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cRollins School of Public Health, Emory University, Atlanta, GA, USA

dMIND (Medical Investigations of Neurodevelopmental Disorders) Institute, University of 
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Abstract

Background—Variability of short-lived urinary pesticide metabolites during pregnancy raises 

challenges for exposure assessment.

Objectives—For urinary metabolite concentrations 3-phenoxybenzoic acid (3-PBA) and 3,5,6-

trichloro-2-pyridinol (TCPy), we assessed: (1) temporal variability; (2) variation of two urine 

specimens within a trimester; (3) reliability for pesticide concentrations from a single urine 

specimen to classify participants into exposure tertiles; and (4) seasonal or year variations.

Methods—Pregnant mothers (N = 166) in the MARBLES (Markers of Autism Risk in Babies-

Learning Early Signs) Study provided urine specimens (n = 528). First morning void (FMV), 

pooled, and 24-h specimens were analyzed for 3-PBA and TCPy. For 9 mothers (n = 88 

specimens), each urine specimen was analyzed separately (not pooled) to estimate within- and 

between-person variance components expressed as intraclass correlation coefficients (ICC). 

Pesticide concentrations from two specimens within a trimester were also assessed using ICC’s. 

Agreement for exposure classifications was assessed with weighted Cohen’s kappa statistics. 

Longitudinal mixed effect models were used to assess seasonal or year variations.

Results—Urinary pesticide metabolites were detected in ≥ 93% of specimens analyzed. The 

highest ICC from repeated individual specimens was from specific gravity-corrected FMV 

specimens for 3-PBA (ICC = 0.13). Despite high within-person variability, the median 

concentrations did not differ across trimesters. Concentrations from pooled specimens had 

substantial agreement predicting exposure categories for TCPy (K = 0.67, 95% CI (0.59, 0.76)) 
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and moderate agreement for 3-PBA (K = 0.59, 95% CI (0.49, 0.69)). TCPy concentrations 

significantly decreased from 2007 to 2014.

Conclusions—Pooled specimens may improve exposure classification and reduce laboratory 

costs for compounds with short biological half-lives in epidemiological studies.
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1. Introduction

Pesticides are widely used in the United States (US) to control pests in agricultural and 

residential settings. In 2001 the U.S. Environmental Protection Agency (EPA) restricted the 

use of chlorpyrifos, the most common organophosphate pesticide, for residential use due to 

concerns over harmful effects on human health including risks to children’s development 

(U.S. Environmental Protection Agency, 2000). Between 2000 and 2012 organophosphate 

pesticide use in the US has declined by 70% (Atwood and Paisley-Jones, 2017). Meanwhile, 

the use of pyrethroid compounds grew as they have largely replaced chlorpyrifos to treat 

pests in and around the home (Bekarian et al., 2006).

The most recent US EPA market report on 2012 data shows chlorpyrifos was the most 

commonly used insecticide for agriculture purposes with 4–8 million pounds applied in the 

US, and was 14th considering all pesticide markets (Atwood and Paisley-Jones, 2017). Since 

the US EPA restriction of chlorpyrifos for residential use, diet has become a more common 

route for organophosphate pesticide exposures (Lu et al., 2006b). Pyrethroids are commonly 

used indoors to treat pests in or around the home and for pet flea/tick treatments (Lu et al., 

2006b; Trunnelle et al., 2014). Pyrethroids were ranked as the 3rd most commonly used 

insecticide (7th most commonly used pesticide) for the US home and garden sector with 1–3 

million pounds used in 2012 (Atwood and Paisley-Jones, 2017). Exposure to both 

organophosphates and pyrethroids is widespread in the US and these two classes of 

pesticides are commonly detected in biospecimens from the general population (Barr et al., 

2010; Centers for Disease Control and Prevention, 2017) including pregnant women 

(Berkowitz et al., 2003; Bradman et al., 2003; Woodruff et al., 2011), and children (Lu et al., 

2006a, 2006b).

Pesticide exposure among pregnant women is a public health concern because many of the 

infant organ systems, including the nervous system, undergo rapid growth during the 

prenatal period (Landrigan et al., 1999). Epidemiology studies have found that prenatal 

exposure to organophosphate pesticides has been associated with adverse child development 

including cognition (Engel et al., 2007; Eskenazi et al., 2007; Horton et al., 2012), Attention 

Deficit Hyperactivity Disorder (ADHD) (Marks et al., 2010; Rauh et al., 2006), and Autism 

Spectrum Disorders (ASD) (Roberts et al., 2007; Shelton et al., 2014).

Pyrethroids are synthetic derivatives of pyrethrins, naturally occurring compounds in 

Chrysanthemum cinerariaefolium which degrade readily in sunlight (ASTDR, 2003). 

Pyrethroids are similar in structure to pyrethrins, but this class of synthetic insecticides is 
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more chemically stable allowing greater persistence in the environment. Pyrethroid 

pesticides target the nervous system of insects and act on voltage gated sodium channels 

(Soderlund et al., 2002). Animal studies suggest there is potential for developmental 

neurotoxicity in humans (Shafer et al., 2005). Findings from recent studies of pyrethroid 

exposure during pregnancy suggest in utero exposure may impact the developing brain 

(Shelton et al., 2014; Watkins et al., 2016).

We come into contact with pesticides from exposures in or around our homes and 

workplaces, and from residues on foods. Many environmental epidemiology studies rely on 

biomarkers to characterize pesticide exposure because they have the ability to capture all 

routes of exposure that questionnaires or detailed histories can miss; however, there are 

limitations for the use of biomarkers to characterize pesticide exposure in epidemiology 

studies. Urine specimens can be burdensome to collect from study participants and costly to 

analyze. Pyrethroids and chlorpyrifos are metabolized quickly (Centers for Disease Control 

and Prevention, 2016; Leng et al., 1997) and the use of pesticide concentrations from a 

single specimen could result in exposure misclassification of study participants.

Pesticide concentrations from a single pregnancy urine specimen are often used in 

epidemiology studies to assess pesticide exposure. However a single specimen may be a 

poor measure of long-term exposure due to rapid metabolism of pesticides. Epidemiology 

studies are limited by laboratory costs for analyzing multiple biospecimens from each 

participant, but methods for pooling specimens across study participants has been shown to 

reduce analytical costs and minimize the amount of information lost for specimens below 

the limit of detection (Schisterman and Vexler, 2008). Therefore it is important to understand 

how pesticide concentrations can change during pregnancy, and potentially affect 

characterization of exposure in environmental epidemiology studies.

In the present study we investigated two pesticide biomarkers analyzed from urine 

specimens collected during pregnancy from participants in the Markers of Autism Risks in 

Babies - Learning Early Signs (MARBLES) Study at the University of California, Davis. 

Pyrethroid metabolite 3-phenoxybenzoic acid (3-PBA) is a biomarker for the summed 

exposure of several pyrethroids (Baker et al., 2004), and 3,5,6-trichloro-2-pyridinol (TCPy) 

is a metabolite of chlorpyrifos and chlorpyrifos-methyl (Centers for Disease Control and 

Prevention, 2016). The aim of this study was to describe variability and ways to efficiently 

utilize multiple urinary specimens for both pyrethroid metabolite 3-PBA, and chlorpyrifos 

metabolite TCPy concentrations from first morning void (FMV), 24-h, and pooled urine 

specimens collected during pregnancy from participants in the MARBLES Study.

2. Materials and methods

2.1. Study population

The present study included 166 participants enrolled in the MARBLES Study from 2007 to 

2014 with pesticide metabolite concentrations from urine specimens collected during 

pregnancy. Five mothers had urine specimens from more than one pregnancy therefore only 

their first pregnancy was included in the present study. The MARBLES Study is an 

enriched-risk longitudinal cohort in Northern California. The vast majority of women had a 
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previous child with ASD or otherwise had a strong family history; therefore they were at 

elevated risk (18%) (Ozonoff et al., 2011) for delivering another infant who would develop 

ASD. Families were recruited from lists of children receiving services for ASD obtained 

through the California Department of Developmental Services, from other studies at the 

University of California, Davis Medical Investigation of Neurodevelopmental Disorders 

(MIND) Institute, and from other referrals and self-referrals. Study participants were 

enrolled prior to or during pregnancy. Mothers were followed through pregnancy, and infants 

from birth to 36 months of age. The University of California, Davis (UCD) institutional 

review board approved the MARBLES Study and informed consent was obtained from each 

participant.

2.2. Specimen collection and procedures

We defined trimesters using the gestational age calculated from the date of the mothers’ last 

menstrual period (LMP) and, when available, pregnancy ultrasound information from 

medical records. The 1st trimester included gestational ages from LMP –13 weeks, the 2nd 

trimester included gestational ages 14–27 weeks, and the 3rd trimester included gestational 

ages 28 weeks to birth. The first specimen was analyzed individually and the remaining 2–7 

specimens were pooled. For each trimester participants were instructed to collect three FMV 

specimens, each one week apart, and one 24-h specimen comprised of all urine voids over a 

24-h period. We note that some participants delayed initiation of weekly specimen 

collection, such that the later weeks fell into a subsequent trimester, resulting in more than 

four FMV specimens in that trimester. FMV specimens were frozen after collection and 24-h 

specimens were collected the day before a home visit and stored in the participant’s 

refrigerator until collection the next day. After home visits, the MARBLES Study personnel 

transported urine specimens to UCD where they were processed and then stored in − 80 °C 

freezers. The study design included pooled specimens for participants with three or more 

individual specimens (FMV and/or 24-h) in a trimester. The majority of pooled specimens 

included a 24-h specimen but some women did not collect a 24-h specimen so 41 pooled 

specimens are comprised of only FMV specimens. To pool urine specimens 5 mL of each 

specimen was transferred by pipette into a sterile 20 mL conical tube (or 50 mL conical tube 

if more than 4 specimens were pooled) and combined using a vortex mixer for 10 s. Next, 2 

mL aliquots of the pooled specimen were transferred by pipette into sterile vials. A total of 

812 individual specimens were pooled and this resulted in 197 pooled specimens and 243 

FMV specimens representing 157 mothers hereafter referred to as the “standard sample”. A 

subsample of 9 women, with adequate number of specimens from all three trimesters, was 

selected from participants enrolled early in the MARBLES Study. All individual pregnancy 

urine specimens (6–12 specimens) were analyzed for pesticide metabolites 3-PBA and 

TCPy. These 9 mothers provided 88 individual specimens, hereafter referred to as the 

“subsample”.

In the present study we included a subsample of participants who each had eight or more 

individual specimens (N = 9) and participants with at least two urine specimens, either two 

FMV specimens or a FMV and a pooled specimen, from the 2nd or 3rd trimester (N = 157) 

(Fig. 1). On average participants completed their first study visit at the beginning of the 2nd 

trimester (week 18) and we had fewer specimens from the 1st trimester; therefore, our study 
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focuses on FMV and pooled specimens from the 2nd and 3rd trimesters. Some specimens 

were selected for analysis based on mother’s self-reported trimester. Four specimens were 

collected within one week of the trimester cutoff date, but the mother had incorrectly 

reported the gestational age. As the medical record information became available, our choice 

was to either drop those specimens from our analysis, or leave them in the incorrect 

trimester. We chose to do the latter.

2.3. Laboratory methods

Specific gravity (SG) was measured from urine specimens with a handheld refractometer 

(Atago Urine Specific Gravity Refractometer, PAL 10-S) at UCD. Distilled water was used 

to calibrate between each measurement. Urine specimens were shipped overnight on dry ice 

to Emory University’s Rollins School of Public Health for pesticide metabolite analysis. 

Chemical analyses of 3-PBA and TCPy were conducted according to previously established 

methods identical to those used in NHANES pesticide assessment (Olsson et al., 2004). 

Briefly, 2 mL urine specimens were spiked with an internal standard mixture consisting of 

isotopically labeled 3-PBA and TCPy, and incubated with β-glucuronidase/sulfatase to 

liberate conjugated metabolites. The hydrolysates were extracted using mixed-mode solid-

phase extraction cartridges and elutes were concentrated and analyzed using high-

performance liquid chromatography/tandem mass spectrometry with both quantification and 

confirmation ions monitored (Barr et al., 1999). For quality control, duplicate urine 

specimens were shipped and analyzed for both pesticide metabolites and specimen blanks 

were included in runs. The average percent change between 3-PBA and TCPy duplicate 

specimens was 14% and 3% respectively. Blank specimens were typically indistinguishable 

from zero. Spiked recoveries ranged from 93% to 106%. The Emory University laboratory 

participates semi-annually in the G-EQUAS proficiency testing program and is certified in 

the analysis of 3-PBA and TCPy.

2.4. Statistical analyses

Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc, 2016). 

Characteristics of the study population and descriptive statistics for TCPy and 3-PBA 

concentrations were calculated. To account for urine dilution, metabolite concentrations 

were SG corrected using the formula described in Hauser et al. Pc = P × [(SGp-1)/(SG-1)] 

(Hauser et al., 2004), where Pc is the SG-corrected pesticide metabolite concentration (ng/

mL), P is the measured metabolite concentration in ng/mL, SG is the specific gravity of the 

urine specimen, and SGp (1.012) is the median specific gravity of the MARBLES Study 

specimens. Concentrations below the limit of detection (LOD) were assigned a value of 

LOD/ where LOD for both 3-PBA and TCPy was 0.1 ng/mL.

For the subsample of 9 participants we assessed pesticide concentrations and SG across 

pregnancy with the Kruskal-Wallis Test for nonparametric data with two or more groups. We 

compared both pesticide concentrations and SG from each trimester of pregnancy. Within- 

and between-person pesticide metabolite variability over pregnancy was quantified with both 

Kendall’s rank-transformed intraclass correlation coefficient (ICC) and the ICC for natural 

log-transformed pesticide concentrations. For the Kendall’s ICC pesticide concentration 

values were ranked-transformed and ICCs were computed as the ratio of the estimated 
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between-person variance to the sum of the estimated between- and within-person variance 

(Carrasco and Jover, 2003; Kraemer, 2006). Mixed effects models with a random effect for 

subject were used to calculate within- and between-person variance estimates.

In the standard sample (N = 157), variability between FMV and pooled urine specimens 

within a trimester was assessed with natural log-transformed intraclass correlation 

coefficients. For each participant exactly two specimens were analyzed per trimester (2nd, 

3rd, or both): two FMV specimens or a FMV and a pooled specimen. ICCs were computed 

within a trimester. To further assess variability, we assigned each participant to a stratum 

based on the number of individual specimens in the pooled urine specimen.

We calculated the weighted Cohen’s kappa statistic to assess reliability of a single urine 

specimen to predict the “true” pesticide exposure category. Kappa values can range from 0 

to 1 with 0 indicating poor agreement and 1 indicating perfect agreement. Landis and Koch 

provide guidelines for interpreting kappa values with values from 0 to 0.20 indicating slight 

agreement, 0.21–0.40 indicating fair agreement, 0.41–0.60 indicating moderate agreement, 

0.61–0.80 indicating substantial agreement, and 0.81–1 indicating almost perfect agreement 

(Landis and Koch, 1977). Separate analyses were conducted for the MARBLES Study 

subsample with individual specimens and the standard sample with FMV and pooled 

specimens. For each pesticide metabolite, concentrations from single specimens were 

averaged over pregnancy for each participant. For participants with pooled specimens the 

number of component specimens was taken into account when averaging pesticide 

concentrations. This average concentration was used to assign each participant to a “true” 

exposure category of low, medium, or high exposure, defined by tertile cutoff values at the 

33 and 66 percentiles respectively. Next, each urine specimen was assigned to an exposure 

category which represented the “observed” exposure category a mother would have been 

assigned to had we only known the pesticide metabolite concentrations from a single 

specimen.

Next, we combined participants from the standard sample and the subsample to assess 

whether pesticide concentrations varied by season or specimen collection date. In the 

combined sample of 166 mothers we fit separate longitudinal mixed models to test 

associations between both season and sample collection date, and pesticide metabolite 

concentrations. Due to skewed distributions, pesticide metabolite concentrations were 

natural log-transformed and longitudinal models were fit with a random intercept term. 

Pesticide metabolite concentrations served as the dependent variable in each model and 

season or sample collection date served as the independent variable. Longitudinal models 

assessing seasonal trends were adjusted for sample collection date. Season of specimen 

collection was defined as, cold (November – March), warm (April-July), and hot (August-

October). We treated specimen collection date as a continuous variable, which ranged from 

2007 to 2014.

3. Results

Participants in the subsample were similar to the standard sample on education, race/

ethnicity, age, marital status, and home ownership. Participant characteristics are presented 
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in Table 1. The majority of participants were Non-Hispanic white (58%), homeowners 

(65%), married (91%) and college educated (55%) with mean age 34 years. Both 3-PBA and 

TCPy were commonly detected in urine specimens from pregnant women in the MARBLES 

Study with 97% and 94% of specimens above the LOD, respectively. Median and selected 

percentiles for uncorrected and SG-corrected 3-PBA and TCPy concentrations are presented 

in Table S1 for the subsample participants (N = 9), and Table 2 for the standard sample (N = 

157). Out of the 9 participants in the subsample, four participants had urine specimens from 

all three trimesters and five participants had specimens from the 2nd and 3rd trimesters. 

Pesticide concentrations were very similar between the standard sample (Table 2) and the 

subsample (Table S1). Median concentrations of TCPy and 3-PBA in our population were 

higher than those reported in NHANES for overlapping years from 2007 to 2010 (Centers 

for Disease Control and Prevention, 2017).

In the subsample, results from the Kruskal-Wallis Test showed concentrations for pesticide 

metabolites and SG did not significantly differ across trimesters (Table S2). The ICC 

estimates for pesticide concentrations from individual specimens in the MARBLES 

subsample are reported in Table 3 with ICCs for all specimen types. The ICC estimates 

based on natural log-transformed pesticide concentrations and the Kendall’s ranked 

transformation were similarly low for each pesticide metabolite. The highest reliability 

estimates, though still low, was for SG-corrected TCPy from all specimens (ICCKendall’s = 

0.04, ICCln-transformed = 0.06), and FMV specimens of SG-corrected 3-PBA (ICCKendall’s = 

0.13, ICCln-transformed = 0.08).

Pesticide concentrations from paired FMV and pooled specimens showed similarly low 

ICCs, overall or when grouped by the number of individual specimens pooled, with all 

values less than 0.18 (Table 4). We observed higher ICC for FMV and pooled specimens 

comprised of 5 or more individual specimens but this group only included 9 pairs and this 

may be a chance finding.

Reliability analyses for the ability of a single specimen to predict the exposure category a 

participant would be assigned, based on her average pesticide metabolite concentration from 

all measurements over pregnancy, are reported in Table 5 with contingency tables and values 

for weighted Cohen’s kappa statistics (K). In the subsample of 9 participants with individual 

specimens, we found pesticide concentrations from a single specimen showed fair agreement 

for both 3-PBA (K = 0.24, 95% CI (0.04, 0.44)) and TCPy (K = 0.27, 95% CI (0.07, 0.47)). 

For participants in the standard sample, pooled specimens showed substantial agreement for 

TCPy (K = 0.67, 95% CI (0.59, 0.76)) and moderate agreement for 3-PBA (K = 0.59, 95% 

CI (0.49, 0.69)). FMV specimens showed fair agreement for 3-PBA (K = 0.36, 95% CI 

(0.25, 0.47)) and moderate agreement for TCPy (K = 0.43, 95% CI (0.33, 0.54)).

We investigated associations between pesticide concentrations, and both year and season of 

specimen collection in the combined sample of 166 participants. Thirty-three percent of 

specimens were collected during cold months, 26% during warm months and 40% during 

hot months. Season of specimen collection was not significantly associated with SG-

corrected concentrations of 3-PBA or TCPy (Table S3). We found an 11% annual decrease 
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in TCPy concentrations (Fig. 2, Table S3); whereas, 3-PBA concentrations were not 

significantly associated with year of specimen collection (Fig. 3, Table S3).

4. Discussion

Few studies have characterized patterns of pyrethroid and chlorpyrifos exposure during 

pregnancy. In the present study we collected multiple urine specimens from pregnant women 

across each trimester, which gave us the ability to investigate pesticide metabolite 

concentrations by specimen type and correction method. Pesticide concentrations from urine 

specimens collected from 166 pregnant women in Northern California confirm widespread 

exposure to both pyrethroids and chlorpyrifos with 93% of specimens above the LOD in this 

non-occupationally exposed population. This may be the first study to investigate both 3-

PBA and TCPy concentrations with multiple urine specimens from each trimester, collected 

from pregnant women in the US.

Median 3-PBA concentrations from urine specimens collected during pregnancy in the 

standard sample and a subsample of 9 women were 1.50ng/mL and 1.20ng/mL respectively. 

These concentrations are higher than median concentrations reported in a population-based 

sample of women in the 2009–2010 NHANES (0.40 ng/mL) and more similar, but still 

higher than, the 75th percentile (1.06 ng/mL). Levels higher than NHANES have been 

reported for a sample of 90 adults ages 18–57 sampled in 2009 from northern California 

with median urinary 3-PBA concentration of 0.82 ng/mL and 75th percentile concentrations 

of 1.58 ng/mL (Trunnelle et al., 2014). This population is geographically similar to the 

MARBLES Study population but 2009 was the only sampling year that overlapped with the 

present study. The higher concentrations detected in MARBLES specimens may reflect 

growing use of pyrethroids since the 2001 EPA restriction of chlorpyrifos (Bekarian et al., 

2006). Concentrations of 3-PBA have been increasing in the NHANES population with 

median concentrations almost doubling from 1999 to 2000 (0.25 ng/mL) to 2009–2010 (0.40 

ng/mL).

Participants in the present study were sampled from 2007 to 2014 and we report higher 

TCPy median concentrations (standard sample 2.62 ng/mL, subsample 2.13 ng/mL) than 

adults from NHANES for overlapping years 2009–2010 (0.94 ng/mL) and pregnant women 

in the 1999–2002 NHANES (1.60 ng/mL) (Centers for Disease Control and Prevention, 

2017). Nationally, chlorpyrifos use has been declining (Atwood and Paisley-Jones, 2017), 

and the higher levels detected in the MARBLES Study may reflect geographical differences 

in chlorpyrifos use and exposure. The findings in our study are similar to median TCPy 

concentrations reported from two pregnancy specimens, collected earlier than the present 

study, from mothers living in Salinas Valley, California (medians ranged from 2.1 to 3.2 

ng/mL) sampled from 1999 to 2001 (Castorina et al., 2010), and the 75th percentile (2.57 

ng/mL) reported from adults sampled in 2009 from a geographically similar region of 

northern California (Trunnelle et al., 2014) supporting this explanation.

We examined within- and between-person variance components ranked-transformed and 

natural log-transformed for 9 participants with 88 individual specimens. The ICC is 

commonly used as a measure of reliability to evaluate biomarkers as an indicator of 
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consistency of exposure. The ICC estimates from both 3-PBA and TCPy concentrations 

were low, due to much more within- than between-person variation. These estimates were 

based on a small sample size. Nevertheless, low ICCs indicate that epidemiology studies 

would need several urine specimens to characterize pesticide exposures during pregnancy. 

Overall we did not observe changes in mean pesticide concentrations across pregnancy 

trimesters (Table S2) but the ICC estimates indicated considerable within-person variability. 

The ICCs for 3-PBA concentrations ranged from 0 to 0.13 and such very low ICC results 

from our study population are similar to those reported from a population of adults in North 

Carolina. Morgan et al. reported low ICCs for 3-PBA concentrations from different 

specimen types (first morning void, 24-h, bedtime) over different time periods (one day, one 

week, six weeks), and method (uncorrected, SG-corrected) with ICCs ranging 0.00–0.06 for 

uncorrected and 0.00–0.11 for SG-corrected 3-PBA concentrations (Morgan et al., 2016).

In the present study, ICC estimates for TCPy ranged from 0 to 0.06 which were lower than 

have previously been reported. Studies with specimens from earlier years may have reported 

higher ICCs because chlorpyrifos was widely used in residential products and a greater 

portion of exposures were coming from residential settings that would vary less than 

exposures from dietary sources. The ICC results for TCPy concentrations in the MARBLES 

Study population are lower than those reported by Meeker et al. from adult male participants 

ages 20–52 with an ICC = 0.18 for SG-corrected TCPy concentrations for 10 specimens 

collected over a 3 month period (Meeker et al., 2005). Higher ICCs for TCPy concentrations 

have been reported for a cohort study of pregnant women from Mexico City, Mexico, in 

which single specimens collected in each trimester of pregnancy showed greater reliability 

with ICC = 0.41 uncorrected, ICC = 0.29 SG-corrected TCPy (Fortenberry et al., 2014). 

Little is known about non-occupational exposure to chlorpyrifos in Mexico but Fortenberry 

et al. comment that chlorpyrifos is licensed for all purpose use in Mexico which includes 

residential uses (Fortenberry et al., 2014). Dietary exposures contribute considerably to 

chlorpyrifos exposure in the US whereas residential pesticide use may play a greater role in 

Mexico City, which would lead to less variability as reflected in the higher ICC estimates. 

Regulatory actions may change exposure sources and should be considered when using 

biomarkers to assess pesticide exposure in adults.

Pesticide concentrations from pooled specimens showed substantial agreement for TCPy and 

moderate agreement for 3-PBA to classify each woman into her “true” exposure category 

based on her pregnancy average concentration. We found fair agreement for 3-PBA and 

moderate agreement for TCPy to classify participants into their “true” exposure tertile based 

on a single specimen from pregnancy. The better agreement observed for pooled specimens 

(Table 5) could in part be due to pooled specimens contributing a greater fraction of the 

pregnancy average. When comparing the number of individual specimens in a pooled 

specimen for participants in concordant cells (perfect agreement) the majority of pooled 

specimens were comprised of 3 individual specimens. Quite clearly, misclassification can 

occur in epidemiology studies using a single urine specimen to assign participants to an 

exposure category of short-lived compounds; however, agreement improved from fair to 

moderate and substantial with the use of pooled specimens. Based on the evaluation of all 

urine specimens in the present study we found that pesticide concentrations from pooled 

specimens may reduce exposure misclassification. Our findings are consistent with a 
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simulation study that found within-subject pooling reduced bias for short half-life 

compounds like pesticides (Perrier et al., 2016) and pooling multiple specimens can reduce 

laboratory costs. Given that urine is the preferred matrix for analyzing semivolatile 

compounds (such as phthalates and phenols), these results will inform epidemiology studies 

investigating other semivolatile compounds (Calafat et al., 2015).

Pesticide concentrations from two paired specimens within a trimester showed greater 

within- than between-person variation. We observed higher ICCs (ranging from 0.28 to 0.66) 

for paired FMV and pooled specimens comprised of 5 or more individual specimens, which 

may be a chance finding due to only 9 participants with this combination of specimen types 

from the same trimester. Reliability results indicate pesticide concentrations from FMV and 

pooled specimens differ. While overall median concentrations were similar, a pooled 

specimen has the ability to capture average exposures that a FMV specimen may fail to 

capture.

Pesticide concentrations were not significantly associated with season of specimen 

collection. Diet has been shown to contribute considerably to organophosphate exposure (Lu 

et al., 2006b; Morgan et al., 2014) and lack of a significant association with TCPy in our 

study may reflect less seasonal variability from dietary exposures over the pregnancy period 

in this California population, where fresh fruits and vegetables are available year-round. We 

did not confirm findings from other studies showing that pyrethroid concentrations increase 

in warmer seasons (Attfield et al., 2014; Berkowitz et al., 2003). Higher concentrations of 

pyrethroids in specimens collected during warmer months might reflect greater use of 

pesticides in and around the home during these months; however, seasonal differences could 

be difficult to detect in the MARBLES Study because of the temperate climate in northern 

California. In the present study TCPy concentrations significantly decreased from 2007 to 

2014, which confirms the deceasing trend observed for TCPy concentrations in NHANES. 

We did not find a significant time trend for 3-PBA concentrations over the sampling period.

A limitation of the present study is that we lacked detailed information to investigate sources 

of pesticide exposure in this population. The present study was limited to English speakers 

and may have failed to sample agricultural workers with the highest pesticide exposure 

levels. Lastly, pyrethroid metabolite 3-PBA and chlorpyrifos metabolite TCPy are 

commonly used as biomarkers of exposure; however, these metabolites are not specific to 

the parent compound and may reflect 3-PBA or TCPy in the environment (Barr et al., 1999; 

Trunnelle et al., 2014).

5. Conclusions

Pyrethroid and chlorpyrifos metabolites were commonly detected in pregnancy urine 

specimens from participants in the MARBLES Study. Results from reliability analyses 

showed that multiple individual urine specimens collected within a trimester reduced 

exposure misclassification and pooling specimens reduced analytical costs. Epidemiology 

studies often rely on pesticide concentrations from a single urine specimen collected during 

pregnancy; however, chlorpyrifos and pyrethroid pesticides are non-persistent and rapidly 
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metabolized (less than 24 h). Pooling individual specimens can improve exposure 

characterization in epidemiology studies and reduce laboratory
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Fig. 1. 
Study design and urine specimen selection for participants from the MARBLES Study 

contributing urine specimens to this analysis. The total number of participants is indicated 

with ‘N′ and the total number of urine specimens is indicated by ‘n′. Each urine specimen 

collected was either a first morning void (FMV) or a 24-h specimen; each pooled sample 

comprised two or more specimens, including one or more FMV and may also include a 24-h 

specimen. The total number of urine specimens collected can be calculated by summing the 

number of specimens in each pooled sample.
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Fig. 2. 
Specific gravity corrected urinary 3,5,6-trichloro-2-pyridinol (TCPy) concentrations, from 

all urine specimens, in relation to specimen collection date from participants in the 

MARBLES Study (N = 166).
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Fig. 3. 
Specific gravity corrected urinary 3-Phenoxybenzoic acid (3-PBA) concentrations, from all 

urine specimens, in relation to specimen collection date from participants in the MARBLES 

Study (N = 166).
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Table 3

Intraclass correlation coefficients for pesticide metabolite concentrations (ng/mL) from repeated urine 

specimens for the same woman collected during pregnancy. MARBLES Study subsample 2007–2014 (N=9).

Pesticide metabolites n (specimen) Kendall’s ICC
a

ICC
b

FMV specimens 67

TCPy 0 0

TCPy - SG 0.01 0.02

3-PBA 0.03 0.01

3-PBA - SG 0.13 0.08

24 h specimens 20

TCPy 0.02 0

TCPy - SG 0 0

3-PBA 0 0

3-PBA - SG 0 0

All specimens 88

TCPy 0 0

TCPy - SG 0.04 0.06

3-PBA 0 0

3-PBA - SG 0 0

a
Intraclass correlation coefficient using Kendall’s ranked transformation.

b
Intraclass correlation coefficient using natural log transformed pesticide concentrations, FMV = first morning void, SG = specific gravity 

corrected, 3-PBA = 3-phenoxybenzoic acid, TCPy = 3,5,6-trichloro-2-pyridinol.
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