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Table 1
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Urinary concentrations of specific gravity-standardized molar sum phthalate metabolite compounds (nmol/L) and individual metabolites (pg/L) among children

enrolled in MIREC-CD Plus.

N Minimum 25th percentile Median 75th percentile Maximum
Parent Compounds
> "DEHP 187 22.3 106 155 229 2023
>"DiNP 180 0.0030 10.1 19.1 33.6 707
>"DnBP 181 17.3 66.9 100 156 2595
>"DIDP 174 0.750 3.96 6.58 9.61 179
>"DiBP 187 11.1 62.1 89.8 141 1039
Metabolites
MBzP 187 0.540 3.64 8.34 17.4 201
MEP 187 2.58 7.60 11.5 21.8 1020
MMP 186 0.729 2.68 3.74 5.89 72.5
MCPP 187 0.160 1.34 1.87 3.03 39.2
MCPP 187 0.160 1.34 1.87 3.03 39.2
2-OH-MiBP 187 1.13 5.72 8.58 12.7 76.8
MCMHP 187 0.009 2.77 4.01 6.39 44.3
MCiNP 179 0.251 0.999 1.43 2.16 885
MCiOP 184 0.001 1.02 1.69 3.26 92.3
MEHHP 187 1.79 8.02 12.5 17.8 200
MEHP 187 0.337 1.06 1.86 2.51 69.3
MEOHP 187 1.30 6.36 9.11 14.4 149
MHBP 181 0.493 2.28 3.53 5.27 99.6
MHiDP 182 0.001 0.102 0.290 0.491 39.6
MHiNP 183 0.002 1.13 2.15 3.72 83.1
MOiDP 186 0.001 0.129 0.262 0.576 59.6
MOINP 187 0.002 0.714 1.39 2.31 34.7
MiBP 187 1.42 8.00 12.2 19.0 194
MiNP 187 0.001 0.137 0.362 0.865 13.4
MnOP 186 0.001 0.001 0.001 0.002 0.284

Abbreviations for all phthalate parent compounds and metabolites are provided in Supplemental table 1.

percentage of samples with detectable concentrations (Arbuckle et al.,
2014). In the present study, we assess correlations between maternal
and child phthalate concentrations, compare descriptive statistics with
the child concentrations, and determine whether adjustment for these
prenatal exposures influences results of the associations between child
phthalate concentrations and anthropometric measures (Engle and
Wolff, 2013). The maternal phthalate metabolites were standardized for
SG in the same manner as described for the childhood phthalate
metabolites.

2.3. Outcomes: child adiposity

Our primary outcome measure was the body mass index (BMI);
secondary outcomes were triceps skinfold (TSF) and subscapular skin-
fold (SSF) z-scores. Trained research personnel followed a detailed
protocol to measure child’s weight with a calibrated scale (Seca model
874 [Seca Corporation, Hanover, MD, USA]), standing height using a
calibrated stadiometer (Seca model 217 [Seca Corporation, Hanover,
MD, USA]), and SSF and TSF using a Lange skinfold caliper (Cambridge
Scientific Instruments, Cambridge, MA, USA). All measurements were
completed during the home visit and the average of two measured
values was used. If the two measures differed by a pre-determined value,
research personnel performed a third measurement. A third measure-
ment was performed in 24%, 10%, 3%, and less than 1% of individuals
for weight, height, TSF, and SSF respectively. Research personnel were
blinded to maternal and child phthalate exposure concentrations. Age-
and sex-specific z-scores for BMI, TSF, and SSF were calculated for each
child based on WHO Child Growth Standards (WHO, 2015).

2.4. Statistical analysis

We calculated counts and percentages for the study population.
Pearson correlation coefficients were calculated for all log2-transformed
summary indices and metabolites measured in children and in mothers.
Due to the skewed distributions of all exposures, we log2-transformed all
exposures prior to use in regression models or calculation of correlation

coefficients.

We used three approaches to evaluate the association between
phthalates and each anthropometric outcome. First, we developed in-
dividual linear regression models for tertiles of each phthalate parent
compound (DEHP, DiNP, DnBP, DIDP, DiBP) and metabolite (MCPP,
MBzP, MMP, MEP) measured at the time of the MIREC-CD Plus study
visit. We categorized each exposure variable in this way to account for
potential non-linear associations. Separate models were developed for
each outcome. Confounders, identified via causal diagrams, included
maternal postnatal weight status (Voerman et al., 2019), household
income (Gari et al., 2019; Lewin et al., 2017), and maternal age (Lewin
etal., 2017) (Suppl Figure 1). We entered these variables into all models,
along with urine SG. We assessed effect modification by stratifying
models by sex and calculating p values of products terms for sex and
each exposure. To account for missingness in the covariates and the
exposures, multiple imputation with chained equations was used (m =
30, 30 iterations) (van Buuren and Groothuis-Oudshoorn, 2011).

Second, we used weighted quantile sum (WQS) regression to eval-
uate the association of the phthalate mixture on each anthropometric
outcome using the gWQS package in R (Renzetti et al., 2019). This
approach estimates the body burden of the chemical mixture, identifies
priority chemicals among a set of correlated exposures and has been
shown to have superior performance to regularization techniques such
as elastic net, particularly when dealing with multiple correlated ex-
posures (Carrico and Gennings, 2015). A WQS index was created using
our primary phthalate exposures (5 parent compounds, 4 metabolites)
and each exposure was assigned a weight that reflects the strength of
that phthalate-outcome association. Briefly, using 40% of the data
designated as the training set, individual exposures were categorized
into tertiles and assigned a weight between 0 and 1 using a non-linear
modeling optimization algorithm. To increase the stability of the esti-
mates, average weights were calculated based on analysis performed in
75 bootstrapped samples. Due to the unidirectional nature of WQS
regression, we constrained the p coefficient of the index to be positive in
the bootstrap samples based on our hypothesis that phthalates would be
positively associated with childhood anthropometric measures;
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however, the coefficients were not constrained to be positive when
weights were estimated in the test data. We then modelled the associ-
ation between the WQS index and each outcome using the data desig-
nated as the test set (60%). These models included specific gravity to
account for urinary dilution. We report weights for chemicals deter-
mined to be of concern based on a weight greater than 11% (100/9
exposures) as this value is higher than expected by chance (Tanner et al,
2019, 2020). To further account for the relatively small sample size and
potential instability of results due to division of data into training and
test sets, we used repeated holdout validation to randomly partition the
data and repeated the WQS estimation 100 times. Based on the distri-
bution of results, we calculated mean weights for each exposure (Tanner
et al, 2019, 2020). As the WQS index does not have an intuitive quan-
titative interpretation, the WQS model was primarily used to qualita-
tively identify phthalate metabolites that are associated with the child’s
BMI and skinfold thickness.

The third step of the analysis was to evaluate dose-response re-
lationships using generalized additive models for parent phthalate
compounds or phthalate metabolites that were identified as a key
exposure in both the linear regression and WQS models. In these models,
we trimmed the data to exclude the top and bottom 3% of observations
to prevent the curves from being overly influenced by extreme
observations.

To assess the potential confounding effect of prenatal phthalate
exposure, we conducted a sensitivity analyses adjusting for maternal
first trimester urine phthalate concentrations. This analyses was
restricted to the phthalates where both maternal and child data was
available (MCPP, MBzP, MEP, MBP, > DEHP) and was accomplished by
adding the log2-transformed maternal phthalate exposure in each model
for the corresponding child phthalate. For example, log2-transformed
maternal MCPP was added to the model examining the association be-
tween childhood MCPP and BMI.

Analyses were conducted in SAS version 9.4 (SAS Institute, Cary, NC,
USA) and R version 3.5.2 (R Core Team, 2019).

3. Results

Of the 200 children with phthalate biomonitoring data, 192 were
singleton births, and 189 had complete height and weight data and were
included in the analyses. Consistent with other reports from the MIREC
Study, the study population is of moderate to high socioeconomic status
and mothers tended to be, on average, of normal pre-pregnancy BMI,
non-smokers, and born in Canada. Children were, on average, 32 months
(standard deviation (SD): 2.7) at the time of the MIREC-CD Plus study
visit (Table 2). Mean (SD) BMI, TSF, and SSF z-scores were 0.55 (0.87),
1.0 (1.4), and —0.15 (1.6), respectively.

Eighteen out of the twenty-two metabolites measured in MIREC-CD
Plus participants were detectable in at least 80% of children (Suppl
Figure 1). Descriptive statistics for the five summed parent compounds
and four individual metabolites measured in children are reported in
Table 1. Descriptive statistics for the metabolites measured in mothers
are presented in Suppl Table 2. Median urinary MCPP and MBzP con-
centrations were nearly twice as high in children compared to their
mothers (MCPP mother = 0.94 pg/L, child = 1.9 pg/L; MBzP mother =
4.5 pg/L, child = 8.3 pg/L) whereas the median urinary MBP concen-
trations in mothers was approximately two-thirds that of the childs
(mother = 13 pg/L, child = 19 pg/L). In contrast, the median urinary
MEP concentration in the mother was more than double that of the child
(mother = 26 pg/L, child = 12 pg/L). Concentrations of certain DEHP
metabolites were also higher in children than mothers (MEHHP mother
= 9.4 ng/L, child = 12 pg/L; MEOHP mother = 6.5 pg/L, child = 9.4 pg/
L) (Table 1 and Suppl 2).

We observed moderate to strong correlations among metabolites and
parent compounds in children, with correlation coefficients ranging
from 0.387 (MBzP and MEP) to 0.843 (MCPP and > DiNP). In contrast,
we observed weak correlations between maternal and child phthalate
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Table 2
Characteristics of MIREC-CD Plus study participants (n = 189).

Parental N %

Maternal age at time of delivery (years)

<29 54 29
30-34 73 39
>35 62 33
Household income (CAD)

<50 000 32 17
50 000-100 000 80 43
>100 000 73 40
Maternal Education

High school or less 4 2.1
College courses of diploma 48 26
University degree 135 72
Maternal Country of Birth

Canada 152 80
Other 37 20
Maternal pre-pregnancy BMI (kg/m?)

<25 115 67
25-29 28 16
>30 29 17
Maternal postnatal BMI (kg/m?)

<25 108 58
25-29 41 22
>30 38 20
Maternal prenatal smoking

Current 6 3.2
Former or quit when pregnant 51 27
Never 127 70
Paternal BMI (kg/m?)

<25 52 28
25-29 88 47
>30 46 25
Child

Age at follow-up (mths) (mean (SD)) 32 2.7
Gestational age (wks) (mean (SD)) 39 1.4
Sex

Male 83 44
Female 106 56

Missing income (n = 4), education (n = 2), pre-pregnancy BMI (n = 17), post-
natal BMI (n = 2).

Paternal BMI (n = 3).

Abbreviations: BMI body mass index, CAD Canadian dollar, mths months, SD
standard deviation, wks weeks.

concentrations; correlation coefficients ranged from —0.001 (child
> DIDP and maternal MBzP) to 0.165 (child MEP and maternal MEP)
(Suppl Table 6).

In the adjusted linear regression models (Fig. 1, Suppl Table 3),
children with > DnBP concentrations in the highest tertile had 0.475
(95% CI: 0.068, 0.883) higher BMI z-scores than those in the lowest
tertile; no other phthalate metabolite or parent compound was associ-
ated with BMI z-scores in the adjusted models. In the sex-specific models
(Suppl Table 6), no statistically significant associations were found, and
there was no evidence of effect modification based on a product term p-
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Adjusted Parameter Estimates
and 95 % CI

Tertiles of Phthalate Metabolites

Fig. 1. Adjusted' parameter estimates and 95% confidence intervals (CI) for
the association between tertiles of childhood urinary phthalate parent com-
pounds (nmol/L), metabolites (pg/L), and BMI z-scores (n = 189).
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value <0.05.

In the adjusted TSF z-score models, children with > DiNP, MMP, and
MEP concentrations in the second tertile had higher TSF z-scores than
children with levels in the referent category (> DiNP 2nd tertile p =
0.623 (95% CI: 0.068, 1.178); MMP 2nd tertile p = 0.678 (95% CL:
0.113, 1.242); MEP 2nd tertile = 0.551 (95% CI: 0.030, 1.071)) (Fig. 2,
Suppl Table 4). We observed no statistically significant associations in
the SSF z-score models (Fig. 3, Suppl Table 5). The magnitude and di-
rection of effect in the sex-stratified models were largely consistent with
the findings in the overall population (Suppl Tables 7-8). We observed
no effect modification by sex in either the TSF or SSF models. We
observed no material change in results for each of the outcomes when
adjusted for prenatal phthalate exposures (data not shown).

According to the WQS regression models with repeated holdout
validation (data not shown), > DnBP, > DIDP, and } DEHP accounted
for 23%, 20%, and 13%, respectively, of the weight of the overall index
of phthalate exposure in the BMI z-score models (range of weights
0.0-0.23). In the TSF models, MMP, Y DnBP, and > DIDP accounted for
26%, 14%, and 14% of weights (range of weights: 0.03-0.26). The ex-
posures of concern identified in the SSF z-score models were > DIDP
(24%), > -DnBP (20%), and MMP (12%) (range of weights: 0.04-0.24).

Based on the results of the categorical and the WQS models, we
visualized the association between 1) log2-transformed > DnBP and
BMI z-scores and 2) log2-transformed MMP and TSF z-scores using
generalized additive models. Both models were characterized by a
positive linear relationship with considerable imprecision (Fig. 4).

4. Discussion

In this population of Canadian preschool children, we evaluated
concentrations of 22 phthalate metabolites in relation to concurrently
measured BMI and skinfolds thickness. Compared to children with
>"DnBP concentrations in the referent tertile, those with concentrations
in the highest tertile had moderately increased BMI z-scores. These re-
sults were consistent with the WQS analysis which identified > 'DnBP as
a primary exposure of concern. In the TSF models, MMP was identified
as a priority exposure in the WQS analysis and second tertile MMP
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L
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Adjusted Parameter Estimates
and 95 %Cl
<)
]

Tertiles of Phthalate Metabolites

Fig. 2. Adjusted parameter estimates and 95% confidence intervals (CI) for the
association between tertiles of childhood urinary phthalate parent compounds
(nmol/L), metabolites (pg/L), and TSF z-scores (n = 186).

1 Abbreviations: BMI body mass index, DEHP di(2-ethylhexyl) phthalate,
DiNP Di-iso-nonyl phthalate, DnBP Di-n-butyl phthalate, DIDP Diisodecyl
phthalate, DiBP Diisobutyl phthalate, HMW high molecular weight, ICC intra-
class correlation coefficient, LMW low molecular weight, MBzP monobenzyl
phthalate, MEP monoethyl phthalate, MIREC Maternal-Infant Research on
Environmental Chemicals, MMP mono-methyl phthalate, MCPP Mono-3-
carboxypropyl phthalate, MOP Mono-n-octyl, MNP mono-isononyl phthalate,
MCHP mono-cyclo-hexyl phthalate, PPAR peroxisome proliferator-activated
receptors, SG specific gravity, SSF scapular skinfolds, TSF triceps skinfolds,
WQS weighted quantile sum.
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Fig. 3. Adjusted parameter estimates and 95% confidence intervals (CI) for the
association between tertiles of childhood urinary phthalate parent compounds
(nmol/L), metabolites (ug/L), and SSF z-scores (n = 184).

concentrations were positively associated with TSF z-scores. We did not
find effect modification by sex in any of the models. Our study provides a
comprehensive assessment of phthalate metabolites in young children.
Due to the number of measured metabolites, it is difficult to provide an
overall summary comparison with other biomonitoring studies. Out of
the LMW metabolites, median MEP and OH-MiBP concentrations in
MIREC-CD Plus were lower than observed in children of similar ages
enrolled in NHANES (CDC, 2009), GerES V (Schwedler et al., 2020), and
a Polish study (Gari et al., 2019). With regard to HMW metabolites,
median MEHHP, MEOHP, and MECPP concentrations were higher than
observed in NHANES. A comparison table is provided in the supple-
mental material (Suppl Table 10). Moreover, the short half-life of these
metabolites creates challenges to interpreting spot urine samples from
different study populations and a more accurate comparison would
include 24 h urine samples or repeated measurements over time.

Children are most commonly exposed to DnBP via ingestion of food
due to its ubiquitous presence in food packaging (Environment and
Climate Change Canada, 2017; Fisher et al., 2019; Wormuth et al.,
2006). In contrast, a primary route and source of exposure to DMP, the
parent compound of MMP, is inhalation of indoor air resulting from the
use of DMP as a solvent in building materials, such as paints and sealants
(Wormuth et al., 2006). Children may also be exposed to DMP via
dermal absorption of topical products (diaper creams, lotions), contact
with toys (Environment and Climate Change Canada, 2015) (Fisher
et al.,, 2019), and through diet (Correia-Sa et al., 2018). Previous
epidemiological studies that examined the potential effects of these
phthalates on childhood adiposity are equivocal due, in part, to het-
erogeneity in timing of measurement of both the exposures and the
outcomes as well as different study designs and analytical methods.
Despite this heterogeneity, our findings are consistent with one longi-
tudinal and two cross-sectional studies of positive associations between
concentrations of > DnBP, or its metabolite MBP, and measures of
adiposity in children from Chinese and Mexican American populations
between the ages 5 and 15 (Harley et al., 2017; Wang et al., 2013; Zhang
et al., 2014). Exposure levels in MIREC-CD Plus participants (median
MBP = 19 pg/L) tended to be lower than these studies (median MBP
30-43 pg/L in children ages 8-12 years of age) (Wang et al., 2013;
Zhang et al., 2014). Our findings are also in line with reported positive
associations between summary measures of LMW phthalates (which
include both MBP and MMP) and childhood obesity (Buser et al., 2014;
Deierlein et al., 2016; Teitelbaum et al., 2012). Some of these associa-
tions were only observed in subgroups of sex or weight status (Deierlein
et al., 2016; Teitelbaum et al., 2012; Zhang et al., 2014). For example,
authors of a study of children from New York City reported that the sum
of LMW phthalates was associated with BMI and waist circumference
only among children who were overweight (Teitelbaum et al., 2012). In
a cross-sectional study of Chinese children, MBP and the sum of LMW
phthalates were positively associated with BMI in boys, but not girls,
older than 10 years of age (Zhang et al., 2014).

Our observed association between DnBP and increased BMI is further
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Fig. 4. Generalized additive models for associations and their 95% confidence intervals between log2DnBP and BMI z-scores and log2MMP and TSF z-scores.

supported by experimental data demonstrating that DnBP exhibits
developmental and reproductive toxicity (Foster et al., 2000; Wittassek
et al., 2011). Specifically, DnBP may promote adiposity via its
anti-androgenic effects and subsequent influence on the estro-
gen/androgen ratio (Mylchreest et al., 1999). Other potential mecha-
nisms underlying an association between DnBP and obesity are
exposure-induced changes in testosterone, insulin, and thyroid levels
(Mylchreest et al., 1999; Wittassek et al., 2011). Although other
phthalates, such as DEHP, may disrupt lipid metabolism and promote
adipogenesis via activation of PPAR-alpha and gamma receptors, DnBP
may not operate through this pathway (Hurst and Waxman, 2003). MMP
may modestly activate the PPAR-alpha pathway in a mouse model but
not in humans (Hurst and Waxman, 2003). Further experimental
research could help elucidate whether DnBP and DMP, the parent
compound of MMP, have greater potential for inducing obesogenic ef-
fects than other phthalates.

Our study benefited from the extensive biomonitoring data and the
use of two different analytical approaches that yielded consistent results.
Although many studies have evaluated associations between phthalates
and childhood growth, the present study is one of the first to examine
these associations in children as young as 24 months. The extensive
biomonitoring data available in the MIREC study also enabled us to
evaluate more metabolites than any other identified biomonitoring
study and to characterize how exposure patterns differed between
pregnancy and early childhood. Consistent with previous data (CDC,
2009; Gari et al., 2019; Wormuth et al., 2006), we found that children
had higher concentrations of certain metabolites than their mothers.
These notable differences in exposure levels are compatible with the
observed weak correlations between the maternal and child phthalate
concentrations and confirm the variability in exposure patterns from the
in utero to early life time periods. Additionally, this non-uniform pattern
in exposure demonstrates the challenge in identifying a biomarker that
is reflective of the critical window of exposure for childhood growth.
Similar to our findings, authors of a Polish cohort study observed weak
correlations between maternal third trimester and child phthalate con-
centrations (Gari et al., 2019). In contrast, a cross-sectional study of
biospecimens from 17 European studies observed strong correlations
between maternal and children’s phthalate concentrations (Den Hond
et al., 2015). The stronger correlation in this study could be due to the
concurrent measurement of maternal and child phthalate concentrations
and lack of influence from temporal trends in phthalate exposure con-
centrations (Zota et al., 2014).

The three primary limitations of our findings are the use of one spot
urine sample, the small sample size, and the concurrent measurement of
childhood phthalate metabolites and outcome measures. Phthalates are

non-persistent chemicals and thus subject to intra-individual variability
over time. However, MBP has been shown to be one of the most stable
metabolites over time with an intraclass correlation coefficient for pre-
natal measurements ranging from 0.35 (Fisher et al., 2015) to 0.57
(Casas et al., 2018). A study of between-day and between-season
phthalate variability in children reported intraclass correlation co-
efficients of 0.58 and 0.36 for MBP (Casas et al., 2018). Although the
availability of only one childhood measurement precluded us from
determining sensitive windows of exposure in the very early childhood
years, we did consider the influence of in utero exposures by adjusting
for certain prenatal phthalates. Future analyses of MIREC data will
enable greater insight into this question by analyzing a wider range of
prenatal phthalates and determining their association with children’s
anthropometric outcomes. At time of this writing, maternal urine sam-
ples are being re-analyzed to quantify levels of 22 phthalate metabolites.
In addition to temporal variation, metabolite concentrations may be
influenced by interindividual variations in urinary flow rate (Aylward
et al., 2014; Hays et al., 2015). We addressed this potential source of
misclassification bias by standardizing and adjusting metabolite con-
centrations for specific gravity.

It is also worth noting that our results are subject to type 1 error due
to the multiple comparisons examined. It is possible, for example, that
the statistically significantly results observed in middle tertiles of the
TSF models are a result of chance rather than a true association. On the
other hand, non-monotonic relationships have been observed between
phthalate exposures and health outcomes (Hill et al., 2018). It is not
possible within the present study to confirm or deny the presence of true
non-linear relations; thus, we interpret our findings of positive associ-
ations between MMP and TSF z-scores with caution. The consistency in
results between the traditional and weighted quantile sum regression
models does, however, lessen concern that the observed positive asso-
ciations between ) DnBP and BMI and between MMP and TSF z-scorse
are solely due to chance.

We cannot rule out the potential for reverse causality in the observed
positive associations, given the cross-sectional data collection of child
exposure and anthropometric data. Food packaging may serve as a
source of exposure to DnBP as well as a surrogate of food consumption. A
study of 112 children and adolescents aged 4-18 years found that
adoption of a healthy diet low in packaged and processed food was
associated with a reduction in phthalate metabolite levels (Correia-Sa
et al., 2018). High consumption of processed food, which necessitates
more packaging than fresh food, may contribute to risk of obesity (Poti
et al., 2017), but we did not have the capacity to incorporate data on
childhood dietary patterns or intake of sugar, fat, or processed foods in
this study. It is, therefore, difficult to know whether associations



J. Ashley-Martin et al.

between Y DnBP and BMI are real or an artifact of consumption and
exposure patterns. It is also possible that we did not have the statistical
power to detect associations and that the results are, therefore, subject to
a type 2 error - particularly in the sex-specific analyses. Median > DnBP
concentrations were higher in boys (110 nmol/L) than girls (89.9
nmol/L), whereas MMP concentrations were fairly similar (boys 4.48
nmol/L, girls 3.49 nmol/L). These modest differences may also reflect
variation in the small sample and warrant further inquiry into potential
sex-specific patterns of exposure and differences in potential
exposure-related growth patterns.

MIREC study participants tend to have a healthier pregnancy profile
(i.e. lower smoking rates and pre-pregnancy BMI) and are of higher
socioeconomic status than the overall Canadian population (Arbuckle
et al., 2013). Median concentrations of MnBP and MMP in MIREC-CD
Plus participants were, however, comparable to concentrations in 3-6
year old children enrolled in the Canadian Health Measures Survey
(Health Canada, 2019). Given the ubiquity of phthalate exposures across
all socioeconomic groups, the sociodemographic composition of the
MIREC cohort is not a notable barrier to the generalizability of our re-
sults. Our findings do, however, have limited generalizability to
non-Caucasian racial and ethnic groups who may have heightened sus-
ceptibility to the growth-related effects of phthalate exposures (Tra-
sande et al., 2013).

5. Conclusions

In this population of Canadian preschool-aged children, we identi-
fied DnBP as a potential chemical of concern with regard to childhood
obesity. Future research with serial phthalate measurements and
anthropometric measurements will help determine whether the
observed findings are indicative of an obesogenic effect of these ubiq-
uitous exposures. Follow-up studies being conducted in the MIREC study
platform will facilitate this type of research.
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