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Abstract

Background: Lead exposure is associated with low birth-weight. The objective of this study is to
determine whether lead exposure is associated with lower body weight in children, adolescents
and adults.

Methods: We analyzed data from NHANES 1999-2006 for participants aged =3 using multiple
logistic and multivariate linear regression. Using age- and sex-standardized BMI Z-scores,
overweight and obese children (ages 3—-19) were classified by BMI >85th and >95th percentiles,
respectively. The adult population (age =20) was classified as overweight and obese with BMI
measures of 25-29.9 and =30, respectively. Blood lead level (BLL) was categorized by weighted
quartiles.

Results: Multivariate linear regressions revealed a lower BMI Z-score in children and
adolescents when the highest lead quartile was compared to the lowest lead quartile (B (SE) =
-0.33 (0.07), p < 0.001), and a decreased BMI in adults (f (SE) = —2.58 (0.25), p < 0.001).
Multiple logistic analyses in children and adolescents found a negative association between BLL
and the percentage of obese and overweight with BLL in the highest quartile compared to the
lowest quartile (OR = 0.42, 95% CI: 0.30-0.59; and OR = 0.67, 95% CI: 0.52-0.88, respectively).
Adults in the highest lead quartile were less likely to be obese (OR =0.42, 95% CI: 0.35-0.50)
compared to those in the lowest lead quartile. Further analyses with blood lead as restricted cubic
splines, confirmed the dose-relationship between blood lead and body weight outcomes.

Conclusions: BLLs are associated with lower body mass index and obesity in children,
adolescents and adults.
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Introduction

Methods

In the last few decades, the prevalence of obesity in United States has increased in all age
groups. In adults, the prevalence of obesity rose from 14.5% in NHANES | (1972-1974) to
35.1% in NHANES 2005-2006 (http://www.cdc.gov/nchs/data/hestat/overweight/
overweight_adult.pdf). The prevalence of obesity in children and adolescents also increased,
from 6.1% in 1972-1974 (NHANES 1) to 18.1% in NHANES 2007-2008 (http://
www.cdc.gov/nchs/data/hestat/obesity child_07_08/obesity child_07_08.pdf).

The rise in obesity coincides with increased exposure to environmental toxins — particularly
those that have the characteristic of being hormone-mimetic such as estrogen mimics and
endocrine disrupting chemicals (EDCs). Recently, Grun and Blumberg (2006) coined the
term ‘obesogens’ to identify “chemicals that promote obesity either by increasing the
number of fat cells or the storage of fat into existing fat cells”. Prenatal exposure to these
obesogens may be an important risk factor for childhood and adult obesity (Janesick and
Blumberg, 2011).

Exposure to lead (Pb) is hypothesized to influence growth during childhood. Prenatal
exposure to lead is associated with low birth weight (Jelliffe-Pawlowski et al., 2006). During
pregnancy, lead passes across the placenta from the mother’s bloodstream to the fetal
circulation (ATSDR, 2007). In the fetus, the lead competes with calcium for deposition in
the fetal bone and may result in impaired growth (Zhu et al., 2010).

Epidemiological studies on the association of blood lead levels (BLL) with BMI or obesity
are inconclusive. Kim et al. (1995) reported a weak but statistically significant positive
association between childhood lead levels in teeth and BMI, whereas other studies did not or
found an inverse association (Little et al., 2009). An inverse association between BMI and
lead was also reported in adults (Padilla et al., 2010).

To investigate the correlation between BLL and weight outcomes, we analyzed data from
NHANES 1999-2006 in children and adolescents (3—19 years old) and in adults (20 years
and older). Body mass index was the measure of weight in the adult population (aged =20),
and overweight and obese adults were defined based upon BMI measures of 25-29.9 and
=30, respectively. We used age- and sex-standardized BMI Z-scores for children and
adolescents as a measure of weight, and overweight and obese children were classified as
having BMI Z-scores =85th and =95th percentiles, respectively.

Study population

The NHANES studies from 1999 to 2006, conducted by the U.S. National Center for Health
Statistics (NCHS; Centers for Disease Control and Prevention, CDC, Atlanta, GA) with
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biomonitoring data evaluated by the National Center for Environmental Health (NCEH), are
cross-sectional, nationally representative surveys of the non-institutionalized civilian
population of the United States (NCHS, 2008a). The grouping we used consisted of 4 cycles
(1999-2000, 2001-2002, 2003-2004 and 2005-2006) that were combined using NCHS
recommendations (NCHS, 2008b). The survey employs a multistage stratified probability
sample based on selected counties, blocks, households, and persons within households.
Certain subgroups of the population, such as Mexican Americans, non-Hispanic blacks, and
older adults were oversampled to improve the estimate precision for these groups.

Interviews were conducted in participants’ homes and extensive physical examinations,
which included blood and urine collection, were conducted at mobile exam centers (MEC).
For our analysis, the study population is limited to those who were examined.

Children and adolescents (3—19 years)

Adults

BMI Z-score and obesity.—Body mass index (BMI) was calculated by dividing
measured weight in kilograms by measured height in meters squared, and was obtained from
the physical examination. BMI varies by age and sex; therefore, we calculated age and sex
specific BMI Z-scores using the methodology provided by the Centers for Disease Control
and Prevention (http://www.cdc.gov/nccdphp/dnpao/growthcharts/resources/sas.htm).

Overweight and obese were defined based on BMI as being greater than or equal to the 95th
percentile (obese) or between the 85th and less than the 95th percentile (overweight).

Covariates.—Age, race/ethnicity, gender, hematocrit, poverty income ratio (PIR), serum
cotinine, calorie intake, and television, videogame and computer usage were examined as
independent predictors or confounders of the association between BLL and BMI Z-score.
Calorie intake and television/videogame/computer usage have been associated with body
weight. Hematocrit was included as a covariate because lead binds to ALAD, an enzyme in
the heme pathway, and hematocrit is a measure of percentile of red blood cells within the
blood. PIR is a measure of socioeconomic status and represents the calculated ratio of
household income to the poverty threshold after accounting for inflation and family size.
Environmental tobacco smoke is positively associated with childhood overweight/obesity
(Hui et al., 2003; Weitzman et al., 2005). Serum cotinine as a biomarker of exposure to
environmental tobacco smoke (ETS) was log natural transformed.

BMI and obesity.—The adult population (aged =20) was classified as overweight and
obese with BMI measures of 25-29.9 and =30, respectively. Pregnant women (n = 1100),
women who were breastfeeding (n = 208), and participants missing other variables of
interest were excluded from the study, leaving 15,899 eligible participants who were
included for the analyses of BLL and BMI.

Covariates.—We obtained information about age (years), sex, race/ethnicity, and

education from the household interview. Race/ethnicity was categorized as non-Hispanic
white, non-Hispanic black, Mexican American, other Hispanic, and other. Alcohol
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consumption (amount consumed per week) and smoking information were obtained from the
physical examination and associated questionnaire. Serum cotinine was categorized as ETS
low exposed non-smoker (<1 ng/mL), high exposed non-smokers (1-10 ng/mL), and
exposed smokers (>10 ng/mL) (Hukkanen et al., 2005). Hematocrit was obtained through
laboratory analyses.

BLL was determined by the CDC’s National Center for Environmental Health, Division of
Laboratory Sciences using inductively coupled plasma mass spectrometry. The limit of
detection (LOD) for blood lead was 0.3 pg/dL in NHANES (1999-2004) and there were 160
samples in the dataset below the LOD. The LOD for blood lead was 0.25 pg/dL in NHANES
(2003-2006) and there were 21 samples in the dataset below the LOD. Lead concentration
below the level of detection was assigned the limit of detection divided by the square root of
2, as recommended by NHANES.

Calorie intake was categorized as “normal” and “excessive” based on the U.S. Department
of Agriculture calorie intake guidelines by age and sex (http://health.gov/dietaryguidelines/
dga2010/DietaryGuidelines2010.pdf). The individual cut-off caloric need was the highest
value for the range by age and gender assuming a moderate physical activity level.
Information on daily hours of television, video or computer use was obtained through
questionnaire and the covariate was categorized with a cut point of =2 h/d.

Statistical methods

Sample weights were used for analyses to account for the complex sampling design and
non-response of NHANES. Weights for combined NHANES survey cycles were calculated
according to NHANES guidelines (NCHS, 2008c). We estimated sampling errors using the
Taylor series linearized method. We used the MULTILOG procedure in SUDAAN which
implements the proportional odds model with a generalized multinomial logit model for
nominal outcomes to produce separate parameter vectors for each of the generalized logit
equations of interest to calculate adjusted odds ratios (ORs) for obesity or overweight status
compared to normal/underweight in participants with BLL categorized by weighted quartile
distribution. Linear regression analyses were used to investigate the correlation between
BMI Z-scores (children and adolescent) or BMI (adults) with BLL categorized by weighted
quartile distribution. Adults’ BMI outcome was used as continuous and log natural
transformed variable, lead quartile distribution was calculated based on the combination of
all four cycles (1999-2006); these quartile ranges were also used when assessing the
potential association between lead and weight outcomes with only two cycles at a time
(1999-2002 and 2003-2006).

To further characterize the shape of the relationship between blood lead and body weight
outcomes we used blood lead as restricted cubic spline. The SAS macro-written Desquilbet
and Mariotti (2010) modified to take in account NHANES weight was used to perform
restricted cubic spline analyses. The knots used for restricted cubic spline were placed at the
10th, 50th, and 90th percentile as recommended by Harrell (2001).

We also assessed the collinearity between body weight parameters using Pearson correlation
coefficients and multicollinearity diagnostic statistics (tolerance and variance inflation
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factors [VIF]). A value of VIF >10 often indicates multicollinearity. No covariates were
multicollinear with each other.

SAS 9.2 (SAS Institute, Cary, NC) was used for all statistical analyses and SAS-Callable
SUDAAN 10 (Research Triangle Institute, Research Triangle Park, NC) was used to account
for the NHANES complex sample design. P-values from Satterthwaite statistics were
presented at the significance level of 0.05.

Children and adolescent (3—19 years old)

Table 1 illustrates the weighted characteristics of participants aged 3—-19 years from
NHANES 1999-2006 included in this study. The mean age of the participants was 11 years
and approximately 51% were male. Non-Hispanic whites accounted for 60% of the total
study group; 14.7% were non-Hispanic blacks, and 12.2% were Mexican-American.
Approximately 23% of the participants were from families with income at the poverty level.
The geometric mean (SE) BMI Z-score was 0.77 (0.01) and the geometric mean (SE) BLL
was 1.12 (0.02) pg/dL. Table 1 also includes the weighted characteristics of children and
adolescent participants broken down into 2-cycle analyses (1999-2002 and 2003-2006).

BMI Z-score outcome

The association between BMI Z-score and BLL was investigated using multivariate linear
regressions. A statistically significant association was found between BMI Z-score and BLL:
the third and fourth lead quartiles had a decreased BMI Z-score (B (SE) = —0.15 (0.06), p =
0.01 and B (SE) = -0.33 (0.07), p < 0.001, respectively) compared to the lowest lead quartile
(Table 2).

Analyses restricted to four-years of NHANES data, the relationship between BMI Z-score
and BLL was maintained within the fourth lead quartile for both four-year analyses (1999—
2002: B (SE) = -0.31 (0.12), p = 0.01 and 2003-2006: B (SE) = -0.31 (0.08), p < 0.001)
(Table 2).

Analyses using restricted cubic spline confirmed the dose-relationship between lead and
BMI Z-score in the NHANES 1999-2006 (Fig. 1), in the NHANES 1999-2002 (Supplement
Fig. 1a) and in the NHANES (Supplement Fig. 1b) datasets.

Obesity and overweight outcomes

In multilog regression, we found a significant negative association between BLL and
overweight and obesity in children and adolescents. Compared to persons in the lowest lead
quartile, individuals in the second, third and highest lead quartiles had statistically
significant lower adjusted odd ratios to be obese (aOR = 0.82, 95% CI: 0.67-1.00; aOR =
0.70, 95% CI: 0.54-0.90, and aOR = 0.42, 95% CI: 0.30-0.59, respectively). Also,
compared to persons in the lowest BLL quartile individuals in the highest lead quartile had
significantly lower adjusted odd ratios (aOR) risk to be overweight (aOR = 0.67, 95% CI:
0.52-0.88) (Table 3).
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Analyses restricted to four-years of NHANES data maintained the statistically significant
association between weight outcomes and BLL. For the analyses done between 1999 and
2002, individuals in the highest lead quartile had a significantly lower adjusted odds ratio to
be both obese and overweight compared to those in the lowest lead level (aOR=0.49, 95%
Cl: 0.27-0.89, and aOR= 0.63, 95% CI: 0.41-0.99, respectively). For the years 2003-2006,
individuals in the second, third and highest lead quartiles had a significantly lower adjusted
odds ratio to be obese compared to persons in the lowest lead quartile (aOR = 0.76, 95% ClI:
0.58-0.99; aOR = 0.70, 95% CI: 0.50-0.99, and aOR = 0.38, 95% CI: 0.26-0.55,
respectively) (Table 3).

The dose-relationship between lead and obesity was confirmed by restricted cubic spline
analyses using the NHANES 1999-2006 (Supplement Fig. 2a), NHANES 1999-2002
(Supplement Fig. 2b) and in the NHANES (Supplement Fig. 2¢) datasets.

Adults (age 20 years and older)

Table 4 illustrates the weighted characteristics of participants aged 20 years and older from
the NHANES 1999-2006 included in this study. The mean age of the participants was
approximately 44 years and 50.8% were female. Non-Hispanic whites accounted for 71.8%
of the total study group; 11% were non-Hispanic blacks, 7.2% were Mexican-American,
5.1% were other Hispanic, and 4.8% belong to other race/ethnicity or designated themselves
as multiracial. Approximately 54%, 33%, and 50% of the people reported that they attended
some college, never used alcohol, and never smoked, respectively. The geometric mean (SE)
of BLL was 1.59 (0.02) pg/dL. The geometric mean (SE) BMI was 27.54 (0.09). Table 4
also includes the weighted characteristics of adult participants broken down into two-cycle
analyses (1999-2002 and 2003-2006).

BMI outcome

Using multivariate linear regressions, a statistically significant association was found
between BMI and BLL: the second, third, and fourth lead quartiles had lower BMI (B (SE) =
-0.90 (0.20), p < 0.001, B (SE) = -1.41 (0.22), p < 0.001, and B (SE) = -2.58 (0.25),
p<0.001 respectively) compared to the referent lead quartile (Table 5).

Analyses restricted to four-years of NHANES data maintained the statistically significant
association between BMI and BLL. For 1999-2002, the second, third and fourth lead
quartiles had lower BMI compared to the referent lead quartile (8 (SE) =-0.70 (0.34), p <
0.05, B (SE) = -1.29 (0.37), p < 0.001, and B (SE) = —2.51 (0.41), p < 0.001, respectively).
Similarly, the analyses for the years 2003-2006 showed lower BMIs for the second, third,
and fourth lead quartiles compared to the referent (B (SE) = —1.05 (0.20), p < 0.001, p (SE)
=-1.42 (0.25), p < 0.001, and B (SE) = —2.50 (0.29), p < 0.001, respectively) (Table 5).

These significant associations were confirmed also when using as outcome log natural
transformed BMI (Supplement Table 1).

Further analyses using restricted cubic spline confirmed the dose-relationship between lead
and BMI in the NHANES 1999-2006 (Fig. 2), in the NHANES 1999-2002 (Supplement
Fig. 3a) and in the NHANES (Supplement Fig. 3b) datasets.
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Obesity and overweight outcomes

In multiple logistic regression, BLL was negatively associated with obesity and with
overweight status (Table 6). We found a statistically significant negative association between
BLL and obesity in adults: compared to persons in the referent lead quartile, individuals in
the second, third, and fourth lead quartiles had a statistically significant lower adjusted odd
ratios (aOR) for obesity (aOR = 0.76, 95% CI: 0.66-0.87, aOR = 0.66, 95% CI: 0.56-0.77,
and aOR = 0.42, 95% CI: 0.35-0.50, respectively). Also, compared to persons in the lowest
BLL quartile individuals in the highest lead quartile had significantly lower adjusted odd
ratios (aOR) risk to be overweight (aOR = 0.79, 95% CI: 0.65-0.95) (Table 6).

Analyses restricted to four-years of NHANES data maintained the statistically significant
association between weight outcomes and BLL. For the analyses done between 1999 and
2002, individuals in the second, third, and fourth lead quartile had a significantly lower
adjusted odds ratio to be obese compared to those in the lowest lead level (aOR = 0.76, 95%
Cl: 0.60-0.96, aOR = 0.62, 95% CI: 0.48-0.79, and aOR = 0.39, 95% CI: 0.30-0.52,
respectively). Also, compared to persons in the lowest BLL quartile individuals in the
highest lead quartile had significantly lower adjusted odd ratios (aOR) risk to be overweight
(@aOR =10.73, 95% CI: 0.58-0.93). For the years 2003—-2006, individuals in the second, third
and highest lead quartiles had a significantly lower adjusted odds ratio to be obese compared
to persons in the lowest lead quartile (aOR = 0.76, 95% CI: 0.65-0.90; aOR = 0.74, 95% ClI:
0.60-0.90, and aOR = 0.47, 95% ClI: 0.37-0.59, respectively) (Table 6).

The dose-relationship between lead and obesity was confirmed by restricted cubic spline
analyses using the NHANES 1999-2006 (Supplement Fig. 4a), NHANES 1999-2002
(Supplement Fig. 4b) and in the NHANES (Supplement Fig. 4c) datasets.

Discussion

The results of this analyses support an inverse association of BLL and body weight
outcomes in children and adolescents, and adults in the U.S. population. The inverse
association is independent of confounding factors such as: age, gender, race/ethnicity,
calorie intake, TV and video game use, poverty income rate, and serum cotinine in children
and adolescents; and age, gender, race/ethnicity, education, alcohol consumption, cigarette
smoking, environmental tobacco smoke exposure (through serum cotinine), calorie intake
and physical activity in adults.

In children and adolescents, we found a lower BMI Z-score with higher BLL quartiles.

A lower BMI was also associated with higher BLL quartiles in adults. Additionally, after
restriction of the analyses to only two-cycles of NHANES data (1999-2002 and 2003—
2006), these relationships were maintained in children and adolescents as well as in adults.
Since blood lead levels have been falling and overweight/obesity levels have continued to
rise over the period of our study (1999-2006), we stratified our analyses to include only 2
cycles (4 years) at a time. We used 2 cycles combined instead of individual cycles to
produce estimates with greater statistical reliability, Within these analyses, we maintained
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weighted quartiles based on all 4 cycles combined in order to more easily compare the
association.

There was a statistically significant lower OR for obesity in children and adolescents, and
adults in all blood lead quartiles when compared to the referent quartile. Additionally, a
statistically significantly lower OR for overweight was found in children and adolescents as
well as adults in the highest BLL quartile; this relationship was not found when analyses
were restricted to the years 2003—-2006.

Further analyses using blood lead as restricted cubic splines, confirmed the dose-relationship
between blood lead and body weight outcomes in NHANES 1999-2006, as well in analyses
done in NHANES 1999-2002 and NHANES 2003-2006 datasets.

Epidemiological studies on the association of BLL with BMI or obesity are scarce and
inconclusive. Kim et al. (1995) reported a weak but statistically significant increased
association between childhood lead levels in teeth and BMI. In the cross-sectional part of the
study conducted in 1975-1978, with 236 children (mean age 7.4), a 10-fold increase of
dentin lead level was associated with an increase of 1.02 kg/m? in BMI. Follow-up analyses
of this cohort in 1989-1990 (n = 58) found that a 10-fold increase of dentin lead level was
associated with an increase of 2.65 kg/m? in BMI change from age 7 to 20. However, bone
lead measurement was not associated with BMI (Kim et al., 1995).

No association was found between BLL and BMI or obesity in several other cross-sectional
studies done in children (Huzior-Balajewicz et al., 2001; Lamb et al., 2008) and in adults
(Hauser et al., 2008; Ronco et al., 2010). Several studies reported an inverse dose-response
association between BLL and BMI. A statistically significant negative correlation was
reported between BLL and BMI in children (n = 250) aged 8-10 years attending a primary
school in Alexandria, Egypt (Kamel et al., 2003). Dhooge et al. (2010) found that BMI was
negatively associated with BLL in adult women aged 50-65, but not in adult men or in
adolescents. Ignasiak et al. (2006) investigated the relationship between BLL and growth in
children aged 7-15 years (463 males and 436 females). The BMI showed a statistically
significant decrease with increased BLL among females, but not among males. Little et al.
(2009) studied two cohorts of children from the city of Dallas (USA) at two points in time,
one from the 1980s and one from 2002. They found that BLL had a significant (p<0.0001)
inverse log-linear relationship with height, weight, and BMI Z-scores. A decreased
association of BMI with increased BLL exposure in adults was also reported by Padilla et al.
(2010). The authors found that decreased BMI and waste circumference were associated
with increased urinary lead in NHANES 1999-2002 cycles. Recently, Park and Lee (2012),
analyzing the Korean National Health and Nutrition Examination Survey data (2007-2009),
found that BLL was negatively associated with fat intake with the effect being more
prominent in men.

A reverse causality association may not be excluded. BMI is a good indicator for the
measurements of bone mineral density (BMD), and low BMI is associated with lower BMD
and osteoporosis in older people (Guthrie et al., 2000). Bone resorption results in lead
mobilization from bone to blood (Tsaih et al., 2001). Therefore, one would expect that in
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elderly people, the decreased BMD will be associated with a decreased BMI and higher
blood lead due to lead displacement from the bone compartment. We found that individuals
59 years and older with higher blood lead levels had lower BMI and lower OR to be obese;
however, these relationships were not statistically significant (data not shown). Therefore,
while we did see the relationship of lower BMI being associated with higher blood lead, this
relationship lost its significance in the older age group. This suggests that the results we
observed support a possible influence of lead on BMI.

Several animal studies found that animals exposed to lead experience body weight loss
(Donald et al., 1988; Hamir et al., 1981). Recently, Leasure et al. (2008) demonstrated in
their in vivo gestational lead exposure (GLE) model, that at 1 year of age, male rat pups
exposed prenatally and during the first 10 days of life to the lowest GLE levels had a
statistically significant increase of weight, and decreased levels of striatal dopamine and its
main metabolite, DOPAC, compared to those exposed to the highest GLE level. While the
exposed groups decreased in weight with higher lead exposure, the controls were
statistically significantly smaller than all of the exposed animals making this study hard to
interpret. Geiger et al. (2009) observed that obese female rats exhibited lower extracellular
levels of dopamine as well as lower levels of the dopamine metabolite DOPAC suggesting
that the linkage between body weight and lead exposure may be through perturbation of the
hypothalamic dopaminergic system.

Increased cortisol levels in humans have been implicated in the pathophysiology of obesity
(Rossi-George et al., 2009). Therefore, another potential explanation for the relationship
between BLL and body weight observed in our study could be that lead acts to disrupt the
hypothalamic—pituitary—adrenal (HPA) axis through an interaction with cortisol (Fortin et
al., 2012; White et al., 2007). Dallman et al. (2003) proposed a mechanism through which
chronic elevated stress increases levels of glucocorticoids leading to increased levels of
abdominal energy stores, which inhibit the normal stress-response network. They
hypothesize that this mechanism, in turn, leads to an increase in eating and obesity among
patients chronically exposed to stress. White et al. (2007) showed that in the U.S., the largest
populations at risk for lead exposure are low socioeconomic status (SES) populations. They
commented that low SES environments are themselves a risk factor for many diseases as
there is greater stress among these populations and thus elevated basal cortisol levels.
Because of this environmental exposure risk, White et al. (2007) investigated how lead
exposure and higher chronic stress levels interact. They found that although stress increases
basal cortisol levels, lead actually acts to decrease basal cortisol levels. A previous study
done by Virgolini et al. (2005) suggested similar results when looking at post-weaning lead
and environmental stress exposure in rats. They also found significant reductions in basal
corticosterone levels. A later study from Rossi-George et al. (2009), although finding that
lead delays the reduction time of corticosterone levels after an injection stress challenge,
found that lead exposed rats had lower basal corticosterone levels compared to controls, too.
Taken together, these results suggest a possible mechanism through which lead acts to
decrease basal levels of cortisol and potentially decrease the risk of obesity through a
disruption in the HPA axis.
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The major limitation of our study is the cross-sectional study design and the inferences that
can be made based on the findings are limited. However, it can serve to generate hypotheses.
Another limitation of this study is that although blood lead reflects both recent exogenous
exposure and endogenous redistribution of lead stored in bone, blood-lead concentration
may underestimate the internal dose of lead. Our results are based on BLL; because
approximately 95% of the total body burden of lead is present in the skeleton, a preferred
measure of chronic body burden would be bone lead (Hu et al., 1996). However, the
measurement of bone lead in a large sample size, such as NHANES, is not feasible, and
blood lead is known to be associated with bone lead (Gwiazda et al., 2005; Todd et al.,
2001).

Conclusion

We found that BLLs are associated with lower body mass index and obesity in children and
adolescents, as well as in adults both when analyzing eight years of NHANES data
combined (1999-2006) and when restricted to only four years at a time (1999-2002 and
2003-2006). Considering the similar finding for the Korean NHANES study, this association
deserves additional study.
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Fig. 1.

Dose-response association between BMI Z score and blood lead in children and adolescents
adjusted for age, gender, race/ethnicity, hematocrit, calorie intake, TV and video game use,
serum cotinine, and poverty income ratio. A solid line shows dose—response curve between
blood lead and BMI Z-score in NHANES 1999-2006. Y-axis represents the difference in
BMI Z-score between individuals with any value of blood lead with individuals with 0.7
pg/dL of blood lead. The dashed lines represent the 95% confidence of interval. Knots are
represented by dots.
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Association between BMI and Lead using RCS with 3 inots n NHANES 71999 —2006
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Fig. 2.
Dose-response association between BMI and blood lead in adults adjusted for race/ethnicity,

gender, age, hematocrit, smoking status, serum cotinine, alcohol consumption, education,
calorie intake and moderate and vigorous activity covariates. A solid line shows dose—
response curve between blood lead and BMI in NHANES 1999-2006. Y-axis represents the
difference in BMI between individuals with any value of blood lead with individuals with
1.0 ug/dL of blood lead. The dashed lines represent the 95% confidence of interval. Knots
are represented by dots.
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Table 1

Weighted characteristics based on NHANES 1999-2006 participants aged 3-19.

NHANES 1999-2006

NHANES 1999-2002

NHANES 2003-2006

Blood lead (ug/dL), GM (SE)
Hematocrit (%), GM (SE)
Age (years), GM(SE)

BMI Z-score, GM (SE)
Serum cotinine, ng/mL, GM (SE)
Weight

Obese, % (SE)

Overweight, % (SE)

Normal, % (SE)

Sex

Male

Female

Income

Poverty income level: % (SE)
Income > poverty level: % (SE)
TV and video games

<2 h: % (SE)

>2: % (SE)

Calorie intake

Normal intake: % (SE)
Excessive intake: % (SE)
Race

White (non-Hispanic): % (SE)
Non-Hispanic Black: % (SE)
Mexican-American: % (SE)
Other Hispanic: % (SE)
Other: % (SE)

1.12 (0.02)
40.36 (0.11)
9.878 (0.07)
0.7 (0.01)
0.19 (0.02)

16.04 (0.60)
15.05 (0.39)
68.91(0.82)

51.18 (0.51)
48.82 (0.51)

23.26 (0.87)
76.74 (0.87)

4551 (0.92)
54.49 (0.92)

53.55 (0.65)
46.45 (0.65)

60.10 (1.74)
14.65 (1.20)
12.20 (1.03)
6.20 (0.91)
6.86 (0.63)

1.22(0.03)
40.24 (0.14)
9.74 (0.07)
0.76 (0.02)
0.22 (0.03)

15.29 (0.72)
14.64 (0.50)
70.07(1.02)

50.94 (0.76)
49.06 (0.76)

24.19 (0.88)
75.81 (0.88)

43.29 (1.20)
56.71 (1.20)

53.58 (0.95)
46.42 (0.95)

59.40 (2.17)
14.41 (1.74)
11.84 (1.44)
7.74 (1.69)
6.61 (0.85)

1.03 (0.02)
40.48 (0.16)
9.82 (0.12)
0.78 (0.02)
0.17 (0.02)

16.77 (0.95)
15.45 (0.59)
67.78 (1.28)

51.42 (0.69)
48.58 (0.69)

22.39 (1.44)
77.61 (1.44)

47.46 (1.30)
52.54 (1.30)

53.53 (0.89)
46.47 (0.89)

60.78 (2.69)
14.89 (1.65)
12.55 (1.48)
4.68 (0.70)
7.09 (0.94)

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2021 May 27.

Page 15



Page 16

Scinicariello et al.

Author Manuscript

‘uonrejndod ‘s'n ayy 01 Aujiqesijdde oy payybiam-ajdwes ale sabejusdlad

q

‘0134 awWodul AdA0d pue ‘aulullod wWwinIas ‘asn aweh 0apIA pue A | ‘@Xelul aLojed ‘Jidorewsay ‘AJoluyls/aoel ‘uapush ‘abe Joy um“m:._u,qm

1005d €o0=d 100sd puand
1005d 1005d 1005d
(800)1€0- (0eT) 60z (2T0)TE0- (TPT)O6C (L00)€€0- (20T) 672 (p/Br 19°T=) ¥ 8enb 1719
oro=d ero=d 100=d
(L00)eT0- (e6:0092z (0T0)9T0- (220)282 (9000)GT0- (19°0) 96z  (p/6r 09'T-0T°T) € 8|1Menb 171G
oro=d g60=d 0z0=d
(900)oT0- @TT)TLC (00) 100 (96'0) 022 (¥0°0) 90°0- (92°0) 9%  (Ip/Br 60'T-T2°0) Z @lenb 1719
(ooussegel) 0 (S'T) ¥'6z  (2ouslagar) 0 (20°T) €0z  (ouaseyen) 0 (86°0)6'C (Ip/6r 02°05) T 81enb 119
@d oF% @d oF)% @s)g qFS)%
9002-€00Z SINVHN 2002-666T SINVHN 9002-666T SANVHN

¢ dlqeL

Author Manuscript

» 9002—€00¢ Pue ¢00C = 6661 31942 SINVHN Aqg pue
9002-666T SANWVHN Ul siuedionued 1usdsajope pue Uap[iyd ul ajiyenb 77g pue 8109s-7 [ING Usamiag (3S pue S1usio1a0d g) uoissalbal Jeaul|nnin

Author Manuscript

Author Manuscript

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2021 May 27.



Page 17

Scinicariello et al.

‘uonejndod ‘s'n ayy 01 Aujiqesijdde oy paybiam-aduwes ale sabejusdlad

q

"0l7ed aWwodul AaA0d pue ‘auluIlod WwnIas ‘asn aweh 0apIA pue AL ‘@Xelul aLIojed ‘Jidorewsy ‘ANoluyls/aael ‘Uspush ‘abe Joy uEm:_B\m

(55'0-92°0) 8€°0
(66'0-05°0) 020
(66'0-85'0) 92°0
(soualayal) T
EvTT
(68'0-22°0) 6¥°0
(0T'T-6%°0) £L°0
(82°1-29'0) 26°0
(soualayal) T
116

(65°0-0€0) 20
(06'0-5'0) 0L°0
(00'1-29'0) 28°0
(s0uasayal) T

7502

(0T'1-55°0) 82°0
(¥1'1-09°0) 280
(S0'1-69°0) 58'0
(soualayal) T
256

(66'0-Tt'0) €9'0
(6'1-29°0) 96'0
(29T-5L0) TT'T
(soualayal) T
9.

(88'0-25°0) 290
(TT'1-29°0) 280
(eT'1-2L'0) €6°0
(s0uasayal) T

9T.1

(soualayal) T
(s0uaseal) T
(soualagal) T
(soualayal) T

819¢€
(soualagal) T
(soualayal) T
(s0uaseal) T
(soualagal) T

Svee
(s0uas8yl) T
(s0uauagal) T
(soualayal) T
(s0uaseal) T

€269

(e'1) 602
(e6'0) 92
(erT) T2
(55'1) ¥'62

(Tr'1) 0'62
(LL°0) 282
(96'0) 0'ze
(zoT) €02

(p/61 T9°T=) ¥ aj1enb 771G
(/61 09'7-0T°T) € 21enb 1719
(/611 60°7-T2°0) Z d11enb 719

(/611 0£°05) T aj1senb 71

€118 = U '9002-€00Z SANVHN

(/61 19°T=) ¥ aj1enb 771G
(Ip/6rl 09°T-0T°T) € 81tenb 719
(p/6rt 60°'T-T2°0) Z 3enb 171G

(/61 0£°0S) T ajenb 771G

026v=U ‘2002-666T SANVHN

(/61 T9'12) ¥ 8j1enb 1719
(/61 09°'T-0T'T) € 3j1enb 719
(/61 60°7-T2°0) 2 d11enb 719

(p/61 02°05) T 2j1uenb 711G

€690T = U '9002-666T SINVHN

35900

1ybramiano

[eWION q

(3S) % ‘swuedidnied

,'9002

—£002 SANVHN pue 2002-666T SANVHN ‘9002-666T SINVHN Ul sjuedioned Juadsajope pue uaip|iyd ut (10 %S6 Pue YO) uolssaibal Bol-niniA
€3|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2021 May 27.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Scinicariello et al.

Weighted characteristics of the adults (20 years and older) participants in NHANES 1999-2006.

Table 4

NHANES 1999-2006

NHANES 1999-2002

NHANES 2003-2006

Blood lead (ug/dL), GM (SE)
Hematocrit (%), GM (SE)
Age (years), GM(SE)

BMI, GM (SE)

Serum cotinine, ng/mL, GM (SE)

Weight

Obese, % (SE)

Overweight, % (SE)
Normal, % (SE)

Sex

Male

Female

Smokers

Current smoker: % (SE)
Former smoker: % (SE)
Never smoked: % (SE)
Alcohol consumption

No alcohol

1-4 drinks per week

>4 drinks per week
Education level

Less than high school
Completed high school
More than high school
Calorie intake

Normal intake: % (SE)
Excessive intake: % (SE)
Race

White (non-Hispanic)% (SE)
Non-Hispanic Black: % (SE)
Mexican-American: % (SE)
Other Hispanic: % (SE)
Other: % (SE)

1.59 (0.02)
42,60 (0.10)
43.63 (0.26)
27.54 (0.09)

0.59 (0.05)

31.90 (0.66)
33.56 (0.51)
34.50(0.60)

49.17 (0.34)
50.83 (0.34)

24.91 (0.59)
25.10 (0.53)
50.00 (0.74)

32.74 (0.98)
59.99 (1.05)
7.26 (0.36)

20.04 (0.64)
26.05 (0.59)
53.91 (0.90)

60.31 (0.59)
39.69 (0.59)

71.84 (1.44)
10.99 (0.89)
7.24 (0.67)
5.12 (0.88)
481 (0.34)

1.70 (0.02)
42.46 (0.14)
43.49 (0.32)
27.37 (0.12)

0.62 (0.07)

30.28 (0.93)
34.20 (0.82)
35.53(0.85)

49.09 (0.48)
50.91 (0.48)

24.70 (0.86)
25.17 (0.84)
50.14 (1.24)

32.63 (1.52)
59.92 (1.68)
7.45 (0.51)

22.07 (0.84)
25.81 (0.96)
52.12 (1.36)

60.69 (0.74)
39.31 (0.74)

71.37 (1.83)
10.66 (1.20)
6.87 (0.82)
6.83 (1.72)
4.26 (0.52)

1.49 (0.02)
42.73 (0.14)
43.77 (0.41)
27.71(0.12)

0.56 (0.06)

33.41 (0.92)
32.96 (0.63)
33.63 (0.84)

49.25 (0.48)
50.75 (0.48)

25.11 (0.81)
25.03 (0.66)
49.86 (0.85)

32.85 (1.26)
60.06 (1.29)
7.09 (0.51)

18.10 (0.91)
26.29 (0.68)
55.61 (1.17)

59.95 (0.92)
40.05 (0.92)

72.28 (2.19)
11.30 (1.31)
7.59 (1.06)
3.49 (0.50)
5.34 (0.45)
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