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Abstract

Polycyclic aromatic hydrocarbons (PAHs) may contribute to obesity. Childhood obesity is a
strong predictor of adult obesity and morbidity; however, the relationship between PAHs
and obesity in young children (e.g., aged 3–5) has not been studied. We examined the associ-
ation between urinary PAHmetabolites and measures of obesity in children. We analyzed data
from 3667 children aged 3–18 years who participated in the Canadian Health Measures Survey
(CHMS, 2009–2015). We ran separate multivariable linear models to estimate the association
between quartiles of PAH metabolites and each of body mass index (BMI) percentile, waist
circumference (WC), and waist-to-height ratio (WHtR) in the total population, as well as in
the age subgroups 3–5, 6–11, and 12–18, adjusting for age, sex, ethnicity, education, income
quintile, diet, creatinine, and exposure to environmental tobacco smoke. Amultinomial logistic
regression model estimated adjusted odds ratios for risk of central obesity. BMI, WC, and
WHtR were positively associated with total PAH and naphthalene metabolites in the total
population aged 3–18 and in age groups 6–11 and 12–18. In 3–5 year olds, WHtR, but not
BMI, was significantly associated with total PAH, naphthalene, and phenanthrene metabolites.
Overall, those in the highest quartile for naphthalene or total PAH metabolites had three times
greater odds of having central obesity compared with those in the lowest quartile. Urinary PAH
metabolites are associated with WHtR, an indicator of central obesity and predictor of health
risks associated with obesity, in children as young as 3–5.

Introduction

Obesity is a serious global public health challenge representing one of the leading causes of mor-
bidity, mortality, and health care expenditure worldwide.1,2 The global age-standardized preva-
lence of obesity in children increased more than eight-fold between 1975 and 2016; in 2016,
there were 124 million children aged 5–19 worldwide who were obese.3 The consequences of
childhood obesity are extensive and include multiple medical, social, and psychological
comorbidities.4,5 Moreover, there is considerable evidence to demonstrate that obesity in
children persists into adulthood, with obese children being more than five times more likely
to be obese as adults than nonobese children [pooled relative risk 5.21, 95% CI 4.50–6.02].6

Although the rise in obesity rates has historically been thought to be largely driven by
increased caloric intake and insufficient physical activity, there is mounting evidence that expo-
sure to synthetic chemicals in our environment, called obesogens, plays an important role in the
global obesity epidemic.7 Moreover, studies suggest that exposures that occur during early life
may have profound life-long impacts on body weight homeostasis.8 To date, epidemiological
studies have shown an association between exposure to environmental chemicals including
pesticides, phthalates, flame retardants, bisphenol A, and polycyclic aromatic hydrocarbons
(PAHs) and an increased risk of obesity.8–12

PAHs have long been pollutants of concern as known human carcinogens, andmore recently
because of mounting evidence of endocrine disrupting action. PAHs are mainly generated by
incomplete combustion of organic materials and are ubiquitous in the environment; routes of
exposure include inhalation, ingestion, and skin absorption. Metabolism of PAHs produces
hydroxylated PAHs, which have estrogen-like structure and properties.13 Experimental work
has demonstrated that exposure to benzo[a]pyrene, the most well-studied PAH, increases fat
mass and leads to weight gain.14 PAHs may also alter serotonin signaling and impact feeding
behaviours,15 as well as limit lipolysis directly through incorporation into adipocytes.16 PAHs
have been shown to activate early growth response genes and bind to peroxisome proliferator-
activated receptors in cell culture systems,17 suggesting potential pathways beyond aryl
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hydrocarbon receptor binding by which PAHs could mediate
impacts on a variety of biological systems, including lipid homeo-
stasis and adipogenesis.18

There is some, albeit limited, evidence to suggest a link
between PAH exposure and obesity in children aged
6–19 years.19–21 Interestingly, this association was stronger in
the younger (i.e., 6–11 years of age) children versus adolescents
(i.e., 12–19 years of age).20 However, despite longitudinal data
suggesting that bodyweight from 2 to 6 years old is themost critical
for prediction and realization of adult overweight,22 the evaluation
of the association between PAH levels and obesity in children
younger than 6 years old has not been determined. In the present
study, we used data from the Canadian Health Measures Survey
(CHMS, 2009–2015) to examine the association between urinary
PAH metabolites and obesity in children aged 3–18 years.

Methods

Data source

The data are from the second (2009–2011), third (2012–2013), and
fourth (2014–2015) cycles of the CHMS. The CHMS is an ongoing
survey designed to provide comprehensive direct health measures
at the national level and collects information from community-
dwelling individuals. Full-time members of the Canadian Armed
Forces and people living on reserves or in other Aboriginal settle-
ments, in institutions, and in some remote regions are excluded
(collectively representing approximately 3% of the Canadian
population). The CHMS involves an in-person household inter-
view and a subsequent visit to a mobile examination center
(MEC). The household interview gathers general demographic
and socioeconomic data and detailed health, nutrition, and lifestyle
information. At the MEC, blood and urine are collected and direct
physical measurements are taken, including height, weight, and
waist circumference (WC). Detailed information about the
CHMS is available online.23–25

Cycles 2–4 collected information for the substances of interest
from people aged 3–79; the overall response rates were 55.5%,
51.7%, and 53.7%, respectively, resulting in 6395, 5785, and
5794 respondents. Participants in one cycle were not eligible to
participate in other cycles. The three cycles combined had a total
of 4445 respondents aged 3–18. For the present study, 551
respondents were excluded because of missing values for at least
one of the PAH metabolites of interest, 21 were then excluded
because of missing values for one of the outcomes, and a further
206 were excluded because of missing values for at least one of the
covariates, leaving an analytical sample size of 3667. Comparison
of the characteristics of in-scope respondents who were not
retained (NR) in the analysis to those who were retained (R) in
the analysis revealed only minor differences. In the NR group,
there was a slightly higher proportion of people aged 12–18
(NR = 51%, R = 45%), they were slightly more likely to be male
(NR = 54%, R = 51%) or to eat fruits or vegetables fewer than five
times per day (NR = 73%, R = 68%), and had a higher average
WC (NR = 69 cm, R = 67 cm).

Measures

PAH metabolites
For the analysis of the PAHmetabolites, urine samples were hydro-
lyzed using β-glucuronidase enzymatic solution and extracted with
an organic solvent at neutral pH. The extracts were evaporated,
derivatized with N-methyl-N-(trimethylsilyl)-trifluoroacetamide,

and analyzed using an Agilent 7890 gas chromatograph coupled
with an Agilent 7000B triple-quad tandem mass spectrometer
operating in electron impact ionizationmode. Analytes were quan-
tified using multiple reaction monitoring. Further information
about the laboratory analysis of the PAHmetabolites and the qual-
ity control measures used in cycles 2–4 of the CHMS is available
online.26–28 Limits of detection (LOD) for all metabolites included
in this study are presented in Supplementary Table S1. Those
below the LOD were assigned a value equal to the highest detection
limit of all three cycles, divided by the square root of 2. For this
study, the following groups of PAH metabolites were derived:
fluorene (FLUO; sum of 2-hydroxyfluorene, 3-hydroxyfluorene,
and 9-hydroxyfluorene); naphthalene (NAP; sum of
1-hydroxynaphthalene and 2-hydroxynaphthalene); phenanthrene
(PHEN; sum of 1-hydroxyphenanthrene, 2-hydroxyphenanthrene,
3-hydroxyphenanthrene, 4-hydroxyphenanthrene, and
9-hydroxyphenanthrene); and pyrene (PYR; 1-hydroxypyrene). Total
PAH was the sum of all groups by their molarity. Quartile ranges
were as follows: NAP (μg/l) Q1: ≤2.88; Q2: 2.88–5.14; Q3: 5.14–9.30;
Q4: >9.30. FLUO (μg/l) Q1: ≤0.26; Q2: 0.26–0.44; Q3: 0.44–0.70; Q4:
>0.70. PHEN (μg/l) Q1: <0.18; Q2: 0.18–0.31; Q3: 0.31–0.52;
Q4: >0.52. PYR (μg/l) Q1: ≤0.06; Q2: 0.06–0.11; Q3: 0.11–0.19; Q4:
>0.19. Total PAH (nmol/l) Q1: ≤24.52; Q2: 24.52–42.08;
Q3: 42.08–73.35; Q4: >73.35. Note that 3-hydroxybenzo(a)
pyrene, 2-hydroxychrysene, 3-hydroxychrysene, 4-hydroxychrysene,
6-hydroxychrysene, and 3-hydroxyfluoranthene were also assessed,
but as the percent below LOD exceeded 98% for each, they were
excluded from the study.

Creatinine
Creatinine was measured in urine using the colorimetric end-point
Jaffe method. An alkaline solution of sodium picrate reacts with cre-
atinine in urine to form a red Janovski complex using Microgenics
DRI® Creatinine-Detect® reagents (#917). The absorbance was read
at 505 nm on a Hitachi 917 chemistry autoanalyzer. The LOD was
4.0 mg/dl in cycle 2 and 5.0 mg/dl in cycles 3 and 4.26–28

Cotinine
Free cotinine was measured in urine and recovered by solid-phase
extraction in a 96-well plate format on an automated robotic
workstation.29 The LOD was 1 μg/l in cycle 2 and 1.1 μg/l in cycles
3 and 4.26–28

Height
Height was measured to the nearest 0.1 cm using a ProScale M150
digital stadiometer (Accurate Technology Inc., Fletcher, NC, USA).

Weight
Weight was measured to the nearest 0.1 kg with a Mettler Toledo
VLC with Panther Plus terminal scale (Mettler Toledo Canada,
Mississauga, Canada).

Waist circumference
WC was measured to the nearest 0.1 cm, directly on the land-
marked skin with a flexible, inelastic measuring tape with a tension
meter attached. In keeping with the NIH protocol (NIH, 2000), the
measure was taken at the highest point of the iliac crest.

Waist-to-height ratio
Waist-to-height ratio (WHtR) is a measure of fat distribution
and primarily identifies those with abdominal obesity.30,31 It was
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calculated as measured WC in centimeters divided by measured
height in centimeters.

Body mass index percentile
Body mass index (BMI) was calculated as measured weight in
kilograms divided by measured height in meters squared (kg/m2).
BMI percentile was derived from the respondent’s BMI-for-age-
and-sex Z-score, based on a set of cutoffs specified by the World
Health Organization.32

Central obesity
Central obesity categories corresponded to: not at risk (ratio of
waist to height below 0.50), at risk (ratio of waist to height from
0.50 to less than 0.55), and high probability (ratio of waist to height
at or above 0.55).33

Covariates

We controlled for the following potential confounders of the asso-
ciation between PAHs and obesity: ethnicity, education, income,
diet, and exposure to environmental tobacco smoke (ETS).
White or nonwhite ethnicity was based on respondents’ answer
to which racial or cultural group they belong. Highest level of
household education was defined as less than secondary school
graduation, secondary school graduation, or higher. Household
income (n= 1176 cases were imputed23–25) was adjusted for house-
hold size and was categorized according to lowest household
income quintile versus above the lowest quintile. Diet quality
was captured through reported fruit and vegetable consumption34

and was categorized as less than five times per day versus five or
more times per day. This was derived from the sum of the
frequency of daily consumption of 100% fruit juices; fruit; toma-
toes or tomato sauce (excluding tomato paste, ketchup, or pizza
sauce); lettuce or green leafy salad; potatoes (including baked,
boiled, mashed, or in potato salad, but excluding sweet potatoes);
and spinach, mustard greens, or collards (excluding kale); and
“other” types of vegetables, excluding those already mentioned.
ETS exposure categories were derived from measured urinary
cotinine. The not exposed category included those whose cotinine
level fell below the LOD. The low, medium, and high ETS exposure
categories were based on weighted tertiles among those whose
cotinine level was above the LOD.

Statistical analysis

Descriptive statistics were used to examine the characteristics of
the study population. Each group of PAH metabolites and total
PAH was categorized into quartiles based on the weighted distri-
bution in the study population. Multivariable linear models were
run separately to estimate the association between each group of
PAHs (in quartiles) and total PAH metabolites (in quartiles), with
BMI percentile, WC, and WHtR, respectively, adjusting for age,
sex, ethnicity, education, income quintile, diet, creatinine, ETS
exposure, and cycle of CHMS. Thesemodels were run for the entire
study population and stratified by age group (3–5, 6–11, and
12–18 years). Beta coefficients and predicted marginals (referred
to as model-adjusted means) were estimated, and the linear trend
in these means across each group of PAHmetabolites was tested. A
multinomial logistic regression model estimated adjusted odds
ratios (ORs) for risk of central obesity and high probability of
central obesity (each compared with no risk of central obesity)
in association with each group of PAH metabolites and total
PAH metabolites. Like other studies that have examined PAHs

and anthropometric measures,20,21 urinary creatinine was included
as an independent variable in all models to account for variation in
dilution in spot urinary samples. Because three cycles of data were
pooled for this analysis, all models included a CHMS cycle indica-
tor. The CHMS sample design of collection sites selected within
regions results in a limited number of degrees of freedom available
for variance estimation.23–25 For this study, 35 degrees of freedom
were available and specified in all procedure statements. Themulti-
nomial regression could not be run separately by age group due to
this limited number of degrees of freedom. To further account for
the survey’s complex sampling design, all analyses were weighted
using the combined CHMS survey weight generated for cycles 2–4,
and variance estimation and significance testing based on
Satterthwaite statistics were done using the replicate weights
generated by Statistics Canada.23–25,35 Confidence intervals
(95%) and P-values were presented for all model estimates. The
data were analyzed with SAS 9.3 and SAS-Callable SUDAAN
11.0. The code used to conduct analyses is provided in
Supplementary Table S2.

Results

Characteristics of the full study population aged 3–18 and accord-
ing to age group are presented in Table 1. The study populationwas
51% male, and 85% came from households with higher than
secondary school graduation. The proportion of individuals eating
fruits and vegetables fewer than five times per day was highest in
the 12–18 age group. On the basis of cotinine levels, 83% of the
study population was not exposed to ETS, with a higher proportion
of those aged 3–5 and 6–11 not exposed compared with those aged
12–18 (86% and 87% vs. 78%). On average, the population was just
above the 60th BMI percentile for age and sex, had an average
WHtR of 0.47, and 23% were at risk of or had a high probability
of central obesity (i.e., WHtR >= 0.50). NAP metabolites
accounted for the bulk of total PAH metabolites, and mean levels
of all PAH metabolites increased with age.

We assessed three measures of obesity: two previously assessed
for ages 6–19 in relation to urinary PAHs, BMI, and WC,20,21 and
one not previously assessed WHtR. After covariate adjustment,
BMI percentile for age and sex increased monotonically across
quartiles of NAP and total PAH metabolites in the full population
of 3–18 year olds (Supplementary Table S3). On average, those in
the highest quartile for the NAP metabolites had a predicted BMI
percentile of 66th compared with 56th for those in the lowest
quartile (Fig. 1). This positive gradient was observed for the
6–11 and 12–18 age groups, separately, but not for those aged
3–5. There was very little difference in BMI percentile across
quartiles of FLUO, PHEN, and PYR metabolites.

WC increased monotonically across the NAP metabolites and
total PAH metabolites for the total population and for each age
group after covariate adjustment (Supplementary Table S4). WC
varied little across the other metabolites. On average, there was
a positive linear trend (P< 0.01) in predicted WC across the
NAP and total PAH metabolites for all age groups (Fig. 2).

Like WC, after covariate adjustment WHtR increased mono-
tonically across quartiles of NAP metabolites and total PAH
metabolites for the total population and each age group
(Supplementary Table S5) with a corresponding positive linear
trend in average predicted WHtR (Fig. 3). Unlike the other out-
comes, WHtR also increased across quartiles of PHENmetabolites
for those aged 3–5 and those aged 6–11. Among the total popula-
tion, those in the highest quartile for NAP and total PAH
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Table 1. Characteristics, by age group, household population aged 3–18, 2007–2015

Ages 3–18 Ages 3–5 Ages 6–11 Ages 12–18

n

Weighted
estimate %
or mean n

Weighted
estimate %
or mean n

Weighted
estimate %
or mean n

Weighted
estimate %
or mean

Total 3667 100.0 1242 100.0 1320 100.0 1105 100.0

Sex

Male 1825 50.8 610 50.5 668 51.7 547 50.1

Female 1842 49.2 632 49.5 652 48.3 558 49.9

Ethnicity

White 2559 65.4 858 65.4 922 65.6 779 65.3

Nonwhite 1108 34.6 384 34.6 398 34.4 326 34.8

Highest level of household education

Less than secondary school graduation 118 3.5 43 5.0 46 4.0 29 2.4

Secondary school graduation 360 11.6 108 9.4 133 12.1 119 12.1

Higher than secondary school graduation 3189 84.9 1091 85.5 1141 83.9 957 85.4

Income quintile adjusted for household size

Lowest (first) 633 19.8 219 24.2 231 20.5 183 17.4

Not lowest (second–fifth) 3034 80.2 1023 75.8 1089 79.5 922 82.6

Diet quality

Fruits/vegetables five or more times
per day

1324 32.4 535 36.7 473 36.1 316 27.7

Fruits/vegetables less than five times
per day

2343 67.6 707 63.3 847 63.9 789 72.3

ETS exposure category

Not exposed 3122 83.0 1087 85.6 1155 87.4 880 78.4

Low exposure 226 6.1 81 8.7 69 5.3 76 5.7

Medium exposure 188 5.4 54 4.2 72 5.8 62 5.7

High exposure 131 5.5 20 1.6 24 1.5 87 10.3

Body mass index percentile 3667 61.5 1242 61.7 1320 60.2 1105 62.4

Waist circumference (cm) 3667 66.9 1242 51.6 1320 62.1 1105 76.9

Ratio of waist to height (WHtR) 3667 0.47 1242 0.49 1320 0.46 1105 0.46

Central obesity

Not at risk 2757 76.7 852 69.1 1050 80.2 855 76.7

At risk 590 13.3 319 24.3 151 10.2 120 11.5

High probability 320 10.0 71 6.5 119 9.6 130 11.7

NAP metabolites (μg/l) 3667 5.21 1242 4.61 1320 4.56 1105 6.11

FLUO metabolites (μg/l) 3667 0.43 1242 0.34 1320 0.40 1105 0.51

PHEN metabolites (μg/l) 3667 0.32 1242 0.26 1320 0.29 1105 0.37

PYR metabolites (μg/l) 3667 0.11 1242 0.10 1320 0.10 1105 0.12

Total PAH (nmol/l) 3667 42.45 1242 37.04 1320 37.25 1105 49.88

Urinary creatinine (mg/dl) 3667 118.7 1242 64.4 1320 97.2 1105 157.8

ETS, environmental tobacco smoke; FLUO, fluorine; LOD, limits of detection; NAP, naphthalene; PAH, polycyclic aromatic hydrocarbon; PHEN, phenanthrene; PYR, pyrene; WCH, waist to height.
Source: Combined 2009–2011, 2012–2013, and 2014–2015 Canadian Health Measures Survey.
PAH means are geomeans.
BMI percentile values are based on WHO growth reference values specific to sex and age in months.
Central obesity categories correspond to: not at risk (ratio of waist to height below 0.50), at risk (ratio of waist to height from 0.50 to less than 0.55), and high probability (ratio of waist to height at
or above 0.55).
ETS exposure category based on measured the urinary cotinine values. Not exposed: below the LOD (<1.1 ng/ml), low exposure (1.1–5 ng/ml), medium exposure (>5–24 ng/ml), and high
exposure (>24 ng/ml).
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metabolites had three times greater odds of having central obesity
versus no central obesity compared with those in the lowest quar-
tile (Table 2). The results also suggest a potential monotonic
increase in the odds of having central obesity versus having no risk
across the quartiles of PHEN metabolites.

Discussion

In utero and early-life exposures may be critical determinants of
later onset disease, including metabolic syndrome and
obesity.8,12,36,37 As these appear to represent windows of vulnerabil-
ity to environmental exposures with long-term consequences,
there is considerable interest in assessing risks associated with
exposure to contaminants to which the population is widely
exposed. We show for the first time that urinary PAH metabolites
are associated with WHtR, a proxy for central adipose tissue and

predictive indicator of health risks associated with obesity, in
children as young as 3–5 years old. These associations were
independent of exposure to ETS and robust to control for a variety
of covariates. The findings build upon previous work reporting
associations between urinary PAH metabolites and obesity in
children aged 6–19,19–21 and contribute to the literature highlight-
ing young children as a population of concern.

Childhood obesity is associated with increased risk of morbidity
and mortality in adulthood from cardiovascular disease, hyperten-
sion, and type 2 diabetes and carries substantial societal and eco-
nomic implications.5,38 Importantly, many of the cardiometabolic
risk factors for obesity-related comorbidities (i.e., dyslipidemia,
elevated blood pressure, and impaired glucose tolerance) are evi-
dent in overweight and obese children.39,40 While BMI is a widely
accepted measure of obesity, there has been increasing interest in
WHtR, a marker of central obesity, including evidence that it may

Fig. 1. Multivariable linear regression association between BMI percentile and quartiles of urinary levels of PAH metabolites, by age group, household population aged 3–18,
2007–2015. Model-adjusted means and 95% confidence intervals are presented for each PAH quartile. The P-value is based on the t-statistic from the test of linear trend in means
with a positive gradient across a given set of PAH quartiles.
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be a better indicator of whole body fat and visceral adipose tissue,41

as well as a better predictor of cardiometabolic risk,30,42 when com-
pared to BMI or WC. Indeed, a recent meta-analysis covering
300,000 adults showed that WHtR was a significantly better pre-
dictor of adverse cardiometabolic outcomes than WC and BMI
in both sexes.42 Results from a number of studies support use of
WHtR in children, with some indicating that it outperforms
BMI as an indicator of cardiometabolic risk.43–46 To our knowl-
edge, WHtR has not been previously assessed in relation to urinary
PAH metabolites. Our data, which show stronger associations
between urinary PAH metabolites and WHtR in children aged
3–5 than were seen for BMI or WC alone, suggest that WHtR
may be a more sensitive indicator of potential obesogenic effects
in a pediatric population.

Children may be more vulnerable to environmental contami-
nants for a number of reasons: potential greater exposure because
of behavioral patterns and proximity to pollutant sources, greater
body burden per unit body mass, and the potential for higher

sensitivity due to developmental stage. In a study using data
from the National Health and Nutrition Examination Survey
(NHANES), significantly higher levels of urinary PAHmetabolites
were observed in children aged 6–11 compared to 12–19 and
adults,47 consistent with a greater body burden in younger chil-
dren. Intake of NAP, normalized by subject mass, has been calcu-
lated to be over five times higher for a 10-kg child compared to a
70-kg adult.48 Effects of exposure to PAHs may start prenatally, as
suggested by associations between maternal PAH exposure and
childhood obesity.49 Urinary PAH metabolites are associated with
higher levels of markers of inflammation and oxidative stress
during pregnancy,50 indicating potential systemic impacts of
PAH exposure that could impact pregnancy and development.
Emerging evidence that PAHsmay alter levels of reproductive hor-
mones in umbilical cord sera51 provides a further link between
maternal exposures and potential prenatal impacts. Thus associa-
tions observed in early childhood could possibly reflect effects of
both prenatal and postnatal exposures.

Fig. 2. Multivariable linear regression association between waist circumference (cm) and quartiles of urinary levels of PAHmetabolites, by age group, household population aged
3–18, 2007–2015. Model-adjusted means and 95% confidence intervals are presented for each PAH quartile. The P-value is based on the t-statistic from the test of linear trend in
means with a positive gradient across a given set of PAH quartiles.
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In line with previous studies, measures of obesity were most
strongly associated with NAP and total PAH metabolites.20,21

NAP metabolites comprise the bulk of total urinary PAH metab-
olites. Given the abundance of NAP, and the fact that it exists
almost entirely in the gas phase, NAP metabolites have been pro-
posed to serve as surrogates for exposure to airborne PAHs.52

Urinary PAH metabolites correspond well with even relatively
low levels in ambient air pollution, indicating that they can serve
as biomarkers of exposure.53 While the majority of significant
positive associations were with NAP metabolites, consistent with
inhalation exposures, in 3–5 year olds,WHtR was also significantly
associated with PHEN and to a lesser extent FLUO, where dietary
exposure cannot be discounted.47,54 Importantly, the association
between urinary PAH metabolites and obesity measures remained
after adjusting for exposure to ETS, suggesting a more generalized
effect of environmental and dietary exposures. Air pollution has
itself been associated with increased prevalence of cardiometabolic
risk factors.55,56

Strengths of the present population-based study include the
inclusion of 3–5 year olds, extending the evaluation of associations
with PAH metabolites to a younger and possibly more sensitive
population with significant exposure to PAHs.We assessed several
measures of obesity, including WHtR, which had not previously
been assessed in relation to PAHmetabolites. The CHMS included
a rich covariate dataset enabling adjustment for potential con-
founders such as diet and ETS exposure. A significant limitation
is the cross-sectional nature of the data, which precludes determi-
nation of the directionality of effects. Urinary PAH metabolites
were only assessed a single time, and thus, it is possible that
proximal exposures mask long-term trends from chronic exposure
that might be more relevant to long-term biological effects.
However, a recent study in New York City showed that repeated
measure of urinary PAH metabolites exhibited overall variation
of less than 5%.57 As in any population study, other unmeasured
factors may influence or drive the association between PAH
metabolites and obesity; these include other air pollutants that

Fig. 3. Multivariable linear regression association between ratio of waist circumference to height and quartiles of urinary levels of PAH metabolites, by age group, household
population aged 3–18, 2007–2015. Model-adjusted means and 95% confidence intervals are presented for each PAH quartile. The P-value is based on the t-statistic from the test of
linear trend in means with a positive gradient across a given set of PAH quartiles.
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may co-vary with PAH exposure. Moreover, PAHs that may
co-vary with those assessed here47 but whose metabolites were not
present in measurable quantities in urine (e.g., 3-hydroxybenzo(a)
pyrene, 2-hydroxychrysene, 3-hydroxychrysene, 4-hydroxychrysene,
6-hydroxychrysene, 3-hydroxyfluoranthene) could nevertheless have
biologically relevant effects. Limited sample sizes prevented us from
assessing whether ETS exposure level was an effect modifier of the
association between PAH metabolites and our measures of obesity.
However, analyses conducted in the subpopulation not exposed to
ETS (as assessed by cotinine) showed clearly that effects of NAP

and total PAH metabolites were not dependent upon ETS exposure
(Supplementary Table S6).

Conclusions

In summary, we found that urinary PAH metabolites were associ-
ated with measures of obesity in children as young as 3–5 years.
While there is considerable interest in evaluating the potential role
of early-life exposures in disease, PAHs and air pollution more
broadly remain understudied risk factors for later-life obesity
and its associated comorbidities. Given the potential importance
of such exposures, further research is warranted to examine
potential obesogenic and endocrine disrupting effects of PAHs
in infants and young children.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S2040174419000825.
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