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a  b  s  t  r  a  c  t

Early  life  lead  exposure  may  alter  immune  function  and  predispose  a child  to develop  asthma.  In an  initial
exploration  of  this  hypothesis,  we  examined  the  association  between  blood  lead,  and  serum  immunoglob-
ulin  E (IgE),  eosinophils,  and  asthma  prevalence  in  a cross-sectional  study  of  1788  children  from  the
National  Health  and  Nutrition  Examination  Survey  2005–2006.  Geometric  mean  blood  lead,  serum  IgE,
and percent  eosinophils  were  1.13  �g/dL  (95%  confidence  interval  (CI): 1.04,  1.22),  46.3  kU/L  (95%  CI:
40.3,  53.1),  and  2.82 percent  (95%  CI 2.67,  2.98),  respectively.  Prevalence  of  asthma,  atopic  asthma,  and
atopy  were  11.8%  (95%  CI:  9.5,  14.2),  8.1%  (6.2,  9.9),  and  44.4%  (40.1,  48.7),  respectively.  Regression  mod-
els  controlled  for  season,  age,  sex,  race/ethnicity,  education,  passive  smoke  exposure,  and  body  mass
index.  Based  on these  models,  there  was  an  11.1%  (95%  CI:  5.6,  16.9)  increase  in IgE  and  a  4.9%  (95%
CI:  2.3,  7.6)  increase  in  eosinophils  per  1 �g/dL  increase  in  blood  lead.  In independent  stratified  analy-
ational Health and Nutrition Examination
urvey
HANES

ses,  lead  was  found  to increase  IgE  and  eosinophils  among  non-Hispanic  whites,  but  not  other  children;
and stronger  associations  were  observed  among  children  who  lived  with  a smoker  vs. not.  Lead  was
not associated  with  asthma,  atopic  asthma,  or general  atopy.  This study  provides  additional  evidence
of  a cross-sectional  association  between  lead with  IgE  and  new  evidence  for  eosinophils.  This  may  be  a
mechanism  for development  of downstream  allergic  disease.  The  mechanisms  that  determine  ultimate
development  of  allergic  disease  are  currently  unknown,  but are  the  focus  of  ongoing  studies.
ntroduction

Both childhood lead exposure and asthma are important chil-
ren’s environmental health concerns (Landrigan et al., 2002).
here are remarkable similarities in the epidemiology of elevated
lood lead levels and childhood asthma: those of lower socioeco-
omic status, living in poor quality housing, and African-Americans
re at elevated risk for elevated blood lead levels as well as asthma
Joseph et al., 2005; Pugh Smith and Nriagu, 2011). Even though
ead exposures have been decreasing in recent years, exposures of
oncern still occur, particularly among lower socioeconomic status
hildren (Levin et al., 2008). This, combined with the fact that lead’s
Please cite this article in press as: Wells, E.M., et al., The relationship of b
children: NHANES 2005–2006. Int. J. Hyg. Environ. Health (2013), http://dx

mmunotoxic responses occur at low exposure levels (Dietert and
iepenbrink, 2006), gave rise to a hypothesis that lead exposure
ay  lead to asthma development (Rabinowitz et al., 1990).
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One of the features of lead immunotoxicity is a shift of
immune responses away from Th1-associated responses toward
Th2-dependent responses (Gao et al., 2007; Heo et al., 1998;
McCabe and Lawrence, 1991). This shift can result in reduced
delayed hypersensitivity responses and reduced interferon-� pro-
duction, with elevated total serum immunoglobulin E (IgE) and
production of interleukin-4 (Dietert et al., 2004). Studies have
shown that serum IgE is associated with hyperresponsiveness,
atopy and asthma (Burrows et al., 1989; Sears et al., 1991). Further,
the bronchoalveolar Th2 response has been associated with atopic
asthma (Robinson et al., 1992). It has also been established that
lead is associated with enhanced airway epithelial cell sensitivity
to allergen exposure (Bellanger et al., 2012).

Significant associations between lead and elevated serum IgE
were reported in cross-sectional studies of children in Missouri
(Lutz et al., 1999) and Germany (Karmaus et al., 2005) and a
case-control study in China (Sun et al., 2003). This association
lood lead with immunoglobulin E, eosinophils, and asthma among
.doi.org/10.1016/j.ijheh.2013.04.010

was also seen at birth in a French study comparing maternal hair
lead concentrations with cord umbilical cord serum IgE (Annesi-
Maesano et al., 2003). The relationship of lead with other immune
parameters, such as eosinophils, is less clear, in part due to

dx.doi.org/10.1016/j.ijheh.2013.04.010
dx.doi.org/10.1016/j.ijheh.2013.04.010
http://www.sciencedirect.com/science/journal/14384639
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imited evidence. Among German children there was  an unad-
usted, nonsignificant positive correlation of lead with eosinophils
Karmaus et al., 2005); however, among Nigerian occupation-
lly exposed workers a significant negative correlation has been
eported (Ukaejiofo et al., 2009).

There is also limited evidence regarding a relationship between
ead and asthma. Although a recent cross-sectional study in Michi-
an found a significant association between elevated blood lead and
sthma (Pugh Smith and Nriagu, 2011), other case-control (Myers
t al., 2002) and cohort studies (Joseph et al., 2005; Rabinowitz
t al., 1990) have not observed significant associations. Therefore,
he relationship between lead exposure and immune activation and
llergic disease has not been thoroughly defined.

The goal for the present study was to better understand
he relationship between lead and asthma with emphasis on
mmunological biomarkers using data from the National Health and
utrition Examination Survey (NHANES) 2005–2006.

aterials and methods

tudy population

This cross-sectional analysis used data from the United States
enters for Disease Control and Prevention’s (CDC) NHANES
005–2006 dataset, which included special components on aller-
ies and housing ((CDC) Centers for Disease Control and Prevention,
010). The NHANES study population was a stratified, multistage
robability sample of the civilian, non-institutionalized United
tates population. During 2005–2006, the study was  oversampled
or low-income persons, adolescents, persons >60 years of age,
frican Americans, and Mexican Americans. Detailed information
egarding the NHANES survey can be found from the study web-
ite, http://www.cdc.gov/nchs/nhanes.htm. NHANES operates with
pproval from the National Center for Health Statistics Research
thics Review Board.

nclusion criteria

Inclusion criteria were being aged 2–12 years, having laboratory
ata on blood lead concentrations as well as having data on key con-
ounders. Among the 10,348 individuals in NHANES 2005–2006,
925 children were 2–12 years and had blood lead measurements.
he IgE and eosinophil analysis were further limited to 1788
hildren due to missing data for IgE (n = 41), eosinophils (n = 9),
ockroaches in the home (n = 12), current or prenatal smoke expo-
ure (n = 22), adult educational status (n = 34), and body mass index
n = 19). Given asthma is difficult to diagnose in very young children,
he asthma analysis was limited to the subset of children aged 4–12
ears having asthma and allergy data, resulting in 1430 children.

ata collection and management

Blood samples were collected at the NHANES Mobile Examina-
ion Center by trained staff. Samples were analyzed for lead, IgE,
nd percent eosinophils. Details on collection and processing pro-
edures are available elsewhere ((CDC) Centers for Disease Control
nd Prevention, 2010). All analytical procedures were conducted in
ccordance with the Clinical Laboratory Improvement Act.

ead

Whole blood lead concentrations were determined using induc-
Please cite this article in press as: Wells, E.M., et al., The relationship of 
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ively coupled plasma mass spectrometry. The detection limit for
ead was either 0.25 or 0.30 �g/dL, depending on the assay using
uality control values for the lower and upper quartile of the stan-
ards curves. Only two measurements were below the detection
 PRESS
nd Environmental Health xxx (2013) xxx– xxx

limit; these were replaced with the detection limit divided by
square root of two for analyses. Lead was  coded as quartiles for
some descriptive and bivariate analyses.

Immunoglobulin E and eosinophils

Serum total IgE concentrations were analyzed using the
Pharmacia Diagnostics ImmunoCAP 1000 System (Kalamazoo,
Michigan). The lower limit of detection was 2.00 kU/L; samples
below the limit of detection were replaced with the detection limit
divided by square root of 2 for analyses. No upper limit of detec-
tion was reported for total serum IgE. Specific IgE concentrations (D.
farinae, D. pteronyssinus,  cat, dog, cockroach, Alternaria,  peanut, egg,
milk, ragweed, rye, Bermuda grass, oak, birch, shrimp, Aspergillus,
thistle, mouse and rat) were determined with similar methods.

Complete blood counts and white blood cell differentiations
were determined at the mobile examination center using a Beck-
man  Coulter MAXM instrument. Complete blood counts were
assessed on the Beckman Coulter method and the white blood cell
differential uses the Beckman Coulter VCS technology.

Asthma and atopy

Current asthma was  self-reported by a responsible adult. Cate-
gorization of current asthma required affirmative responses to the
following questions: “has a doctor or other health professional ever
told you that [the participant] has asthma?” and “does [the partic-
ipant] still have asthma?” ((CDC) Centers for Disease Control and
Prevention, 2010). Atopy was  characterized as atopic if the child
had at least one specific IgE concentration >0.35 kU/L, as used by
Gergen and colleagues previously (Gergen et al., 2009). Allergies
were also self-reported, in response to “has a doctor or other health
professional ever told you that [the participant] has allergies?”

Demographic characteristics

Age, gender, six-month period of data collection, race/ethnicity
and educational status were determined from the demographics
questionnaire. Age was  coded into tertiles for descriptive analyses.
The only seasonal data available were six-month intervals: March
through October vs. November through April. Race/ethnicity was
reclassified as non-Hispanic white, non-Hispanic Black, and other.
Educational status represented adult educational status and was
defined as either the educational status of the household reference
person or their spouse, whichever was higher. This was classified
as less than high school, high school or equivalent, some college
or associates’ degree, and college graduate or higher. The house-
hold reference person is the first individual on the screener module
who is over the age of 18 and owns or rents the family residence.
Two smoking-related variables were used: the presence of smokers
within the home at the time of participation and prenatal exposure
to smoke; both were assessed via the participant interview.

The housing characteristics questionnaire was  used to deter-
mine the presence of small furry animals, cockroaches, or mildew
in the home as well as the year the home was built and whether
water was  treated. Two questions from the allergy questionnaire
asked about whether families removed a pet from the home in
the past twelve months or avoided bringing pets into the home
because the participant had allergies or asthma. For statistical anal-
yses, these were combined into one variable indicating whether
the family avoided getting pets or removed pets due to the child’s
asthma.
blood lead with immunoglobulin E, eosinophils, and asthma among
.doi.org/10.1016/j.ijheh.2013.04.010

Body measurements, including weight and height, were
measured at the mobile examination center. These were used to cal-
culate age-specific height, weight and body mass index (BMI) per-
centiles based on the CDC’s 2000 Growth Charts and recommended

dx.doi.org/10.1016/j.ijheh.2013.04.010
http://www.cdc.gov/nchs/nhanes.htm
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Table 1
Population characteristics, lead, IgE, and eosinophils among 2–12 year olds, NHANES 2005–2006.

Characteristic Na (%)b Geometric mean (95% confidence interval)

Lead (�g/dL)b IgE (kU/L)b Percent eosinophilsb

Entire cohort 1788 (100) 1.13 (1.04, 1.22) 46.3 (40.3, 53.1) 2.82 (2.67, 2.98)
Agec,d,e

2–5 years 671 (32.2) 1.43 (1.31, 1.55) 36.1 (29.0, 44.9) 2.59 (2.38, 2.82)
6–9  years 568 (36.1) 1.07 (0.97, 1.19) 49.1 (41.6, 58.0) 2.85 (2.61, 3.11)
10–12  years 549 (31.8) 0.94 (0.88, 1.00) 55.6 (47.0, 65.6) 3.02 (2.86, 3.19)

Genderd,e

Male 894 (50.0) 1.15 (1.05, 1.26) 56.6 (50.3, 63.7) 3.17 (2.98, 3.37)
Female  894 (50.0) 1.10 (1.01, 1.20) 37.0 (30.9, 44.5) 2.47 (2.31, 2.65)

Race/ethnicityc,d

Non-Hispanic white 479 (58.4) 1.04 (0.95, 1.14) 37.3 (29.8, 46.6) 2.83 (2.61, 3.07)
Non-Hispanic black 482 (13.4) 1.51 (1.33, 1.73) 83.0 (70.7, 97.5) 3.12 (2.80, 3.47)
Other  race/ethnicity 827 (28.1) 1.16 (1.04, 1.28) 54.9 (44.7, 67.4) 2.65 (2.49, 2.82)

Educational statusc,d

< High school 532 (17.5) 1.57 (1.38, 1.78) 57.6 (48.8, 67.9) 2.78 (2.44, 3.17)
High  school 359 (18.7) 1.16 (0.99, 1.35) 49.7 (35.3, 70.0) 3.05 (2.58, 3.61)
Some  college 522 (32.2) 1.09 (0.98, 1.22) 44.8 (35.8, 55.9) 2.83 (2.59, 3.11)
College  degree 375 (31.6) 0.95 (0.87, 1.03) 40.6 (30.3, 54.6) 2.68 (2.47, 2.92)

Body  mass indexd

Normal weight 1218 (72.2) 1.15 (1.04, 1.26) 40.7 (34.7, 47.7) 2.80 (2.64, 2.96)
Overweight 254 (13.0) 1.11 (0.97, 1.28) 61.0 (43.7, 85.3) 2.93 (2.56, 3.36)
Obese  316 (14.8) 1.03 (0.93, 1.15) 67.8 (53.2, 86.6) 2.81 (2.57, 3.07)

Prenatal smoke exposurec

Yes 260 (17.4) 1.31 (1.10, 1.56) 46.6 (34.2, 63.5) 3.00 (2.52, 3.57)
No  1528 (82.6) 1.09 (1.01, 1.18) 46.2 (39.6, 53.8) 2.78 (2.65, 2.91)

Smoker(s) in the homec

Yes 265 (14.2) 1.53 (1.27, 1.83) 48.9 (36.6, 65.2) 2.82 (2.46, 3.23)
No  1523 (85.8) 1.07 (0.99, 1.15) 45.8 (39.0, 53.8) 2.82 (2.65, 2.99)

Season  of interviewc

November–April 901 (44.5) 1.02 (0.94, 1.12) 47.6 (38.5, 59.0) 2.74 (2.58, 2.90)
May–October 887 (55.5) 1.21 (1.07, 1.37) 45.2 (37.7, 54.2) 2.88 (2.69, 3.09)

NHANES, National Health and Nutrition Examination Survey; IgE, immunoglobulin E.
a Unweighted sample N.
b Corrected for survey design and weights.
c Statistically significant bivariate association with blood lead between at least two categories, based on linear regression with ln(lead) as the dependent variable, corrected

for  survey design and weights.
d Statistically significant bivariate association with blood lead between at least two categories, based on linear regression with ln(IgE) as the dependent variable, corrected

for  survey design and weights.
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e Statistically significant bivariate association with blood lead between at least tw
orrected for survey design and weights.

ethods ((CDC) Centers for Disease Control and Prevention, 2011).
articipants were then reclassified as normal weight (BMI per-
entile <85), overweight (BMI percentile 85–95), and obese (BMI
ercentile >95), according to published recommendations (Barlow
nd Expert Committee, 2007).

tatistical analysis

Data were analyzed using Stata 12.1 (College Station, TX), and
AS 9.3 (Cary, NC). Stata’s survey command was used to accom-
odate the complex survey design and non-response of NHANES.

he two-year examination weight variable was used and sampling
rror was estimated using the Taylor series linearized method. Geo-
etric means, proportions, percent differences and odds ratios are

opulation-based estimates; however, reported sample sizes are
hose of the study.

Distributions of blood lead, percent eosinophils, and serum IgE
ere highly right-skewed, therefore these variables are summa-

ized as geometric means or in quartiles, and the natural logarithm
f serum IgE and eosinophils was used in linear regression models.
gE, eosinophils and asthma were also described with respect to
uartiles of blood lead concentrations.
Please cite this article in press as: Wells, E.M., et al., The relationship of b
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Three linear (IgE, eosinophils) or logistic (asthma, atopy)
egression models were constructed to examine the association
etween continuous blood lead concentrations: (1) an unadjusted
odel, (2) a model controlling for population characteristics (age,
egories, based on linear regression with ln(eosinophils) as the dependent variable,

gender, race/ethnicity, educational status, prenatal or current
smoke exposure, and BMI), and (3) a model additionally controlling
for housing-related characteristics (cockroaches in the home, and
removing/avoiding pets). Covariates were considered for inclusion
in models based on a priori hypotheses and the strength of their
relationship with lead and outcomes in bivariate comparisons. Log
transformed serum IgE or percent eosinophils were used in regres-
sion models and results were interpreted as the percent difference
in IgE per unit increase in blood lead. Adjusted multivariable lin-
ear models for lead with IgE or eosinophils, stratified over smoking
in the home, age, race/ethnicity, and parent’s education were con-
ducted post hoc, as recent work suggests environmental tobacco
smoke is an effect modifier (Lutz et al., 2012).

Results

The mean age of children in the IgE/eosinophil analysis was
7.3 years (95% confidence interval (CI): 7.1, 7.5). Other population
characteristics for this group are presented in Table 1. Half of the
population was male and the majority were non-Hispanic white
(72.2%, 95% CI: 67.6, 76.7). Roughly one-quarter of children were
overweight or obese. For 63.8% of households, an adult had at least
lood lead with immunoglobulin E, eosinophils, and asthma among
.doi.org/10.1016/j.ijheh.2013.04.010

some college education or a college degree. Less than 20% of chil-
dren were reported to have been exposed to smoke prenatally or
have a smoker in the home. These characteristics were similarly
distributed for children aged 4–12 years in the asthma analysis.

dx.doi.org/10.1016/j.ijheh.2013.04.010
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Table  2
Housing-related characteristics, lead, IgE, and eosinophils among 2–12 year olds, NHANES 2005–2006.

Characteristic Na (%)b Geometric mean (95% confidence interval)

Lead (�g/dL)b IgE (kU/L)b Percent eosinophilsb

Entire cohort 1788 (100) 1.13 (1.04, 1.22) 46.3 (40.3, 53.1) 2.82 (2.67, 2.98)
Small  furry pets

Yes 674 (50.4) 1.09 (1.00, 1.19) 42.9 (36.6, 50.2) 2.83 (2.64, 3.02)
No  1114 (49.6) 1.16 (1.06, 1.28) 50.0 (42.3, 59.1) 2.80 (2.65, 2.97)

Removed pets/avoided getting petsd,e

Yes 98 (5.2) 1.07 (0.90, 1.27) 109.6 (63.2, 190.0) 4.43 (3.62, 5.41)
No  1690 (94.8) 1.13 (1.04, 1.23) 44.1 (38.5, 50.7) 2.75 (2.59, 2.91)

Cockroachesc,d

Yes 434 (16.5) 1.41 (1.26, 1.59) 68.9 (53.8, 88.2) 3.13 (2.79, 3.51)
No  1354 (83.5) 1.08 (0.99, 1.17) 42.8 (36.9, 49.6) 2.76 (2.60, 2.92)

Mold  or mildew smellf

Yes 393 (21.3) 1.23 (1.09, 1.39) 55.9 (45.0, 69.4) 3.02 (2.83, 3.23)
No  1391 (78.7) 1.10 (1.01, 1.20) 44.3 (37.8, 52.1) 2.77 (2.59, 2.97)

Year  home was  builtc,d

Before 1950 186 (11.0) 1.48 (1.32, 1.66) 37.9 (28.6, 50.3) 2.71 (2.35, 3.13)
1950  to 1977 390 (23.6) 1.10 (1.01, 1.20) 40.4 (31.5, 51.7) 2.81 (2.53, 3.13)
1978  to present 660 (47.8) 0.94 (0.84, 1.05) 45.9 (36.2, 58.1) 2.82 (2.61, 3.05)
Refused or do not know 552 (17.7) 1.60 (1.37, 1.87) 64.3 (54.5, 75.9) 2.87 (2.62, 3.14)

Water  treatment device usedf

Yes 469 (66.2) 1.03 (0.94, 1.13) 44.7 (35.3, 56.5) 2.73 (2.55, 2.92)
No  1305 (33.8) 1.17 (1.05, 1.31) 47.1 (39.8, 55.7) 2.86 (2.68, 3.05)

NHANES, National Health and Nutrition Examination Survey; IgE, immunoglobulin E.
a Unweighted sample N.
b Corrected for survey design and weights.
c Statistically significant bivariate association with blood lead between at least two  categories, based on linear regression with ln(lead) as the dependent variable, corrected

for  survey design and weights.
d Statistically significant bivariate association with blood lead between at least two  categories, based on linear regression with ln(IgE) as the dependent variable, corrected

for  survey design and weights.
e Statistically significant bivariate association with blood lead between at least two  categories, based on linear regression with ln(eosinophils) as the dependent variable,
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orrected for survey design and weights.
f Missing data: mildew (n = 4); water (n = 14).

Housing characteristics are summarized in Table 2. Nearly
alf of homes were built after 1977. A slightly higher percent-
ge reported a mold or mildew smell in their home (21.2%,
5% CI: 15.8, 26.8), compared to having cockroaches (16.5%,
5% CI: 12.1, 20.9). Roughly half of the children included in the

gE/eosinophil analysis had small furry pets in the home, and
ust over five percent reported removing a pet from the home or
voiding getting pets due to asthma. These characteristics were
imilarly distributed for children aged 4–12 years in the asthma
nalysis.

The geometric mean blood lead level was 1.13 �g/dL (95% CI:
.04, 1.22) among the IgE/eosinophil group, and 1.07 �g/dL (95% CI:
.99, 1.17) among the asthma group. Lead was significantly associ-
ted with age (either continuous or in tertiles), race/ethnicity, adult
ducational status, season of interview, prenatal smoke exposure,
resence of smokers in the home, presence of cockroaches in the
ome, and year the home was built (Tables 1 and 2).

mmunoglobulin E and eosinophils

Geometric mean serum total IgE was 46.3 kU/L (95% CI: 40.3,
3.1) among 2 to 12 year olds. In bivariate analyses, higher total
erum IgE was found among children who were older, non-Hispanic
lack, had parents with less education, had a higher body mass

ndex, removed or avoided pets, had cockroaches in the home, and
ived in older housing (Tables 1 and 2). Additionally, higher IgE was
ound among children with higher lead concentrations (Table 3).

In a model controlling for population characteristics (Model 1)
here was an 11.1% (95% CI: 5.6, 16.9) increase in IgE per 1 �g/dL
Please cite this article in press as: Wells, E.M., et al., The relationship of 
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ncrease in blood lead (Table 4). The association decreased slightly,
ut remained statistically significant when housing-related vari-
bles were included (Model 2: 10.3, 95% CI: 3.5, 17.5). Results were
ttenuated but still statistically significant if Model 1 was  further
adjusted for eosinophils (6.28%, 95% CI: 0.37, 12.53); if Model 2
was further adjusted for eosinophils results were of borderline
statistical significance. Other characteristics significantly associ-
ated with increasing IgE concentrations included increasing age,
male (vs. female), non-Hispanic black and other race/ethnicity (vs.
non-Hispanic white), overweight and obese (vs. normal weight),
and having removed or avoided obtaining a pet due to allergies or
asthma (vs. not), in adjusted analyses (Model 1).

Geometric mean percent eosinophils was 2.82% (95% CI: 2.67,
2.98) among 2–12 year olds. In general, associations observed for
eosinophils were similar those observed for IgE; there was a signif-
icant bivariate association between lead and eosinophils (Table 3).
There was a 4.90% (95% CI: 2.28, 7.57) and 4.61% (95% CI: 2.44,
6.83) increase in percent eosinophils for each 1 �g/dL increase in
blood lead in models adjusting for demographics (Model 1) and
demographics and housing characteristics (Model 2), respectively
(Table 4). When Model 1 was additionally adjusted for IgE, the
lead and eosinophil association was  attenuated but remained sta-
tistically significant (2.78%, 95% CI: 0.08, 5.54); results were also
statistically significant when Model 2 was  additionally adjusted for
IgE.

Multivariable models were stratified by population character-
istics and adjusted for the same covariates as Model 1 (Fig. 1). An
association between lead and IgE was seen among children living
with a smoker, but not among children living in smoke-free homes;
for lead and eosinophil models, a significant association was
observed within both strata. Both a lead–IgE and lead–eosinophil
association was seen among non-Hispanic white children but not
children of other race/ethnicity. A non-significant trend by age cat-
blood lead with immunoglobulin E, eosinophils, and asthma among
.doi.org/10.1016/j.ijheh.2013.04.010

egory and an association among children of low socioeconomic
status, assessed by adult educational level, were also observed. Con-
fidence intervals for the stratified analyses were notably larger than
in the main analysis, due to reduced sample sizes.

dx.doi.org/10.1016/j.ijheh.2013.04.010
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Table 3
Immune outcomes and lead, IgE, and eosinophils, NHANES 2005–2006.

Characteristic Na (%)b Geometric mean (95% confidence interval)

Lead (�g/dL)b IgE (kU/L)b Percent eosinophilsb

All 2–12 year olds 1788 (100) 1.13 (1.04, 1.22) 46.3 (40.3, 53.1) 2.82 (2.67, 2.98)
Immunoglobulin E, quartilesc,d,e

1.41–17.8 kU/L 448 (28.5) 1.05 (0.93, 1.19) 7.8 (7.1, 8.6) 2.08 (1.96, 2.20)
17.9–50.4 kU/L 446 (24.6) 1.12 (1.00, 1.26) 30.0 (29.1, 30.9) 2.40 (2.23, 2.58)
50.5–146.0 kU/L 447 (25.4) 1.13 (1.02, 1.26) 81.3 (77.0, 85.9) 3.00 (2.76, 3.26)
147.0–5353.0 kU/L 447 (21.5) 1.23 (1.06, 1.40) 412.1 (356.2, 476.8) 4.70 (4.07, 5.44)

%Eosinophils, quartilesc,d,e

0.2–1.7% 511 (26.3) 1.07 (0.98, 1.17) 22.5 (18.3, 27.6) 1.21 (1.16, 1.27)
1.8–2.7% 418 (23.2) 1.09 (0.96, 1.24) 31.6 (25.5, 39.2) 2.22 (2.19, 2.26)
2.8–4.4% 426 (26.3) 1.16 (1.04, 1.29) 50.9 (41.2, 62.7) 3.41 (3.35, 3.47)
4.5–22.1% 433 (24.2) 1.20 (1.08, 1.33) 131.7 (96.5, 179.6) 7.15 (6.75, 7.59)
All  4–12 year olds 1430 (100) 1.07 (0.99, 1.17) 50.8 (44.9, 57.5) 2.89 (2.72, 3.08)

Asthmad,e

Yes 162 (11.8) 1.00 (0.92, 1.09) 110.6 (60.1, 203.2) 4.17 (3.42, 5.09)
No  1268 (88.2) 1.08 (0.99, 1.18) 45.9 (39.7, 53.2) 2.75 (2.57, 2.94)

Atopyd,e

Yes 691 (44.4) 1.07 (0.97, 1.18) 129.1 (107.8, 154.8) 3.70 (3.44, 3.98)
No  739 (55.6) 1.07 (0.99, 1.16) 24.2 (20.4, 28.8) 2.37 (2.21, 2.55)

Allergiesd,e

Yes 308 (23.4) 1.02 (0.92, 1.12) 76.1 (62.4, 92.7) 3.63 (3.25, 4.05)
No  1122 (76.6) 1.09 (1.00, 1.20) 45.1 (39.0, 52.1) 2.70 (2.52, 2.89)

Asthma and atopyd,e

Yes 107 (8.1) 0.97 (0.83, 1.14) 213.5 (135.8, 335.9) 5.43 (4.27, 6.90)
No  1323 (91.9) 1.08 (1.00, 1.18) 44.9 (39.4. 51.3) 2.74 (2.56, 2.92)

Asthma, no atopyd

Yes 55 (3.8) 1.07 (0.88, 1.31) 27.0 (15.0, 48.5) 2.37 (1.85, 3.04)
No  1375 (96.2) 1.07 (0.99, 1.17) 52.2 (45.8, 59.6) 2.91 (2.74, 3.10)

Atopy, no asthmad,e

Yes 584 (36.3) 1.10 (0.98, 1.22) 115.5 (98.4, 135.6) 3.40 (3.13, 3.68)
No  846 (63.7) 1.06 (0.98, 1.15) 31.9 (27.2, 37.5) 2.64 (2.47, 2.82)

Allergies, no asthma, no atopyd,e

Yes 82 (7.4) 1.13 (1.00, 1.28) 17.2 (11.0, 26.8) 2.44 (2.17, 2.75)
No  1348 (92.6) 1.07 (0.98, 1.16) 55.6 (48.3, 63.9) 2.93 (2.75, 3.12)

NHANES, National Health and Nutrition Examination Survey; IgE, immunoglobulin E.
a Unweighted sample N.
b Corrected for survey design and weights.
c Statistically significant bivariate association with blood lead between at least two categories, based on linear regression with ln(lead) as the dependent variable, corrected

for  survey design and weights.
d Statistically significant bivariate association with blood lead between at least two categories, based on linear regression with ln(IgE) as the dependent variable, corrected

for  survey design and weights.
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orrected for survey design and weights.

sthma and atopy

Among 4–12 year olds, 11.8% (95% CI: 9.5, 14.2) reported cur-
ently having asthma. Prevalence was 10.1%, 11.1% and 13.9%
mong 4–6 year olds, 7–9 year olds, and 10–12 year olds, respec-
ively. Fewer children, 8.1% (95% CI: 6.2, 9.9), had atopic asthma;
hese similarly increased by age category. In bivariate analysis
Table 3), asthma and atopic asthma were associated with IgE and
osinophils. Neither asthma nor atopic asthma was associated with
igher lead concentrations. Results did not change after adjusting

or covariates (Table 4). In the model controlling for population
haracteristics (Model 1), the adjusted odds ratio for asthma per

 �g/dL increase in blood lead was 0.92 (95% CI: 0.73, 1.17). This
as similar after adjusting for both population and housing-related

haracteristics (Model 2). In Model 2, having removed or avoided
aving pets due to asthma or allergies (vs. not) was  related to a
ignificantly increased odds of asthma prevalence. Results were
imilar for children who had atopic as well as nonatopic asthma
Table 4).

Less than half of the 4–12 year olds (44.4%, 95% CI: 40.1, 48.7)
Please cite this article in press as: Wells, E.M., et al., The relationship of b
children: NHANES 2005–2006. Int. J. Hyg. Environ. Health (2013), http://dx

ere atopic; somewhat fewer were atopic but did not have cur-
ent asthma (36.3%, 95% CI: 32.5, 40.1). Bivariate associations were
imilar to those with asthma. In contrast to the asthma results,
he point estimates from multivariable models suggest increasing
egories, based on linear regression with ln(eosinophils) as the dependent variable,

lead relates to increasing atopy or atopy without asthma; however,
these results were not statistically significant.

Roughly one-quarter of the population reported having aller-
gies; we  observed a significant, negative association between lead
exposure and self-reported allergies.

Discussion

In this study, we present a cross-sectional association between
lead and the first line development of potential allergic responses,
systemic levels of IgE and eosinophils. This suggests an important
role in the mechanisms of potential down-stream development
of allergic disease. The mechanisms that determine the ultimate
development of allergic disease are unknown, but are the focus of
on-going studies. We  did not observe, however, an association of
lead with asthma or atopy.

Our finding of a significant association between blood lead levels
and serum IgE is similar to those from prior studies among children.
A study in urban Missouri among 279 children aged 9 months to 6
years found a statistically significant increase in IgE with increasing
lood lead with immunoglobulin E, eosinophils, and asthma among
.doi.org/10.1016/j.ijheh.2013.04.010

lead exposure; analyses were adjusted for age (Lutz et al., 1999). In
a case-control study, IgE concentrations were compared among 73
Chinese preschool children aged 3–6 years with blood lead levels
≥10 �g/dL vs. < 10 �g/dL; a statistically significant relationship of

dx.doi.org/10.1016/j.ijheh.2013.04.010


ARTICLE IN PRESSG Model

IJHEH-12694; No. of Pages 9

6 E.M. Wells et al. / International Journal of Hygiene and Environmental Health xxx (2013) xxx– xxx

−
20

0
20

40
60

80

%
 d

iff
er

en
ce

 in
 Ig

E
−

5
0

5
10

15
20

%
 d

iff
er

en
ce

 in
 e

os
in

op
hi

ls

All (
n=

17
88

)

No 
sm

ok
er

 a
t h

om
e 

(n
=1

52
3)

Sm
ok

er
 a

t h
om

e 
(n

=2
65

)

Age
 2

 to
 5

 ye
ar

s  
(n

=6
71

)

Age
 6

 to
 9

 ye
ar

s (
n=

56
8)

Age
 1

0 
to

 1
2 

ye
ar

s n
=(

54
9)

Non
−H

isp
an

ic 
whit

e 
(n

=4
79

)

Non
−H

isp
an

ic 
Blac

k n
=(

48
2)

Oth
er

 ra
ce

/e
th

nic
ity

 n
=(

82
7)

< 
High

 sc
ho

ol 
n=

(5
32

)

High
 sc

ho
ol 

n=
(3

59
)

Som
e 

co
lle

ge
 n

=(
52

2)

Coll
eg

e 
de

gr
ee

 n
=(

37
5)

Fig. 1. The adjusted percent difference and 95% confidence interval in IgE or eosinophils per 1 �g/dL increase in blood lead among 2–12 year olds from NHANES 2005–2006.
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esults  are shown for the entire study population (as reported in Model 1, Table 4)
arental education. Percent difference is adjusted for age, sex, race/ethnicity, pare
ass  index category. IgE = immunoglobulin E; NHANES = National Health and Nutri

ead and IgE was only found in a subanalysis limited to girls (Sun
t al., 2003). More recently, a cross-sectional study among 331 Ger-
an  children 7–10 years old reported higher IgE concentrations

mong those with higher lead concentrations, adjusting for age,
ender, infections, and passive smoke exposure (Karmaus et al.,
005). A cross-sectional study among 374 French mother-newborn
airs noted that the relationship between blood lead and IgE was
tronger among children born to mothers without an IgE-mediated
isease vs. children born to mothers with a condition potentially
ediated by IgE, suggesting that the relationship with lead may  be
ore important among those without a family history of allergic

isease (Annesi-Maesano et al., 2003).
We  also observed a significant association of lead with increased

osinophils. There is very little prior work on this association. A
oxicology study by Hogan and colleagues found no association
etween lead and eosinophils (Hogan and Lee, 1987). Epidemiol-
gy studies among highly exposed populations have noted positive
Karmaus et al., 2005) and negative (Ukaejiofo et al., 2009) correla-
ions between lead and eosinophils; however, these analyses were
ot adjusted for covariates.

Recent work has suggested that environmental tobacco smoke
ay  be an effect modifier of the relationship between lead and IgE

Lutz et al., 2012). This relationship was also observed in the present
tudy in stratified analyses. Similarly, we observed that low socio-
conomic status, as identified through parental education, may  also
e an effect modifier. This is consistent with emerging evidence
hat the combination of multiple stressors, or exposures, may  be
Please cite this article in press as: Wells, E.M., et al., The relationship of 

children: NHANES 2005–2006. Int. J. Hyg. Environ. Health (2013), http://dx

nvolved with the development of disease (Schwartz et al., 2011).
owever, these results should be interpreted with some caution,
ue to the smaller sample sizes resulting from stratification within
his complex dataset.
ll as stratified by self-reported smoker at the home, age group, race/ethnicity, and
ducation, season (May–October/November–April), smoker in the home, and body
xamination Survey.

We  did not observe any association of lead with asthma, atopic
asthma, atopy, or atopy without asthma in this study. At the same
time, we found a significant negative association between lead and
allergies; however, as allergies was  self-reported and is a very het-
erogeneous category, this is difficult to interpret further. Our results
are not consistent with another cross-sectional study of lead expo-
sure and asthma in Michigan (Pugh Smith and Nriagu, 2011). The
former study consisted of inner city, low-income children (Pugh
Smith and Nriagu, 2011), compared with our study population: a
representative sample of the United States. Another possible expla-
nation for differences between these studies could be higher lead
exposures among the Michigan population, 19% ≥10 �g/dL, com-
pared with the current study, <1% ≥10 �g/dL (Pugh Smith and
Nriagu, 2011). Our results for asthma are consistent, however,
with other prior studies on lead exposure and asthma among chil-
dren (Joseph et al., 2005; Myers et al., 2002; Rabinowitz et al.,
1990); notably, these studies also evaluated children with substan-
tially higher average blood lead concentrations than the present
analysis.

The hypothesis that immunotoxic effects of lead may  result
in development of asthma is not only dependent on exposure to
lead occurring before asthma development, but potentially on lead
exposure prenatally or in early childhood. Peden suggests that
fetuses develop Th2 capacity early during development, and then
develop Th1-mediated mechanisms later in life (Peden, 2000). In
animal studies, pups exposed to lead in-utero exhibited an imbal-
ance in Th1/Th2 (favoring Th2); whereas there was no effect seen
blood lead with immunoglobulin E, eosinophils, and asthma among
.doi.org/10.1016/j.ijheh.2013.04.010

in the exposed mothers (Miller et al., 1998). Based on this evidence,
Dietert and colleagues argued that there were critical windows of
exposure related to lead and immunotoxic outcomes which may
affect the strength of the relationship between lead and these

dx.doi.org/10.1016/j.ijheh.2013.04.010
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Table 4
Association of blood lead with immune outcomes, NHANES 2005–2006.

Model Outcome

IgE (kU/L) (N = 1788, 2–12 years) Percent difference (95% CI)
Unadjusted model 10.17 (3.83, 16.89)
Model 1 11.09 (5.61, 16.85)
Model 2 10.27 (3.52, 17.47)

Percent eosinophils (N = 1788, 2–12 years) Percent difference (95% CI)
Unadjusted model 4.30 (1.21, 7.48)
Model 1 4.90 (2.28, 7.57)
Model 2 4.61 (2.44, 6.83)

Asthma (N = 1430, 4–12 years) Odds ratio (95% CI)
Unadjusted model 0.87 (0.71, 1.08)
Model 1 0.92 (0.73, 1.17)
Model 2 1.01 (0.76, 1.35)

Atopy (N = 1430, 4–12 years) Odds ratio (95% CI)
Unadjusted model 1.03 (0.95, 1.11)
Model 1 1.04 (0.93, 1.16)
Model 2 1.05 (0.93, 1.18)

Allergies (N = 1430, 4–12 years) Odds ratio (95% CI)
Unadjusted model 0.82 (0.70, 0.96)
Model 1 0.84 (0.75, 0.96)
Model 2 0.89 (0.79, 1.01)

Asthma and atopy (N = 1430, 4–12 years) Odds ratio (95% CI)
Unadjusted model 0.84 (0.58, 1.21)
Model 1 0.87 (0.58, 1.33)
Model 2 0.97 (0.61, 1.55)

Asthma, no atopy (N = 1430, 4–12 years) Odds ratio (95% CI)
Unadjusted model 0.04 (0.02, 0.06)
Model 1 1.02 (0.84, 1.23)
Model 2 1.07 (0.86, 1.33)

Atopy, no asthma (N = 1430, 4–12 years) Odds ratio (95% CI)
Unadjusted model 1.08 (0.98, 1.19)
Model 1 1.08 (0.91, 1.27)
Model 2 1.06 (0.89, 1.25)

Allergies, no asthma, no atopy (N = 1430, 4–12
years)

Odds ratio (95% CI)

Unadjusted model 0.99 (0.82, 1.20)
Model 1 1.03 (0.82, 1.28)
Model 2 1.04 (0.83, 1.32)

NHANES, National Health and Nutrition Examination Survey; CI, confidence inter-
val;  IgE, immunoglobulin E. All models account for complex survey sampling and
weights. Difference or odds is based on a 1 �g/dL increase of blood lead. Model
1  adjusts for 6-month season, age, sex, race/ethnicity (non-Hispanic white/non-
Hispanic black/other), parental educational status (<high school, high school, some
college, 4-year college degree), presence of smokers in the home (IgE only) or
prenatal smoke exposure (asthma only) and body mass index category. Model 2
a
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ment suggests that lead primes the immune system toward a
dditionally adjusts for presence of cockroaches in the home and avoidance/removal
f  pets.

utcomes (Dietert et al., 2004). Our cross-sectional data of blood
ead at age four (asthma) may  be beyond this critical window.

The concept of critical windows in the prenatal period lead-
ng to atopy later in life is supported by recent work from a
ongitudinal birth cohort study in Poland (Jedrychowski et al.,
011). Jedrychowski and colleagues found a significant association
etween cord blood lead concentrations and a positive skin prick
est to a common aeroallergen at age 5 (Jedrychowski et al., 2011).
arly exposure to lead may  set the stage for altering the overall
redisposition of markers traditionally associated with the devel-
pment of atopy, and how this translates into asthma or other types
f atopic diseases is then ultimately defined by other genetic or
nvironmental factors.

Literature suggests traces of toxic metals like lead have the
apacity to participate as adjuvants when associated with aller-
Please cite this article in press as: Wells, E.M., et al., The relationship of b
children: NHANES 2005–2006. Int. J. Hyg. Environ. Health (2013), http://dx

ens. This, in turn, can be involved in promoting IL-5 production,
osinophil migration and proliferation, as well as, activate Th2
ytokines (Bellanger et al., 2012). Some authors have shown lead
 PRESS
nd Environmental Health xxx (2013) xxx– xxx 7

can stimulate the production of cytokines and IgE antibodies
(Skoczynska et al., 2002). The theory is that since lead has the capac-
ity to increase the ratio of Th2/Th1 cytokines, it has the potential
to shift the cytokine environment in the direction of specifically
promoting antibody switch to IgE antibody mediated B-cell mat-
uration (Heo et al., 1996). Lead also has the capacity to define the
direction of immune maturity and response through its impact on
antigen presenting cells such as alveolar macrophages (Geertz et al.,
1994; Shabani and Rabbani, 2000) and dendritic cells (Gao  et al.,
2007). Further, data has linked lead haptenization with antigen in
defining MHC  class II presentation and adaptive T-cell responses
(Fang et al., 2012), suggesting lead can intervene in the adaptive
communication process.

Alteration of antigen presentation and the enhanced capacity to
augment the potency of the antigen sensitivity response suggest a
viable mechanism associating lead with the immunopathology of
atopic immune responses. The metal may  initiate a response that
stimulates a T-cell clonotype that takes on a lower threshold for
activation, even in the absence of lead. Alveolar macrophages in
healthy lung are thought to exist in the alternative state, quies-
cent to immediate exacerbations to antigenic exposure (Bonfield
et al., 2008). Lead can alter the macrophage state shifting it to a
different form of macrophage activation with the preferential anti-
gen presentation pushing adaptive responses to the Th2 phenotype
(Mantovani and Locati, 2009). Lead has the capacity of inhibiting
antigen presentation, which in itself has the capacity to redefine the
direction of the adaptive response (Lawrence and McCabe, 2002).
Further, lead significantly inhibited bone marrow derived dendritic
cell generation based upon CD11c expression, but the dendritic
cells generated with lead exposure had greater MHC class II expres-
sion (Gao et al., 2007). These studies further showed that lead
exposure altered response to LPS (a gram negative bacteria ana-
log), resulting in less CD80 expression (T-cell co-stimulator) and
altered IL-6, IL-10, IL-12(p70) and TNF� levels. The lead modifica-
tion of dendritic cell function appears to be the main cause of the
lead induced Th2-immunity which may  be related to the ability
of lead exposure to enhance the activation of the Erk/MAP kinase
pathway (Gao et al., 2007).

It may  be that in our study, phenotypic changes defined by alve-
olar macrophages, T-cells and macrophage exposure skewed IgE
production with the potential of atopy or asthma to be a more
downstream endpoint defined by other genetic modifiers. Future
studies would involve teasing out the impact of lead on alveolar
macrophage, T-cell or B-cell differentiation and maturity and how
that might define events leading to IgE production. Whether the
relative levels of IgE, have the ultimate capacity to define down-
stream allergic events, autoimmunity, or atopy beyond the age
groups identified in this study remain to be determined.

The most interesting correlation in this manuscript is the impact
of lead on the production of IgE and recruitment of eosinophils. The
impact of lead on IL-5 production suggests an indirect role on the
recruitment of eosinophils. In our study, there is a cross-sectional
correlation of lead with percent eosinophils (Table 3). Eosinophils
set the stage for the release of histamine and the forward develop-
ment of atopic responses to allergy. Eosinophil activation is induced
by many factors but the best described is the cross-linking on the
receptor-�, which implicates lead in not only the recruitment of
eosinophils but also the availability of IgE to enhance activation.
Eosinophils are generated in the context of IL-5, which can be
induced by lead exposure. Lead also has the ability to induce B-
cell activation and push the genetic rearrangement of the cells to
secrete IgE. The combined effects of IgE and eosinophilic recruit-
lood lead with immunoglobulin E, eosinophils, and asthma among
.doi.org/10.1016/j.ijheh.2013.04.010

scenario contributing to immune-pathology similar to asthma or
other allergic diseases. Although our study does not show a direct
correlation between lead and atopy or asthma, it does suggest that

dx.doi.org/10.1016/j.ijheh.2013.04.010
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here is an underlying modulation of the immune system post-lead
xposure that results in a shift toward allergic diseases.

There are several strengths to the present study. The NHANES
atabase provided a large, nationally representative sample of
hildren. These data also provided information on a large num-
er of potential confounders. In particular, the 2005–2006 survey

ncluded data relevant to both respiratory disease and housing-
elated exposures. Another strength of this study was its capacity to
xplore the relationships of interest among those with lower blood
ead concentrations. Previous studies have examined associations
n populations with higher blood lead levels often using 10 �g/dL or
reater concentrations to categorize lead (Lutz et al., 1999; Myers
t al., 2002; Sun et al., 2003); however, adverse health effects occur
elow this level. Blood lead concentrations in the current study are
epresentative of current United States population levels; and the
urrent study demonstrates the association between lead and IgE
ersists at these lower lead concentrations.

A limitation of this study is its cross-sectional design. Therefore,
e are not able to establish that lead exposure occurred prior to

sthma development or were causally associated with increased
gE levels, much less that lead exposures occurred prenatally. The
ack of an association observed in the current study between con-
urrent blood lead levels and asthma status does not exclude the
ossibility that prenatal lead exposure may  be related to the devel-
pment of asthma in later childhood. Similarly, the prospective
ohort study by Joseph and colleagues relied on blood lead lev-
ls taken at ages 1–3 years, which also does not necessarily reflect
renatal exposures (Joseph et al., 2005).

Another potential limitation is that asthma was self-reported by
 responsible adult, instead of being verified using medical records,
 standardized symptom questionnaire, or spirometry, none of
hich were available. The child’s family and medical history and

pecific data on seasons were also not available. Our method for
efining asthma could result in underreporting of asthma cases,
s children may  not yet be diagnosed with asthma or the respon-
ible adult may  not be aware of the child’s asthma status. If
nderreporting of asthma was independent of lead exposure, the
nderreporting would bias the odds ratio toward the null, if an
ssociation between lead and asthma truly exists. It is not likely,
owever, that this has affected our results. Geometric mean lead

evels were very similar between children with asthma and those
ho reported wheezing in the past 12 months (data not shown),
hich has been used as a proxy for undiagnosed asthma in other

tudies (Akinbami et al., 2005). Additionally, racial or ethnic dis-
arities, which are frequently associated with lead exposures, do
ot seem to differ between those with undiagnosed vs. diagnosed
sthma (Akinbami et al., 2005; Quinn et al., 2006).

In conclusion, this study confirms and adds to the growing
ody of work identifying a significant cross-sectional association
etween lead and IgE or eosinophils, but not between lead and
sthma. Future longitudinal studies examining the association
etween lead and IgE, eosinophils, and asthma are recommended

n order to establish temporality of exposure and disease, and to
nvestigate potential critical windows of prenatal lead exposure.
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