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A B S T R A C T

Objective: There is limited research on the association between phthalates and metabolic syndrome (MetS). Among
adolescents, phthalate exposure, which can occur from multiple sources, has been linked to several risk factors for
MetS. The objective was to investigate the association between urinary phthalate metabolite concentrations (i.e., mono-
ethyl phthalate (MEP), mono-n-butyl phthalate (MnBP), mono-isobutyl phthalate (MiBP), mono-benzyl phthalate
(MBzP), mono-(3-carboxylpropyl) phthalate (MCPP), and di(2-ethylhexyl phthalate (DEHP)) and MetS in adolescents
aged 12–19 years using the National Health and Nutrition Examination Survey (NHANES) data (2003–2014). A sec-
ondary aim was to assess if observed associations varied by a measure of socioeconomic status, economic adversity,
which was defined using parental income and educational attainment as well as household food security.
Methods: We used NHANES data which included physical examination, laboratory urinalysis and fasting blood pro-
files, and self-reported health characteristics and demographics. Physical examination and laboratory data were used to
obtain values of MetS components and urinary phthalate metabolites. We created age-, sex-, and survey year-specific
tertiles of creatinine-corrected urinary phthalate metabolites. Analysis was performed using appropriate weighting
procedures that accounted for NHANES' complex sampling design. After univariate and bivariate analyses, we per-
formed adjusted logistic regressions to test for associations between individual phthalate metabolites and MetS as well
as MetS components and number of MetS components, separately, using the lowest tertile as the reference category. A
cross-product term (phthalate metabolite*economic adversity) was subsequently added to adjusted models.
Results: Among 918 participants (mean age 16 years, 45% female, 18% with economic adversity), the pre-
valence of MetS was 5.3%. Prior to adjustment, adolescents with MetS had marginally higher concentrations of
phthalate metabolites than adolescents without MetS. There was a suggestive positive association between in-
termediate concentrations of MnBP and odds of MetS after adjustment (T2: Odds Ratio (OR)= 2.66 (95%
confidence interval: 0.98–7.24); T3: OR=2.11 (0.71–6.27)). Males with higher MnBP concentrations had
higher odds of dyslipidemia; however, associations were mostly non-significant for females. Relationships be-
tween MiBP concentrations and odds of MetS varied by sex. Males with higher concentrations of MnBP and MiBP
had greater odds of having a higher number of MetS components. Relationships between phthalate metabolites
and MetS did not vary by economic adversity.
Conclusion: There was a suggestive positive association between MnBP and MetS among adolescents.
Associations between phthalate metabolites and MetS as well as MetS components may vary by sex, but may not
vary by economic adversity. Further research of the relationships between phthalate exposures, MetS, and po-
tential interactions with socioeconomic factors is warranted.
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1. Introduction

Children and adolescents are manifesting metabolic dysfunction at
younger ages making metabolic syndrome (MetS) a condition of con-
cern for all lifestages (Cook et al., 2003; de Ferranti et al., 2004; Dhuper
et al., 2007; Eckel et al., 2005; Goodman et al., 2004; Srinivasan et al.,
2002; Weiss et al., 2013). MetS is a cluster of risk factors including
abdominal obesity, hypertension, dyslipidemia, and hyperglycemia
(Eckel et al., 2005; Grundy et al., 2004). It is a strong predictor of type 2
diabetes mellitus (T2DM) and cardiovascular disease (CVD) (Eckel
et al., 2005; Grundy, 2006; Grundy et al., 2004; Thomsen et al., 2016).
Adolescents exhibiting MetS risk factors and MetS at younger ages
could have decreased quality of life and premature development of
T2DM and CVD as they transition to young and middle adulthood.

Certain phthalates are considered endocrine disrupting chemicals
(Furr et al., 2014) and have been linked to a variety of adverse biolo-
gical processes and health outcomes including hormonal dysregulation
and obesity (Elobeid and Allison, 2008; Tijani et al., 2016). Phthalate
exposure is ubiquitous due to use in a variety of consumer products
such as food packaging, personal care products, medical equipment,
and children's toys. Lack of chemical bonding to these products allows
phthalates to leach or diffuse into food, materials, or the environment
(Giulivo et al., 2016). Thus, people can be exposed to phthalates
through the dermal, inhalation, and dietary routes (Giulivo et al., 2016;
Phthalates, 2008). Though exposure can occur through different path-
ways, food is the primary source of phthalate exposure in the general
population (Giulivo et al., 2016). Phthalate exposures, whether through
food consumption or other environmental pathways, may affect risk of
MetS.

There is limited research on the association between phthalates and
MetS and findings have been inconsistent. Although individual studies
suggest associations between phthalate exposure and several risk fac-
tors for MetS, including high blood pressure and obesity (Tang-
Peronard et al., 2011; Trasande et al., 2013a), a recent systematic re-
view did not conclude that phthalates act as obesogens among humans
(Goodman et al., 2014). Proposed biological mechanisms linking
phthalates to metabolic dysfunction include alterations to molecular
signaling pathways such as peroxisome proliferator-activated receptors
(PPAR) which affect lipid and glucose homeostasis (Benjamin et al.,
2017; Goodman et al., 2014). The one cross-sectional study exploring
associations between phthalate metabolites and MetS among National
Health and Nutrition Examination Survey (NHANES) adult participants
found higher concentrations of certain urinary phthalate metabolites
(mono-benzyl phthalate (MBzP) and di(2-ethylhexyl phthalate (DEHP))
were associated with greater odds of MetS (James-Todd et al., 2016).
However, to our knowledge, there are no nationally representative
studies exploring this association among adolescents aged 12–19 years.
Further exploration of the association between phthalates and MetS
during adolescence is necessary due to the potential impacts of
phthalate exposures on cardiometabolic health during a critical period
of development prior to adulthood.

Non-chemical stressors in the environments of children and ado-
lescents may interact with chemical stressors and affect subsequent
health (Tulve et al., 2016). Two recent reviews describe socioeconomic
factors as non-chemical stressors associated with higher risk of child-
hood obesity and cardiometabolic health outcomes like cardiovascular
disease in adulthood (Lichtveld et al., 2017; Suglia et al., 2017). It is
plausible that non-chemical stressors like socioeconomic factors may
affect the relationships between phthalate exposures and MetS. For
instance, compared to higher socioeconomic status (SES) children,
lower SES children have been shown to have worse health behaviors
like poor dietary patterns (Lichtveld et al., 2017), which can affect both
phthalate exposure and MetS risk. However, limited research to date
has quantified these potential interactions.

The objective of this cross-sectional analysis was to investigate the
association between urinary phthalate metabolite concentrations and

MetS among U.S. adolescents using NHANES data for the survey years
2003–2014. Because low SES is often associated with increased obesity,
MetS, and chemical exposures (Holben and Taylor, 2015; Hostinar
et al., 2017; Shrewsbury and Wardle, 2008; Tyrrell et al., 2013), we also
aimed to assess whether observed associations varied by the non-che-
mical stressor, economic adversity, defined as a combination of low
household income, low parental education, and food insecurity (a
condition in which there is uncertain or limited access to adequate
quality, variety, or quantity of food) (USDA, 2017).

2. Materials and methods

2.1. NHANES data

NHANES data for the years 2003–2014 were used for this analysis.
NHANES is an annually administered, cross-sectional survey that em-
ploys a complex, multistage probability sampling design with complex
weighting schemes in order to ensure representativeness of the resident,
noninstitutionalized U.S. population (Curtin et al., 2012, 2013; Johnson
et al., 2014). Brief descriptions of the NHANES protocol through these
years is described below and has previously been published (Curtin
et al., 2012, 2013; Johnson et al., 2014). NHANES protocol involves
selection of individuals for a home interview, and a subsample of these
individuals for physical examinations that included biologic specimen
collection in mobile examination centers (MEC). The National Center
for Health Statistics Research Ethics Review Board reviewed and ap-
proved NHANES protocols. Our analyses included data from Hispanic,
non-Hispanic white, and non-Hispanic black adolescents who fasted at
least 6 hours prior to participation in physical examinations/specimen
collection, were without physician-diagnosed diabetes, and had viable
blood serum/plasma as well as urine samples in which MetS compo-
nents and phthalate metabolites were measured. Adolescents with
physician-diagnosed diabetes were excluded because data limitations
resulted in our inability to distinguish between adolescents with type 1
diabetes and T2DM. Additionally, adolescents with either type of dia-
betes may have had etiologic differences or been more likely to have
MetS than those without diagnosed diabetes given that MetS is an
identified risk factor for T2DM.

2.2. Outcome: metabolic syndrome

Using data from NHANES MEC physical examinations and labora-
tory analyses (Zipf et al., 2013), we applied the most widely used pe-
diatric definition of MetS to dichotomize participants as with or without
MetS (Cook et al., 2003). This MetS definition is a modified version of
the National Cholesterol Education Program Adult Treatment Panel III
definition for adolescents (Cook et al., 2003; NCEP, 2002). According to
this definition, adolescents aged 12–19 years must have had three or
more of the following risk factors to have MetS: abdominal obesity
(waist circumference (WC)≥90th percentile for age and sex); elevated
blood pressure (systolic blood pressure (BP) or diastolic BP≥ 90th
percentile for age, sex, and height, or current use of antihypertensive
drugs); elevated triglycerides (TG) (TG≥110mg/dL (1.24mmol/L));
low high-density lipoprotein cholesterol (HDL) (HDL≤40mg/dL
(1.03mmol/L)); or high fasting blood glucose (FBG) (FBG≥110mg/dL
(6.1mmol/L)). Like Cook et al. (2003), we calculated age- and sex-WC
percentiles specific to the sample population. If possible, at least three
BP measurements were taken from participants and we averaged them.
For participants with less than three BP measurements (n=23), we
either averaged two measurements or used a single measurement.
There were no significant differences in BP between adolescents with
three and less than three measurements. We applied Centers for Disease
Control and Prevention (CDC) growth charts and National High Blood
Pressure Education Program Working Group on High Blood Pressure in
Children and Adolescents blood pressure charts to obtain participants'
age-, sex-, and height-specific percentiles for systolic and diastolic BP
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(CDC, 2000; NHBPEP, 2004). TG, HDL, and FBG values were obtained
from processed blood serum and plasma samples at analytic labora-
tories in accordance with NHANES quality assurance and control pro-
cedures described in detail elsewhere (Zipf et al., 2013).

2.3. Exposure measurement: urinary phthalate metabolites

For a subsample of NHANES participants, urinary phthalate meta-
bolites and other environmental chemicals (e.g., bisphenol A (BPA))
were measured using on-line solid phase extraction coupled with high
performance liquid chromatography and tandem mass spectrometry.
The detailed protocol is described elsewhere (NCHS, 2011). In this
analysis, we included phthalate metabolites in which at least 75% of the
concentrations were above the limit of detection (LOD) within the
adolescent subsample. These included: monobenzyl phthalate (MBzP),
mono-n-butyl phthalate (MnBP), monoisobutyl phthalate (MiBP),
monoethyl phthalate (MEP), mono-(3-carboxypropyl) phthalate
(MCPP), and di(2-ethyhexyl) phthalate (DEHP) metabolites (i.e., mono-
(2-ethylhexyl) phthalate (MEHP), mono-(2-ethyl-5-oxohexyl) phthalate
(MEOHP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), and
mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP)). Concentrations
below the LOD were assigned a value of LOD/ 2 (CDC, 2005). Each
metabolite was analyzed individually except DEHP metabolites which
grouped together in factor analysis. We calculated a summary measure
(ΣDEHP) by calculating the molar sum as done in prior literature
(Watkins et al., 2014).

2.4. Economic adversity

We used three variables as indicators of economic adversity which
are similar to economic adversity measures used in prior literature
(Parks et al., 2013). These variables included annual household income
(< $25,000, $25,000-$54,999, $55,000-$74,999, ≥$75,000), highest
educational attainment among parents/caregivers (< high school, high
school graduate/general equivalency diploma, ≥college), and food
insecurity due to its association with both SES and central obesity
among adolescents (Holben and Taylor, 2015). A NHANES household
food insecurity variable was created based on the number of affirmative
responses to eighteen questions that characterized the food security
status of the household (Bickel et al., 2000). NHANES original cate-
gories included full, marginal, low, and very low food security. We
created a dichotomized food insecurity variable: yes (marginal, low,
and very low food security) versus no (full food security). We assigned
values of one for each indicator variable if participant/caregiver re-
ported annual household income<$25,000,< high school parent/
caregiver educational attainment, or food insecurity. A value of zero
corresponded to annual household income ≥$25,000, ≥high school
parent/caregiver educational attainment, or no food insecurity. To
avoid multicollinearity from including each individual SES measure in
models, we summed each indicator to create scores (range: 0–3) with a
score of three indicating the highest level of adversity. Economic ad-
versity score was correlated (r=−0.66) with the ratio of family's an-
nual income to the federal poverty level in which higher ratios in-
dicated a family income well above the poverty threshold. We
dichotomized economic adversity as a score≥ two versus a score <
two.

2.5. Covariates

We considered several covariates for inclusion in adjusted models
based on prior literature (James-Todd et al., 2016; Trasande et al.,
2013b; Watkins et al., 2014) and construction of directed acyclic graphs
(Greenland et al., 1999). Potential covariates included: sex (male/fe-
male), race/ethnicity (Hispanic, non-Hispanic white, non-Hispanic
black), objectively-measured body mass index (BMI) (underweight/
normal (BMI < 85th percentile for age and sex), overweight

(BMI≥ 85th percentile and<95th percentile for age and sex), obese
(BMI≥ 95th percentile for age and sex)), physical activity in the past
30 days (none, moderate, vigorous), total caloric intake per day (kilo-
calories per day), total fat intake per day (grams per day), age (years),
and creatinine (mg/dL). Details regarding the enzymatic method ap-
plied to produce a color product to measure creatinine are published in
NHANES laboratory manuals (NCHS, 2011). Sex, race/ethnicity, phy-
sical activity, total caloric intake, total fat intake, and age were ob-
tained via self-reported information from the sociodemographic, health
behavior, and food frequency questionnaires. NHANES calculated and
categorized BMI percentiles based on participant height and weight
measurements collected during the MEC physical exam using CDC
growth charts (CDC, 2000). For physical activity, in the early survey
years (2003–2004 and 2005–2006), participants were asked whether
they engaged in bicycling (for transportation) or some type of activity
(none, moderate, or vigorous) in the past 30 days. In later survey years,
more detailed questions captured time spent doing physical activity. To
consistently measure physical activity across all survey years, we used
the number of minutes engaged in bicycling, moderate, and vigorous
activity to group participants as engaging in none (0minutes of any
type of activity), moderate (any bicycling or moderate activity), and
vigorous physical activity (any vigorous activity) for survey years
2007–2014 which corresponds to the categorizations in 2003–2006.

2.6. Statistical analysis

The analysis was performed using SAS software, Version 9.4 of the
SAS System for Windows (Cary, NC), using appropriate weighting
procedures that accounted for NHANES′ complex sampling design. We
adjusted for urine dilution by applying the O'Brien et al. creatinine
correction procedure described in detail elsewhere and briefly below
(O'Brien et al., 2016). Creatinine concentrations among adolescents
have been shown to vary by race/ethnicity, sex, age, and BMI (Barr
et al., 2005), so we performed univariate linear regressions on log-
transformed creatinine to determine whether to include them as ad-
justment factors. We used these results to calculate expected values of
creatinine in multivariate linear regression models that included sig-
nificant predictors from the univariate models (race/ethnicity, sex, and
age). To obtain creatinine-corrected phthalate metabolite concentra-
tions, we applied covariate-adjustment standardization in which each
phthalate metabolite concentration was divided by the ratio of ob-
served creatinine to expected creatinine.

We estimated population characteristics by calculating observed
frequencies and weighted percentages for categorical variables and
weighted means or geometric means and standard errors for continuous
variables. We compared the characteristics of males and females with
Rao-Scott Chi-square (χ2) tests or independent samples t-tests, de-
pending on variable type. Population characteristics were also ex-
amined by MetS status among all participants and by sex. Phthalate
metabolite concentrations have been shown to vary by sex, age, and
survey year (Zota et al., 2014); therefore, after sorting creatinine-cor-
rected phthalate metabolite concentrations by sex, age, and survey
year, we created tertiles for each metabolite. We created tertiles be-
cause any larger number of categories would have resulted in a very
small count of females with MetS in each quantile. Within each tertile,
we calculated geometric means and corresponding 95% confidence
intervals (CIs) of phthalate metabolite concentrations. To avoid multi-
collinearity, we chose a single pollutant approach and did not include
more than one phthalate metabolite in any model. We performed
weighted logistic regression adjusting for urinary creatinine and used
the lowest tertile as the reference category to calculate minimally ad-
justed odds ratios (ORs) and 95% CIs for each individual metabolite
(i.e., MEP, MnBP, MiBP, MCPP, ΣDEHP). We added a priori covariates
described previously and retained those that were associated with
creatinine (O'Brien et al., 2016) as well as those that changed any as-
sociations by at least 10% in fully-adjusted weighted logistic regression
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models. As a result, all fully-adjusted models included the following
covariates: creatinine, race/ethnicity, sex (except for models stratified
by sex), age, total caloric intake per day, total fat intake per day, and
economic adversity. We added a phthalate metabolite*sex cross product
term to the fully adjusted models and stratified each model by sex to
investigate potential sex differences in ORs. Additionally, we in-
vestigated fully-adjusted relationships between tertiles of each in-
dividual phthalate metabolite and individual MetS components (e.g.,
high waist circumference, low HDL cholesterol) and tested for sex in-
teractions in these relationships. Weighted ordinal logistic regression
was then used to estimate the fully-adjusted relationship between
higher tertiles of phthalate metabolites and the number of MetS com-
ponents (range:0–4). In ordinal regression models, we limited the
sample to adolescents with four or fewer MetS components because
there were few adolescents with five components. We then tested for
interaction between phthalate metabolites and economic adversity by
adding a cross-product term (phthalate metabolite*economic adversity)
in fully-adjusted models for MetS among all participants and reported
results stratified by economic adversity status (yes vs. no).

We performed two sensitivity analyses. First, we added log-trans-
formed urinary BPA as a covariate in the fully-adjusted weighted lo-
gistic regression models for MetS. Dietary ingestion is suggested as the
major exposure route for both phthalates and BPA, and each exposure
may be associated with insulin resistance and diabetes (Giulivo et al.,
2016). Therefore, we adjusted for BPA in the models for MetS to assess
any changes in previously observed relationships. Secondly, in separate
models, we repeated MetS analyses with additional adjustment for total
fasting time. To determine statistical significance, we used two-sided p-
values of 0.10 for Wald χ2 tests for interaction (due to the greater
power required to detect interactions) and 0.05 for all other tests for
association.

3. Results

3.1. Analytic sample

There was a total of 1140 adolescents that had values for urinary
phthalate metabolites and all MetS components (i.e., WC, BP, TG, HDL,
FBG). After exclusion of adolescents who fasted less than 6 hours prior
to examination (n= 75), had doctor diagnosed diabetes (n= 10), had
missing values for covariates included in adjusted models (n=146), or
were of any race/ethnicity other than Hispanic, non-Hispanic White, or
non-Hispanic Black (n= 87), the sample consisted of 918 adolescents
(some adolescents met more than one of the exclusion criteria).

3.2. Sample characteristics

Observed frequencies and weighted percentages, means, and geo-
metric means describing population characteristics are presented in
Table 1. Mean age was 16 years (standard error (SE) 0.10), 63% of
adolescents were non-Hispanic white, and 18% met our criteria for
economic adversity. Males consumed more calories and fat compared to
females, but also reported higher prevalence of moderate and vigorous
physical activity. MEP had the highest average corrected concentration
(geometric mean 68 ng/mL (SE 4.0) in comparison to other phthalate
metabolites. Compared to males, females had higher corrected con-
centrations of MnBP (females- 20 ng/mL (SE 0.96) vs. males- 17 ng/mL
(SE 0.71)) and MiBP (females- 9.1 ng/mL (SE 0.45) vs. males- 7.9 ng/
mL (SE 0.40)). Overall, the weighted prevalence of MetS was 5.4%, and
MetS prevalence did not vary by sex. The most prevalent individual
MetS components were elevated triglycerides (23%) and low HDL
cholesterol which was also more prevalent among males (20%) com-
pared to females (12%).

Economic adversity was more prevalent among males with MetS
(22%) compared to males without MetS (16%). Conversely, females
with MetS had lower prevalence of economic adversity (7.4%)

compared to females without MetS (20%). However, given the small
sample of females with MetS, results should be interpreted with cau-
tion. Overall, except for ∑DEHP, adolescents with MetS had modestly
higher urinary phthalate metabolite concentrations compared to ado-
lescents without MetS, and the most notable difference was for MEP
concentrations (MetS (yes)- 78 ng/mL (SE 23) vs. MetS (no)- 67 ng/mL
(SE 4.0)).

3.3. Associations between phthalate metabolite tertiles and MetS/MetS
components

The geometric means within sex, age, and survey year-sorted tertiles
for each phthalate metabolite are shown in Supplemental Table 1 and
support the necessity of sorting tertiles by sex since within tertile
concentrations were often higher among females compared to males.
There were suggestive positive associations between MnBP and MetS
after minimal (T2: OR=2.49 (95% CI:0.91–6.79)) and full (T2:
OR=2.66 (0.98–7.24)) adjustment, and although OR's for T3 were
weaker, the estimates were in the same direction and the confidence
intervals overlapped those for T2 (Table 2). Results were suggestive
that relationships between MiBP and MetS, though non-significant,
varied by sex: the relationship was positive among males (T2:
OR=1.69 (0.55–5.21); T3: OR=1.68 (0.48–5.90)) while an inverse
relationship was observed among females (T2: OR=0.26 (0.05–1.36);
T3: OR=0.34 (0.07–1.63), psex*MiBP< 0.10). No other phthalate me-
tabolites were associated with the odds of MetS and no other re-
lationships varied by sex. The sensitivity analysis in which log-trans-
formed urinary BPA was added as a covariate in the fully-adjusted
model for MiBP yielded similar, though slightly attenuated results for
males, but stronger yet non-significant relationships among females
(Supplemental Table 2). Additional adjustment for total fasting time did
not affect the observed results (Supplemental Table 3).

MnBP and MiBP were also associated with individual MetS com-
ponents, and several of the associations varied by sex (Table 3,
Supplemental Table 4). Higher concentrations of MnBP were associated
with lower odds of elevated blood pressure, and results were similar in
direction, but often lacked significance for other phthalate metabolites.
While higher concentrations of MnBP were associated with higher odds
of elevated triglycerides (T2: OR=2.86 (1.49–5.48); T3: OR=3.11
(1.52–6.36)) and low HDL cholesterol (T2: OR=2.05 (0.90–4.68); T3:
OR=2.34 (1.03–5.34)) among males, relationships were inconsistent
among females. Higher concentrations of MnBP (T2: OR=1.73
(1.01–2.97); T3: OR=1.85 (1.02–3.36)) and MiBP (T2: OR=1.70
(1.02–2.82); T3: OR=1.95 (1.10–3.45)) were associated with higher
odds of more MetS components among males, but there was no asso-
ciation observed among females.

3.4. Interactions between phthalate metabolite tertiles and economic
adversity

Results stratified by economic adversity and p-values for interaction
terms are presented in Table 4. Interactions were not significant. Al-
though models for adolescents with economic adversity failed to con-
verge due to small sample sizes, among adolescents without economic
adversity, associations between MnBP and MetS were stronger than
those in Table 2. The odds of MetS were over four-fold higher for higher
concentrations of MnBP (T2: OR=4.22 (1.24–14.25); T3: OR=4.21
(0.97–18.31)) compared to T1. Models were additionally stratified by
sex for MiBP due to potential sex interaction, and relationships between
MiBP and odds of MetS did not vary by economic adversity
(pMiBP*economic adversity= 0.33 for males and pMiBP*economic adversitynon-
estimable for females, Supplemental Table 5). Nonetheless, higher
concentrations of MiBP were associated with almost three-fold higher
(T2: OR=2.95 (1.40–6.23)) and eleven-fold higher odds (T3:
OR=10.66 (3.22–35.29)) of MetS among males with economic ad-
versity.
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Table 2
Prevalence Odds Ratios for MetS for Each Tertile of Urinary Phthalate Metabolite Concentrations among Adolescents aged 12–19 years, National Health and
Nutrition Examination Survey (NHANES), 2003–2014 (N=918).

n with MetS Tertile Overall (N= 918) Males (n= 501) Females (n= 417)

45 31 14

Model 1a Model 2b Model 3c Model 3c

MEP T1 reference reference reference reference
T2 1.03 (0.34–3.14) 1.07 (0.31–3.67) 0.45 (0.11–1.78) 5.01 (0.92–27.27)*
T3 1.39 (0.52–3.69) 1.55 (0.56–4.31) 1.29 (0.36–4.66) 3.36 (0.64–17.62)

MnBP T1 reference reference reference reference
T2 2.49 (0.91–6.79)* 2.66 (0.98–7.24)* 3.11 (0.96–10.13)* 2.79 (0.43–18.11)
T3 2.13 (0.73–6.20) 2.11 (0.71–6.27) 2.55 (0.68–9.58) 2.46 (0.31–19.76)

MiBPd T1 reference reference reference reference
T2 0.82 (0.30–2.22) 0.84 (0.31–2.27) 1.69 (0.55–5.21) 0.26 (0.05–1.36)
T3 0.84 (0.32–2.25) 0.87 (0.33–2.31) 1.68 (0.48–5.90) 0.34 (0.07–1.63)

MCPP T1 reference reference reference reference
T2 1.10 (0.37–3.25) 1.05 (0.36–3.04) 0.83 (0.25–2.74) 3.93 (0.87–17.81)*
T3 1.60 (0.42–5.91) 1.52 (0.42–5.43) 1.17 (0.25–2.74) 6.00 (0.81–44.60)*

MBzP T1 reference reference reference reference
T2 1.34 (0.41–4.44) 1.42 (0.46–4.45) 1.11 (0.25–4.90) 2.05 (0.32–13.33)
T3 1.22 (0.31–4.81) 1.27 (0.32–4.95) 1.51 (0.31–7.38) 0.79 (0.09–6.64)

ΣDEHP T1 reference reference reference reference
T2 1.41 (0.51–3.92) 1.36 (0.51–3.67) 1.21 (0.36–4.11) 2.07 (0.37–11.47)
T3 0.52 (0.13–2.04) 0.52 (0.14–2.00) 0.53 (0.09–3.15) 0.68 (0.11–4.35)

Abbreviations: MetS (Metabolic Syndrome); MEP (monoethyl phthalate); MnBP (mono-n-butyl phthalate); MiBP (monoisobutyl phthalate); MCPP (mono-(3-car-
boxypropyl) phthalate; MBzP (monobenzyl phthalate); ∑DEHP (di(2-ethylhexyl) phthalate [molar sum of mono-(2-ethylhexyl) phthalate (MEHP), mono-(2-ethyl-5-
oxohexyl) phthalate (MEOHP), and mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), and mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP)]).
*P < 0.10 **P < 0.05.
a Adjusted for urinary creatinine.
b Model 1 additionally adjusted for race/ethnicity (Hispanic, non-Hispanic white, non-Hispanic black), total caloric intake (kcal/day), fat intake (g), economic

adversity (yes, no), age (years), and sex (male, female).
c Model 3 adjusted for all the parameters in Model 2 except for sex.
d Cross-product term (phthalate*sex) significant at two-side p-value= 0.10.

Table 3
Prevalence Odds Ratios for Individual MetS Components and Number of Components for Each Tertile of Urinary Phthalate Metabolite Concentrations among
Adolescents aged 12–19 years, National Health and Nutrition Examination Survey (NHANES), 2003–2014 (N=918).

High Waist
Circumference

Elevated Blood
Pressure

Elevated
Triglycerides

Low HDL
Cholesterol

High FBG Number of
Components

n with component/n
without component

101/817 57/861 199/719 145/773 18/900 –

MEP T1 reference reference reference reference reference reference
T2 0.62 (0.26–1.44) 0.49 (0.22–1.09) 1.11 (0.66–1.88) 1.02 (0.54–1.93) 0.36 (0.05–2.63) 0.84 (0.53–1.35)
T3 1.13 (0.53–2.41) 1.52 (0.70–3.29) 1.15 (0.61–2.17) 1.28 (0.69–2.41) 1.70 (0.37–7.76) 1.37 (0.84–2.23)

MnBP EBP, ET,

LHDL, NC
T1 reference reference reference reference reference reference
T2 2.17 (1.10–4.32)** 0.36 (0.17–0.77)** 1.34 (0.83–2.14) 1.81 (0.93–3.50)* 0.27 (0.07–0.99)** 1.24 (0.80–1.92)
T3 1.72 (0.81–3.65) 0.32 (0.12–0.87)** 1.86 (1.16–2.99)** 1.63 (0.80–3.33) 0.64 (0.12–3.25) 1.44 (0.92–2.25)

MiBP ET, NC T1 reference reference reference reference reference reference
T2 0.89 (0.42–1.79) 0.57 (0.25–1.30) 0.93 (0.58–1.48) 1.63 (0.91–2.89)* 0.83 (0.11–6.00) 1.08 (0.73–1.60)
T3 1.66 (0.89–3.10) 0.46 (0.20–1.05)* 1.21 (0.71–2.06) 1.20 (0.66–2.17) 2.03 (0.38–10.95) 1.26 (0.83–1.91)

MCPP EBP, ET T1 reference reference reference reference reference reference
T2 1.06 (0.51–2.21) 0.86 (0.40–1.82) 1.13 (0.70–1.83) 0.99 (0.55–1.78) 3.25 (0.86–12.25)* 1.01 (0.67–1.53)
T3 1.30 (0.60–2.81) 0.33 (0.13–0.83)** 0.87 (0.48–1.60) 1.74 (0.92–3.30)* 3.22 (0.95–10.93)* 1.03 (0.62–1.73)

MBzP ET T1 reference reference reference reference reference reference
T2 1.67 (0.78–3.55) 0.64 (0.25–1.62) 1.02 (0.61–1.71) 1.37 (0.76–2.47) 0.68 (0.16–2.95) 1.08 (0.70–1.65)
T3 1.53 (0.59–3.97) 0.54 (0.22–1.36) 1.06 (0.59–1.93) 1.43 (0.73–2.83) 0.52 (0.10–2.67) 1.10 (0.63–1.91)

ΣDEHP T1 reference reference reference reference reference reference
T2 1.56 (0.77–3.17) 0.57 (0.28–1.16) 1.21 (0.71–2.05) 0.98 (0.52–1.85) 1.56 (0.26–9.29) 1.11 (0.73–1.68)
T3 0.84 (0.33–2.17) 0.89 (0.39–2.05) 1.05 (0.63–1.75) 0.84 (0.44–1.60) 0.62 (0.08–4.91) 1.05 (0.66–1.65)

Abbreviations: MetS (Metabolic Syndrome); HDL (high density lipoprotein); FBG (fasting blood glucose); MEP (monoethyl phthalate); MnBP (mono-n-butyl
phthalate); MiBP (monoisobutyl phthalate); MCPP (mono-(3-carboxypropyl) phthalate; MBzP (monobenzyl phthalate); ∑DEHP (di(2-ethylhexyl) phthalate [molar
sum of mono-(2-ethylhexyl) phthalate (MEHP), mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP), and mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), and mono-
(2-ethyl-5-carboxypentyl) phthalate (MECPP)]).
Note: All models adjusted for urinary creatinine, race/ethnicity (Hispanic, non-Hispanic white, non-Hispanic black), total caloric intake (kcal/day), fat intake (g), economic
adversity (yes, no), age (years), and sex (male, female). Dichotomous logistic regression models were applied to estimate prevalence odds ratios of individual MetS components.
Ordinal logistic regression models were applied to estimate prevalence odds ratios for the number of MetS components. Number of MetS components ranged from 0 to 4.
The following indicate psex*phthalate metabolite < 0.10 for specific MetS components: HWC high waist circumference; EBP elevated blood pressure; ET elevated trigly-
cerides; LHDL low HDL cholesterol; HFBG high blood glucose; and NC number of MetS components. Models in which cross-product terms were not estimable include:
MBzP- high fasting blood glucose; MiBP- high fasting blood glucose; ΣDEHP- high fasting blood glucose.
*P < 0.10 **P < 0.05.
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4. Discussion

Our objective was to investigate cross-sectional relationships be-
tween urinary phthalate metabolites and MetS among U.S. adolescents.
A secondary objective was to assess whether these relationships varied
by economic adversity (a non-chemical stressor describing socio-
economic status). Results supported a suggestive positive association
between MnBP and MetS: adolescents with intermediate concentrations
of MnBP had over two-fold higher odds of MetS than adolescents with
the lowest concentrations. Higher MnBP concentrations were also as-
sociated with higher odds of MetS components including elevated waist
circumference, elevated triglycerides, and low HDL cholesterol, parti-
cularly among males. Relationships between MiBP concentrations and
odds of MetS may also vary by sex. Despite the lack of statistical sig-
nificance, females with higher MiBP concentrations had lower odds of
MetS; conversely, males with higher MiBP concentrations had higher
odds of MetS. Both higher MnBP and higher MiBP concentrations were
associated with higher odds of having more MetS components among
males. Relationships between phthalate metabolites and MetS did not
vary by economic adversity.

Although our study found no strong associations between phthalate
metabolites and MetS, certain phthalates were associated with MetS
components. MnBP and MiBP were the two phthalate metabolites that
showed consistent relationships with MetS components. Concentrations

of MnBP were similar but concentrations of MiBP were higher than
those found in adult NHANES participants (James-Todd et al., 2016);
however, adolescents may have dissimilar exposures than adults.
Higher concentrations of MnBP were associated with marginally higher
odds of MetS and higher concentrations of both MnBP and MiBP were
associated with higher odds of a number of MetS components among
adolescents and adolescent males, respectively, which is comparable to
prior literature. A recent review supports a positive association between
phthalates and adolescent obesity, a strong risk factor for MetS, which
may partially explain associations with MetS (Lichtveld et al., 2017).

There are limited studies to compare our current results. Authors of
a prior study of children and adolescents aged 6–19 years (NHANES,
2003–2008) grouped phthalate metabolites by concentration (low
molecular weight, high molecular weight, DEHP) and found no asso-
ciations between either low molecular weight and high molecular
weight phthalate metabolites and elevated blood pressure, triglyceride
levels, or HDL levels (Trasande et al., 2013a). They also found no re-
lationship between MiBP and elevated blood pressure; however, in
contrast to our study, phthalates were not investigated individually for
other cardiometabolic health outcomes and sex-specific associations
were not described. In a study of NHANES (2001–2010) adult partici-
pants, the authors found no association between quartiles of MnBP
concentrations and MetS (James-Todd et al., 2016); however, we found
that adolescents with intermediate concentrations (in the second ter-
tile) of MnBP had marginally higher odds of MetS than adolescents with
the lowest concentrations of MnBP. Our results may differ due to
measurement differences. Furthermore, unlike James-Todd and col-
leagues' findings of associations between DEHP concentrations and
MetS for adults, we found no association between DEHP and MetS for
adolescents. In a recent literature review assessing the association be-
tween phthalates and obesity, authors found that results depended on
which phthalate metabolites were being investigated, sex and age of
population studied, and level of exposure (Tang-Peronard et al., 2011).
The differences in our study results and those of other studies could also
be due to these factors, which highlight the need for future studies to
continue to explore phthalate exposures and MetS, as well as individual
MetS components, across all lifestages.

There are several exposure pathways that may contribute to the
associations observed in this analysis. MnBP is a metabolite of the low
molecular weight parent compound, di-n-butyl phthalate, which is
commonly used in some plastics, cosmetics, personal care products, and
solvents for some dyes (Crinnion, 2010; Heudorf et al., 2007). MiBP is a
metabolite of the low molecular weight parent compound, di-isobutyl
phthalate, which is also used in personal care products as well as
pharmaceuticals. Due to their uses, exposure to MnBP and MiBP can
occur through non-dietary routes. Because the most consistent re-
lationships were observed for phthalate metabolites in which dietary
exposure is not likely the primary route, other factors, including the
surrounding school and home environment as well as personal care
product usage, may contribute to phthalate exposure and the risk for
MetS. Future research should consider these environmental and beha-
vioral risk factors along with phthalate metabolite measurement in
future studies of MetS and other cardiometabolic health outcomes.

Potential biological mechanism may mediate the pathways from
phthalate exposure to MetS as well as cardiovascular disease. Phthalate
exposure may alter signaling pathways for cells responsible for lipid
metabolism and homeostasis which can lead to lipid accumulation and
possible vulnerability to CVD (Benjamin et al., 2017; Goodman et al.,
2014). Although we did not observe variation in phthalate metabolites
and MetS associations in this study, lower SES is associated with in-
creased psychosocial and neighborhood stressors that may affect vul-
nerability to cardiometabolic health and cardiovascular disease later in
life (Lichtveld et al., 2017; Suglia et al., 2017). Further research
throughout the lifecourse is necessary to explore this proposed me-
chanism and potential interaction among diverse populations at dif-
ferent lifestages.

Table 4
Prevalence Odds Ratios for MetS for Each Tertile of Urinary Phthalate
Metabolite Concentrations Stratified by Childhood Economic Adversity among
Adolescents aged 12–19 years, National Health and Nutrition Examination
Survey (NHANES), 2003–2014 (N=918).

Overall

Economic Adversity
(yes)

Economic Adversity
(no)

pecomonicadversity*-
phthlate metabolite

n=251 n=667

n with
MetS

13 32

MEP T1 reference reference 0.67
T2 NE 1.54 (0.56–4.26)
T3 NE 1.97 (0.60–6.45)

MnBP T1 reference reference 0.53
T2 NE 4.22 (1.25–14.25)**
T3 NE 4.21 (0.97–18.31)*

MiBPa T1 reference reference 0.39
T2 NE 0.90 (0.36–2.21)
T3 NE 0.66 (0.19–2.33)

MCPP T1 reference reference 0.40
T2 NE 0.79 (0.24–2.61)
T3 NE 1.63 (0.39–6.74

MBzP T1 reference reference 0.34
T2 NE 1.90 (0.48–7.59)
T3 NE 2.14 (0.37–12.35)

ΣDEHP T1 reference reference 0.54
T2 NE 1.58 (0.56–4.42)
T3 NE 0.64 (0.12–3.54)

Abbreviations: MetS (Metabolic Syndrome); MEP (monoethyl phthalate); NE
(non-estimable); MnBP (mono-n-butyl phthalate); MiBP (monoisobutyl phtha-
late); MCPP (mono-(3-carboxypropyl) phthalate; MBzP (monbenzyl phthalate);
∑DEHP (di(2-ethylhexyl) phthalate [sum of mono-(2-ethylhexyl) phthalate
(MEHP), mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP), and mono-(2-ethyl-5-
hydroxyhexyl) phthalate (MEHHP), and mono-(2-ethyl-5-carboxypentyl)
phthalate (MECPP)]).
Note: All models adjusted for urinary creatinine, race/ethnicity (Hispanic, non-
Hispanic white, non-Hispanic black), total caloric intake (kcal/day), fat intake
(g), age (years), and sex (male, female).
*P < 0.10 **P < 0.05.
a Cross-product term (phthalate*sex) significant at two-side p-value= 0.10.
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There are several limitations. We are unable to infer causality and
highlight reverse causality as a possibility due to the cross-sectional
study design. It is possible that adolescents' MetS status preceded their
phthalate exposure. The concentrations of urinary phthalates are a
measure of recent phthalate exposure and not exposure over time,
which results in the possibility of exposure misclassification. However,
a recent longitudinal study of adolescent females over a three-year
period showed that although phthalate concentrations changed over
time, categories of concentrations remained consistent (Wolff et al.,
2017). Furthermore, given the ubiquitous often continuous exposure to
phthalates, it is possible that there is minor variation in exposure.
Nonetheless, misclassification is likely non-differential and affects all
adolescents regardless of MetS status. Non-differential misclassification
results in estimates biased towards the null, so associations may be
stronger than the results observed in the current analysis. There were
also a small number of adolescents with MetS which affected the power
to detect associations and the stability of the estimates, especially
among females. The small numbers of adolescents with MetS in each
phthalate exposure category, in addition to the opposite directions of
associations observed for individual MetS components (e.g., inverse
associations between phthalate metabolites and blood pressure, posi-
tive associations with elevated trigylcerides), may have also con-
tributed to the lack of dose-response associations observed. Future re-
search, such as prospective studies with large sample sizes of higher risk
groups like obese adolescents, are warranted. Additionally, tertiles of
phthalate metabolites do not imply clinical significance and may not be
the threshold at which effects are seen, which also may contribute to
the lack of dose-response relationships for MetS. Nonetheless, odds of
individual MetS components across tertiles were either similar or in-
creased/decreased incrementally as tertiles increased. Additionally, we
did not employ multiple comparison procedures due to the exploratory
nature of this study. The results may be due to chance. Although we
thoroughly assessed which covariates to include in our models, residual
confounding due to unmeasured confounders remains a possibility and
could affect results by either attenuating or overestimating associations.
For instance, the childhood adversity measure cut-points may not uni-
formly indicate adversity across all regions of the U.S. Furthermore,
there is possible residual confounding due to the potential measurement
error of self-reported covariates in the models. Despite these limita-
tions, this exploratory analysis supports that further research is needed
to better understand the association between phthalate exposure and
MetS among adolescents.

There are several strengths of this work. NHANES employs thorough
quality control and quality assurance procedures to ensure the validity
of the data. Secondly, due to the use of NHANES data and appropriate
weighting procedures, results of this study are generalizable to the
noninstitutionalized population of Hispanic, white, and black U.S.
adolescents. Thirdly, we adjusted for BPA in a sensitivity analysis,
which strengthens our findings of the potential effects of phthalates
beyond those of a widely recognized endocrine disrupting chemical.
Fourthly, we also assessed potential sex differences which are important
given the endocrine disrupting properties of phthalates. Lastly, we ex-
plored this question among a diverse population across different SES
levels, and our results highlight that future research may require con-
sideration of potential interactions between non-chemical stressors and
chemical exposures like phthalates.

5. Conclusions

In this cross-sectional analysis, our results suggested that MnBP and
MiBP may be associated with increased odds of MetS as well as in-
dividual MetS components among U.S. adolescents. Phthalates are
widely used in consumer products and food packaging, thus exposure is
ubiquitous. Given ubiquitous exposure, the increase in obesity and
metabolic dysfunction observed among adolescents in recent years, and
our results, it is important to continue research of phthalate exposures

and MetS. We observed no variation in relationships between phthalate
metabolites and MetS by economic adversity, a non-chemical stressor
reflective of socioeconomic status, among adolescents. Nonetheless,
further research of the relationships between phthalate exposures and
metabolic syndrome, as well as how non-chemical stressors may in-
teract with phthalate exposures is warranted.
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