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Abstract

Background: A, N-diethyl-m-toluamide (DEET) is a widely used insect repellent in the United
States.

Objectives: To assess exposure to DEET in a representative sample of persons 6 years and older
in the U.S. general population from the 2007-2010 National Health and Nutrition Examination
Survey.

Methods: We analyzed 5348 urine samples by using online solid-phase extraction coupled to
isotope dilution-high-performance liquid chromatography-tandem mass spectrometry. We used
regression models to examine associations of various demographic parameters with urinary
concentrations of DEET biomarkers.

Results: We detected DEET in ~3% of samples and at concentration ranges (>0.08 pg/L-45.1
pg/L) much lower than those of 3-(diethylcarbamoyl)benzoic acid (DCBA) (>0.48 pg/L-30,400
pg/L) and N, N-diethyl-3-hydroxymethylbenzamide (DHMB) (>0.09 pg/L-332 pg/L). DCBA was
the most frequently detected metabolite (~84%). Regardless of survey cycle and the person’s race/
ethnicity or income, adjusted geometric mean concentrations of DCBA were higher in May—Sep
than in Oct-Apr. Furthermore, non-Hispanic whites in the warm season were more likely than in
the colder months [adjusted odds ratio (OR) = 10.83; 95% confidence interval (Cl), 3.28-35.79]
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and more likely than non-Hispanic blacks (OR = 3.45; 95% ClI, 1.51-7.87) to have DCBA
concentrations above the 95th percentile.

Conclusions: The general U.S. population, including school-age children, is exposed to DEET.
However, reliance on DEET as the sole urinary biomarker would likely underestimate the
prevalence of exposure. Instead, oxidative metabolites of DEET are the most adequate exposure
biomarkers. Differences by season of the year based on demographic variables including race/
ethnicity likely reflect different lifestyle uses of DEET-containing products.
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1. Introduction

Since its development in 1946, N, N-diethyl-m+toluamide (DEET) has become a widely used
insect repellent in the United States (USEPA, 2015). DEET has important public health
applications because it repels potentially disease-carrying insects and ticks such as deer ticks
associated with Lyme disease, and mosquitoes that can transmit malaria, encephalitis,
Dengue fever, and the Zika and West Nile viruses (CDC, 2015b). DEET dermal toxicity in
animals is relatively low, although at large enough doses, DEET displays neurotoxicity
primarily with acute inhalation or oral exposure (ATSDR, 2015; California Environmental
Protection Agency, 2000), and DEET poisoning may result in death (Wiles et al., 2014). The
mechanism behind DEET neurotoxicity is unclear, but DEET has low potency for inhibiting
human acetylcholinesterase (Swale et al., 2014). In 2014, the US Environmental Protection
Agency completed an interim review of DEET under the Registration Review Program and
did not identify risks of concern to human health, non-target species or the environment
(USEPA, 2015).

DEET has been detected in aquatic ecosystems worldwide (Costanzo et al., 2007)—
including streams, surface waters, ground-water systems, and sewage treatment plant
effluents, albeit at trace levels, throughout the United States (ATSDR, 2015)—Iikely because
of its widespread use. Furthermore, because currently 225 insect repellent products
containing DEET at concentrations ranging from 4% to 100% are registered (CDC, 2009),
and, at least once per year, about one third of the US population uses these products
(USEPA, 2015), human exposure to DEET likely occurs (ATSDR, 2015). To evaluate such
exposures, biomonitoring—measuring the parent chemical (or its metabolite or reaction
product) in human samples—is a useful tool (CDC, 2009; National Research Council,
2012). Upon exposure, DEET undergoes phase | and phase 1l reactions to multiple oxidative
metabolites including N, N-diethyl-3-hydroxymethylbenzamide (DHMB) and 3-
(diethylcarbamoyl)benzoic acid (DCBA) (ATSDR, 2015; California Environmental
Protection Agency, 2000; Selim et al., 1995; Usmani et al., 2002; Wu et al., 1979). Both
DEET and its metabolites may serve as biomarkers to assess recent exposure to DEET
(ATSDR, 2015; Selim et al., 1995).

Biomonitoring data on the US general population exposure to DEET, based on the
measurement of DEET, suggest limited prevalence of exposure to DEET (CDC, 2009). In
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particular, the 90th percentile of DEET urinary concentrations from participants of the
2001-2002 National Health and Nutrition Examination Survey (NHANES) was 0.11-0.13
Hg/L, close to the method limit of detection (LOD) of 0.1 pg/L (CDC, 2009). However, for
some other short-lived chemicals such as certain phthalates, oxidative (i.e., phase I)
metabolites rather than other metabolites or the parent compounds are better exposure
biomarkers (Calafat et al., 2011; Kato et al., 2004; Koch et al., 2006; Koch and Angerer,
2007; Leng et al., 2014). Therefore, assessing exposure to DEET using additional urinary
biomarkers is of interest. Here, we present the first nationally representative data on the
concentrations of oxidative metabolites of DEET in urine among general population
Americans 6 years of age and older, stratified by age group, sex, and race/ethnicity.

2. Materials and methods

2.1. Study population

Since 1999, the Centers for Disease Control and Prevention (CDC) conducts annually the
National Health and Nutrition Examination Survey (NHANES) (CDC, 2011; CDC, 2015a).
NHANES provides data, released in two year intervals, to evaluate the health and nutritional
status of the civilian, noninstitutionalized U.S. population of all ages. NHANES includes
household interviews, standardized physical examinations, and collection of medical
histories and biologic specimens (CDC, 2015a). Some of these specimens are used to assess
exposure to environmental chemicals.

For the present study, we analyzed a total of 5348 (2597 [2007-2008], 2751 [2009-2010])
spot urine specimens, collected from a one-third subset of 2007-2010 NHANES participants
6 years of age and older. The representative design of the survey was maintained because the
subset was random. The National Centers for Health Statistics (NCHS) Research Ethics
Review Board reviewed and approved the study protocol. All participants gave informed
written consent; parents or guardians provided consent for participants younger than 18
years of age.

2.2. Urinary concentrations of DEET biomarkers

The urine samples were shipped on dry ice to CDC’s National Center for Environmental
Health and stored at =20 °C or below until analyzed. At these temperatures, the integrity of
the specimens is maintained for years. The analytical method for measuring DEET, DCBA
and DHMB involved enzymatic hydrolysis of the conjugated species of the target analytes in
100 pL of urine, followed by on-line solid-phase extraction, separation with high-
performance liquid chromatography, and detection by isotope-dilution positive ion
atmospheric pressure chemical ionization tandem mass spectrometry (Kuklenyik et al.,
2013). Calibration standards, quality control, and reagent blank samples were included in
each analytical batch along with the study samples. The LODs were 0.93 ug/L (DCBA,
NHANES 2007-2008), 0.48 pg/L (DCBA, NHANES 2009-2010), 0.09 pg/L (DHMB), and
0.08 ug/L (DEET). We prepared low-concentration (3 pg/L—20 pg/L) and high-concentration
(40 pg/L—200 pg/L) quality control materials (QCLs and QCHs, respectively) with pooled
human urine that was analyzed with standards, reagent blanks, and urine samples. The
precision of measurements, expressed as the relative standard deviation of multiple measures
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of the QC materials, was 4%-8%, depending on the target analyte and concentration range
(i.e., QCH and QCL). Details of the analytical procedures used are available on the
NHANES website (http://www.cdc.gov/nchs/data/nhanes/nhanes_09 10/DEET_F_met.pdf).

2.3. Statistical analysis

We used SAS (version 9.3; SAS Institute Inc.; Cary, North Carolina) and SUDAAN (version
11; Research Triangle Institute; Research Triangle Park, North Carolina) to perform
statistical analyses. SUDAAN calculates variance estimates that account for the complex,
clustered design of NHANES. As recommended by NCHS, we used the environmental
subsample population C weights to produce estimates that are representative of the U.S.
population. For concentrations below the LOD, we imputed a value equal to the LOD
divided by the square root of 2 (Hornung and Reed, 1990). Statistical significance was set at
p<0.05.

We stratified age, reported in years at the last birthday, in four groups (6-11 years, 12-19
years, 20-59 years, and 60 years and older). On the basis of self-reported data, we
categorized race/ethnicity as non-Hispanic black, non-Hispanic white, and Mexican
American. Participants not defined by these racial/ethnic categories were included only in
the total population estimate. For each age, sex, and race/ethnic group, we calculated the
geometric means (if the overall weighted frequency of detection was >60%) and distribution
percentiles for both volume-based (ug/L) and creatinine-corrected concentrations (ug/g
creatinine). We also determined weighted Pearson correlations among the concentrations
(logyg transformed) of DCBA and DHMB in the 766 samples with detectable concentrations
of both compounds.

We used multiple regression to examine association between several variables (i.e., age
group, sex, race/ethnicity, creatinine concentration, household income, and season of year)
and the log-transformed urine concentrations of DCBA, the only DEET biomarker detected
in >60% of the participants. Study participants reported annual household income in
increments of $5000 (from <$5000 to =$75,000); to obtain a comparable number of
participants per group, we categorized income as <$20,000, $20,000-$45,000, $45,000—~
$75,000, and >$75,000. Based on the month of the physical examination at the mobile
examination center, we categorized season of the year as winter (Nov—Apr) or summer
(May-Sep). For the multiple regression models, we used the above variables and all their
possible two-way interactions to calculate the adjusted geometric mean (GM) concentrations
of DCBA (in pg/L). We log transformed the concentrations of DEET, its metabolites and
creatinine because their distributions were right-skewed.

To arrive at the final model for DCBA, we used backward elimination with SUDAAN to
remove the nonsignificant interactions one at a time. Nonsignificant main effects were then
removed one at a time, and the model was rerun to determine whether the beta coefficients
for significant main effects or interactions changed by >10%. If any did, we retained the
nonsignificant main effect in the model. Once the backward procedure was completed, we
added main effects and interactions back into the model one at a time to determine whether
any were significant. We retained all significant main effects and their interactions in the
final model.
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We also conducted weighted univariate and multiple logistic regressions to examine the
association of the concentrations of DCBA above the 95th percentile (an arbitrary value
selected as an example of higher than average concentrations) with sex, age group, race/
ethnicity, household income, cycle of data collection, logig(creatinine), and season of year.

3. Results

3.1. Urinary concentrations of DEET biomarkers

The geometric mean and selected percentile concentrations stratified by age, sex, and race/
ethnicity are given in Tables 1-2 for DCBA and DHMB, respectively, two metabolites that
have not been evaluated previously in NHANES, and in the supporting information for
DEET (Supplemental Table S1). We detected DCBA at concentrations ranging from >0.48
pg/L to 30,400 pg/L in approximately 84% of persons examined. By contrast, DHMB was
detected in approximately 15.5% of persons at concentrations of >0.09 pg/L-332 pg/L,
while DEET, the parent compound, was only detected in ~3% of samples (range: 0.08 pg/L—
45.1 pg/L) (Table 3). Of note, the person with the highest concentration of DCBA (30,400
ug/L) also had the highest concentrations of DHMB (332 ug/L) and DEET (45.1 ug/L). The
correlation between the concentrations of DCBA and DHMB among the 766 persons with
detectable concentrations of both compounds was excellent [Pearson correlation coefficient
(R) =0.90] (Fig. 1).

3.2. Determinants of DEET exposure

The final DCBA model included significant interactions among the following variables
(selected on the basis of statistical, demographic, and biologic considerations): season of
year and race/ethnicity, season of year and survey cycle, season of year and household
income, and age group and race/ethnicity (Table 4, Supplemental Table S2). Adjusted GM
DCBA concentrations in May—-Sep were higher than in Nov—Apr, but differences only
reached statistical significance (p= 0.017) during the 2009-2010 survey cycle (Table 4,
Supplemental Table S2). Similarly, regardless of income, adjusted GM concentrations were
higher in May-Sep than in Nov—Apr (Table 4, Supplemental Table S2), although the
differences did not reach statistical significance (p = 0.294) for persons in the lowest income
category and were of borderline statistical significance (p = 0.059) for persons in the next to
lowest income category. Persons in the three race/ethnicity categories examined had higher
adjusted GM concentrations in the summer than in the winter months (Supplemental Table
S2). Non-Hispanic white children and adolescents had significantly higher adjusted GM
concentrations than adults and 60+ year old seniors, but the differences between children
and adolescents did not reach statistical significance (p = 0.286). Similarly, non-Hispanic
black children and adolescents had higher adjusted GM concentrations than adults and 60+
year old seniors, although concentrations between children and adolescents (p= 0.451) and
between adolescents and seniors (p = 0.242) did not differ statistically. Among Mexican
Americans, children had statistically significantly higher concentrations than all other age
groups (p = <0.001-0.042).

In weighted univariate analysis, season of year (p= 0.001), sex (p = 0.003), race/ethnicity (p
=0.013), household income (p = 0.016), and the logp(creatinine) (p < 0.001), but not cycle
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of data collection (p = 0.23) or age group (p = 0.44) were significantly associated with the
likelihood of DCBA exceeding the 95th percentile (Supplemental Table S3).

In the final multiple logistics regression, the logg(creatinine) (p < 0.001) and the interaction
term season * race (p = 0.005) were significantly associated with the likelihood of DCBA
exceeding the 95th percentile (Supplemental Table S4). People with higher urinary
creatinine were more likely than others to have DCBA concentrations above the 95th
percentile [adjusted odds ratio (OR) = 4.59; 95% confidence interval (Cl), 2.31-9.13]. Non-
Hispanic whites were 10.83 times more likely to have DCBA concentrations above the 95th
percentile (OR =10.83; 95% Cl, 3.28-35.79) in the summer than in the winter season (p <
0.001). For Mexican Americans and Non-Hispanic blacks, although concentrations were
higher in the summer than in the winter season, the differences were not statistically
significant. Furthermore, in the summer season, compared to non-Hispanic blacks, non-
Hispanic whites were 3.45 times more likely to have DCBA concentrations above the 95th
percentile [OR = 3.45; 95% Cl, 1.51-7.87] (p= 0.005). We observed no statistically
significant differences between non-Hispanic blacks and Mexican Americans regardless of
the season, and between non-Hispanic whites and non-Hispanic blacks in the winter season
(Supplemental Table S4).

4. Discussion

4.1.

Urinary concentrations of DEET biomarkers

We detected DCBA in more than three quarters of the samples analyzed (~84%), and much
less frequently DHMB (~15%) and DEET, the parent compound (~3%). DEET
concentration ranges were also considerably lower than those of DCBA and DHMB.
Interestingly, these data are in agreement with the concentrations among a group of Puerto
Rican pregnant women in the only study published to date that has evaluated these three
compounds (Lewis et al., 2014). Consistent with expectations, urinary concentrations of
DCBA and DHMB—metabolites of the same parent compound—correlated well with each
other. For the first time, we report concentrations of DEET metabolites among school-age
children and adolescents in the United States suggesting that exposure also occurs at young
ages. These NHANES 2007-2010 data confirming that >80% of the general U.S. population
is exposed to DEET could be used to derive internal dose exposure estimates.

4.2. Determinants of DEET exposure

We observed that adjusted GM concentrations of DCBA were dependent upon season of the
year, race/ethnicity, household income and age. The differences in concentrations among the
various demographic groups examined may reflect lifestyle differences in the use of DEET
containing products, likely the primary source of exposure to DEET. Also, because trace
levels of DEET have been detected in water intended for human consumption (ATSDR,
2015; Calza et al., 2011), and DHMB (but not DCBA) was also detected in Italian natural
river waters (Calza et al., 2011), we can’t rule out that exposure to DEET or its
transformation products from contaminated drinking water may occur. Among NHANES
participants, we found that regardless of household income, survey cycle or race/ethnicity,
adjusted GM concentrations of DCBA were higher in the warmer months than in the colder
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months. These findings are consistent with the increased use of DEET in warm weather
when people likely spend more time outdoors for recreational activities than during colder
weather (Chan and Ryan, 2009); also pests are more abundant with higher seasonal
temperatures (Meineke et al., 2013), thus additional protection may be needed to keep away
insects and other bugs when temperatures are higher in the spring/summer months.
Furthermore, the higher concentrations of DEET in surface water and wastewater during
summer months may too provide additional evidence of consumers’ increased use of DEET-
containing products in the warm season (Aronson et al., 2012).

Interestingly, NHANES participants’ adjusted GM concentrations of DCBA were almost
two times higher in 2009-2010 than in 2007-2008. Because we used the same analytical
approach to analyze all samples, these results cannot be explained by differences in
analytical methods. Instead, we posit that these findings may be related to differences in
sampling locations per survey cycle. Each year, NHANES visits approximately 15 different
localities (CDC, 2013). Perhaps in 2009-2010 compared to 2007-2008, the selected
locations included warmer climate regions of the country, areas closer to outdoor recreation
spaces (e.g., state parks) or other areas where people may use more frequently DEET-
containing products than in other parts of the country. To ensure participants’ full privacy,
NCHS does not release to the public certain details (e.g., residence) that, together with other
information, could lead to participants’ identification (CDC, 2010), and we did not include a
variable related to residential location in our analysis. Future NHANES data will be useful
to evaluate whether potential exposure trends exist and whether the concentration patterns
we observed during these four years continue in years to come.

NHANES participants, regardless of race/ethnicity, not only had significantly higher
adjusted GM concentrations of DCBA, but also were more likely to exhibit concentrations
above the 95th percentile in summer than in the winter months. In particular, non-Hispanic
whites were about 10 times more likely in summer than in winter to have DCBA
concentrations above the 95th percentile. Mexican Americans and non-Hispanic blacks were
also more likely to present DCBA concentrations above the 95th percentile in summer than
in winter, but the differences were not statistically significant. Non-Hispanic whites were
about three times more likely than non-Hispanic blacks to have DCBA concentrations above
the 95th percentile only during the summer season. The reason for such differences is
unknown, but concurrent application of DEET and sunscreen can increase dermal
penetration of DEET in vitro and in animal models (reviewed in Rodriguez and Maibach,
2016), and exposure to benzophenone-3, a widely used sunscreen agent, is reportedly higher
among non-Hispanic white than non-Hispanic black Americans (Calafat et al., 2008).
Therefore, we speculate that, in the summer months, non-Hispanic whites may experience
higher percutaneous absorption of DEET from increased concurrent use of sunscreen and
DEET-containing products than non-Hispanic blacks. Although children had adjusted
DCBA GM concentrations higher than adults, perhaps parents may apply DEET-containing
insect repellent regularly to protect their children from insect bites while not applying as
often repellent on themselves; age was not significantly associated with having
concentrations above the 95th percentile. Our data suggest that, compared with other
demographic groups, non-Hispanic whites in summer months have potentially higher
exposures to DEET than other population groups.
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4.3. Selection of DEET biomarkers

Generating high-quality biomonitoring data requires state-of-the-art analytical chemistry
methods as well as controlled sampling protocols and quality control/quality assurance
procedures (Angerer et al., 2007; Calafat and Needham, 2009; Koch and Calafat, 2009;
Needham et al., 2005). In addition, the proper interpretation of biomonitoring data requires
an understanding of the toxicokinetics of the target compounds (Calafat et al., 2006, 2008;
Koch and Calafat, 2009). NHANES 1999-2002 includes exposure data for DEET, based on
the urinary concentrations of DEET itself (CDC, 2009). Although the frequency of detection
and concentration ranges of DEET in NHANES 1999-2002 and NHANES 2007-2010 are
quite similar, the NHANES 2007-2010 data for DCBA suggest that about 84% of the U.S.
general population is exposed to DEET, a much greater percentage than suspected based on
the previous NHANES data, based only on DEET measurements. Furthermore, these data
also suggest that for background exposures, DEET is a rather poor biomarker because it
metabolizes by oxidation and conjugation, before urinary excretion in humans (ATSDR,
2015; Selim et al., 1995; Usmani et al., 2002; Wu et al., 1979). By contrast, DCBA, a major
oxidative metabolite of DEET, appears to be a sensitive and specific indicator of DEET
exposure. In fact, 81% of those classified as exposed to DEET would have been
misclassified as unexposed based on urinary concentrations of DEET only. The fact that the
urinary concentrations of DEET oxidative metabolites are orders of magnitude higher than
DEET confirms animal and human data suggesting that most DEET recovered in the urine is
in the form of oxidative metabolites (ATSDR, 2015; Selim et al., 1995; Usmani et al., 2002;
Wau et al., 1979), and only a small percentage was in the form of DEET or its phase |1
conjugates. Therefore, we recommend that future biomonitoring studies, particularly those
focused on environmental exposures, rely on DCBA or other oxidative (i.e., phase I)
metabolites and not solely on DEET.

5. Conclusions

We measured the urinary concentrations of DEET and two of its oxidative metabolites
(DCBA, DHMB) in the general U.S. population. DCBA was detectable in most persons
examined, DHMB in less than one-fourth of participants, and DEET was detected in only
3% of them. Protection against vector borne diseases by application of insect repellent is of
public health relevance. Behavioral measures, such as wearing protective clothes and
avoiding activities at peak exposure times and places when bugs are most active, can also
reduce the risk against insect bites. Insect repellents such as DEET, however, provide
reasonably long-lasting protection for outdoor activities and during disease outbreaks,
special events or gatherings, natural disasters, or other conditions that may affect a person’s
health from exposure to mosquitoes, ticks, and other arthropods bites.

The NHANES 2007-2010 data demonstrating Americans’ exposure to DEET can be used to
establish a nationally representative baseline assessment of exposure to this insect repellent.
Furthermore, the significantly higher frequency of detection and urinary concentrations of
DCBA than of DEET confirms the validity of DCBA as a biomarker for DEET exposure
assessment and suggests widespread prevalence of exposure to DEET, including children as
young as 6 years of age. More importantly, these NHANES data suggest that background
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exposure to DEET would be underestimated by using DEET as the sole urinary biomarker
and strongly support using additional biomarkers, specifically DCBA or other oxidative
metabolites.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Correlation analysis of the log-transformed urinary concentrations of DCBA and DHMB.
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Adjusted geometric mean (GM) concentrations (95% confidence intervals [CI]) in pg/L of 3-
(diethylcarbamoyl)-benzoic acid (DCBA) in various demographic groups.

Variable

GM (95% CI)

Winter, Mexican American
Winter, non-Hispanic White
Winter, non-Hispanic Black
Summer, Mexican American
Summer, non-Hispanic White
Summer, non-Hispanic Black
Winter, 2007-2008

Winter, 2009-2010

Summer, 2007-2008

Summer, 2009-2010

6-11 years, Mexican American
6-11 years, non-Hispanic White
6-11 years, non-Hispanic Black
12-19 years, Mexican American
12-19 years, non-Hispanic White
12-19 years, non-Hispanic Black
20-59 years, Mexican American
20-59 years, non-Hispanic White
20-59 years, non-Hispanic Black
60 + years, Mexican American
60 + years, non-Hispanic White
60 + years, non-Hispanic Black
Winter, <$20K

Winter, $20-$45K

Winter, $45K-$75K

Winter, >$75K

Summer, <$20K

Summer, $20-$45K

Summer, $45-$75K

Summer, >$75K

2.83 (1.95-4.12)
2.58 (1.99-3.36)
2.81 (2.21-3.58)
3.6 (2.27-5.71)
6.07 (4.45-8.29)
3.48 (2.66-4.55)
2.87 (1.98-4.17)
2.39 (1.93-2.95)
3.76 (2.58-5.47)
7.28 (4.88-10.85)
5.27 (3.85-7.22)
7.67 (5.07-11.62)
4.46 (3.33-5.98)
3.1(2.32-4.14)
6.4 (4.59-8.93)
3.93 (2.95-5.23)
2.98 (2.13-4.15)
4.04 (3.3-4.95)
2.93 (2.41-3.56)
3.74 (2.71-5.16)
3.51 (2.65-4.66)
3.24 (2.36-4.45)
2.87 (2.2-3.74)
2.97 (2.11-4.16)
2.2 (1.7-2.84)
2.53 (1.98-3.22)
4.3(3.15-5.88)
5.44 (4.06-7.29)
5.16 (4.01-6.64)
5.84 (4.05-8.43)
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