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Context: Metabolic syndrome is likely influenced by a complex interaction between exposure to
secondhand smoke (SHS) and diet, but no studies have evaluated this relationship.

Objective: This study aimed to investigate the interaction between diet and exposure to SHS on
metabolic syndrome among 12–19 year olds.

Design and Participants: We used weighted logistic regression, adjusting for potential confound-
ers, to examine interaction of these risk factors on the prevalence of metabolic syndrome among
12–19 year olds participating in the National Health and Nutrition Examination Survey (2007–
2010). Interaction was assessed by introducing product terms between SHS (4-(methylnitro-
samino)-1-(3-pyridyl)-1-butanol, cotinine, and self-report) and the individual nutrients (dietary
fiber, eicosapentaenoic acid, docosahexaenoic acid, vitamin C, and vitamin E) and nutrient patterns
in separate models; the relative excess risk due to interaction was used to evaluate interaction on
the additive scale.

Results: The joint effect between high exposure to SHS and low levels of certain nutrients (vitamin
E and omega-3 polyunsaturated fatty acids) on metabolic syndrome risk was greater than would
be expected from the effects of the individual exposures alone (for example, relative excess risk due
to interaction for SHS and vitamin E � 7.5; 95% confidence interval, 2.5–17.8).

Conclusions: Prevention strategies for metabolic syndrome aimed at reducing SHS exposures and
improving diet quality may exceed the expected benefits based on targeting these risk factors
separately. (J Clin Endocrinol Metab 101: 52–58, 2016)

The epidemic of obesity in children has been well-doc-
umented (1). Concordantly, but not as well-known,

surprising numbers of children (20–50% of children who
are obese) are also diagnosed with metabolic syndrome
(2), a cluster of conditions including abdominal fatness,
hypertension, an adverse lipid profile, and insulin resis-
tance, which may increase the risk of multiple chronic
diseases (3). Based on the National Health and Nutrition
Examination Survey (NHANES; 1988–2010), the preva-
lence of metabolic syndrome among US children has fluc-

tuated between 4% and 9% (4). Hypothesized risk factors
for metabolic syndrome include modifiable lifestyle fac-
tors, such as dietary composition, physical activity levels,
active smoking, and weight (5). However, these factors do
not entirely account for the prevalence of metabolic syn-
drome, and it has recently been suggested that exposure to
chemicals in the environment may lead to an increase in
risk for metabolic syndrome (6). Secondhand smoke (SHS)
is a common environmental exposure among US children.
Despite a steady decline in smoking rates in the United
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States since 1964 (7), nearly half of children are exposed
to SHS on a regular basis (8).

Limited evidence suggests exposure to SHS is inde-
pendently associated with each of the individual com-
ponents of metabolic syndrome, including obesity (9),
hyperglycemia (10), hypertension (11), and dyslipide-
mia (12). Only two published studies have examined the
association between exposure to SHS and metabolic
syndrome; one used self-report of exposure to SHS
among adult nonsmokers in China (13) and the second
used serum cotinine, the metabolite of nicotine, among
adolescents (ages 12–19 years) using data obtained
from the 1988 –1994 NHANES (14). Although both
studies demonstrated a positive association between ex-
posure to SHS and metabolic syndrome, the results may
be limited by the methods used to assess exposure to
SHS and also by the potential for uncontrolled con-
founding (particularly by diet). Furthermore, metabolic
syndrome is likely influenced by a complex interaction
between lifestyle and environmental factors (15), but no
published studies have evaluated the potential interactions
between exposure to SHS and dietary factors.

We examined the interaction between exposure to SHS
and selected dietary factors with antioxidant and/or anti-
inflammatory properties on the prevalence of metabolic
syndrome among adolescents (ages 12–19 years) using
data obtained from the 2007–2010 NHANES. We used
two biomarkers to objectively characterize exposure to
SHS, an established biomarker (serum cotinine) and a
novel biomarker (urinary 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol [NNAL]) (16), along with self-report
of household smokers.

Materials and Methods

Study population. NHANES is a population-based survey that
uses a complex, multistage approach designed to achieve a na-
tionally representative sample of the noninstitutionalized civil-
ian population in the United States. Participants were evaluated
by trained staff in a home interview to determine demographic
factors, dietary recalls, physical activity, and self-report of
household smokers. In general, children younger than 16 years
of age answered questions with the assistance of an adult house-
hold member; children 16 years of age and older completed the
survey unassisted. For the dietary recalls, children 12 years of age
and older completed the dietary recalls without assistance. Ad-
ditionally, extensive physical examinations, which included
blood and urine collection, were conducted at mobile examina-
tion centers.

In the 2007–2010 NHANES, data from 2577 children (ages
12–19 years) were collected; 2345 completed the household in-
terviews and had demographic information available. Of these
children, the components of metabolic syndrome were only
available for a portion of the children (n � 791). Among children

with components of metabolic syndrome, we further excluded
children who were missing laboratory measurements of serum
cotinine or urinary NNAL, dietary information, or other phys-
ical activity information (n � 309). Active smokers, defined as
those with cotinine levels greater than 15 ng/ml (14) or those who
reported current smoking, were excluded from our sample (n �
57). Therefore, our final sample size was n � 559.

Metabolic syndrome. The criteria for defining metabolic syn-
drome among children vary (17). We used the definition as de-
scribed by several published studies, including a previous study
evaluating a similar hypothesis (14). Metabolic syndrome in chil-
dren was defined as exhibiting three or more of the following
clinical conditions: abdominal obesity, hyperglycemia, hyper-
tension, high triglycerides, and low high-density lipoprotein
(HDL) cholesterol (14).

The individual components of metabolic syndrome were de-
fined as follows. Waist circumference measurements were made
at the midpoint between the bottom of the ribcage and the top of
the iliac crest, with the participant at minimal respiration. Ab-
dominal obesity was defined as having a waist circumference that
was greater than the age- and sex-specific 90th percentile pre-
viously developed using a nationally representative sample of US
children (18). Blood specimens were collected following a fast for
8–12 hours. HDL cholesterol and triglycerides were measured in
serum using the Roche Modular P chemistry analyzer (Roche
Diagnostics). Hyperglycemia was defined as having fasting glu-
cose levels of 100 mg/dl or higher (19). High triglycerides were
defined as having triglyceride levels of 110 mg/dl or higher (20).
Low HDL cholesterol was defined as having an HDL level below
40 mg/dl (20). Blood pressure was measured using a mercury
sphygmomanometer after resting quietly in a sitting position for
5 minutes. Each participant provided at least three but up to four
blood pressure (BP) readings; the average of these measurements
was used. Hypertension was defined as having a BP level that was
greater than the age-, sex-, and height-specific 90th percentile
based on previously defined cut-points developed using a na-
tionally representative sample of US children (21).

SHS. Urinary NNAL was measured in spot urine samples using
liquid chromatography linked to tandem mass spectrometry, as
detailed by Xia et al (22). The detection limits for NNAL have
changed over time in NHANES: in 2007–2008, the limit of de-
tection (LOD) was 0.001 ng/ml; in 2009–2010, it was 0.0006
ng/ml. For consistency, we used the higher detection limit to
determine exposure status. NNAL concentrations were cor-
rected for creatinine by dividing the urinary NNAL concentra-
tions by urinary creatinine concentrations to account for varia-
tions in dilution in spot urine samples (16). Creatinine-adjusted
NNAL was categorized as below the LOD (NNAL � 0.001
ng/ml), low exposure (NNAL � 0.001 ng/ml, and � 0.005 ng/ml
creatinine [the median value among samples above the LOD]),
and high exposure (NNAL � 0.005 ng/ml creatinine).

Serum cotinine was measured by isotope dilution HPLC/at-
mospheric pressure chemical ionization tandem mass spectrom-
etry (LOD � 0.015 ng/ml), as detailed by Jacob et al (23). Co-
tinine was categorized as no exposure (cotinine � 0.05 ng/ml [a
cut-point used by a previous study evaluating a similar hypoth-
esis]) (14), low exposure (cotinine � 0.05 ng/ml and � 0.268
ng/ml [the median value among samples above the cut-point for
no exposure to SHS]), and high exposure (cotinine � 0.268 ng/
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ml). Self-report of household smokers was categorized as none
(no household smokers), low exposure (one household smoker),
and high exposure (two or more household smokers).

Diet. Dietary information was collected through the use of two
24-hour dietary recalls conducted in person by trained inter-
viewers. Nutrient values for the dietary recalls were based on
values in the US Department of Agriculture National Nutrient
Database for Standard Reference (24). Diet was evaluated in
terms of individual nutrients that may improve the metabolic
responses induced by exposure to SHS, including dietary fiber
(25), antioxidants (vitamin C, vitamin E) (26), and omega-3
polyunsaturated fatty acids (eicosapentaenoic acid [EPA], do-
cosahexaenoic acid [DHA]) (27). Nutrient patterns were deter-
mined through the use of a principal component analysis (PCA)
(28). We determined the number of meaningful components to
be retained for rotation based on the eigenvalue criterion (�1.0),
the scree test, the proportion of variance accounted for, and the
interpretability criteria (28). The principal components were ro-
tated using the varimax rotation, which maximizes the variance
of the factor loadings. For each nutrient pattern, a component
score was computed as a linear composite of the nutrients with
meaningful loading scores (�0.20). Dietary variables were di-
chotomized based on the median value.

Covariates. Information about the participant’s household in-
come was collected during the household interview and this in-
formation was used to create a ratio of family income to poverty.
The poverty index ratio was used as a marker of socioeconomic
status. The poverty index ratio was dichotomized at 1.85, the
level used to qualify for the Women, Infants, and Children pro-
gram (29). During the household interviews, children were asked
to identify the number of minutes per day and days per week in
the past week they had engaged in moderate or vigorous activity.
These variables were dichotomized based on the recommenda-
tion for children to get at least 60 minutes of moderate-to-vig-
orous intensity physical activity every day (30).

Statistical analysis. We used the svy commands in Stata, version
13, to account for the complex survey design in our analyses
(Stata-Corp LP). Weighted means, standard deviations, and pro-
portions for demographic characteristics, levels of exposure to
SHS, and metabolic syndrome classification were computed. We
used weighted logistic regression models to examine the associ-
ation between exposure to SHS (determined by NNAL) and met-
abolic syndrome. All multivariable models adjusted a priori for
sex, age, race/ethnicity, and poverty index ratio. The ado-com-
mand svylogitgof was used to evaluate the F-adjusted mean re-
sidual test, a test specifically developed to assess goodness-of-fit
for data from a complex survey design (31); the test suggested
that our final models were a good fit for the data.

We examined interaction on both the additive and multipli-
cative scales using the multivariable model described above and
within the frame work described by Knol and VanderWeele (32).
Interaction was assessed by introducing product terms between
SHS and individual selected nutrients (dietary fiber, EPA, DHA,
vitamin C, and vitamin E) and nutrient patterns in separate mod-
els. For additive interaction, the relative excess risk due to
interaction (RERI) was calculated as OR11–OR10–OR01�1,
where an RERI value of 0 suggests perfect additivity (32). Using
the method of variance estimates recovery method (33), 95% CIs

and corresponding two-sided p-values were calculated for the
RERI values. For multiplicative interaction, we calculated two-
sided P values to assess the significance of each product term in
the logistic regression models and compared the ORs for SHS
and metabolic syndrome across strata of diet.

Sensitivity analyses. We conducted several sensitivity analyses.
We adjusted the models for the nutrient patterns described pre-
viously to assess the impact of these potential confounders. In
addition to calculating the odds of exposure to SHS on metabolic
syndrome, we adjusted odds ratios (ORs) for each individual
symptom of metabolic syndrome. We also performed the models
using cotinine and by self-report of household smokers to char-
acterize exposure to SHS.

Results

Included children (n � 559) and children who were ex-
cluded because of missing components of metabolic syn-
drome (n � 1554) were similar with respect to age, sex,
race/ethnicity, the poverty index ratio, self-report of
household smokers, and metabolic syndrome (results not
presented). Children who were excluded because of smok-
ing status (n � 57) were more likely to have a poverty
index ratio below the poverty level, to live with a house-
hold smoker and to be classified as having metabolic syn-
drome as compared to those included in our sample (n �

559), respectively (results not presented). Approximately
5% of children were classified as having metabolic syn-
drome, with nearly 20% exhibiting abdominal obesity
(16.6%), hyperglycemia (20.5%), or high triglyceride lev-
els (17.8%) (Table 1).

Approximately 40% of the children had levels of crea-
tinine-adjusted NNAL and cotinine in the low- and high-
exposure categories as previously defined (45% and 40%,
respectively), and 12% of children reported the presence
of household smokers (Table 2). Among those who re-
ported no household smokers, 39% had a creatinine-ad-
justed NNAL level in the low- or high-exposure category
and 32% had a cotinine level in the low- or high-exposure
category. Children with metabolic syndrome were likely
to be male, Mexican American, and below the poverty
level and less likely to be non-Hispanic white than children
without metabolic syndrome (Table 2). A high proportion
of the children reported that they met the recommenda-
tions for physical activity, regardless of metabolic syn-
drome classification (Table 2).

From the PCA, we identified four distinct nutrient pat-
terns that explained 68% of the variance in dietary nutri-
ent intakes: 1) the fiber–fat-soluble vitamins component;
2) the saturated-fat component; 3) the vitamin B–complex
component; and 4) the omega-3–polyunsaturated fatty ac-
ids component. The fiber–fat-soluble vitamins component
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was characterized by fiber, �-carotene, vitamin E, vitamin
K, lutein and zeaxanthin, food folate, linoleic acid, and
total polyunsaturated fat intake. The saturated-fat com-
ponent was characterized by total saturated fat intake and
eight individual saturated fatty acids. The vitamin B–com-
plex component was characterized by retinol, folate, folic
acid, fortified folate, iron, and vitamins A, D, B1, B2, B6,
B12, and added B12. The omega-3–polyunsaturated fatty
acids component was characterized by four polyunsatu-
rated fatty acids, including eicosatetraenoic acid (20:4),

EPA (20:5), docosapentaenoic acid (22:5), and DHA
(22:6).

Our results suggest that higher exposure to SHS and
lower consumption of certain dietary factors, including
vitamin E and omega-3 polyunsaturated fatty acids, in-
teract to increase the odds of metabolic syndrome (Table
3). For example, the joint effect of exposure to SHS and
vitamin E intake was more than additive; the RERI for
high NNAL exposure and low vitamin E intake was 7.5
(95% confidence interval [CI], 2.5–17.8) (Table 3). Ad-

Table 2. Weighted Proportions of Secondhand Smoke Categories and Potential Covariates, 12–19 Year Olds,
NHANES, 2007–2010 (n � 559a)

No Metabolic Syndrome Metabolic Syndrome All Children

Characteristic Percentage 95% CI Percentage 95% CI Percentage 95% CI

Secondhand smoke
NNAL

Below LOD (�0.001 ng/ml creatinine) 56.2 49.2–63.1 36.5 21.3–55.0 55.3 48.3–62.0
Low (�0.001 & �0.005 ng/ml creatinine) 27.5 22.1–33.7 17.2 7.7–34.2 27.0 21.8–32.9
High (�0.005 & �0.082 ng/ml creatinine) 16.3 13.7–19.2 46.3 28.0–65.6 17.7 15.0–20.8

Cotinine
No (�0.05 ng/ml) 61.4 55.0–67.7 34.4 20.0–52.4 60.1 53.7–66.2
Low (�0.05 & �0.268 ng/ml) 19.6 14.8–25.5 21.0 9.4–40.5 19.7 15.0–25.3
High (�0.268 & �14.6 ng/ml) 18.0 15.8–22.6 44.5 26.4–64.2 20.2 16.9–24.0

Self-report of household smokers
None 89.0 85.9–91.4 67.4 47.8–82.4 87.8 85.0–90.2
Report of 1 household smoker 8.2 4.6–12.2 23.6 11.1–43.2 8.4 5.4–12.8
Report of 2 or more household smokers 3.5 1.6–7.3 9.0 2.6–26.6 3.7 3.7–7.6

Potential covariates
Age, mean (SD) (years) 15.0 (2.1) 14.8–15.3 15.0 (2.1) 14.9–15.4 15.0 (2.1) 14.8–15.3
Sex

Male 53.3 48.0–58.3 75.5 57.2–87.7 51.8 46.7–56.9
Female 46.7 41.6–51.9 24.5% 12.3–42.8 48.2 43.1–53.3

Race/ethnicity
Non-Hispanic white 59.0 50.9–66.7 45.2 26.7–65.0 58.3 50.1–66.1
Mexican American 15.3 11.4–20.2 31.7 18.7–48.5 14.9 11.3–19.6
Non-Hispanic black 11.6 7.9–16.8 11.6 4.1–28.4 12.7 10.6–18.0
Other/multiracial 7.7 5.2–12.0 7.6 2.6–20.1 7.5 5.1–12.4
Other Hispanic 6.4 3.4–11.2 4.0 0.1–24.9 6.5 5.0–10.9

Poverty index ratio
Above poverty level (�1.85) 64.7 57.9–71.0 36.9 20.0–57.7 63.4 56.7–69.5
Below poverty level (�1.85) 35.3 29.0–42.1 63.1 42.3–80.0 36.6 30.5–43.2

Moderate-to-vigorous physical activity
Did not meet recommendations of 60 minutes/day 14.0 10.3–18.8 5.9 0.1–24.3 13.6 9.9–18.4
Met recommendations of 60 minutes/day 86.0 81.2–89.7 94.1 75.7–98.8 86.4 81.6–90.1

Abbreviations: CI, confidence interval; LOD, limit of detection; NHANES, National Health and Nutrition Examination Survey; NNAL,
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; SD, standard deviation.
a n represents the sample size; the total estimated population using the sampling weights is 7 569 171.

Table 1. Weighted Proportions of Metabolic Syndrome and the Components of Metabolic Syndrome, 12–19 Year
Olds, NHANES, 2007–2010 (n � 559a)

Characteristic Percentage 95% CI

Metabolic syndrome (3 or more components) 5.2% 3.4–7.9
Components of metabolic syndrome

Abdominal obesity (waist �90th percentile for age and sex) 16.6% 12.6–21.6
Hyperglycemia (fasting plasma glucose �100 mg/dl) 20.5% 16.6–25.2
Hypertension (blood pressure �90th percentile for age and sex) 6.5% 4.0–10.4
High triglyceride levels (triglycerides �110 mg/dl) 17.8% 13.7–22.8
Low HDL levels (�40 mg/dl) 6.4% 4.5–9.0

Abbreviations: CI, confidence interval; HDL, high-density lipoprotein; NHANES, National Health and Nutrition Examination Survey.
a n represents the sample size; the total estimated population using the sampling weights is 7 569 171.
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ditionally, adjusted ORs for exposure to SHS across the
strata of dietary intakes indicate that high NNAL expo-
sure was associated with no increase in metabolic syn-
drome among participants with high vitamin E intake
(OR, 1.3; 95% CI, 0.2–7.6) and a 10-fold increase in met-
abolic syndrome among participants with low vitamin E
intake (OR, 10.8; 95% CI, 3.1–36.4) (Table 3). Similar
patterns of interaction and effect modification were ob-
served for EPA and the omega-3–polyunsaturated fatty
acids component from the PCA (Table 3). No evidence
suggesting more or less than additive or multiplicative in-
teraction was observed for fiber, DHA, vitamin C, vitamin
E, the fiber–fat-soluble vitamins component, the saturat-
ed-fat component, or the vitamin B–complex component
(results not presented).

Sensitivity analyses. We observed an independent associ-
ation between exposure to SHS and metabolic syndrome
(see Supplemental Table 1). Exposure to SHS was inde-
pendently associated with abdominal obesity, high trig-
lycerides, and low HDL cholesterol, but not hyperglyce-
mia or hypertension. The addition of the nutrient patterns
did not meaningfully change the results. The results were
similar when exposure to SHS was determined by cotinine
and by self-report of household smokers (see Supplemen-
tal Tables 2 and 3).

Discussion

Approximately 5% of children in our sample were clas-
sified as having metabolic syndrome. The joint effects of

high exposure to SHS and low levels of certain nutrients
(vitamin E, EPA, or omega-3–polyunsaturated fatty acids
component) on metabolic syndrome were greater than
would be expected from the effects of the individual ex-
posures alone. Furthermore, the associations between ex-
posure to SHS and metabolic syndrome were stronger
among children with low intakes of vitamin E or omega-3
polyunsaturated fatty acids compared to children with
high intakes of these nutrients. These results add to the
epidemiologic evidence linking exposure to SHS with met-
abolic syndrome (13, 14). Furthermore, our identification
of statistical interaction with various dietary factors may
support the hypothesized biological mechanisms of these
associations (26).

Oxidative stress appears to be an important mechanism
linking exposure to SHS with metabolic syndrome. Expo-
sure to SHS is an abundant source of reactive oxygen spe-
cies and leads to oxidative stress (26). SHS-induced oxi-
dative stress may contribute to metabolic syndrome by
promoting insulin resistance and endothelial dysfunction
(34). Vitamin E is an important antioxidant that may
block the oxidative stress response caused by free radical
exposure from SHS (26). One toxicological study reported
that antioxidant supplementation may counteract the ox-
idative stress response induced by exposure to SHS among
rats (35). Furthermore, a randomized controlled trial of
520 active smoking and nonsmoking adults concluded
that the protective effects of antioxidant supplementation
(vitamin C or vitamin E) against oxidative stress were
stronger among smokers than nonsmokers (36). Omega-3

Table 3. Interaction of Diet and Creatinine-Adjusted NNAL on Metabolic Syndrome, 12–19 Year Olds, NHANES,
2007–2010

Below LOD/Low Exposure to NNAL High Exposure to NNAL
NNAL Within Strata of
Dietary Factor

Level of Dietary Factor
N With/Without
Metabolic Syndrome

Adjusted
ORa 95% CI

N With/Without
Metabolic Syndrome

Adjusted
ORa 95% CI

Adjusted
ORa 95% CI

High vitamin E intake
(�5.415 mg/day)

16/218 1 Reference 3/43 1.3 0.2–7.6 1.3 0.2–7.6

Low vitamin E intake
(�5.415 mg/day)

15/186 0.8 0.3–2.0 12/52 8.6 2.5–29.0 10.8 3.1–36.4

P value for interaction term � .04b RERI (95% CI) � 7.5 (2.5–17.8); P � .01c

High EPA intake
(�0.007 g/day)

18/222 1 Reference 6/52 1.8 0.4–7.7 1.8 0.4–7.7

Low EPA intake
(�0.007 g/day)

11/184 0.4 0.1–1.2 11/41 7.2 1.5–33.3 18.0 3.6–83.3

P value for interaction term � 0.02b RERI (95% CI) � 6.0 (1.8–12.7); P � .02c

High omega-3 fatty acids
component (�median)

17/212 1 Reference 5/37 2.1 0.6–7.8 2.1 0.6–7.8

Low omega-3 fatty acids
component (�median)

12/194 0.7 0.3–1.8 11/57 8.1 1.8–37.0 11.6 2.6–53.0

P value for interaction term � 0.10b RERI (95% CI) � 6.3 (1.3–16.0); P � .02c

Abbreviations: CI, confidence interval; EPA, eicosapentaenoic acid; LOD, limit of detection; NHANES, National Health and Nutrition Examination
Survey; NNAL, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; OR, odds ratio; RERI, relative excess risk due to interaction.
a ORs adjusted for sex, age, race/ethnicity, and poverty index ratio.
b Two-sided P for multiplicative interaction generated for the product term of each dietary factor and exposure to secondhand smoke.
c Two-sided P for additive interaction generated for RERI.

56 Moore et al Diet, Secondhand Smoke, and Metabolic Syndrome J Clin Endocrinol Metab, January 2016, 101(1):52–58

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/1/52/2806523 by guest on 19 M
ay 2023

http://press.endocrine.org/doi/suppl/10.1210/jc.2015-2477/suppl_file/jc-15-2477.pdf


polyunsaturated fatty acids may similarly inhibit SHS-in-
duced oxidative stress responses by reducing the genera-
tion of reactive oxygen species (27). EPA, in particular,
may be protective against endothelial cell induced by nic-
otine-derived nitrosamino ketone, the precursor to NNAL
(37). Epidemiologic evidence supports this hypothesis;
two previous studies have noted that high intakes of ome-
ga-3 polyunsaturated fatty acids found in fish mitigate the
association between smoking and coronary heart disease
incidence, one among a prospective cohort of 8006 Jap-
anese-American men (ages 45–65 years) who lived in Ha-
waii (38) and one among a prospective cohort of 72 012
Japanese men and women (ages 45–74 years) (39).

A challenge of the present study was the limited sample
size, as evidenced by the wide CIs. However, the ORs from
our study are realistic based on the results of previous
studies reporting adjusted ORs ranging from 2.8 to 6.7 for
the association between exposure to SHS and metabolic
syndrome (13, 14). The present study may also be limited
by its inability to establish temporality between exposure
and disease because of the cross-sectional nature of
NHANES. Additionally, our results may have been af-
fected by residual confounding. For example, although the
poverty index ratio is likely a better indicator of socioeco-
nomic status than traditional indicators of socioeconomic
status (eg, education level, occupation) (40), it is possible
that the poverty index ratio does not accurately capture
the important aspects of socioeconomic status for this as-
sociation. Residual confounding resulting from socioeco-
nomic status and other important covariates cannot be
ruled out.

An important advantage of the present study was the
ability to compare several assessments of exposure to SHS.
Self-report of household smokers was limited to exposures
within the home and did not attempt to capture exposure
in other settings; cotinine has a half-life of 16 hours,
whereas NNAL has a half-life of up to 3 weeks (16). How-
ever, our results suggest that self-report of household
smokers or cotinine may be just as appropriate to assess
exposure to SHS as NNAL among children; it is feasible
that most of a child’s exposure to SHS occurs in the home
and that the exposure is relatively consistent over time (ie,
the self-report of exposure and short half-life of cotinine
may not necessarily be limitations for children). Because
self-report and cotinine are easier and less expensive to
measure than NNAL (16), one could argue that biomark-
ers may not be necessary for exploratory studies evaluat-
ing this research question, particularly among children.
Nevertheless, determining whether to use biomarkers or
self-report to quantify exposure to SHS will depend on the
public health question of interest, study design, popula-
tion of interest, and funding (16). Another important

strength of our study was its ability to control for poten-
tially important covariates, especially diet. Furthermore,
the sampling methods and the complex survey design em-
ployed by NHANES allows for the results to be general-
ized to all US children.

These results add to the evidence linking exposure to
SHS with metabolic syndrome. Furthermore, the results
suggest that diets rich in antioxidants and omega-3 poly-
unsaturated fatty acids may counteract some of the ad-
verse metabolic responses potentially triggered by expo-
sure to SHS. Prevention strategies for metabolic syndrome
aimed at both reducing SHS exposures and improving di-
ets may exceed the expected benefits based on targeting
these risk factors separately.
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