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A B S T R A C T   

Background: Only few studies have compared environmental pesticide air concentrations with specific urinary 
metabolites to evaluate pathways of exposure. Therefore, we compared pyrimethanil and chlorpyrifos concen
trations in air with urinary 4-hydroxypyrimethanil (OHP, metabolite of pyrimethanil) and 3,5,6-trichloro-2-pyr
idinol (TCPy, metabolite of chlorpyrifos) among pregnant women from the Infant’s Environmental Health Study 
(ISA) in Matina County, Costa Rica. 
Methods: During pregnancy, we obtained repeat urinary samples from 448 women enrolled in the ISA study. We 
extrapolated pyrimethanil and chlorpyrifos concentrations measured with passive air samplers (PAS) (n = 48, 
from 12 schools), across space and time using a Bayesian spatiotemporal model. We subsequently compared 
these concentrations with urinary OHP and TCPy in 915 samples from 448 women, using separate mixed models 
and considering several covariables. 
Results: A 10% increase in air pyrimethanil (ng/m3) was associated with a 5.7% (95% confidence interval (CI 4.6, 
6.8) increase in OHP (μg/L). Women living further from banana plantations had lower OHP: − 0.7% (95% CI 
− 1.2, − 0.3) for each 10% increase in distance (meters) as well as women who ate rice and beans ≥15 times a 
week − 23% (95% CI − 38, − 4). In addition, each 1 ng/m3 increase in chlorpyrifos in air was associated with a 
1.5% (95% CI 0.2, 2.8) increase in TCPy (μg/L), and women working in agriculture tended to have increased 
TCPy (21%, 95% CI − 2, 49). 
Conclusion: The Bayesian spatiotemporal models were useful to estimate pyrimethanil and chlorpyrifos air 
concentrations across space and time. Our results suggest inhalation of pyrimethanil and chlorpyrifos is a 
pathway of environmental exposure. PAS seems a useful technique to monitor environmental current-use 
pesticide exposures. For future studies, we recommend increasing the number of locations of environmental 
air measurements, obtaining all air and urine measurements during the same month, and, ideally, including 
dermal exposure estimates as well.   

1. Introduction 

Several studies in agricultural workers have studied routes of expo
sure by comparing personal air and dermal exposure measurements with 
internal markers of exposure, such as urinary pesticide metabolites (Curl 
et al., 2002; Taneepanichskul et al., 2014). In occupational settings, 

especially dermal exposure has shown to be important for pesticides that 
are moderately volatile and easily absorbed by the skin (Curl et al., 
2002; Yusa et al., 2015). For populations who live near agricultural 
fields, environmental exposure by air and dust has been considered an 
important route of exposure (Deziel et al., 2017, 2015; Hore et al., 2006; 
Weppner et al., 2006). 
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Although several studies have assessed factors explaining urinary 
pesticide exposure concentrations in agricultural populations (e.g., 
(Rodríguez et al., 2006)), few have compared pesticide concentrations 
in air with urinary pesticide metabolites to explore pathways of expo
sure (Pirard et al., 2020). Some studies compared pesticides in air with 
personal (Hamsan et al., 2017; Han, 2011; Lozier et al., 2013; Pirard 
et al., 2020) or environmental measurements (Kawahara et al., 2005), 
and other studies evaluated dust, air, and/or urinary metabolites (Hines 
et al., 2011; Raherison et al., 2019; Roitzsch et al., 2019; Smith et al., 
2017; Tsakirakis et al., 2014; Weppner et al., 2006). Yet, few researchers 
have compared external with internal exposure measurements of pes
ticides in environmentally exposed populations living in agricultural 
regions (Kim et al., 2013). 

Biomarkers of exposure, such as urinary metabolites, often are 
considered the gold standard of exposure assessment as they integrate 
all routes of exposure (inhalation, dermal, ingestion)(Fenske et al., 
2005). Because most current-use pesticides have short toxicokinetic 
half-lives, urinary pesticide metabolite concentrations generally reflect 
exposure concentrations during the last 24 h and samples obtained on 
different occasions have shown substantial day-to-day or intraindividual 
variability (Yusa et al., 2015). Obtaining repeat exposure measurements 
improves the ability to correctly classify a person’s exposure yet, if 
concentrations fluctuate considerably, exposure-effect associations will 
still be attenuated, particularly when evaluating chronic effects. 

The Infants’ Environmental Health (ISA) study is a community-based 
birth cohort study in Matina county, Limón, Costa Rica, that examines 
effects of pesticide exposure and manganese on children’s and women’s 
health (Mora et al., 2020, 2018; van Wendel de Joode et al., 2014). All 
year round, banana growing for export purposes is the main economic 
activity in the study area, and about half of the pregnant women lived 
less than 200 m from banana plantations at enrollment. Pesticides are 
intensively used at these plantations and include aerial spraying of the 
fungicide pyrimethanil and application of chlorpyrifos-treated bags 
around banana fruit (Bravo et al., 2013). To control Black Sigatoka 
Disease, aerial pyrimethanil applications are altered with about 11 other 
fungicides, including mancozeb, tridemorph, and chlorothalonil, 
amongst others. Insecticide-treated bags against thrips (Thysanoptera) 
are constantly used, and here chlorpyrifos is altered with bags con
taining both bifenthrin and buprofezin. 

It is important to evaluate exposures to these pesticides, as for 
example pyrimethanil, a relatively new fungicide, has been associated 
with endocrine disrupting effects in rodents, frogs, and zebrafish (i.e. 
(Bernabò et al., 2017; Hurley et al., 1998; Wang et al., 2018). In addi
tion, chlorpyrifos in the US has been phased-out from practically all uses 
resulting in residential exposure because of observed neuro
developmental effects (Britton et al., 2016) and in 2021 US-EPA 
announced measures that will cancel registered food uses of chlorpyri
fos. In Europe, chlorpyrifos is being phased out because of possible 
neurodevelopmental and genotoxic effects (European Commission, 
2020; Food and Authority, 2019). 

Within the context of the ISA study, we previously measured air 
concentrations in 12 schools with passive air sampling (PAS), four times 
at each school, and detected chlorpyrifos and pyrimethanil in, respec
tively, 98% and 81% of the samples (Córdoba Gamboa et al., 2020). 
Schools situated at less than 100 m from banana plantations had higher 
chlorpyrifos and pyrimethanil air concentrations as compared to schools 
located at > 1.5 km distance. Additional results from the ISA study 
showed measurable concentrations of specific metabolites of these 
pesticides, 4-hydroxy pyrimethanil (OHP) and 3,5,6-trichloro-2-pyridi
nol (TCPy), in, respectively, 87% and 100% of pregnant women’s 
urine samples in Matina County, Costa Rica. Yet, so far, we did not 
explore if pesticides detected in air explained their specific metabolites 
measured in urine. 

Therefore, the aims of this study were: 1) to evaluate the associations 
between environmental air concentrations of pyrimethanil and chlor
pyrifos with their specific urinary pesticide metabolite concentrations, 

OHP and TCPy, respectively, in pregnant women from the ISA study and 
2) to understand what other occupational, environmental, and socio
demographic factors explained OHP and TCPy urinary concentrations. 

2. Material and methods 

2.1. Study population and area 

The study population consisted of 448 pregnant women from Matina 
County, Costa Rica, who were enrolled between March 2010 and June 
2011 in the ISA birth cohort. A total of 480 eligible pregnant women 
were identified; of these, 451 (94%) agreed to participate, of whom 448 
donated at least one urine sample during pregnancy. For a detailed 
description of study population and data collection see (van Wendel de 
Joode et al., 2014). Women were eligible if aged ≥ 15 years, <33 weeks 
of gestation, and living within 5 km of banana plantations in Matina 
County. 

From March 2010 until November 2011, women were visited 1–3 
times during pregnancy, depending on their gestational age at enroll
ment (n = 85, 259, and 104 had one, two, and three visits respectively). 
Mean (±SD) time between first and second, and second and third, visit 
was 10.6 ± 4.0 and 9.6 ± 3.6 weeks, respectively. At each visit, we 
applied structured questionnaires, obtained urine samples, recorded the 
latitude and longitude of the households to capture location. All study 
activities were approved by the Scientific Ethical Committee of the 
Universidad Nacional in Costa Rica (CECUNA) and women gave written 
informed consent prior to participating. For women aged less than 18 
years, parents or legal representatives gave additional informed consent. 

In addition, from June 2010 to December 2011, we obtained envi
ronmental air samples at 12 schools located in the study area (see 2.2.3), 
four times at each school (Córdoba Gamboa et al., 2020). Fig. 1 shows 
the spatial distribution of study participants and banana plantation, 
within the study area, and the blue dots represent schools with pesticide 
air measurements. 

2.2. Data collection and chemical analysis 

2.2.1. Structured questionnaires 
Data collection has been described in detail before (van Wendel de 

Joode et al., 2014). In short, to collect information about sociodemo
graphic, occupational, environmental, and dietary variables, amongst 
others, we applied structured questionnaires to the enrolled women at 
each study visit (1–3 times) at their homes. In addition, we calculated 
residential distance by measuring Euclidean distances from residence to 
the nearest border of the closest banana plantation using Geographical 
Information Systems. 

2.2.2. Urinary pesticide metabolites 
We obtained spot urine samples 1–3 times during pregnancy in 100 

mL beakers (Vacuette®, sterile). We aliquoted them into 15 mL tubes 
(PerformR™ Centrifuge tubes, Labcon®, sterile), and then stored them 
at − 20 ◦C until shipment to the Division of Occupational and Environ
mental Medicine at Lund University, Sweden. We subsequently quanti
fied in each urine sample the pesticide metabolites OHP and TCPy using 
liquid chromatography tandem mass spectrometry (LC-MS/MS; QTRAP 
5500; AB Sciex, Framingham, MA, USA) (Norén et al., 2020). We 
determined urinary specific gravity (kg/L) using a hand refractometer. 
Metabolite concentrations were corrected for specific-gravity (unit-less) 
using the formula MSG = M × [(1.017 – 1) / (SG – 1)], where MSG is the 
specific gravity-corrected metabolite concentration (μg/L), M is the 
observed metabolite concentration (μg/L), SG is the specific gravity of 
the urine sample, and 1.017 kg/L is the average specific gravity for all 
urine samples included in these analyses (n = 915). Values were re
ported in µg/L corrected for specific gravity. OHP was detected in 87% 
(LOD = 0.06 μg/L) and TCP in 100% (LOD = 0.05 μg/L) of urine sam
ples, respectively. For OHP, for samples below LOD, we used the value 
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indicated by the analytical equipment if it was ≥ LOD/2 (5.8%), and 
LOD/2 (7.2%) if the value indicated by the equipment was < LOD/2. 

2.2.3. Air measurements 
Between June 2010 and October 2011, passive air samples (PAS) 

with polyurethane foam (PUF) disk (Tisch Environmental, Cleves, OH, 
USA) were installed at 12 different schools in the study area: ten prox
imal (<100 m’ distance from banana plantations) and two non-proximal 
schools (>1.5 km distance) on four occasions at each school (n = 48) 
(Córdoba Gamboa et al., 2020); the total sampling period was from June 
2010 to December 2011. PUF were cleaned prior to locating them in the 
field, using standardized procedures. We have published the results of 
these air measurements previously; for details on sampling materials 
and preparation, data collection, chemical analysis and results see 
(Córdoba Gamboa et al., 2020). 

In short, we collocated the PUF in a stainless steel, domed chamber 
(22 cm diameter, Tisch Environmental) to protect the PUF from wind, 
precipitation, and sunlight at 3–5 m height during, on average, 6.7 
weeks (SD = 1.9). We collected a blank sample at the first day of each of 
the four sampling periods and recorded the latitude and longitude of the 
schools to document location. After, on average, 6.7 weeks (SD, 1.9; 
range 3.9, 12.1 weeks), we recollected PUF and stored them at − 20 ◦C 
until extraction and chemical analysis. We spiked each sample with 
chlorpyrifos D10 as an internal standard before extraction. We extrac
ted, concentrated, and analyzed each PUF twice as described previously. 
We determined pyrimethanil and chlorpyrifos concentrations with gas 
chromatography (Agilent 7890 A) with mass detector (Agilent, 5975C), 
in the Selected Ion Monitoring (SIM) mode; for details see (Córdoba 
Gamboa et al., 2020). We calculated limits of detection (LODs) with 
WINSTAT® 3, version 2.1.0.056 (Stockholm University), using a linear 
regression of pesticide concentrations and MS response. The concen
trations in the air of pyrimethanil and chlorpyrifos were expressed in 
ng/m3. We detected pyrimethanil in 81% (>0.5 ng/m3), and chlorpyr
ifos in 98% (>0.5 ng/m3) of the samples, respectively. Samples below 

LOD were imputed with LOD/2. 

2.3. Statistical analysis 

We ran descriptive statistics and distributional plots for all variables. 
Because urinary OHP and TCPy, and air pyrimethanil were right skewed, 
we used their base-10 logarithms as the responses of interest in statis
tical analyses. Chlorpyrifos in air followed a normal distribution and was 
therefore not transformed. We used the “ICC” R package to estimate 
intra-class correlation coefficients (ICCs) of women’s urinary concen
trations and pesticide air concentrations, where the group is defined by 
the woman where the measurements came from, or school, respectively 
(Wolak et al., 2012). 

Table 1 provides variables collected in the structured questionnaire. 
Table 1 shows the values of characteristics provided at the enrollment 
visit, variables with missing values at enrollment were poverty (n = 9/ 
448), fruit consumption (n = 11/448), rice and bean consumption (n =
10/448), washing work clothes at day of study visit (n = 3/448), 
washing work clothes at day before study visit (n = 6/448), and aerial 
applications near woman (n = 4/448). Before the final response re
gressions, the missing poverty observations were imputed using a lo
gistic regression on the other covariates; however, these imputations are 
not reflected in Table 1. 

To predict pyrimethanil and chlorpyrifos air concentrations across 
time (month of urine sample) and space (pregnant woman’s residential 
location) of each urine sample, we first fitted two separate Bayesian 
spatiotemporal models for log10 pyrimethanil and chlorpyrifos, respec
tively, using the measured concentrations of these pesticides (n = 48) at 
the 12 air-measurement locations (see Fig. 1). These models were 
continuous over space (“geostatistical”) but discrete in time (data 
considered monthly). For each location, the months inside one of the 
four sampling periods were assigned that sample’s value. We then fit the 
following model, in which s is used to index location and t is used to 
index the time point: 

Fig. 1. Spatial distribution of pregnant women enrolled in the ISA cohort study (n = 448), Matina County, Costa Rica.  
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Y1(s) ∼ μ(s)+E1(s),

Yt(s) ∼ μ(s)+ϕ{Yt− 1(s) − μ(s)}+Et(s),

where Yt denotes the exposure (log10 pyrimethanil or chlorpyrifos), μ is 
a Gaussian process (GP) with exponential spatial covariance and pa
rameters (β0, ρμ, σ2

μ) and Et are independent GPs with exponential 
spatial covariance and parameters (0, ρE, σ2

E). The first formula corre
sponds to the first time point (t = 1); the second formula corresponds to 
all other time points (t > 1). Here μ represents the mean exposure levels 
across space (averaged over time), while the Et variables represent the 
spatially correlated error term at time t. The three GP parameters 
correspond to the mean, variance, and spatial range, respectively. The 
second equation includes the autoregressive (AR) term ϕ{Yt− 1(s) − μ(s)}, 
where the coefficient ϕ determines how much influence the previous Y 
values have on the current Y value. Uninformative priors were given as 
follows: ϕ is distributed standard normal; β0 is distributed Normal (0, 
100); logρμ and logρE are distributed Normal (-1, 1); and σ2

μ and σ2
E are 

distributed InverseGamma (0.1, 0.1). The model was estimated on T =
19 consecutive months, and no covariates were used. Note that when 
previous observations were not available for a particular air measure
ment location, the ϕ term is ignored. 

This model allows for spatially varying errors at each time-step, and 
estimates the mean, time-invariant GP μ which represents the average 
value of exposure over space. Moreover, the observed exposures from 
the previous month were used to increase accuracy, using an autore
gressive term. The model was estimated using Markov chain Monte 
Carlo (MCMC) with the software Just Another Gibbs Sampler (JAGS) 
(Plummer, 2003). Fig. 5 shows the estimated mean and uncertainty in 
the estimated μ for both pyrimethanil and chlorpyrifos. Subsequently, 
we used the estimated parameters of these models to impute exposure 
values at the times/locations in which urine measurements were taken. 
For all 12 school locations in which air measurements were taken (48 

data points), any months that had missing data were imputed by using 
the Kriging equations. After all the 12 schools had either observed or 
estimated values for all months, the Kriging equations were applied 
again to impute the concentrations at the spatiotemporal locations of the 
urinary measurements. To validate the accuracy of the spatiotemporal 
models, both models were rerun on a randomly selected 70% training 
set, and the subsequent imputed values were compared to the remaining 
30% test set. 

We then used these air concentrations as independent variables 
(fixed effect) in separate multivariate linear mixed regression models to 
evaluate their associations with urinary pesticide metabolite concen
trations (dependent variable), including ‘id of pregnant woman as a 
random effect’, as these models included data from visits 1–3. We 
considered the inclusion of additional co-variables indicated in Table 1 
as fixed effects. We selected these variables as they may explain urinary 
pesticide metabolite concentrations (van Wendel de Joode et al., 2014). 
When variable values were missing (≤5%) for visit 2 or 3, they were 
filled in with the values from the nearest visit. For continuous variables, 
this was done by taking the mean of the other values; for binary vari
ables, the mean was taken and rounded to either zero or one, with means 
of 0.5 randomly assigned to zero or one. The inclusion of these co- 
variables was determined with backward variable selection, keeping 
the model with the lowest conditional Akaike information criterion 
(cAIC) measure, which is similar to the standard AIC statistic used for 
model selection, but designed for mixed models. 

We evaluated normality of residuals and homoscedasticity, which 
were appropriate assumptions. Non-linearity was assessed inspecting 
residuals visually and determined not to be a concern. To evaluate 
model fit, we looked at two variants of the traditional R2 used for 
random effects models: the marginal R2 (R2

m) represents variability 
explained by the fixed effects; the conditional R2 (R2c) represents 
variability explained by both fixed and random effects (Bartón, 2020; 
Nakagawa and Schielzeth, 2013). We considered associations statisti
cally significant if p < 0.05. Statistical analyses were performed with R 
4.0.2 (R Core Team, 2020). 

3. Results 

Women were relatively young, a quarter were aged 19 years or less at 
enrollment and had low school attainment (52% only primary education 
or less), and 60% lived below the Costa Rica poverty line. Women 
frequently ate rice and beans 15 times a week or more (30%), as it is the 
basis of Costa Rican cuisine. Women frequently lived with family 
members working in agriculture (68%). Relatively few women (n = 36, 
8%) worked in agriculture during pregnancy themselves; 33 out of 36 
women worked on banana plantations. 

The distributions of pregnant women’s urinary OHP and TCPy con
centrations are shown in Fig. 2. Measured OHP concentrations had 10th, 
50th, and 90th percentiles of 0.06, 0.39, and 2.75 µg/L, while TCPy 
concentrations were generally higher with 10th, 50th, and 90th per
centiles of 0.75, 1.63, and 4.27 µg/L, respectively. The intra-class cor
relation coefficients (ICCs), for log10 OHP and log10 TCPy were 0.28 and 
0.37, respectively. Additionally, Figs. S1 and S2 in the Supplement show 
their variograms across both distance and time. 

Fig. 3 shows the distributions of observed pyrimethanil and chlor
pyrifos measured in air. Pyrimethanil air concentrations had 10th, 50th, 
and 90th percentiles of 0.27, 1.33, and 17.0 ng/m3, respectively, 
whereas 10th and 50th percentile of chlorpyrifos concentrations were 
more than a tenfold higher, with 10th, 50th, and 90th percentiles of 
4.38, 15.62, and 24.19 ng/m3, respectively. The intra-class correlation 
coefficients (ICCs) for log10 pyrimethanil and unlogged chlorpyrifos 
were 0.88 and 0.80, respectively, where the group was defined by the 
school the measurements came from. Supplemental Figs. S3 and S4 show 
the variograms across both distance and time. 

The estimated parameters from the two spatiotemporal models for 
pesticide air concentrations are shown in Table 2. Both the pyrimethanil 

Table 1 
Characteristics of 448 women who donated at least one urine sample during 
pregnancy, ISA birth cohort study (2010–2011).  

Variable Median 
(p25, p75) at 
enrollment(n ¼
448) 

% yes at 
enrollment (n ¼
448) 

Woman’s age at enrollment (years) 22 (19, 28)  
Residential distance to banana 

plantation at enrollment (meters) 
218 (56, 565)  

Woman has 6th grade or less of 
scholarity  

52 

Woman lives below Costa Rica 
poverty line  

60* 

Woman eats fruits ≥ 5 times per 
week  

23* 

Woman eats rice and beans ≥ 15 
times per week  

30* 

Woman works in agriculture at 
enrollment  

8** 

Woman has family members working 
in agriculture at time of study visit  

68 

Woman washed work clothes at day 
of study visit  

27* 

Woman washed work clothes at day 
before study visit  

25* 

There were aerial applications near 
woman or woman’s home at day of 
study visit  

25*  

* Missing data exists for poverty (n=9/448), fruit consumption (n=11/448), 
rice and bean consumption (n=10/448), washing work clothes at day of study 
visit (n=3/448), washing work clothes at day before study visit (n=6/448), and 
aerial applications near woman (n=4/448). 

** 7.4% (n=33) out of 8% (n=36) of the women worked on banana 
plantations. 
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and chlorpyrifos concentrations exhibit μ terms that capture substantial 
variability compared to the Et terms and are much more correlated 
across space, with spatial range parameters of 0.40 and 0.32◦, for pyr
imethanil and chlorpyrifos, respectively. Intuitively, the autoregressive 
parameter ɸ is significant and positive in both models, indicating cor
relation over time. 

The imputed values at the air measurement locations given by these 
estimated parameters are shown in Fig. 4. This figure shows the original 
observed values at the 12 different air measurement locations, and the 
values after the missing data had been imputed. Fig. S5 of the Supple
ment gives the distributions of both the observed and imputed expo
sures. These imputed values largely revert to the mean of the observed 
values at each location. Note that for pyrimethanil, the Kriging equa
tions specify the expected mean of log10 pyrimethanil, which is then 
exponentiated with base 10 to obtain imputed values. These values can 
be interpreted as the estimated median (non-logged) pyrimethanil 

values given by the Kriging distribution; however, they differ from the 
mean pyrimethanil value, due to its highly skewed distribution. With 
respect to the accuracy results for the validation of the spatiotemporal 
models: for pyrimethanil, the (non-logged) average absolute error was 
3.4, which is close to half the observed standard deviation of 6.5 in the 
air measurements. For chlorpyrifos, the average absolute error was 7.4, 
slightly below the observed standard deviation of 8.1. Given the small 
original sample size from which the test set was taken (70% of 48 data 
points), these numbers give confidence that the full models have 
reasonable predictive accuracy. Fig. S6 in the Supplementary Material 
illustrates this accuracy. The spatiotemporal model shows the trend 
reasonably well, although does deviate for several datapoints. More
over, the predictions tend to revert towards the mean, giving over- 
predictions for small values, and under-predictions for large values. 
This is particularly apparent in the large chlorpyrifos test set values, 
which are well above any of the training set values. 

Fig. 5 illustrates the mean levels and uncertainty associated with the 
two μ fields, which represent the time-averaged exposures across space. 
The two left figures give the average level of μ(s) for log10 pyrimethanil 
and chlorpyrifos. Log10pyrimethanil in air was relatively high at two 
locations, whilst chlorpyrifos in air also was high at two locations, but 
more uniformly distributed throughout the study area, and its concen
trations followed a normal distribution. The two right figures give the 
standard deviation of μ(s) for log10 pyrimethanil and chlorpyrifos, 
reflecting the uncertainty in the mean. Uncertainty is lowest at locations 
with observed air measurements and highest at the extreme borders of 
the area. 

The final models selected by backwards selection are given in Ta
bles 3 and 4. With respect to pyrimethanil, as both air pyrimethanil and 
OHP were log10transformed prior to statistical analysis because of their 
distributions, a 10% increase in pyrimethanil air concentrations was 
associated with a 5.7% (95% CI 4.6, 6.8) increase in urinary OHP. The 

Fig. 2. Distributions of measured specific-gravity corrected urinary OHP and TCPy concentrations (µg/L), n = 915 in 448 pregnant women from the ISA cohort.  

Fig. 3. Distributions of measured pyrimethanil and chlorpyrifos concentrations in air (ng/m3), n = 48 from 12 schools in Matina County, Costa Rica.  

Table 2 
Spatiotemporal parameter estimates and 95% credible intervals. Both 
pyrimethanil and chlorpyrifos are measured in ng/m3.  

Parameter* Log10 pyrimethanil Chlorpyrifos 

β0 0.01 (− 4.49, 4.36) 3.38 (− 15.1, 19.0) 
σ2

μ 6.07 (0.44, 28.6) 608 (64.3, 2,721) 
ρμ 0.40 (0.03, 1.81) 0.32 (0.04, 1.38) 
ɸ 0.36 (0.10, 0.66) 0.51 (0.17, 0.96) 
σ2

E 0.05 (0.03, 0.07) 7.58 (1.09, 12.9) 
ρE 0.01 (0.01, 0.02) 0.02 (0.01, 0.03)  

* β0 is the global mean for the time-invariant GP μ; μ and σ2
μ are the spatial 

range and variance of the time-invariant GP μ. ρE and σ2
E are the spatial range 

and variance of the time-specific GPs Et .  
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two additional covariates selected by backwards selection were “log10 
distance to the banana plantation” and “eats rice and beans 15 or more 
times a week”. Residential distance from the banana plantation was 
inversely associated with OHP, with each 10% increase in distance 
(meters), OHP decreased − 0.7% (95% CI − 1.2, − 0.3). Eating rice and 
beans 15 or more times a week was associated with a 23% decrease in 
OHP. Lastly, the fixed effects explain 15% of the response variability of 
which pyrimethanil air concentrations explained 13%. The explained 
variability increased to 28% once random effects were included. For 
chlorpyrifos, an increase in 1 ng/m3 of chlorpyrifos in air was associated 
with a 1.5% (95% CI 0.2, 2.8) increase in urinary TCPy, all else being 
equal. As mentioned previously, chlorpyrifos air concentrations were 
not log10-transformed as these followed a normal distribution. In addi
tion, the binary variable “works for a banana plantation or other agri
cultural job (current)” was selected by the backwards modelling and 
associated with a 21% (95% CI − 1.9, 48.9) increase in TCPy. These fixed 
effects explained only 1.2% of the variance, and after including the 
person-level random effects 37% of response variability. 

4. Discussion 

Pesticide air concentrations explained some of the variability of 
urinary pesticide metabolite concentrations, particularly for the fungi
cide pyrimethanil which is applied by light aircrafts, and only slightly 
for chlorpyrifos applied by pretreated bags used to cover the bananas 
bunches when ripening. Air pyrimethanil was highest very near banana 
plantations and its concentrations followed a lognormal distribution, 
while the insecticide chlorpyrifos was also higher near banana planta
tions but distributed more uniformly throughout the study area and its 
concentrations followed a normal distribution. This coincided with our 
finding that women who lived at a longer distance from banana plan
tations had lower urinary fungicide concentrations (OHP) than women 
living near banana plantations. For TCPy, residential distance was not 
selected by the backward modeling. When including it manually, it also 
showed an inverse association, though this association was imprecise: 

for each 10% increase in residential distance TCPy decreases − 0.11% 
(95% CI − 0.43, 0.21) (data not shown). The more uniform distribution 
of chlorpyrifos exposure is reflected by its higher detection frequency 
and higher median concentrations in both air (>LOD = 98%, median =
15.62 ng/m3) and of its metabolite in urine (>LOD 100%, median =
1.63 μg/L) while for pyrimethanil, detection frequency was lower 
(>LOD 81%, median = 1.33 ng/m3 in air; >LOD 87%, median = 0.39 
μg/L in urine). The chlorpyrifos-treated bags are likely to produce a 
relatively constant emission to air, as chlorpyrifos is moderately volatile, 
while aerial application of the non-volatile fungicide pyrimethanil is 
expected to particularly expose women living near the plantations, 
possibly by inhaling aerosols near aerial application sites (Córdoba 
Gamboa et al., 2020). Furthermore, women working at banana planta
tions or performing other agricultural work had slightly higher chlor
pyrifos exposures, which can be explained as they will spend more time 
near chlorpyrifos-treated bags as compared to women who do not 
perform these jobs. We did not observe this tendency for the fungicide 
pyrimethanil, while we did in a previous analysis for the also aerially 
applied fungicide mancozeb (van Wendel de Joode et al., 2014). 
Possibly, because mancozeb is used more extensively (26.14 kg active 
ingredient (a.i.)/hectare (ha) per year) than pyrimethanil (0.60 kg a.i./ 
ha per year) (Bravo et al., 2013), which is also reflected by the overall 
higher median urinary concentrations of urinary ethylene thiourea 
(median = 3.0 µg/L) (van Wendel de Joode et al., 2014), the main 
metabolite of mancozeb, as compared to urinary OHP (median = 0.4 µg/ 
L). Finally, eating rice and beans more frequently was associated with 
lower OHP, a finding we cannot explain. 

One important consideration in interpreting these results is the low 
ICC values shown for log10 OHP and log10 TCPy (0.28 and 0.37). This 
ICC for TCPy is generally in line with other estimates in the literature 
(Fortenberry et al., 2014; Li et al., 2019; van Wendel de Joode et al., 
2016), although is significantly below the estimate from Klimowska 
et al. (2020). The ICC can be interpreted as the correlation between 
measurements from the same person, or equivalently, the proportion of 
total variability coming from inter-person variation. In this case, these 

Fig. 4. Observed and imputed pyrimethanil and chlorpyrifos concentrations measured in air (ng/m3). The left two figures show the observed values of 
pyrimethanil and chlorpyrifos across time at each location. As seen by breaks in the lines, there is substantial missing data. The right two figures impute the missing 
values for these data using the spatiotemporal model described in the Statistical Analysis Section. 
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low correlations imply that urine measurements may change across 
visits for the same person. This is a key limitation when estimating the 
contribution of air exposure to urinary levels, as it means the response in 
the final regressions will contain significant noise, and the relative air 
contribution to urine concentrations will possibly be attenuated. This is 
likely one reason for the low R2 values in the regressions. One solution to 
address this in future studies would be to collect more samples for each 
person. (The air measurements for log10 pyrimethanil and chlorpyrifos 
showed much higher ICCs: 0.88 and 0.80, respectively, and are thus less 
of a concern). 

Few researchers have studied the relation between pesticides air 
concentration and urinary pesticide metabolites in agricultural pop
ulations. Raherison and colleagues (Raherison et al., 2019) measured 
pesticides in air and urinary metabolites in vineyards in France, never
theless, they did not analyze if pesticide air concentration explained the 
variability of urinary pesticide metabolites. Another study conducted in 
Belgium, measured current-use pesticides in air, their metabolites, and 
sometimes parent compounds, in children’s urine (Pirard et al., 2020). 
The authors concluded air did not seem to contribute substantially to 
internal exposures as urinary metabolites of pesticides frequently 
detected in air were not frequently detected in urine and vice-versa. Yet, 
the comparisons between external and internal exposure measurements 
were limited by the relatively low detection frequency of specific pes
ticides in either air or urine. 

The strength of this analysis lies in the unique variables measured 
over time and space, which allows for a novel look at the relationship 
between air concentrations of pyrimethanil and chlorpyrifos with 

urinary pesticide metabolite concentrations of OHP and TCPy. In the 
same vein, however, a key limitation of this analysis is the relatively 
small size of the dataset with which to examine these relationships. More 
comprehensive data across space and time would undoubtedly increase 
the accuracy of the spatiotemporal model, and better isolate the asso
ciation between these variables. Furthermore, our analysis was limited 
to static environmental air measurements, instead of personal air mea
surements, and did not include assessment of dermal exposure which 
may be relevant not only for occupational pesticide exposure but also 
environmental pesticide exposure (van Wendel de Joode et al., 2012). 
Nevertheless, we were able to address variables related to food intake, 
which is important as diet is a common source of pesticide exposure 
(McKone et al., 2007). Yet, in this study consumption of fruits and 
vegetables did not seem to increase exposure to chlorpyrifos or 
pyrimethanil. 

5. Conclusions 

Despite differences in exposure assessment approach (environmental 
versus personal, not always covering same period) and intra-class cor
relation coefficients (high for air samples, at least these two pesticides, 
versus low for urinary metabolites), air measurements still explained 
some of the variability of urinary pesticide metabolite concentrations 
which suggest pregnant women participating in the ISA study are 
environmentally exposed to pesticides used at banana plantations by 
inhalation. We recommend plantation owners implement measures to 
reduce these exposures, such as increasing distance between banana 

Fig. 5. Mean and standard deviation of μ(s) for log10 pyrimethanil and chlorpyrifos concentrations (ng/m3). The left two figures show the predicted mean 
level of μ(s) for log10 pyrimethanil and chlorpyrifos across space. The right two figures show the estimated standard deviation of μ(s) across space, which reflects 
uncertainty. X’s denote the schools where the air measurements were taken. 
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plantations and residential areas, including schools, and replacing the 
use of synthetic pesticides with less toxic alternatives. 

In conclusion, the Bayesian spatiotemporal models were useful to 
extrapolate pyrimethanil and chlorpyrifos air concentrations across 
space and time. Our results suggest inhalation of pyrimethanil and 
chlorpyrifos is a pathway of environmental exposure. PAS seems a useful 
technique to monitor environmental current-use pesticide exposures. 
For future studies, we recommend increasing the number of locations of 
environmental air measurements, obtaining both air and urine 

measurement during the same period, and, ideally, including dermal 
exposure estimates as well. 
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ing acquisition. Leonel Córdoba: Writing – review & editing. Karla 
Solano Díaz: Writing – review & editing. Clemens Ruepert: Writing – 
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Hore, P., Zartarian, V., Xue, J., Özkaynak, H., Wang, S.-W., Yang, Y.-C., Chu, P.-L., 
Sheldon, L., Robson, M., Needham, L., Barr, D., Freeman, N., Georgopoulos, P., 
Lioy, P.J., 2006. Children’s residential exposure to chlorpyrifos: Application of 
CPPAES field measurements of chlorpyrifos and TCPy within MENTOR/SHEDS- 
Pesticides model. Sci. Total Environ. 366 (2-3), 525–537. https://doi.org/10.1016/j. 
scitotenv.2005.10.012. 

Hurley, P.M., Hill, R.N., Whiting, R.J., 1998. Mode of carcinogenic action of pesticides 
inducing thyroid follicular cell tumors in rodents. Environ. Health Perspect. 106, 
437–445. https://doi.org/10.1289/ehp.98106437. 

Kawahara, J., Horikoshi, R., Yamaguchi, T., Kumagai, K., Yanagisawa, Y., 2005. Air 
pollution and young children’s inhalation exposure to organophosphorus pesticide 
in an agricultural community in Japan. Environ. Int. 31 (8), 1123–1132. https://doi. 
org/10.1016/j.envint.2005.04.001. 

Kim, H.-H., Lim, Y.-W., Yang, J.-Y., Shin, D.-C., Ham, H.-S., Choi, B.-S., Lee, J.-Y., 2013. 
Health risk assessment of exposure to chlorpyrifos and dichlorvos in children at 
childcare facilities. Sci. Total Environ. 444, 441–450. https://doi.org/10.1016/j. 
scitotenv.2012.11.102. 

Klimowska, A., Amenda, K., Rodzaj, W., Wileńska, M., Jurewicz, J., Wielgomas, B., 2020. 
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