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Abstract
Biomonitoring is a valuable tool for identifying exposures to chemicals that pose potential harm to
human health. However, to date there has been little published on ways to evaluate the relative public
health significance of biomonitoring data for different chemicals, and even less on cumulative
assessment of multiple chemicals. The objectives of our study are to develop a methodology for a
health risk interpretation of biomonitoring data, and to apply it using NHANES 1999–2002 body
burden data for organophosphorus (OP) pesticides. OP pesticides present a particularly challenging
case given the non-specificity of many metabolites monitored through NHANES. We back-calculate
OP pesticide exposures from urinary metabolite data, and compare cumulative dose estimates with
available toxicity information for a common mechanism of action (brain cholinesterase inhibition)
using data from U.S. EPA. Our results suggest that approximately 40% of children in the United
States may have had insufficient margins of exposure (MOEs) for neurological impacts from
cumulative exposures to OP pesticides (MOE less than 1,000). Limitations include uncertainty
related to assumptions about likely precursor pesticide compounds of the urinary metabolites, sources
of exposure, and intra-individual and temporal variability.

INTRODUCTION
Biomonitoring data of human exposure to environmental contaminants, which have become
increasingly available over the last several years, complement the monitoring of pollutants in
air, food, and drinking water (1,2). They reflect the aggregate of exposure to chemicals from
multiple sources. They also serve as an important component of environmental public health
tracking, as they can be used to monitor body burdens of environmental contaminants in the

*Devon Payne-Sturges, National Center for Environmental Research, U.S. Environmental Protection Agency, 1200 Pennsylvania Avenue
NW, Mail Code 8723F, Washington, D.C. 20460-0001, Phone: 202 343-9852; Fax: 202-233-0677, payne-sturges.devon@epa.gov.
Supporting Information Available
Background information on OP pesticides, NHANES, details of assumptions and methods (e.g. creatinine excretion equations) for
estimating single and cumulative doses as well as summary of dose estimate results. This information is available free of charge via the
Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
Environ Sci Technol. Author manuscript; available in PMC 2010 October 15.

Published in final edited form as:
Environ Sci Technol. 2009 October 15; 43(20): 7924–7930. doi:10.1021/es900713s.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


population as part of tracking the continuum from sources to exposures to health status.
Biomonitoring data can be used to identify where policies should be directed to reduce
important exposures, and to document cases in which policies have successfully reduced
exposures. For example, biomonitoring confirmed that removing lead in gasoline resulted in
reduced lead body burden in children and extensive public health benefits (3,4).

However, using biomonitoring data in tracking or other policy-oriented contexts poses a
number of challenges. Key questions include how to determine exposures from body burden
measurements, which methods should be used to identify chemicals of highest health
importance, and how researchers should aggregate multiple contaminants measured in an
individual. To date, there has been little published on methods to assess risk implications of
body burdens of individual chemicals or of multiple chemicals cumulatively.

This paper takes a first step toward assessing the importance of multiple organophosphorus
(OP) pesticide exposures for children. Approximately 40 OP insecticides are registered for use
in the United States by the U.S. Environmental Protection Agency (5), and about 73 million
pounds of OP pesticides were used in the United States in 2001 (70% of all insecticides), mainly
for insect control on food crops (1,5). OP pesticides represent an important and interesting class
of chemicals to evaluate for several reasons: 1) OP pesticides are important
neurodevelopmental toxicants (6); 2) OP pesticides were the first class of pesticides whose
cumulative exposure and risks were evaluated by EPA as required by the Food Quality
Protection Act of 1996; 3) nationally representative body burden data are available; 4) toxicity
information is available to assist in a health-based interpretation of OP biomonitoring; and 5)
one OP metabolite can have multiple precursor compounds, so improved methods are needed
to relate body burdens to intakes. Non-specificity of metabolites and environmental exposure
to metabolites may be characteristics of other classes of chemicals. Therefore our approach for
OPs may be helpful for other chemical exposure concerns with similar characteristics.

We focus on children because they have been recognized as having potentially higher
exposures and increased susceptibility to health risks from exposure to OPs. The objectives of
our study are to develop a methodology for a health risk interpretation of biomonitoring data,
and then to apply it using body burden data for OP pesticides from the National Health and
Nutrition Examination Survey (NHANES) 1999–2002. This analysis illustrates the
opportunities for and limitations of using these data to understand health implications of
cumulative intake doses of multiple environmental contaminants.

METHODS
NHANES 1999–2002 Datasets

As part of NHANES, the National Center for Health Statistics (NCHS) of the Centers for
Disease Control and Prevention (CDC) conducts biomonitoring of pesticides from a subset of
survey participants ≥6 years of age (1). NHANES is designed to measure the health and
nutrition status of the U.S. population based on a representative sample covering all ages of
the civilian noninstitutionalized population (for additional information on NHANES see
http://www.cdc.gov/nchs/nhanes.htm). NCHS/CDC reports urinary concentrations of six
dialkyl phosphate (DAP) metabolites (dimethylphosphate (DMP), dimethylthiophosphate
(DMTP), dimethyldithiophosphate (DMDTP), diethylphosphate (DEP), diethylthiophosphate
(DETP) and diethyldithiophosphate (DEDTP)); these are referred to as nonspecific metabolites
because each is a metabolic product of multiple parent OP compounds. NCHS/CDC also
reports urinary concentrations of several OP-specific pesticide metabolites (e.g. 3,5,6-
Trichloro-2-pyridinol (TCPy), 2-Isopropyl-4-methyl-6-hydroxypyrimidine (IMPY),
Malathion dicarboxylic acid (MDA), para -Nitrophenol (PNP)). The Supporting Information

Payne-Sturges et al. Page 2

Environ Sci Technol. Author manuscript; available in PMC 2010 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.cdc.gov/nchs/nhanes.htm


presents common OP pesticides and their urinary DAP and pesticide specific metabolites (see
Figure S1, Table S1 and Table S2).

OP Pesticide Use Profiles
We used national pesticide usage estimates for agricultural applications based on market survey
research for the years 1999 and 2000 (to approximate the same period as the NHANES data
sets) to allocate non-specific OP metabolites proportionally to their parent OP compounds (see
Table 1). On average 58,500,000 lbs of OP pesticides were used annually in 1999 and 2000
for agricultural applications (field, fruit and vegetable crops) (EPA Proprietary Data
summarized, unpublished). Malathion and chlorpyrifos are the most common dimethyl and
diethyl OP pesticides applied to field, fruit and vegetable crops in the U.S.

Agricultural use of pesticides, however, varies by state and within states. Fruits and vegetables
grown in California reach markets across the U.S. with Monterey County ranked first in
California in application of commonly used OP pesticides (7). For comparison with our
National OP pesticide use profile, we also constructed profiles for California and Monterey
County based on California’s Pesticide Use Reporting (PUR) program. In 1999–2000, 408,000
lbs of OP pesticides were used annually in Monterey County and 5,816,000 lbs in California
for both agricultural and non-agricultural applications (7).

Cumulative Dose Equivalent Calculations
Similar to prior analyses (8–11), we use a deterministic, steady-state model to calculate
cumulative OP dose estimates based upon both non-specific DAP urinary metabolites and
chemical-specific OP pesticide metabolites. We apply several assumptions in our dose
calculations based on urinary metabolites:

(1) Urinary concentrations are representative of steady-state conditions over a 24-hour period.
Under this steady-state assumption, a full day's urinary excretion of metabolites may be
estimated based on a spot urine sample using creatinine as an index of total daily urinary output
volume. The relationship between 24-hour urine output volume and urinary creatinine is given
by the following formula:

Eq(1)

where, Vi = expected 24-hour urine output volume for ith individual (L/day); CrExi=estimate
for ith individual’s daily creatinine excretion (mg/day); Cci = creatinine concentration in ith
individual’s urine sample (mg/L).

For our values of CrEx we apply a gender-specific approach (12) that takes into account an
individual’s age, gender, weight and height (see Supporting Information for more details).

(2) 100% of absorbed OP pesticide dose is expressed in urine as OP metabolites, unless
otherwise noted (See Table S5).

(3) OP metabolite concentrations are equivalent to internal doses on a molar basis. Because
each OP pesticide molecule devolves into exactly one of its possible OP metabolites, the molar
sum of metabolite equals the molar concentration of OP pesticide.

Further, we estimate cumulative 24-hour OP pesticide dose equivalents based on metabolite
concentrations by adapting the U.S. EPA’s guidelines for cumulative risk assessment of OP
pesticides (11). These guidelines define “cumulative risk” as the risk of a common toxic effect
associated with concurrent exposure by all relevant pathways and routes of exposure to a group
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of chemicals that share a common mechanism of toxicity (11). However in our assessment we
assume that food is the dominant pathway and that oral ingestion is the main route of exposure.
These assumptions are supported by the EPA cumulative assessment for OPs: food pathway
and oral route overwhelmed risks estimated for drinking water and residential pathways (11).
Also, because many residential uses of OP pesticides are being phased out in the United States,
current exposure to OP pesticides for the general population occurs primarily through ingestion
of pesticide residues on foods (1,13). We assume exposure to a mixture of OP pesticides that
share a common mechanism of toxicity (brain cholinesterase inhibition) and similar dose-
response curves (11). We rely upon U.S. EPA relative potency factors (RPF) to aggregate
toxicity across pesticides in our assessment group:

Eq(2)

where chemical n = a member of the cumulative assessment group; index chemical = the
chemical selected as the basis for standardization of toxicity of components in a mixture;
measure of potency = BMD10 (defined below).

To calculate cumulative dose we convert each relevant pesticide’s dose estimate into its index
chemical toxicity equivalent using RPFs and sum these values across all pesticides. We use
U.S. EPA’s oral benchmark dose (BMD10) values for cholinesterase inhibition in the female
rat brain as the measure of potency in our RPF calculations (See Table S4). BMD10 is the
benchmark dose for 10% brain cholinesterase inhibition compared with the background
response and is used by EPA for its OP cumulative risk assessment (11). We select chlorpyrifos
as the index chemical for cumulative dose estimates because: (1) it is a compound in our
cumulative assessment group with extensive hazard assessment and dose-response information
available; (2) it metabolizes into urinary DAPs; (3) it is commonly used in agriculture; and (4)
its measure of relative toxicity, as expressed by the BMD10, falls in the mid-range of
BMD10 values for OP pesticides (chlorpyrifos BMD10=1.48 mg/kg/day) (11). Risk estimates
based on cumulative dose equivalents are insensitive to the choice of index chemical (i.e.
calculating MOEs using another other index chemical to estimate equivalent dose would result
in the same MOE).

Non-Specific Metabolite Cumulative Dose Estimates
In our cumulative assessment based on the non-specific metabolites, we assume that the OP
exposure mixture is proportional to OP use patterns. The pesticides in our cumulative
assessment group are presented in Table 1.

Eq(3)

where DCum = cumulative dose equivalent (µg/kg/day); µMolDiEthyl = total micromoles of
diethyl DAP metabolites (DEP, DETP, DEDTP) excreted over a 24-hour period (based on
Equation 8 in SI); µMolDiMethyl = total micromoles of dimethyl DAP metabolites (DMP,
DMTP, DMDTP) excreted over a 24-hour period (based on Equation 9 in SI; Pi = molar
proportion of pesticide i in the mixture from pesticide use data (see Table 1) calculated using
Equations 10 and 11 in SI; MWi = molecular weight of ith pesticide (µg/µmol); RPFi = relative
potency factor of the ith pesticide in the cumulative assessment group; BW = body weight (kg).

Payne-Sturges et al. Page 4

Environ Sci Technol. Author manuscript; available in PMC 2010 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Specific Metabolite Cumulative Dose Estimates
In our cumulative assessment group for the specific metabolites we include diazinon (IMPY)
and chlorpyrifos (TCPy). We did not include malathion because the metabolite MDA was not
measured in the 2001–2002 NHANES. We did not include PNP because it has several possible
precursor compounds (e.g. nitrobenzene) in addition to the OP pesticides ethyl and methyl
parathion.

Eq(4)

where DCum = cumulative dose equivalents (µg/kg/day); µMolMet = total micromoles of
metabolite excreted over a 24-hour period (see Equation 1); MWi = molecular weight of ith
pesticide (µg/µmol); RPFi = relative potency factor of the ith pesticide in the cumulative
assessment group; Exi = percent dose excreted as urinary metabolite of ith pesticide; BW =
body weight (kg).

We adjusted each pesticide specific metabolite concentration for the expected percent of
absorbed dose excreted as a urinary metabolite (Exi ) (See Table S5) (14,15,16,17,18,19). TCPy
concentrations were multiplied by 20%, an estimate of the proportion attributable to
chlorpyrifos exposures (20,21).

Cumulative Risk Estimation
To assess cumulative risk we calculate a margin of exposure (MOE), which is the ratio of the
BMD10 to the estimated cumulative dose. The MOE is specifically identified by the U.S. EPA
Office of Pesticide Programs as an appropriate metric for characterizing risk from exposure to
mixtures of OP pesticides (11). Cumulative MOEs are calculated separately for our 3 use
profiles (National, California and Monterey) based on the DAPs and for cumulative exposure
to chlorpyrifos and diazinon based on their specific metabolites. We calculate MOEs for
different demographic groups (by age, race/ethnicity, gender, education, and nativity).

We evaluate the level of limited risk as an MOE of 1,000. The BMD10 represents 10% brain
cholinesterase inhibition in adult female rats (11). To estimate an MOE that represents de
minimis risk, we consider several adjustment factors. We use a factor of 10 for differences
between observed animal responses and typical human responses, and an additional factor of
10 to adjust for variability in the adult population. We also apply a factor of 10 to adjust for
potential insensitivities in the experimental design, in particular that the studies used for
calculating the BMD10 do not account for potentially more sensitive early life exposure.
Experimental data show that 1 mg/kg/day of chlorpyrifos given to rats prenatally and
postnatally resulted in noncholinergic effects on brain development, and that the neurologic
deficits from prenatal exposure occurred in adolescence and continued into adulthood (22,23,
24,25,26).

Statistical Analysis
National population estimates for DAPs are derived from NHANES 1999–2002. The
Supporting Information provides a detailed description of the NHANES datasets and sampling
weights used in our analyses.

The measured pesticide metabolites are frequently below their limits of detection (LOD). We
used a Monte Carlo substitution method to impute non-detect concentrations: For each age
group, a log-normal distribution was fitted to all the data and used to estimate the distribution
of the non-detect concentrations. Values for the non-detects were randomly selected from their
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estimated distributions. The Supporting Information (p S15) provides more details on how we
treated values below the LOD.

To compare geometric means between different demographic groups, we used a one-way
analysis of variance of the natural logarithms of the survey data.

To account for the complex survey design, p-values were estimated using SUDAAN® (RTI
International, Research Triangle Park, NC) statistical survey software’s Taylor linearization
and Wald chi-square statistics with Satterthwaite correction for degrees of freedom (REGRESS
procedure).

RESULTS
The estimated geometric mean cumulative dose for the overall U.S. population is highest for
the Monterey use profile at 1.2 µg/kg/day (Table 2). The estimated cumulative doses based on
the California and National profiles are similar to each other. There are statistically significant
differences (p-value <0.001) in geometric mean cumulative doses by age across all 3 pesticide
use profiles and the corresponding estimated MOEs. Children age 6–11 years have the highest
geometric mean cumulative dose estimates at 1.1 µg/kg/day for the California profile, 2.3 µg/
kg/day for the Monterey profile, and 1.0µg/kg/day for the National profile, and experience the
lowest corresponding MOEs at 1400 for the California profile, 650 for the Monterey profile,
and 1500 for the National profile.

A higher percentage (62%) of children have MOEs of 1,000 or less for the Monterey pesticide
use profile compared to California (43%) and National (42%) use profiles (Figure 1). At the
95th percentile cumulative dose equivalents, the MOE for children is less than 100 for the
Monterey profile (Figure S2). The differences between MOEs among children and adults at
the higher dose equivalent levels are greater for both the National and California use profiles
compared to the Monterey profile. These MOEs indicate that children have about 2 times higher
risk than adults at the high end of estimated cumulative exposure to OP pesticides. Among
children, Mexican Americans and white non-Hispanics have the lowest MOEs across all 3 OP
use profiles (Figure 2).

The geometric mean cumulative dose estimate based on 2 pesticide specific metabolites for
chlorpyrifos and diazinon for the U.S. population age 6 years and older is 0.021 µg/kg/day
with a population MOE of 70,000. There are statistically significant differences by age (p-
value <0.001), gender (p-value 0.011), education (p-value <0.001), and place of birth (p-value
0.004). Consistent with our analysis of the nonspecific metabolites, children age 6–11 years
have the highest estimated geometric mean cumulative dose at 0.039 µg/kg/day compared with
0.019 for adults, age 20 + years. At the 95th percentile of estimated cumulative dose equivalents,
children have lower MOE (at 6,900) as compared to adults (at 15,000) (Tables S10 and S11).

DISCUSSION
Biomonitoring is a valuable tool for identifying exposures to chemicals that pose potential
harm to human health, understanding trends in exposures and identifying populations with
higher exposures, fostering public health interventions, and evaluating environmental health
policies (2). Biomonitoring can provide unequivocal evidence that exposures and uptake have
occurred, though alone it cannot tell you the sources of exposure. However, a health-based or
risk-based interpretation of biomonitoring data depends on whether additional information is
available on sources and pathways of exposure and pharmacokinetics to aid in reconstructing
intake or internal doses of parent chemical compounds. In addition, the non-specificity of the
DAP metabolites of the OP pesticides adds another layer of complexity to dose reconstruction
compared with other NHANES urinary metabolites. We developed agricultural pesticide use
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profiles to approximate the potential mixtures of OP pesticides to which NHANES participants
are exposed. We combine this information with toxicological benchmarks and OP pesticide
biomonitoring results from NHANES 1999–2002 to estimate cumulative dose equivalents and
risk. Our deterministic, steady-state model results show that children’s cumulative exposure
and risk estimates are most often higher than those of adults. This is consistent with studies
reporting age differences in levels of the individual pesticide urinary metabolites (27,28).

Notably few studies have estimated cumulative dose based on DAPs and OP-specific
metabolites for children ages 6–11 as we have in our study. As part of our analysis, we also
estimate single chemical doses for each of the 22 OPs that form the 3 pesticide use profiles
(Tables S8 and S9). Our dose estimates for chlorpyrifos, oxydemeton-methyl, phosmet and
malathion fall within the range of, or are lower than, previously reported estimated pesticide
doses for children based on nonspecific DAP and pesticide-specific metabolite data. For
example, Barr et al. used NHANES 1999–2000 data for TCPy to estimate a chlorpyrifos median
dose for children at 0.024 µg/kg/day and 95th percentile at 0.06 µg/kg/day (20). Based on
NHANES 1999–2002 data, our geometric mean chlorpyrifos dose for children ages 6–11
(Table S9) is 0.032 µg/kg/day, which is comparable to Barr et al.

A 1995 study of children living in an agricultural community estimated median phosmet intake
of 0.5 µg/kg/day for 26 reference children(10) similar to our geometric mean phosmet estimate
of 0.31 µg/kg/day for children 6–11 years. A 2001 study of preschool children in Washington
State estimated mean doses of 2.2 µg/kg/day for oxydemeton-methyl, 2.8 µg/kg/day for
phosmet, and 2.3 µg/kg/day for malathion for children with conventional diets(9) -
substantially higher than our national estimates for school age children. This might be due to
different approaches for dose estimation, as the Washington study used volume adjustment
instead of creatinine adjustment, and differences in exposure levels, as DAP levels appear
higher in this population than in the general U.S. population (9).

Studies focusing on pesticide exposures of farm children and farmworker children offer some
comparisons as well. Geometric mean chlorpyrifos dose, based on TCPy from spot urine
samples collected in 2001, was estimated at 0.67 µg/kg/day for 66 farm children and 0.58 µg/
kg/day for 52 nonfarm children (29). Chlorpyrifos doses were likely overestimated as a result
of direct exposure to TCPy (29). For 121 children less than 6 years of age in a heavily farmed
U.S./Mexico border community, dose estimates ranged from 2.43–12 µg/kg/day for
chlorpyrifos; from 2.11–11.3 µg/kg/day for diazinon; and from 7.98–121 µg/kg/day for
malathion (30). A study of farmworker children during spray season in Washington state
estimated median dose for phosmet of 1.5 – 2.0 µg/kg/day (10). Our estimates are based on a
nationally representative sample of children age 6–11 years old, whereas these 3 studies
focused on children who are likely to be more highly exposed via multiple pathways of
exposure (children of farmworkers and/or pesticide applicators).

Our cumulative dose estimates based on specific metabolites only consider diazinon and
chlorpyrifos. We can estimate a comparable cumulative dose based on the non-specific
metabolites if we restrict the calculations to just DEP and DETP for diazinon and chlorpyrifos.
Chlorpyrifos and diazinon together represent 53%, 42%, and 17% of the OP pesticides used
in California, Monterey County, and nationally. Our geometric mean cumulative dose
estimates of 0.034 µg/kg/day for children 6–11 and 0.02 µg/kg/day for the general U.S.
population based on the National use profile are similar to the geometric mean cumulative dose
results based on the NHANES OP specific metabolites TCPy and IMPY (0.039 and 0.021 µg/
kg/day, respectively) suggesting that our method for interpreting nationally representative
pesticide biomonitoring results is reasonable.
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The unique aspect of our study is the cumulative dose and risk analysis, which represents
estimates of exposure to multiple OP pesticides combined. Higher percentages of children have
MOEs less than 1,000 compared with adults. We compare the MOEs to the value of 1,000,
which implies a 1,000-fold uncertainty factor applied to the BMD10. It is important to ensure
that children have adequate MOEs as recent studies have linked prenatal OP pesticide exposure
with adverse neurodevelopment effects in children (31) as well as reported human evidence
suggesting that newborns may be more susceptible to the adverse effects of specific OP
pesticide exposure than adults (32,33).

Our estimates of cumulative exposure and risk are based on biomonitoring data from 1999–
2002. Exposures and risks may have been reduced through local and national mitigation efforts
(e.g. use cancellations) since then (11). Our results suggest that these mitigation efforts to
reduce exposure to OPs are warranted.

Limitations
Our assumptions for dose calculation and risk estimation introduce uncertainty related to likely
precursor pesticide compounds and sources of exposure, intra-individual and temporal
variability, and the use of creatinine to estimate 24-hour urinary metabolite excretion. To back-
calculate dose based on non-specific urinary metabolite data, we require estimates of the
mixture of precursor compounds. For our cumulative dose analyses, we use national level and
California agricultural pesticide use reports, reflecting the same time period when the
NHANES data were collected, to develop three OP pesticide exposure profiles. We assume
that these pesticide profiles are applicable to NHANES participants and that the main route of
exposure to OP pesticides is through food.

National- and state-level purchase records for pesticides are a rough surrogate for the
proportion of exposure to different OPs as application patterns vary regionally, by crop,
between urban and rural setting, and seasonally. Further, the proportion of pesticide applied in
the field that will remain as residue on the food as consumed will also vary by crop, by pesticide
and by other factors. The proportions from the use profiles may not be representative of the
OP exposure mixture for any particular individual and may vary by age of the individual, but
serve as an approximation of the proportions of exposure for the US population. A more
complex approach, with its own uncertainties, could be to identify an OP mixture based on
combined data from national food consumption surveys such as USDA's Continuing Survey
of Food Intakes by Individuals and pesticide residue data from USDA's Pesticide Data
Program. However, these datasets do not cover all food commodities of interest and the
commodities sampled for pesticide residues vary year to year (11). The similarity of our
estimates of cumulative exposure for diazinon and chlorpyrifos based on non-specific
metabolites to those based on specific metabolites suggests our approach for interpreting
national level pesticide biomonitoring data is reasonable.

There could be sources of OP pesticide exposure other than food among the NHANES
participants that are not reflected in our assumptions. For example, chlorpyrifos and diazinon
residues have been detected in house dust long after indoor residential use was banned (34).
Contact with residues in house dust likely contributes to exposure. However, a small study of
preschool children (during 2000 and 2001 around the time of the ban on residential use of
chlorpyrifos) measured TCPy in both urinary samples and in environmental media (food, dust,
air), and concluded that the primary route of exposure to chlorpyrifos was dietary intake (35).
Given the available data, our approach is reasonable for evaluating national-scale
biomonitoring data on OP metabolites.

In addition to reflecting exposure to precursor pesticides, the level of the metabolite in urine
may reflect direct exposure to the metabolite itself, if the metabolite is present in environmental
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media. We adjusted our pesticide-specific metabolite analysis to reflect findings that 20% of
the urinary TCPy is attributable to chlorpyrifos exposure (21). Similar data are not currently
available for other urinary metabolites in our study, and therefore those daily dose calculations
could be overestimates.

In estimating daily dose we assume that metabolite measurements from a spot urine sample
describe chronic exposure. We assume that the input (exposure) and the output (excreted
metabolites) are occurring at a constant rate and are equal on a molar basis over a 24-hour
period. This is a simplification of both the temporal variability of exposure and the metabolism
of these compounds. Our default assumption that 100% of absorbed OP pesticide dose is
excreted in urine as nonspecific DAP metabolites may underestimate dose because some
metabolites will be excreted in other biologic media (e.g., feces). Although the kinetics of
elimination vary among the DAPs, toxicological evidence suggests that the metabolites of
many OP compounds are excreted primarily, but not exclusively, in the urine (36,37).

Adjusting metabolite concentration data for estimated total daily urine volume was necessary
because NHANES provides only spot urine samples. Several limitations of using creatinine
adjustment in biological monitoring have been reported. For young children there are no
standardized creatinine reference values (24,21,29,38,39,40). An alternative to creatinine
adjustment would be to generate cumulative dose estimates by adjusting for total daily urine
volume based on reference values for children. Given results from other studies, we expect
that dose estimates derived from volume-adjusted data would be highly correlated with, and
slightly higher than, the creatinine adjusted dose estimates presented here (8,10).

We only focus on the OPs that have a common mechanism of action. But recent studies show
that pesticides with different mechanisms of action can have an additive neurological effect
(41,42), and as such we may underestimate risk from interaction of OPs with other neurotoxins.

Children encounter pesticides daily through normal activities such as eating, playing outdoors
and indoors where pesticides may have been applied, and frequent hand-to-mouth contact.
Children are more susceptible to the health effects associated with OP pesticide exposure than
adults because children’s nervous systems are rapidly developing. Further, pound for pound,
children generally eat more than adults, and they may be exposed more heavily to certain
pesticides because they consume a diet different from that of adults (43). Understanding how
and at what levels children are exposed becomes critical for implementing health protective
policies and interventions. Biomonitoring initiatives, such as NHANES, provide important
information on exposure to contaminants such as OP pesticides. Our results suggest that during
1999–2002 approximately 40% of children in the United States may have had insufficient
MOEs (MOE less than 1,000) for cumulative exposures to OP pesticides .Our methods and
results may be informative for comparison with models of cumulative exposure based on
concentrations of OP pesticides in environmental media and as an approach to use
biomonitoring data to assess whether policies to mitigate pesticide exposures are successful.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Margins of Exposure by Use Profile for Children Ages 6 to 11 and Adults Ages 20+ Based on
Estimates of Cumulative Exposure to OP Pesticides
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Figure 2.
Margins of Exposure at 95th Percentile of Estimated Cumulative Dose for Ages 6–11 by Profile
and Race/Ethnicity Based on Non-Specific Metabolites
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