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A B S T R A C T

Using the data from the “Agro-product Quality and Safety Risk Monitoring Plan” of the Ministry of Agriculture of
China between 2012 and 2016, acute and chronic risk assessments of cumulative exposure to organophosphorus
pesticides (OPPs) through vegetable consumption were conducted. The concentrations of 19 OPPs were mea-
sured in a total of 75,655 vegetable samples from urban and rural sites located in 31 provinces and covering 95
vegetable raw agricultural commodities (RACs). The results showed that 4989 samples (6.59%) contained at
least one OPP and that 615 samples (0.81%) contained various combinations of OPPs. From the multiexposure
data, the cumulative exposure was estimated for 19 OPPs using an equivalence approach, where the contribution
of each OPP was calculated according to its measured concentration and its relative potency factor (RPF) with
respect to acetylcholinesterase (AChE) inhibition of the index compound methamidophos. The cumulative ex-
posure levels of OPPs were compared across ten age and sex subpopulation groups of Chinese under lower
boundary (LB) and upper boundary (UB) scenarios to handle left-censored residue data. The highest cumulative
exposure level of OPPs was observed in the subpopulation of children aged 2–7 years under the UB scenario. The
P99.9 and P97.5 exposure levels in different subpopulation groups under both LB and UB scenarios did not
exceed the acute reference dose (ARfD) or chronic acceptable daily intake (ADI) of methamidophos, respectively.
This study is the first to investigate the cumulative exposure of OPPs in relation to neurotoxic health risks in
China on the national level.

1. Introduction

Public awareness and health concerns about pesticides continue to
increase internationally (Reiler et al., 2015). The adverse effects of
pesticides on human health have been investigated in various epide-
miological studies, which have focused mostly on farming populations
and occupational exposure (De Gavelle et al., 2016; Nougadère et al.,
2012). For the general population, diet is the major route of exposure to
pesticide residues, especially through the consumption of food with
plant origins (Nasreddine, Rehaime, Kassaify, Rechmany, & Jaber,
2016). Organophosphorus pesticides (OPPs) are widely used to control
pests in agricultural settings in China and other parts of the world (Li
et al., 2017). However, chronic dietary exposure to unsafe levels of
OPPs is known to cause human health disorders by interfering with
nerve impulse transmissions via blocking the breakdown of the neu-
rotransmitter acetylcholine through acetylcholinesterase (AChE)

inhibition (Butler-Dawson, Galvin, Thorne, & Rohlman, 2016). Recently
published scientific evidence indicates that long-term exposure to low
levels of OPPs may produce neuropsychiatric and/or neurobehavioral
signs that do not necessarily involve AChE inhibition (González-Alzaga
et al., 2014). Long-term subthreshold exposure (below the threshold to
inhibit AChE) to chlorpyrifos, diazinon, malathion, methyl-parathion,
and their nonspecific metabolites may cause chronic deficits in spatial
memory and discrimination, leading to negative neurodevelopmental
and behavioral effects related to hippocampal mitochondrial dysfunc-
tion, astrogliosis, apoptosis, etc. (Dos Santos et al., 2016; González-
Alzaga et al., 2014; Jaga & Dharmani, 2003; Savy, Fitchett, Blain,
Morris, & Judge, 2018; Terry Jr, et al., 2012) Thus, a systematic in-
vestigation is needed to study the risk associated with pesticide residues
to food consumers.

To evaluate pesticide dietary risk from chemical contaminants, an
approach based on the maximum residue limit (MRL) is commonly used
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in China's current regulations (CNHFPC, et al., 2016). In setting the
MRL, the pesticide potential dietary exposure is calculated mainly
based on deterministic estimates of the expected intakes of individual
chemicals. After the introduction of pesticides to the market, more
realistic estimates of the actual intakes can be made based on the results
of monitoring efforts at the national level (Zentai, Szabó, Kerekes, &
Ambrus, 2016). However, concerns have been raised about whether
simultaneous exposure to several pesticide residues could have cumu-
lative adverse effects on human health, and this is not reflected by the
evaluations of these chemicals individually (Blaznik, Yngve, Eržen, &
Ribič, 2016; Jensen et al., 2015). Several methods have been developed
to determine the toxicity of the dose-additive effects due to exposure,
and the relative potency factor (RPF) method is preferred for cumula-
tive exposure (Gallagher et al., 2015). Other methods for cumulative
exposure assessments are available and are summarized in the Eur-
opean Food Safety Authority (EFSA) reports (EFSA, 2012; 2013a;
2013b, 2017). In addition to the RPF method, other methods include
the hazard index (HI), point of departure index (PODI), and margin of
exposure (MOE). The RPF approach is suitable for evaluating the effects
of individual dose-additive substances, e.g., the combined effects of
AChE inhibition in the brain or red blood cells (RBCs) induced by OPPs
(Fournier, Glorennec, & Bonvallot, 2014). Several subthreshold effects
of OPPs in addition to AChE inhibition, such as neurodevelopment,
behavior and spatial memory signs, have been published recently.
However, the available data are focused on a few substances, e.g.
chlorpyrifos, diazinon, and malathion, and are not sufficient to assess
cumulative exposure levels to various OPPs (Dos Santos et al., 2016;
González-Alzaga et al., 2014; Savy et al., 2018; Terry Jr, et al., 2012).
Therefore, the RPF approach for the AChE inhibition effect is still the
most commonly used.

In addition, for a quantitative exposure assessment, food con-
sumption and chemical occurrence data are usually combined using
either a deterministic or probabilistic approach (Jensen et al., 2015;
Nougadère et al., 2012). The deterministic method calculates the risk
quotient by comparing the exposure concentration to the threshold
concentration at which the hazard is generated. This approach is a
simple method and provides rough estimates. Therefore, this type of
characterization is used for more conservative, screening-level risk as-
sessments. The probabilistic methodology is preferred for assessing the
cumulative dietary exposure that may produce an exposure distribu-
tion. The exposure percentiles derived from this distribution are com-
pared with a toxicological reference dose of an index compound to
assess whether a health concern is present (Bosgra, Voet, Boon, & Slob,
2009; Fox, Brewer, & Martin, 2017).

The aim of the present study was to investigate whether daily
dietary exposure to OPPs through vegetable consumption could pose an
acute or chronic cumulative risk to the health of the Chinese popula-
tion. Our objective was to present the results for the OPP residue levels
in 75,655 vegetable samples collected in different seasons from dif-
ferent monitoring sites in all 31 provinces of China along with a cu-
mulative exposure assessment and risk characterization for ten Chinese
subpopulation groups of males and females of different ages.

2. Materials and methods

2.1. Vegetable sampling and residue data

The vegetable samples for the detection of OPP residues were col-
lected according to the “Agro-product Quality and Safety Risk
Monitoring Plan (APQSRMP)” of the Ministry of Agriculture (MOA) of
China between 2012 and 2016. The plan was organized and im-
plemented by the Research Center for Agro-product Quality and Safety
Standards, MOA, in which 88 ministerial-level agro-product quality and
safety supervision and testing centers across China jointly participated.
The APQSRMP was conducted once a year according to a unified
monitoring plan. The collection of samples was carried out on a city-by-

city basis in all 31 provinces of China (Table S2 in SI), covering four
distribution links (farmers’ market, manufacturing base, supermarket,
and wholesale market). A complete random sampling method was used
for sampling within the same city. The number of samples was set based
on the monitoring plan according to the regional distribution of agri-
cultural production in 2012 from National Bureau of Statistics of China
(NBSC, 2012, pp. 459–498). All sampling and detection results were
reported quarterly through the Risk Monitoring Data Center (http://
www.fxjc.aqsdc.com, developed by our Key Laboratory of Agro-product
Quality and Safety), in a uniform, standardized format.

The OPP residue data in this study originated from the Risk
Monitoring Data Center, including 95 different raw agricultural com-
modities (RACs) classified into 10 categories of vegetables, i.e., leafy,
root/starchy, gourd, bulb, stem, brassica, leguminous, solanaceous,
aquatic, and perennial vegetables (Table S1 in SI). The classification of
these RACs and their coding rules were based on the Food Classification
and Coding Code of the Codex Alimentarius Commission (CAC CODEX),
which were further refined for Chinese vegetable products in order to
ensure that each monitoring item was assigned a unique CAC CODEX
category code (Yue et al., 2010). The detection of OPP residues was
carried out in accordance with the requirements of the monitoring
program specified in NY/T 761–2008 and following the same testing
procedures with the gas chromatography method. The instruments used
by each monitoring center were uniformly purchased by the APQSRMP.
All test samples were divided into two composite groups, one group for
testing and the other for verification. The samples were stored for three
months, and 1/10 of them were randomly selected for verification.

Although the sampling plan was set up to ensure compliance with
the MRLs set by legislation, the most frequently consumed commodities
in the Chinese diet were considered in the cumulative risk assessment.
Only the pesticide-RAC pairs with at least one quantified residue above
the limit of reporting (LOR) were included in the cumulative exposure
calculations. The nineteen OPPs addressed in the calculations are listed
in Table S3 (SI). The LORs corresponding to the limit of detection (LOD)
values of the individual OPPs were in the range of 0.001–0.012mg/kg
product. The analytical concentrations were normalized to the wet
sample weights. The left-censored residue data (i.e., the results below
the analytical limit) were managed by two scenarios according to EFSA
recommendations (EFSA, 2010). Residues below the LOR were assigned
a value of zero in the optimistic or lower bound (LB) scenario assess-
ment and set to 1/2 LOR in the pessimistic or upper-bound (UB) sce-
nario assessment.

2.2. Food consumption data

Intake estimates were based on the consumption data obtained from
the 4th Chinese Total Diet Survey (TDS) study carried out in 2007 (Wu
& Li, 2015). To date, five nationwide TDS studies have been conducted
in China, while the 4th TDS data were most recently published. In the
4th Chinese TDS, 12 representative provinces were included. In each
province, three sampling sites including one urban site and two rural
sites were randomly selected. Thirty households with a middle-level
economic status were randomly selected in each site. Therefore, a total
of 1080 households with approximately 4300 subjects (> 2 years old)
were selected from 36 survey sites in 12 provinces (Wu & Li, 2015). The
food consumption survey was conducted by the 24-h dietary recall over
3 days for each individual (Chen, 2013). The food items recorded were
aggregated into 13 food groups, with vegetables and vegetable products
assigned to one of the categories. However, because only limited
numbers of vegetable-item consumption data were recorded in the 4th
TDS (average 11 items in each province, site-specific), which could not
cover the much wider range of vegetable commodities (95 RACs) in the
APQSRMP, we used only the total average vegetable consumption data
to present the site-specific vegetable consumption pattern. Ten sub-
population groups with different ages and sexes were addressed in se-
parate assessments (Table S4 in SI) due to their different food
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consumption rates per kg of body weight.
To link the food consumption data to the analyzed RACs, the food

consumption data were converted to consumption data per commodity
by using the processing factor (PF). The PF is considered as the fraction
of the chemical remaining after processing of the food such as washing,
peeling or cooking (Bosgra et al., 2009). We calculated the PF of each
vegetable RAC based on the edible portion (EP) data of the food in the
China Food Composition database (Yang, Wang, & Pan, 2002). The EP
was estimated for each food item on the basis of typical cooking
practices and food consumption habits of the local population. The EP
of each RAC was not fixed and varied widely according to differences in
transportation, storage and processing of the food item. Therefore, the
average value of different EPs for the same RAC was used to calculate
the PF, following the equation below (Equation (1)).

=PF average (EP)RAC i (1)

2.3. Relative potency factors

The RPFs were calculated using methamidophos as an index com-
pound for the OPPs. In this study, the majority of the pesticide RPFs
established by the US EPA were used. The US EPA published the RPFs of
24 OPPs based on benchmark doses (BMD10) that reduced the AChE
activity in the brains of female rats by 10% relative to the background
activity using methamidophos as the index compound (USEPA, 2001,
2002, 2006). However, the US EPA established RPFs for only 14 of the
OPPs addressed in this study. Thus, other sources were used for the
other 5 OPPs, even though establishing RPFs based on different sources
introduced some uncertainty into the analyses.

The RPFs of fenitrothion and triazophos were calculated as the ratio
of no-observed adverse effect levels (NOAELs) for AChE inhibition,
which were available from the FAO/WHO joint meeting on pesticide
residues (IPCS, 2006).

However, 3 OPPs frequently used in China (isocarbophos, iso-
fenphos-methyl and phoxim) did not have qualified animal test data
available. Therefore, we developed a quantitative structure-activity
relationship (QSAR) model for AChE activity by oral exposure based on
a partial least squares (PLS) regression analysis. For structure-activity
correlations, PLS has many advantages over regression, including the
ability to robustly handle more descriptor variables than compounds,
nonorthogonal descriptors and multiple biological results, while pro-
viding more predictive accuracy and a lower risk of chance correlation.
To improve the model reliability and exclude kinetic differences as
much as possible, only the available data for -log NOAEL of AChE in-
hibition in the brain compartment of dogs were considered during the
development of the model, as there were not enough data available on
AChE activity in the brain of rats. The exposure time of OPPs in ex-
perimental dogs was also considered in the present study, and only
chronic toxicities of OPPs were adopted. Simca-S (Version 11, Umetri
AB & Erisoft AB) was employed for PLS analysis. Molecular structural
descriptors were calculated by DRAGON 6.0 software, and constant
values were not used. The details of the values and the data sources for
the QSAR model to calculate 3 OPPs (isocarbophos, isofenphos-methyl
and phoxim) are listed in SI (Table S6).

2.4. Cumulative exposure estimation and risk characterization

The method for cumulative exposure estimation of OPPs in vege-
tables was based on the findings of Boobis et al.(Boobis et al., 2008),
and the daily exposure (long-term exposure) was calculated. First, the
cumulative residual concentration in a single RAC item was calculated
based on the RPF value. The concentration of pesticides on a com-
modity was expressed as a methamidophos-equivalent by multiplying
the level (mg/kg) of each compound by its RPF and adding the different
equivalents to obtain one concentration per sample. The CONCi is the
concentration of an OPP in the sample (i is the number of OPP residue),

which has the relative potential factor RPFi. Then the residual con-
centration of the pesticide can be converted into index pesticide with
the following equation (Equation (2)):

= ×CONC CONC RPFindex,i i i (2)

The cumulative OPP residue in each RAC item can be calculated
with the following equation (Equation (3)):

∑=
=

CONC CONCindex
i 1

19

index,i
(3)

The first step in calculating the cumulative exposure was to obtain
the individual pesticide exposure using the residue data calculated
above and the consumption data from the 4th Chinese TDS (Table S4).
According to the modeling design of “Model-Then-Add” daily intake
proposed by Van der Voet et al. (Van der Voet, Kruisselbrink, Boer, &
Boon, 2014), the individual exposure to the individual RAC item, iEXPj
(μg/kg bw/day), was calculated using Equation (4):

= × ×iEXP iCONS CONC iBW( PF)/j j index,j j (4)

where for RAC item j, CONCindex,j denotes the concentration of
equivalents of methamidophos (MMP) in RAC item j (mg/kg), iCONSj
denotes the daily consumed amount (g/day), PFj is the PF of the che-
mical on that RAC item, and iBW is the individual's body weight (kg).
Therefore, the individual cumulative exposure to vegetable RACs can
be calculated with Equation (5):

∑=
=

iEXP iEXP
j 1

n

j
(5)

Cumulative exposure to OPPs was calculated using a Monte Carlo
simulation analysis. To estimate the iEXP value, 100,000 randomly
selected cumulative OPP residue levels in equivalents of MMP per RAC
were multiplied by randomly drawn daily consumption patterns of
RACs from the RAC consumption data. A bootstrap database was gen-
erated with the same size as the original database for both the food
consumption and residue database by sampling with replacements from
the original datasets. Data from multiple sources were linked from the
unique system of the CAC CODEX category code. These two bootstrap
databases were used to calculate the exposure and derive the relevant
percentiles (the schematic diagram is shown in Fig.S1 Of SI). Summing
the RACs resulted in an empirical estimate of the cumulative exposure
distribution for any OP (Van der Voet et al., 2014). All estimated ex-
posures were adjusted for the individual's body weight (iBW) and ex-
pressed as daily exposure in μg/kg bw/day. The reported percentiles of
the cumulative exposure distribution are P50, P97.5, P99, and P99.9.

To assess the risk of acute cumulative exposure, the P99.9 of the
cumulative exposure to OPPs of different subpopulation groups was
compared to the ARfD of the corresponding index compound. To
characterize the chronic cumulative exposure, the mean and P97.5 (or
P95) of the cumulative OPP exposure were compared to the ADI of the
corresponding index compound.

2.5. Uncertainty analysis

To quantify the uncertainties in the exposure calculations due to
consumption sampling and residue input data uncertainty, the boot-
strap method was applied (Efron, 1992). The confidence intervals were
derived by repeating the bootstrap process multiple times, which re-
sulted in a bootstrap distribution for each percentile. To this end, we
generated the food consumption and residue bootstrap databases and
calculated the exposure with 2000 iterations each. For the resulting
bootstrap distributions per percentile, we calculated a 95% uncertainty
interval by computing the 2.5% and 97.5% points of the empirical
distribution. The bootstrap process was used to quantify the method
uncertainty, while the Monte Carlo simulation was used to quantify the
variability. Unquantifiable uncertainties associated with the exposure
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and risk assessments were considered in the interpretation of the re-
sults.

3. Results and discussion

3.1. Vegetable samples with multiple residues

In total, 75,655 vegetable samples were analyzed for OPPs in the
Chinese MOA's monitoring plan between 2012 and 2016, which in-
cluded 95 different RACs classified into 10 categories of vegetables, i.e.,
leafy, root/starchy, gourd, bulb, stem, brassica, leguminous, solanac-
eous, aquatic, and perennial vegetables (Table S1-S2 in Supplementary
data). The detection frequency of the ten most frequently detected RACs
for each pesticide (except for parathion, which was detectable only in 4
RACs) is shown in Table S7 (SI). The average residue concentration of
each pesticide (mg/kg) found in the different vegetable categories
considered in this study is shown in Fig. 1.

Of the samples analyzed for OPPs, 4989 (6.6%) contained at least
one OPP and 615 (0.81%) contained a combination of OPPs. The
combinations ranged from two to five pesticides, with two residues
occurring most frequently (87%). Celery (19), pak-choi (18), pepper
(18), cauliflower (17), Chinese cabbage (17), cucumber (17), and leaf
lettuce (17) were found to contain more pesticide residues in different
samples (number of different pesticide residues is in parentheses).
Chlorpyrifos, profenofos and triazophos were the most frequently de-
tected pesticides (3.6%, 0.87% and 0.66%, respectively) in all the ve-
getable samples analyzed. All 19 OPPs considered in this study were
detected in leafy vegetables. The maximum pesticide residue con-
centration in an individual RAC was 21.901mg/kg of dimethoate,
which was found in celery (leafy).

3.2. Relative potency factors

OPPs inhibit the activity of both the AChE enzymes, RBC AChE and
serum AChE, resulting in the cholinergic features of organophosphate
toxicity. A 50% reduction in serum AChE activity from the baseline is
an indication of acute organophosphate toxicity. The RBC AChE ac-
tivity, which is less rapidly depressed than the serum AChE activity, is a
measure of chronic exposure to OPPs (Jaga & Dharmani, 2003). We
used NOAELs as the best available option in view of the scarcity of the
available toxicological data. When the NOAEL was used to derive the
RPFs, the toxicological studies from which the NOAELs were derived
were critically selected to have similar endpoints and compartments

(e.g., brain or red blood cells) as well as the same species for each
compound relative to the index compound.

PLS analysis with the -log (NOAEL) as the dependent variable and
the molecular descriptors as predictor variables resulted in the fol-
lowing optimal QSAR model (Equation (6)):

− = + − − +log(NOAEL) 0.572 1.169GATS6v 1.495E2m 1.022R3s (6)

n= 8, A= 1, Rˆ2=0.87, Q_CUMˆ2=0.83, p < 0.005,
RMSE=0.32.Where n denotes the number of chemicals used in the
training set, Q_CUMˆ2 denotes the total variance proportion for inter-
pretive dependable variables as the predictive power of the model, A
denotes number of the principle components, RMSE denotes the root
mean square error of the regression, R2 denotes the coefficient of de-
termination, and P denotes the significance level.

The predicted -log (NOAEL) values and residuals for compounds are
listed in SI. Based on the equation, the R2 value of the QSAR model was
0.87, indicating a reasonable goodness-of-fit of the model. Q2CUM of
the QSAR was as high as 0.83, indicating good robustness of the model.
The differences between R2 and Q2CUM (0.04) did not exceed 0.3,
indicating no over-fitting in the model. The predicted -log (NOAEL)
values were consistent with the observed values (SI). In summary, the
developed QSAR model showed satisfactory performance. The pre-
dicted NOAEL values of isocarbophos, isofenphos-methyl and phoxim
were 0.034, 0.029 and 0.087mg/kg/day, respectively.

A summary of the BMD10s, predicted NOAELs and calculated RPFs
in this study is listed in Table 1. The precise level of AChE inhibition
associated with the NOAEL was not taken into account. The RPFs were
either based on the NOAELs for the brain or RBC AChE. Details on the

Fig. 1. The average pesticide residue concentration (mg/kg) found for the
different vegetable categories analyzed.

Table 1
Compounds included in the analyses of cumulative dietary exposure to orga-
nophosphorus pesticides for which residue levels above the limit of reporting
were reported in the Chinese “Agro-product Quality and Safety Risk Monitoring
Plan (APQSRMP)” of the Ministry of Agriculture (MOA) between 2012 and
2016 a.

Chemical BMD10 (mg/
kg) b

Type of AChE
and species

Source c RPF-MMP

acephate 0.99 Brain/rat EPA02 0.082
chlorpyrifos 1.48 Brain/rat EPA02 0.055
diazinon 6.24 Brain/rat EPA02 0.013
dichlorvos 2.35 Brain/rat EPA02 0.035
dimethoate 0.25 Brain/rat EPA02 0.32
fenitrothion 0.36 Brain/rat JMPR00 0.23
isocarbophos 0.034 Brain/dog present

study d
0.74

isofenphos-methyl 0.029 Brain/dog present
study

0.86

malathion 313.91 Brain/rat EPA02 0.00026
methamidophos 0.08 Brain/rat EPA02 1.0
omethoate 0.09 Brain/rat EPA02 0.90
parathion 0.50 Brain/rat EPA99 0.16
parathion-methyl 0.67 Brain/rat EPA02 0.12
phorate 0.21 Brain/rat EPA02 0.39
phosalone 6.93 Brain/rat EPA02 0.012
phosmet 3.56 Brain/rat EPA02 0.023
Phoxim 0.087 Brain/dog present

study
0.29

profenofos 20.58 Brain/rat EPA02 0.0039
Triazophos 1.50 RBC/rat JMPR02 0.054

a The critical effect for the derivation of the relative potency factor (RPF) was
inhibition of acetylcholinesterase (AChE) in either brain or red blood cells
(RBCs) based on benchmark dose modeling (BMD).

b BMD10= benchmark dose at which acetylcholinesterase activity was re-
duced by 10%.

c Source ‘EPA’ refers to (EPA, 1999; 2002). The JMPR references refer to the
‘Pesticide residues in food’ reports of the respective years, available atwww.fao.
org/ag/agp/AGPP/Pesticide/a.htm.

d The BMD and RPF data calculated in this study were obtained from the
QSAR prediction results.
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type of inhibition (RBC or brain) and animal species are listed in
Table 1. To exclude the kinetic differences as much as possible, the
RPFs based on the NOAELs were calculated using the same endpoint.
When both brain- and red blood cell-inhibition comparisons were
available, the brain-derived values were used.

3.3. Cumulative exposure estimation and risk assessment

Table 2 presents the cumulative exposure distribution percentiles

for the OPPs through vegetable consumption in the 10 subpopulation
groups in the LB and UB scenarios, including the 95% uncertainty in-
terval. According to the age and sex, the food consumption data were
divided into ten groups (Table S4 in SI), including four youth groups
(2–7 years, 8–12 years, 13–19 years/male and 13–19 years/female),
and six adult groups (20–50, 51–65 and > 65 years, male and female).
The highest exposure values observed in the studied subpopulations
were mean and P99.9 values of 0.18 and 6.18mg/kg bw/day for chil-
dren 2–7 years and 0.11 and 3.72 μg/kg bw/day for female adults
20–50 years, respectively, under the UB scenario. The estimated ex-
posure values under the UB scenario were significantly higher than
those under the LB scenario (p < 0.01). However, no significant dif-
ference was observed among sex subpopulation groups (p > 0.05). The
cumulative exposure to pesticide residues through vegetable con-
sumption was at low levels for all ten subpopulation groups under both
LB and UB scenarios, in comparison to the values reported in similar
studies (Boon, Van der Voet, Van Raaij, & Van Klaveren, 2008; De
Gavelle et al., 2016; Quijano, Yusà, Font, & Pardo, 2016; USEPA, 2006;
Zentai et al., 2016).

Fig. 2 shows the mean contribution of the five pesticides that most
contributed to the total cumulative OPP exposure under both LB and UB
scenarios. Omethoate was the main contributor in both LB and UB
exposure scenarios, followed by chlorpyrifos and isofenphos-methyl in
the LB scenario and isocarbophos and phoxim in the UB scenario.

To assess whether there was an acute or chronic risk of exposure,
the cumulative exposure for both exposure scenarios per pesticide
group was compared with its corresponding ARfD and ADI. The results
expressed as relative to the ARfD (%) and ADI (%), are listed in Tables 3
and 5, respectively. All the ARfD and ADI values were obtained from
the European Pesticide database (European.Commission, 2015). The
P99.9 of OPP exposure was considered as the maximum exposure level
for acute exposure, and the P97.5 of OPP exposure was considered the
maximum exposure level for chronic exposure. The highest %ARfD was
estimated for young children in the 2–7 years group, and the P99.9 for
the OPPs was equal to 62% of the ARfD under the UB scenario. None of
the P99.9 values of the exposure levels in all ten subpopulation groups
exceeded the ARfD of the index compound (methamidophos) in this
study. The relative ratios of the P97.5 of the exposure levels to the
chronic ADI were even lower and only 1–5% that of the ADI of the
index compound (methamidophos). According to the results for both
short and long-term exposure to the analyzed pesticides in vegetable
RACs, the health risk from cumulative dietary exposure OPPs was low
in China when considering only vegetable food consumption.

The results obtained in this study were compared with those from
other studies in which acute or chronic cumulative pesticide exposure

Table 2
Percentiles of the distribution of dietary exposure (μg/kg bw/day) to organo-
phosphorus pesticides in different age and sex population groups.

Percentiles of exposure Lower-bound Scenario Upper-bound Scenario

50.0% 2.5% 97.5% 50.0% 2.5% 97.5%
2–7 years
Mean 0.04 0.03 0.04 0.18 0.17 0.18
P50 0.00 0.00 0.00 0.14 0.14 0.14
P97.5 0.06 0.06 0.07 0.20 0.20 0.21
P99 0.38 0.35 0.42 0.51 0.48 0.55
P99.9 5.94 5.23 7.05 6.18 5.35 7.16
8–12 years
Mean 0.03 0.02 0.03 0.14 0.14 0.15
P50 0.00 0.00 0.00 0.11 0.11 0.11
P97.5 0.05 0.05 0.06 0.16 0.16 0.17
P99 0.30 0.28 0.33 0.40 0.38 0.44
P99.9 4.72 4.16 5.58 4.82 4.25 5.69
13–19 years/male
Mean 0.02 0.02 0.02 0.10 0.10 0.10
P50 0.00 0.00 0.00 0.08 0.08 0.08
P97.5 0.04 0.03 0.04 0.12 0.11 0.12
P99 0.21 0.20 0.23 0.28 0.27 0.31
P99.9 3.43 2.94 3.94 3.40 2.97 4.02
13–19 years/female
Mean 0.02 0.02 0.03 0.12 0.11 0.12
P50 0.00 0.00 0.00 0.09 0.09 0.09
P97.5 0.04 0.04 0.05 0.13 0.13 0.14
P99 0.25 0.23 0.27 0.33 0.31 0.36
P99.9 3.86 3.40 4.56 3.94 3.48 4.65
20–50 years/male
Mean 0.02 0.02 0.02 0.10 0.10 0.11
P50 0.00 0.00 0.00 0.08 0.08 0.08
P97.5 0.04 0.03 0.04 0.12 0.12 0.12
P99 0.22 0.20 0.24 0.29 0.28 0.32
P99.9 3.46 3.05 4.08 3.53 3.08 4.16
20–50 years/female
Mean 0.02 0.02 0.03 0.11 0.11 0.11
P50 0.00 0.00 0.00 0.09 0.09 0.09
P97.5 0.04 0.04 0.04 0.13 0.12 0.13
P99 0.23 0.21 0.26 0.31 0.29 0.34
P99.9 3.75 3.22 4.33 3.72 3.25 4.39
51–65 years/male
Mean 0.02 0.02 0.02 0.10 0.10 0.11
P50 0.00 0.00 0.00 0.08 0.08 0.08
P97.5 0.04 0.03 0.04 0.12 0.12 0.12
P99 0.22 0.20 0.24 0.29 0.28 0.32
P99.9 3.44 3.04 4.07 3.58 3.07 4.15
51–65 years/female
Mean 0.02 0.02 0.02 0.10 0.10 0.11
P50 0.00 0.00 0.00 0.08 0.08 0.08
P97.5 0.04 0.03 0.04 0.12 0.12 0.12
P99 0.22 0.21 0.25 0.30 0.28 0.32
P99.9 3.49 3.08 4.12 3.56 3.14 4.20
> 65 years/male
Mean 0.02 0.02 0.02 0.10 0.09 0.10
P50 0.00 0.00 0.00 0.08 0.08 0.08
P97.5 0.03 0.03 0.04 0.11 0.11 0.12
P99 0.21 0.19 0.23 0.28 0.26 0.30
P99.9 3.28 2.89 3.88 3.35 2.96 3.96
> 65 years/female
Mean 0.02 0.02 0.02 0.10 0.10 0.11
P50 0.00 0.00 0.00 0.08 0.08 0.08
P97.5 0.04 0.03 0.04 0.12 0.12 0.12
P99 0.22 0.20 0.25 0.30 0.28 0.32
P99.9 3.49 3.08 4.13 3.63 3.14 4.21

Fig. 2. Top five individual pesticides that most contributed to the cumulative
OPP exposure under the LB (lower-bound) scenario and UB (upper-bound)
scenario.
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Table 3
Overview of estimates of acute cumulative exposure to organophosphorus pesticides (OPPs) reported in the literature.

Country Population group ARfD of Index compound a Source of ARfD b Exposure (P99.9) Exposure relative to ARfD (%) Reference

LB c UB d LB UB

China 2–7 years 10 (methamidophos) JMPR 2004 5.94 6.18 59% 62% present study
8–12 years 4.72 4.82 47% 48% present study
13–19 years/male 3.43 3.40 34% 34% present study
13–19 years/female 3.86 3.94 39% 39% present study
20–50 years/male 3.46 3.53 35% 35% present study
20–50 years/female 3.75 3.72 37% 37% present study
51–65 years/male 3.44 3.58 34% 36% present study
51–65 years/female 3.49 3.56 35% 36% present study
> 65 years/male 3.28 3.35 33% 34% present study
> 65 years/female 3.49 3.63 35% 36% present study

United States 1–2 years 10 (methamidophos) JMPR 2004 2.6 26% EPA (2006)
3–5 years 2.3 23%
6–12 years 1.4 14%
13–19 years 0.88 9%
20–49 years 1.1 11%
>50 years 1.2 12%
13–49 years/female 1.1 11%

The Netherlands 1–6 years 100 (acephate) JMPR 2005 57 57% Boon et al. (2008)
Total population 23 23%

a ARfD=Acute reference dose.
b Source of ARfD: Sources from the “EU pesticide database” (EFSA, 2015).
c LB=Lower-bound scenario.
d UB = Upper-bound scenario.

Table 4
Overview of estimates of chronic cumulative exposure to organophosphorus pesticides (OPPs) reported in the literature.

Country Population group ADI of Index compound a Source of ADI b Exposure (P97.5 or P95 instead) Exposure relative to ADI (%) Reference

LB c UB d LB UB

China 2–7 years 4 (methamidophos) JMPR 2004 0.063 0.20 2% 5% present study
8–12 years 0.050 0.16 1% 4% present study
13–19 years/male 0.035 0.12 1% 3% present study
13–19 years/female 0.041 0.13 1% 3% present study
20–50 years/male 0.037 0.12 1% 3% present study
20–50 years/female 0.039 0.13 1% 3% present study
51–65 years/male 0.037 0.12 1% 3% present study
51–65 years/female 0.037 0.12 1% 3% present study
> 65 years/male 0.035 0.11 1% 3% present study
> 65 years/female 0.037 0.12 1% 3% present study

United States 1–2 years 4 (methamidophos) JMPR 2004 0.18 5% EPA (2006)
3–5 years 0.16 4%
6–12 years 0.11 3%
13–19 years 0.07 2%
20–49 years 0.081 2%
>50 years 0.092 2%
13–49 years/female 0.077 2%

The Netherlands 1–6 years 30 (acephate) JMPR 2005 1.6 5% Boon et al. (2008)
Total population 3.1 10%

Spain 6–15 years 30 (acephate) JMPR 2005 1.17 1.4 4% 5% Quijano et al. (2016)
16–95 years 0.42 0.79 1% 3%

France pregnant woman 2 (dimethoate) EFSA, 2014 0.11 4.44 5% 222% De Gavelle et al. (2016)
0.2 (diazinon) EFSA, 2006 0.0025 5.55 0% 111%
0.7 (phorate) JMPR, 2005 0 0.5 0% 72%
4 (methamidophos) JMPR 2004 0 1.96 0% 49%

a ADI=Acceptable daily intake.
b Source of ADI: Sources from the “EU pesticide database” (EFSA, 2015).
c LB=Lower-bound scenario.
d UB = Upper-bound scenario.
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was reported in the United States, the Netherlands, and Spain. The
results of these studies are summarized in Table 3 and Table 4. The
results listed in Tables 3 and 4 show differences in the exposure at the
P99.9 and P97.5 levels among the studies. OPP exposure was very high
in the Netherlands and Spain compared to that in the US and the pre-
sent study for both adults and young children. The differences in the
exposure among the studies are due to differences in the contamination
levels of relevant foods and/or differences in dietary habits among the
different countries (Boon et al., 2008; De Gavelle et al., 2016; Quijano
et al., 2016; USEPA, 2006; Zentai et al., 2016). Additionally, the dif-
ferences in the toxicity of the index compounds used may play a role;
i.e., acephate was used as the index compound in the Dutch study (Boon
et al., 2008) and Spanish study (Quijano et al., 2016), while metha-
midophos, which is a more toxic compound with lower ARfD and ADI
values, was used in both the US study (USEPA, 2006) and the present
study. To address this discrepancy, we normalized the exposure esti-
mates by expressing them as a percentage of the ARfD. The differences
in the exposure were significantly reduced, and the levels in the dif-
ferent studies were close.

3.4. Uncertainty related to the exposure assessment

Certain limitations and uncertainties in the present study should be
considered. In the present study, we used pesticide residue levels from
monitoring programs to assess cumulative pesticide exposure. The
APQSRMP of Chinese MOA is conducted on a yearly basis and includes
all RAC–pesticide combinations, resulting in a large amount of data that
can be used in exposure assessments. However, the national monitoring
plan is set up mainly to ensure compliance with the legal limits (MRLs)
set for pesticides, whereas the Chinese TDS study is carried out to
survey the consumption of limited food items in various categories in
certain provinces. Therefore, TDS studies and monitoring plans do not
provide enough appropriate data, and this must be considered when
interpreting the results of cumulative exposure assessments.

Unlike occurrence data from TDS, the occurrence values from the
APQSRMP of the MOA between 2012 and 2016 based on RACs did not
take into account the potential degradation of substances due to dif-
ferent food processing techniques. The PF data could be used to refine
the occurrence values, but the information on processing effects for
specific combinations of pesticide, RAC and processing type was very
limited. Thus, we assumed that the single PF could be applied to the
same RAC (a whole group). Another concern is that the actual cumu-
lative OPPs exposure is probably higher because of the OPPs residues
on fruits, grains and other categories of foods that were not taken into
account in this study. Cumulative and integrated dietary exposure as-
sessments are affected by scientific uncertainties that need to be con-
sidered in the interpretation of composite food choices.

Furthermore, the high proportion of left-censored data may have
introduced uncertainties into the overall estimate (EFSA, 2010; USEPA,
2000). Pessimistic-model runs (i.e., runs that replace values below the
LOR with the LOQ) have been reported to use assumptions that can lead
to an overestimation of exposure, whereas optimistic-model runs (i.e.,
runs that replace values below the LOR with zero) use assumptions that
are expected to lead to lower exposure estimates (EFSA, 2012).

Finally, we were not able to estimate the cumulative health risk of
OPP exposure for exposure levels below the effect level of acet-
ylcholinesterase inhibition. There is a lack of knowledge on the long-
term effects of low levels of OPPs and their exact pathways of toxicity.
Recent data prove that other targeted modes of action than AChE could
be triggered by OPPs. The RPF approach is utilized for dose addition to
mixtures of chemicals that produce effects by the same mode of action.
However, only limited effect data were available for the same mode of
action studies of low-level OPPs. These data were far from sufficient to
support a cumulative exposure assessment of OPPs based on RPFs.

4. Conclusions

This study is the first to investigate cumulative exposure and assess
the risk from OPP residues to consumers in China in different sub-
populations via a probabilistic approach. This method was based on a
large and multistage stratified sampling of vegetable RACs in China
(n= 75,655 samples) between 2012 and 2016. Of all the samples
analyzed for OPPs, 4989 (6.59%) contained at least one OPP and 615
(0.81%) contained a combination of OPPs. The estimated cumulative
exposure was assessed for 19 OPPs using the RPF (methamidophos as
the index compound) method with a probabilistic approach under both
lower and upper exposure scenarios. None of the P99.9 and P97.5 ex-
posure levels in all ten age groups under the two scenarios exceeded the
acute ARfD or chronic ADI, respectively. In the future, the link between
dietary exposure and body burden should be further investigated, while
considering the toxicokinetic characteristics of the substances, espe-
cially for chronic exposure.
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