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ARTICLE INFO ABSTRACT

Human exposure to pesticides can be estimated through different approaches. The approach adopted in this
study is based on internal dose measures. Studies published during 2001 and 2017 were collected from PubMed
and Scopus databases, filtered and organized. The intake of parent compounds is estimated based on the urinary
excretion of different OP metabolites applying a mathematical model previously used for similar purposes. Once
defined an Estimated Daily Intake (EDI), risk assessment is performed through comparison with specific
guideline values and hazard index (HI) is calculated to assess cumulative health risk. The EDI was expressed as
malathion, diazinon, parathion, phorate and dimethoate equivalents. Differences in exposure between pregnant
women, general population, children and farmers are highlighted and exposures are presented by country and
sampling year. Higher exposure to OPs was calculated for farmers, followed by children whereas pregnant
women were less exposed. Median HQ values for children ranged between 0.016 and 0.618, for pregnant women
0.005-0.151, for general population 0.008-0.206 and for farmers 0.009-0.979. Combined exposure to di-
methoate and phorate was the worst-case scenario. The annual distribution of the urinary DAPs showed that
exposure to OPs since 1998 tends to be stable for both children and adults.
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1. Introduction to control insect vectors, in commercial buildings or domestic use in

homes and gardens. Most OPs belong to the subgroup organothiopho-

1.1. Chemical characteristics

Organophosphates are the esters of phosphoric acid and they are
produced by the consecutive reaction of phosphoric acid with three
alcohols. They are used as solvents, insecticides, flame retardants and
plasticizers. Organophosphorus pesticides (OPs) are mainly esters,
amides or thiol derivatives of phosphoric, phosphonic, phosphor-
othionic or phosphonothionic acids and are widely used in agriculture

sphates (OTPs) and their functional group is the phosphorothioate P=S§
bond. Malathion, diazinon, fenthion, dimethoate, phorate and chlor-
pyriphos are the most widely known OTPs while dichlorvos and gly-
phosate are oxons (P=0). Many OTPs are converted from thions to
oxons which have higher toxicity. This conversion occurs in human
body by liver enzymes and in the environment under the influence of
oxygen and light. Both oxons and thions are hydrolyzed to less toxic
alkyl phosphates and further metabolized before their excretion from
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body (US EPA, 2013).

The OP group includes more than 100 compounds according to IPCS
INCHEM (International Programme on Chemical Safety) and US EPA
(United States Environmental Protection Agency) and they are classi-
fied as “Highly toxic” (HT) with oral LD50 values in rats less than
50 mg/kg and “Moderately toxic” (MT) with LD50 values over 50 mg/
kg and less than 500 mg/kg (IPCS INCHEM; US EPA, 2013).

1.2. Routes of organophosphate exposure

General population is environmentally exposed to OPs through
domestic use of pesticide products and consumption of contaminated
drinks and food. Occupationally exposed populations include pesticide
industry workers engaged in the production of the active ingredients or
in the preparation of formulations and agricultural workers who may be
engaged in the preparation and application of the mixtures as part of
their different activities including re-entry in previously treated fields
and professional applicators. Exposure to pesticides affects also workers
engaged in application in public health. The main route of exposure for
each population group varies. General population is mainly exposed via
ingestion while for occupational exposed group inhalation and skin
absorption are the main routes. Indoor workers are exposed mainly via
inhalation and less via skin absorption while for outdoor workers the
main route is dermal exposure and inhalation to a less extent (less than
10%). The amount of dermal absorption varies with the agents and
exposure via eyes is also possible through vapors, dusts or aerosols
which can cause even systemic poisoning. OPs toxicity is almost en-
tirely due to inhibition of acetylcholinesterase (AChE), an enzyme at
the endings of nerves, resulting in accumulation of acetylcholine
causing respiratory, myocardial and neuromuscular transmission im-
pairment in human body (IPCS INCHEM).

When OPs enter human body, they are metabolized to specific and
non-specific metabolites through a two-step metabolic pathway
(Chambers and Carr, 1995). The non-specific metabolites are dialkyl-
phosphates (DAPs) and are classified to dimethylphosphates (DMPs)
and diethylphosphates (DEPs). OPs produce either DEPs or DMPs.
DMPs include dimethylphosphate (DMP), dimethylthiophosphate
(DMTP) and dimethyldithiophosphate (DMDTP) and DEPs are die-
thylphosphate (DEP), diethylthiophosphate (DETP) and diethyldithio-
phosphate (DEDTP). Chlorpyrifos and chlorpyrifos methyl, malathion,
diazinon, parathion and methyl parathion have specific metabolites,
3,5,6-Trichloro-2-pyridinol (TCPY), malathion mono carboxylic acid
(MMA) and malathion dicarboxylic acid (MDA), 2-Isopropyl-4-methyl-
6-hydroxypyrimidine (IMPY) and paranitrophenol (PNP), respectively
(Heffernan et al., 2016).

1.3. OPs and pollutant residues in food

There are several published studies which indicate specific foods as
source of human exposure to OPs. Even low levels of the compounds in
these foods may pose a risk for human health due to their consumption
over a lifetime. Olive oil (Tsatsakis et al., 2003), milk products (Tsakiris
et al., 2015), fruits and vegetables (Christia et al., 2015; Fosu et al.,
2017) can in some cases be contaminated by organophosphate, together
with other residues including organochlorine compounds. In particular,
fenthion and dimethoate have been detected in both organic and con-
ventional olive oils (Tsatsakis et al., 2003). Conventional olive oil was
burdened with higher levels of both pesticides (range for fenthion and
dimethoate, 122.2-170.2ng/g and 22.6-27.1 ng/g, respectively for
sequential years), but also in organic oil traces of pesticides can be
detected (range for fenthion and dimethoate, 3.5-21.5ng/g and
1.0-9.8ng/g, respectively). In a recently published study in Ghana
(2010-2012), 3483 samples of foods and vegetables were analyzed for
organophosphates, organochlorines and synthetic pyrethroids (Fosu
et al., 2017). Regarding OPs, dimethoate and pirimiphos-methyl were
detected in all collected food samples except for cauliflower and squash,
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respectively, whereas chlorpyrifos and fenitrothion residues were de-
tected in all samples. Pesticide residues have also been detected in fruit
samples (peaches, grapes, bananas, apples, pears and strawberries)
from different regions of Greece (Christia et al., 2015). Diazinon, di-
methoate, disulfoton sulfone, malaoxon, metamidophos, paraoxon-
methyl, phosalone, phoxim and pyrazophos were detected in all fruit
samples. In most the detected concentrations were below the Maximum
Residue Limits (MRLs) values established in EU. According to the origin
of each fruit, geographically close regions had similar residue patterns
reflecting similar pest protection requirements and pesticide applica-
tion. Pesticides in peaches and pears were equally detectable in both
peel and flesh of the fruits, whereas in apples they were mainly on their
peel.

1.4. Pesticides in the indoor environment

Except for food, air and dust have been proved to be significant
sources of pesticides due to their presence in the indoor environment.
Bradman and co-authors (Bradman et al., 2007) studied the presence of
eleven OPs in houses of farmworkers in various matrices including
house dust, indoor and outdoor air but also various surfaces, toys,
cotton socks and union suits. Chlorpyrifos, diazinon and malathion
were detected in all matrices whereas dichlorvos was detected in indoor
and outdoor air and in surface wipe. Acephate and fonofos were de-
tected only in toy wipe, dimethoate in cotton socks, phosmet in union
suits while aziphos-methyl, chlorpyriphos oxon and methidathion were
not detectable at any matrix. All matrices were contaminated with at
least three (house dust) and maximum five OPs (toy wipe). This parti-
cular research, detected also pesticide residues in infant formulas and
food of toddlers possibly originated from children's hands or from
contaminated indoor dusts.

Human exposure to pesticides can be estimated through different
approaches. The so called “external exposure approach” provides esti-
mates based only on the presence of agrochemicals in environmental
matrices (de Gavelle et al., 2016; Curl et al., 2015; Melnyk et al., 2014).
Risk assessment is performed through comparison with MRLs. The
limitations of this approach are the different dietary habits among in-
dividuals and the multiple sources of exposure to pesticides, which
significantly affect the real intake. Risk assessment can be performed
only through the definition of a Theoretical Maximum Daily Intake
(TMDI). Exposure can be more reliably estimated considering con-
taminants’ concentration in different foods and drinks, and estimating
the intake based on existing data on the typical diet followed by the
population under evaluation. This approach can bring to the definition
of an Estimated Daily Intake (EDI), which might be refined considering
also the edible portion of each food. A limit of this approach is that not
always detailed data on national/local diets are available. A third ap-
proach, only seldom adopted by researchers, is estimating the intake
based on internal dose measures (the “internal dose approach™). This is
the approach adopted in this study in which we have estimated based
on the urinary excretion of different OP metabolites, the intake of
parent compounds based on a mathematical model previously used for
similar purposes (Dewalque et al., 2014; Katsikantami et al., 2016;
Myridakis et al., 2016). Once defined an Estimated Daily Intake (EDI),
risk assessment is performed through comparison with specific guide-
line values and hazard index (HI) is calculated to assess cumulative
health risk. Differences in exposure between pregnant women, general
population, children and farmers are highlighted and exposures are
presented by country and sampling year.

2. Methods
2.1. Study selection criteria

PubMed and Scopus databases were searched using the keywords
“organophosphosphate” AND “biomonitoring”. Out of the 1380 results,
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1048 articles were selected based on criteria which were automatically
applied through database filters and included journal article types, full
text available, articles written in English and published during 2001
and the first trimester of 2017. Duplicates were removed and records
were screened by title to meet the requirements for this study. Articles
for flame retardants, environmental monitoring, method development
and review studies were eliminated and in total 166 results were finally
accepted. The same methodology was applied for the combinations of
the keywords “DAPs”, “dialkylphosphate” and “toxicity” from which 22
articles were finally obtained.

2.2. Data collection process

The criteria to include a biomonitoring study in the EDI calculation
were to present mean or median values of all measured DAPs and to
give information about the studied population. The number of the
studied population group, gender, age, the examined biological ma-
trices, the detected compounds and their concentrations and statistical
associations (positive, negative or no associations) with adverse health
effects were registered. Data were organized by population group, year
of sampling and country. In total, 37 studies conducted in 14 countries
all over the world during 1998-2015 were included in the present
analysis. More specifically, 13 studies for children (5103 participants),
13 studies for pregnant women (4015 participants), 5 studies for
farmers (540 participants) and 6 studies in general population (9480
participants).

2.3. Calculation of estimated daily intake and hazard index

Human exposure to pesticides is conventionally estimated based on
monitoring of pesticide residues in environmental matrices, food and
vegetables (de Gavelle et al., 2016; Curl et al., 2015; Melnyk et al.,
2014). A mathematical model (Equation (1)) is used to convert the
determined pesticides residues in certain foods to EDI taking into
consideration the rate of their daily consumption (Gad Alla et al.,
2015).

g
Epr | B |- % RL,-("—g) x F(k—g) + BW (kg bw)
d kg d
(€]
RL;: pesticide residue level; F;: food consumption rate; BW: body
weight.

Most studies on biomonitoring of pesticides are presenting con-
centrations of biomarkers in biological matrices. However, pesticide
regulation, namely JMPR and European Commission, refers to
Acceptable Daily Intake (ADI) and Reference Dose (RfD) values ex-
pressed as pg/kg bw/day (Table 1). In the present study, an effort was
made to estimate the EDI of OPs based on existing biomonitoring data.
Similar efforts have already been published (Dewalque et al., 2014;
Katsikantami et al., 2016; Myridakis et al., 2016; Payne-Sturges et al.,
2009). For the calculation of EDI based on biomonitoring data a com-
monly used toxicokinetic model (Equation (2)) is applied to convert
urinary measurements of biomarkers to daily intake of parent

Table 1
Parameters for pesticides used for the estimation of daily intake and HQ.
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compounds.
Hg pmol MW, (-
kg bw CU( L ) X VU (L) x P(ﬁ)
EDI|—|=
d Fyp X BW (kg)

(2

EDI, Estimated Daily Intake; Cy, molar concentration of DMPs or DEPs;
Vy, the total urinary volume excreted within 24 h; MWp, molecular
weight of the parent compound; Fyg, urinary excretion factor of the
parent compound, BW, the reference body weight.

Calculated EDI was expressed as malathion, diazinon, parathion-
ethyl, phorate and dimethoate based on the urinary levels of their re-
spective non-specific biomarkers. Exposure to malathion and di-
methoate was calculated from the urinary levels of DMPs and exposure
to parathion, diazinon and phorate from DEPs. Two highly toxic (HT)
and three moderately toxic (MT) OPs were selected. Parathion is clas-
sified as HT with LDs, value 3-8 mg/kg and it is no longer registered for
any use in USA. Phorate is also classified as HT. Diazinon, malathion
and dimethoate are MT. Diazinon is a highly lipophilic compound
which is stored in human body and released slowly and therefore
toxicity takes place slowly (US EPA, 2013). The parameters for pesti-
cides that were used in Equation (2) are presented in Table 1. Para-
meters of urine volume and body weight for children were different
depending on the age (Institute of Medicine, 1998). The urine output
varied from 0.45 to 1.40 L and the body weight from 10 to 60 kg. Urine
volume for adults was set to 1.50 L (Dirtu et al., 2013) and body weight
to 70 kg (WHO, 2006).

EDI was compared to ADI via the calculation of the HQ which is the
ratio of the potential exposure to a substance (EDI) to the levels at
which no adverse effects are expected (ADI) (EFSA, 2013). HQ values of
two pesticides were summed (one for urinary DMPs and one for DEPs)
to obtain the HI and to estimate the increased risk due to co-exposure to
two compounds. Although guideline values and safe levels for human
exposure to pesticides are for single compounds, we cannot circumvent
the fact that humans are multiply exposed to mixtures of substances and
risk assessment to single pollutants underestimates the real health ef-
fects (Castorina et al., 2003; Sexton, 2012; Tsatsakis et al., 2016, 2017).
OPs are considered to have the same mechanism of action and health
effects to humans, although the degree of the risk varies.

3. Results and discussion
3.1. Biomonitoring data of OPs in general population

The environmental sources of exposure are generally common for
all populations due to the widespread use of pesticides in worldwide
scale. However, exposure for each population differs significantly de-
pending on lifestyle and socioeconomic factors. Urine samples collected
from pregnant women and the general population from Palestine,
Jerusalem and Israel were analyzed for six DAPs (Abdeen et al., 2015;
Berman et al., 2013). Notably, Palestinian women had significantly
lower levels of urinary DAPs (p = 0.041) than residents from the other
regions, possibly due to lower consumption of fruits and vegetables in

Pesticide MW (g/mol)  Fyg ADI (ug/kg bw/d) Toxicity based on LD50 values (US EPA, 2013)
Malathion 330.36 0.21 (Bouchard et al., 2003) 300 (JMPR, 2016) Moderately Toxic, MT

Diazinon 304.35 0.66 (Garfitt et al., 2002) 5 (JMPR, 2006) Moderately Toxic, MT

Parathion 291.30 0.39 (Morgan et al., 1977) 4 (JMPR, 2000) Highly Toxic, HT

Phorate 260.37 0.77 (JMPR, 2004) 0.70 (JMPR, 2005)  Highly Toxic, HT

Dimethoate  229.26 0.90 (Hoffmann and Papendorf, 2006; Krieger and Thongsinthusak, 1993) 2 (JMPR, 2003) Moderately Toxic, MT

*The respective molecular weights of DMP, DMTP, DMDTP, DEP, DETP and DEDTP were used to convert urinary concentrations pig/L to molar concentrations pmol/L

(g/mol: 126.05; 142.11; 157.17; 154.10; 170.17; 186.22).
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the Palestinian population. Although these three regions are geo-
graphically close to each other, human exposure to pesticides had sig-
nificant differences, reflecting differences in culture, diet, habits and
pesticide regulation. This statement was also supported by another
study conducted in Australia during 2012-2013 (Heffernan et al.,
2016). Pool urine samples from 2400 individuals were combined and
analyzed for specific metabolites and DAPs. DMTP and the specific
metabolites TCPY and PNP were associated with age in younger and
older individuals, although the correlation of DMDTP and DETP with
age was weak indicating that except for age and gender, other factors

Table 2
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like lifestyle may influence biomonitoring data. Except for DEDTP
which was not detected in any sample, detection rates were over 75%
(DMDTP) for all DAPs. Mean values were low, namely 13.6, 10.6, 0.4,
6.2, and 1.3 ug/L for DMP, DMTP, DMDTP, DEP, and DETP, respec-
tively. Mean values for the specific metabolites MDA, IMPY and PNP
were 1.0, 0.4, and 1.8 ug/L, respectively. TCPY was the compound with
the highest levels, mean concentration 23.0ug/L and range
2.0-36.8 ug/L (Table 2).

High urinary DAPs in pregnant women from Canada (MIREC study)
were associated with the consumption of sweet peppers, tomatoes,

Concentrations of organophosphate metabolites in urine collected from environmentally exposed population.

Reference Country, year N, Population Units Compounds Mean * SD Median Range/Max % Detection
Frequency
Harley et al., 2016 USA, 1999-2000 484, pregnant women nmol/g sumDMPs 76.3 = 3.6 78.5 3228.9 100.0
sumDEPs 16.4 = 3.1 16.3 453.5 100.0
sumDAPs 105.6 = 3.0 102.0 3359.8 100.0
USA, 2003-2006 328, pregnant women nmol/g sumDMPs 44.6 = 4.3 46.4 1686.8 95.2
sumDEPs 11.2 = 45 14.5 199.1 83.1
sumDAPs 66.8 = 3.5 70.1 1715.4 98.4
USA, 1998-2006 82, pregnant women nmol/g sumDMPs 11.4 = 20.6 29.1 1584.2 74.4
sumDEPs 7.4 * 134 19.4 231.8 80.5
sumDAPs 429 = 7.4 59.6 1622.8 92.7
USA, 1998-2002 341, pregnant women nmol/g sumDMPs 41.1 = 7.6 47.3 8498.5 94.4
sumDEPs 12.8 = 9.0 19.4 1629.5 85.6
sumDAPs 75,5 = 5.5 47.3 8498.6 95.9
Ye et al., 2016 Canada, 2010 3466, general population, 20-79 nmol/g DMP 27.5 = 2.0 27.5 13.1-56.9 76.4
DMTP 17.2 £ 1.3 14.5 < LOD-55.4 66.7
DMDTP NC <LOD < LOD-5.5 36.4
DEP 17.5 £ 0.8 17.9 9.8-33.4 77.9
DETP NC <LOD <LOD 36.1
DEDTP NC <LOD <LOD 2.3
Sokoloff et al., 2016 ~ Canada, 2008-2011 1884, pregnant women nmol/L. DMP 23.0 23.0 1507.0 79.0
DMTP 20.0 21.0 690.0 80.0
DMDTP 2.0 2.0 518.0 51.0
DEP 14.0 14.0 22,064.0 77.0
DETP 3.0 3.0 294.0 53.0
DEDTP NC NC 35.0 2.0
Heffernan et al., Australia, 2012-2013 2400, general population ug/L DMP 13.6 - - 100.0
2016 DMTP 10.6 - - 100.0
DMDTP 0.4 - - 75.0
DEP 6.2 - - 100.0
DETP 1.3 - - 83.0
DEDTP < LOD - - NC
TCPY 23.0 - 2.0-36.8 100.0
MDA 1.0 - - 100.0
IMPY 0.4 - - 91.6
PNP 1.8 - - 100.0
Abdeen et al., 2015 Palestine, 2010-2012 148, pregnant women, 28.2 = 6.7 ug/L DMP 3.7 4.9 203.3 89.7
DMTP 8.6 8.6 1523.1 97.2
DMDTP 0.4 0.4 314.3 69.0
DEP 2.9 2.7 205.6 98.6
DETP 0.9 0.8 52.1 71.7
DEDTP 0.02 0.01 2.8 42.8
Jerusalem, 2011 72, pregnant women, 31.2 + 4.8  ug/L DMP 10.3 12.1 247.8 100.0
DMTP 12.7 9.9 452.8 100.0
DMDTP 0.5 0.3 27.8 57.0
DEP 2.7 16.2 49.3 94.5
DETP 0.6 0.6 11.8 75.3
DEDTP 0.1 0.1 2.5 60.0
Ye et al., 2015 Canada, 2007-2009 5604, general population nmol/L. DMP 235 24.3 9.0-57.9 77.4
DMTP 14.3 14.3 <LOD-49.2 67.0
DMDTP NC <LOD < LOD-4.1 36.6
DEP 14.9 15.1 7.7-30.8 78.6
DETP NC <LOD < LOD-5.8 37.4
DEDTP NC <LOD <LOD 2.6
Melgarejo et al., Spain, 2012-2013 116, Men ug/L DMP 1.3 = 43 1.5 - 86.8
2015 DMTP 1.0 = 145 1.4 - 85.2
DMDTP 0.1 = 0.7 0.1 - 70.2
DEP 2.6 + 47 3.0 - 96.7
DETP 0.9 = 258 0.8 - 98.3
DEDTP 0.05 = 0.03 0.1 - 61.9
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Table 2 (continued)
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Reference Country, year N, Population Units Compounds Mean * SD Median Range/Max % Detection
Frequency
Lewis et al., 2015 USA, 2010-2012 54, pregnant women ug/L TCPY 0.4 0.5 3.3 86.2
IMPY < LOD <LOD 1.6 14.5
MDA < LOD <1LOD 4.1 10.5
PNP 0.5 0.5 11.4 90.1
DMP 1.4 <LOD 51.2 46.0
DMTP 0.8 1.0 73.3 62.7
DMDTP 0.2 <LOD 5.2 38.7
DEP 0.9 <LOD 158.0 32.7
DETP 0.5 <LOD 17.1 51.3
DEDTP < LOD <LOD 0.8 2.7
USA, 2009-2010 355, pregnant women ug/L TCPY 0.8 1.0 23.8 85.1
IMPY < LOD <LOD 125 18.1
MDA < LOD <LOD 20.0 16.9
PNP 0.5 0.5 39.8 79.7
DMP < LOD <LOD 194.0 41.2
DMTP 2.1 1.9 267.0 78.8
DMDTP 0.5 <LOD 359 21.5
DEP 0.7 <LOD 78.6 33.9
DETP 0.7 <LOD 32.0 46.7
DEDTP < LOD <LOD 1.1 0.4
Zhang et al., 2014 China, 2011-2012 249, pregnant women ug/L DMP 18.0 24.0 334.0 94.8
DMTP 8.5 11.8 138.0 83.9
DEP 7.1 5.4 167.1 95.6
DETP 5.6 7.0 133.0 88.8
DEDTP NC <LOD 6.61 6.8
Berman et al., 2013 Israel, 2011 120, general population, ug/L DMP 135 13.6 116.5 99.0
40.9 + 13.4 DMTP 8.0 7.1 246.3 100.0
DMDTP 0.4 0.3 41.9 73.0
DEP 1.9 2.0 13.5 98.0
DETP 0.6 0.6 5.4 76.0
DEDTP NC NC 1.8 44.0
Davis et al., 2013 USA, 2012 55, general population ug/L IMPY 0.8 - 0.2-2.0 25.5
MDA 1.2 - 0.4-5.9 29.1
PNP 1.4 - 0.04-8.2 92.7
TCPY 1.9 - 0.1-6.1 96.4
Wang et al., 2012 China, 2006-2007 187, pregnant women ug/L DMP 17.2 - 269.2 83.4
DMTP 8.01 - 109.7 89.3
DEP 6.0 - 109.7 95.7
DETP 6.3 - 131.8 93.6
DEDTP NC - 5.1 5.3
Ye et al., 2008 Netherlands, 100, pregnant women nmol/L.  DMP 79.9 85.7 < LOD-765.0 99.0
2002-2006 DMTP 60.9 74.6 0.7-774.0 100.0
DMDTP 2.3 2.5 <LOD-25.8  96.0
DEP 13.0 13.0 < LOD-253.0 99.0
DETP 4.7 4.7 < LOD-218.0 96.0
DEDTP 0.2 0.2 <LOD-26.8 81.0
TCPY 6.3 5.9 0.8-797.0 100.0
Curwin et al., 2007 USA, 2001 98 family members ug/L TCPY - - 1.8-54.0 100.0
Aprea et al., 2004 Italy, 2001 124, general population nmol/g sumDMPs 210.3 + 199.3 145.7 30.6-696.7 -
Koch et al., 2001 Germany 50, general population ug/L TCPY 4.8 1.4 0.12-124.8 100.0
DMP 43.1 30.8 - -
DMTP 45.7 22.7 - -
DEP 6.6 4.2 - -
DETP 3.7 3.8 - -

*NC, not calculated.

beans and dry peas, citrus fruits, apple juice, white wine, green and
herbal tea, soy and rice beverages and whole grain bread (Sokoloff
et al., 2016). The main variables associated with higher exposure to OPs
were higher education, fasting and following a diet full of fruits and
vegetables.

3.2. Biomonitoring data of OPs in occupationally exposed adults

MMA, a specific metabolite of malathion, was measured in urine
samples from sprayers after malathion application (Table 3). Excretion
of malathion via urine was very rapid reaching its maximum level in
about 6 h after application (Tuomainen et al., 2002). Dermal exposure
to malathion occurred through upper and lower limbs, 19% and 48%
respectively, hands and chest accounted for 30% of dermal exposure
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while back and head only 3%. It has been shown that the use of per-
sonal protective measures and personal hygiene has a significant posi-
tive impact in reducing exposure of agricultural workers to OPs.
Wearing gloves and full body coveralls while handling and applying
pesticides have been positively associated with lower body burden of
OPs (p < 0.05) and immediate change of uniform after application of
pesticides has been associated with lower urinary DAPs (Koureas et al.,
2014).

Margariti and Tsatsakis (2009) were the first to report measurement
of DAPs in head hair from occupationally exposed population. Ap-
proximately, the 70%, 40% and 20% of the samples were positive for
DEP, DMP and DMTP respectively whereas the detected levels ranged
from 100 to 460 pg/mg for all analytes. In hair samples from population
in Sri Lanka DEP, DETP, DEDTP and DMP were detected at 83.3 pg/mg,
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Table 3
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Concentrations of organophosphate metabolites in urine collected from occupationally exposed population.

Reference Country, year N, Population, years old Units Compounds Mean = SD Median  Range % Detection Frequency
Shomar et al., 2014 Qatar, 2012-2013 125, farmers, 21-35 nmol/L. DMP 44.6 - 185.0 93.0
DMTP 31.8 - 164.0 89.0
DMDTP 1.2 - 42.3 67.0
DEP 9.8 - 114.0 92.0
DETP 14.2 - 86.3 87.0
DEDTP 0.4 - 2.4 62.0
Koureas et al., 2014 Greece, 2010 77, farmers ug/g DMP - 6.9 2.6-15.4 97.4
DEP - 109 5.6-24.8 98.7
DETP - 7.6 2.3-23.5 100.0
DEDTP - 0.9 0.6-1.6 100.0
Kongtip et al., 2014 Thailand, 2011-2012 56, exposed pregnant women nmol/L. DMP - 37.7 121.5 77.9
DEP - 14.6 72.0 67.4
DETP - <LOD 464.4 47.7
DEDTP - <LOD 476.8 44.2
Kokkinaki et al., 2014  Greece, 2013 31, farmers, 53.6 + 15.1 ng/L DMP 9.0 = 5.8 8.6 - 100.0
DEP 74.2 + 53.8 56.5 - 100.0
DETP 944.7 + 746.4 731.6 - 100.0
DEDTP 0.3 = 0.2 0.2 - 90.0
Phung et al., 2012 Vietnam, 2009 108, farmers ug/g TCPY 47.5 = 12.8 - 3.0-678.0
Dalvie et al., 2011 South Africa 20, farmers ug/L DMP - < LOD < LOD-98.3 -
DMTP - 602.1 < LOD-4118 -
DMDTP - 17.4 <LOD-227.5 -
DETP - < LOD < LOD-22.1 -
Arcury et al., 2009 USA, 2007 287, farmers ug/L DMP - 1.0 359.09 41.3
DMTP - 3.6 2577.8 78.3
DMDTP - 0.04 577.6 33.3
DEP - 0.9 127.4 40.5
DETP - 0.2 142.0 32.3
DEDTP - <LOD 96.3 8.1
Curwin et al., 2007 USA, 2001 113, exposed family members  ug/L TCPY - - 5.6-87.0 100.0
Aprea et al., 2004 Italy, 2001 18, farmers, 34-36 nmol/g  sumDMPs 310.6 404.2 79.8-1213.0 -

34.7 pg/mg, 34.5pg/mg and 3.0 pg/mg, respectively, and their re-
spective detection rates were 82%, 90%, 82% and 42% (Knipe et al.,
2016). Biomonitoring data from population groups with occupational
exposure to OPs (farmers and sprayers) showed increased levels of
DAPs in both hair and urine samples (Kokkinaki et al., 2014; Koureas
et al., 2014). Both matrices gave higher levels and detection rates of
DAPs in agricultural workers than in rural residents-control group and
this differentiation was statistically significant (p < 0.001). These
studies indicated that hair analysis can provide comparable results to
urine analysis and the differentiation between occupational exposed
population and general population is proportionate in both matrices.
This conclusion also came up from animal studies conducted in rats
(Hardy et al., 2015) and rabbits (Kavvalakis et al., 2013) orally exposed
to pesticides. Concentrations from urine and hair samples were com-
parable and the suitability of hair analysis for the detection of the
parent compounds and their respective metabolites was confirmed.

3.3. Biomonitoring data of OPs in children

Children could be included in the general population group since
only environmental or dietary exposure to pesticides can occur.
However, they are a sensitive population group due to their low body
mass and the increased health risk because their organism is still under
development. DAPs were measured in urine extracted from disposable
diapers from 116 children in Japan during June-July 2015 (Oya et al.,
2016). The mean concentrations ranged from 0.6 ug/L (DETP) to
6.0 ug/L (DEP), maximum levels were detected for DMTP, DMP and
DEP, 130.3 ug/L, 100.8 ug/L and 83.6 ug/L respectively (Table 4). The
detection rate ranged from 49.1% (DEDTP) to 100% (DMTP and DETP).
The large variability of urinary pesticide metabolite concentrations
often observed in children has been attributed to the episodic rather
than systematic exposure or variability in children's metabolic rates
(Kissel et al., 2005; Lambert et al., 2005) and it demands the analysis of
multiple urine samples from each individual for the accurate
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assessment of pesticide exposure.

Take-home pesticide exposure is also a significant source in houses
of farmworkers (Curwin et al., 2007). Pesticides were detected in urine
from 117 children living in farm and non-farm households. The com-
parison between the two groups showed statistically significant differ-
ences (p < 0.0001) and higher exposures for farm children especially
if their father had recently applied pesticides in the fields. Urinary le-
vels between family members were correlated indicating common
source of exposure. A study conducted in USA during 2002, compared
the occurrence of OPs in indoor environmental matrices such as dust,
air, floor and toys, in farmworkers’ houses with the DAPs detected in
spot and overnight urine samples from their children (Bradman et al.,
2007). Although, the pollutants were detected in all environmental and
biological matrices, the correlations between them were not significant.
DEPs in urine were positively correlated with diazinon in dust, socks
and union suit (p < 0.05) but non-significantly with diazinon levels in
toys, whereas levels of chlorpyrifos in toys were positively correlated
with urinary DEPs (p < 0.05). The use of personal protective measures
and hygiene behavior from agricultural workers has a significant po-
sitive impact in reducing the take-home pesticide exposure pathway
(Koureas et al., 2014). Wearing gloves and uniform during pesticide
application and immediate cloth removal before entering home can
significantly reduce the body burden of the family members
(p < 0.05).

Similarly to biomonitoring data for adults, children who live in
agricultural regions have higher urinary levels of pesticides compared
to those living in urban communities (Lambert et al., 2005). DMTP was
the most commonly detected metabolite in urine from children living in
areas where pears, cherries and berries were cultivated. Median urinary
levels for children in rural areas were 17.5 ug/L, 19.0 ug/L and 41.0 g/
L whereas urinary DMTP in children from urban area was 6.5 ug/L. The
large variability in urinary DAP levels across the work season was at-
tributed to the different types and amounts of the applied pesticides and
the frequency of application. In a similar study conducted in Spain
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Table 4
Concentrations of organophosphate metabolites in urine collected from children.
Reference Country, year N, age Units Compounds  Mean * SD Median Range/Max % Detection Frequency
Osaka et al., 2016 Japan, 2012-2013 703, 3 years old ug/L DMP 14.0 14.3 92.4 100.0
DMTP 5.2 5.5 230.4 95.5
DEP 5.3 5.3 67.6 99.1
DETP 0.6 0.6 22.5 89.7
Oya et al., 2016 Japan, 2015 116, 18.8 = 0.7 months  pg/L DMP 3.6 3.4 100.8 94.0
DMTP 3.9 4.0 130.3 100.0
DMDTP 0.9 1.0 6.2 99.1
DEP 6.0 6.7 83.6 84.5
DETP 0.6 0.6 55.9 100.0
DEDTP NC < LOD 1.4 49.1
Ye et al., 2016 Canada, 2010 980, 12-19 nmol/g DMP 271 = 21 29.0 + 2.7 - 82.3
DMTP 140 £ 1.3 141 £ 15 - 68.6
DMDTP NC < LOD - 35.4
DEP 16.8 = 1.3 169 = 1.3 - 82.0
DETP NC < LOD - 44.6
DEDTP NC < LOD - 4.4
Myridakis et al., 2016  Greece, 2007-2008 500, 4.2 = 0.2 ug/L DMP NC < LOD < LOD-8.9 24.6
DMTP 3.8 4.0 <LOD-410.3 98.2
DMDTP 0.1 < LOD < LOD-61.4 49.4
DEP 1.9 2.0 < LOD-93.1 93.6
DETP 0.9 1.1 < LOD-30.5 93.0
DEDTP NC < LOD < LOD-5.8 21.0
Ueyama et al., 2014 Japan, 2012-2013 225, 3 years old ug/L DMP 14.4 - - 100.0
DMTP 5.3 - - 98.0
DEP 5.5 - - 99.0
DETP 0.6 - - 80.0
Roca et al., 2014 Spain, 2010 125, 6-11 years old ug/g DMP 8.6 + 43.2 < LOQ 416.8 18.0
DMTP 54 + 18.1 <1L0Q 139.1 39.0
DMDTP 1.0 + 3.4 < LOQ 28.7 9.0
DEP 4.0 + 7.7 2.3 58.0 79.0
DETP 1.7 = 4.3 <1L0Q 36.2 36.0
DEDTP NC < LOQ < LOQ NC
TCPY 57 + 125 3.4 123.9 86.0
IMPY 9.8 + 16.8 5.2 150.0 57.0
PNP 1.4 = 1.7 0.9 14.0 53.0
DEAMPY 2.8 + 10.4 < 1LOQ 100.3 48.0
Guodong et al., 2012 China, 2008 301, 23-25 months ug/L DMP 2.5 < LOD < LOD-186.9 41.9
DMTP 1.6 < LOD < LOD-80.8 36.5
DEP 1.8 1.2 < LOD-32.2 71.8
DETP 3.2 2.9 < LOD-55.4 69.1
DEDTP NC < LOD < LOD-3.8 2.7
Ding et al., 2012 China, 2008 268, 2 years old nmol/L.  sumDMPs 34.0 18.3 - 35.4-40.7
sumDEPs 40.7 36.9 - 2.6-71.6
sumDAPs 87.0 75.7 - -
Naeher et al., 2010 USA, 2001 203, 4-6 years old ug/L DMP 9.6 5.1 80.6 75.0
DMTP 17.4 3.8 270 88.4
DMDTP 2.8 0.6 57.7 77.9
DEP 6.0 4.1 79.7 92.0
DETP 1.6 0.6 17.3 97.5
DEDTP 0.2 <0.1 1.8 49.0
Panuwet et al., 2009 China 207, 12-13 years old ug/L PNP 2.7 2.9 0.3-19.5 98.0
TCPY 2.4 2.6 0.2-34.5 92.0
IMPY NC NC < LOD-11.8 <1.0
MDA 0.3 0.3 0.3-2.1 25.0
DEAMPY 0.2 0.1 0.3-6.3 5.0
Lu et al., 2008 USA, 2003-2004 23, 3-11 years old ug/L MDA 4.6 1.6 < LOD-263.0 66.0
TCPY 5.1 3.7 < LOD-32.0 91.0
IMPY 0.2 NC < LOD-15.0 9.0
DEAMPY 0.3 NC < LOD-18.0 25.0
Arcury et al., 2007a USA, 2004 60, 1-6 years old ug/L TCPY 1.9 2.5 - 83.3
IMPY 0.6 0.5 - 55.0
MDA NC 0.2 - 28.3
PNP 1.0 1.6 - 90.0
Arcury et al., 2007b USA, 2004 60, 1-6 years old ug/L DMP 5.1 2.8 < LOD-24.9 6.7
DMTP 21.2 6.7 < LOD-183.3 20.3
DMDTP 2.7 0.7 < LOD-27.1 21.7
DEP 8.6 6.0 < LOD-68.7 18.6
DETP 1.4 0.8 < LOD-12.4 15.0
DEDTP 0.06 < LOD < LOD-0.6 83.3
Bradman et al., 2007 USA, 2002 20, 5-27 months nmol/L  sumDEPs 11.0 13.0 1.3-310.0 2.6-43.6
sumDMPs 66.0 85.0 4.1-1100.0 33.3-82.1
sumDAPs 99.0 100.0 5.4-1300.0 100.0

(continued on next page)
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Table 4 (continued)
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Reference Country, year N, age Units Compounds  Mean * SD Median Range/Max % Detection Frequency
Valcke et al., 2006 Canada, 2003 89, 3-7 years old ug/g DMP 20.0 22.9 0.7-380.0 98.2
DMTP 18.8 21.9 0.4-1381.0 91.6
DMDTP 2.8 2.9 0.3-227.0 67.6
DEP 4.8 5.8 0.4-183.0 86.7
DETP 0.7 0.4 0.4-175.0 27.6
DEDTP 0.4 0.4 0.2-1.9 0.6
Kissel et al., 2005 USA, 1998 13, 2.5-5.5 years old nmol/L  DMTP 250.0 110.0 2200.0 97.0
DETP 18.0 11.0 240.0 67.0
MDA 20.0 5.5 400.0 71.0
PNP 32.0 16.0 270.0 96.0
TCPY 46.0 46.0 130.0 79.0
Heudorf et al., 2004 Germany, 1998 649, < 18 years old ug/L DMP 37.8 = 66.0 16.7 750.6 NC
DMTP 44.7 + 109.9 16.8 1668.5 NC
DMDTP 3.0 = 14.6 < LOD 288.8 NC
DEP 52 * 8.4 3.0 98.0 NC
DETP 23 +74 < LOD 82.8 NC
DEDTP 0.01 + 0.1 < LOD 0.5 NC

*NC, not calculated.

(Roca et al., 2014), a total of 15 metabolites (OPs, pyrethroid insec-
tides, herbicides) were detected in the urine samples from school
children. The detection frequencies of DAPs ranged from 18% to 39%
and the most frequently detected metabolites were TCPY (86%), DEP
(79%), IMPY (57%) and PNP (53%). Mean concentrations were be-
tween 0.5 and 3.4 ug/g creatinine and the highest levels were for TCPY
and IMPY, 3.4ug/g creatinine and 3.3 ug/g creatinine, respectively.
DEP was higher in children from agricultural area whereas IMPY me-
tabolite was higher in urban children. Age, vegetable consumption and
residential use of pesticides were associated with detectable urinary
levels of TCPY, IMPY and DEP. Morgan and Jones (2013) associated
dietary habits of preschool children and urinary biomarkers of exposure
to chlorpyrifos. The frequency of consumption of fresh apples
(p = 0.04), fruit juices (p = 0.02), butter, chicken and turkey meats
(p < 0.05) were significantly associated with high exposure to chlor-
pyrifos, similarly to the results from the MIREC study, previously
mentioned, in adults (Sokoloff et al., 2016).

3.4. Associations with health effects

The real health effects and mechanisms of action of OPs in humans
remain unclear and data from studies in literature vary. Oulhote and
Bouchard (2013) reported no associations between OP exposure and
behavioral scores in children, although other studies correlate urinary
DAPs from children with increased odds of behavioral problems
(Bouchard et al., 2011) namely Attention Deficit Hyperactivity Disorder
(ADHD), poor mental development (poor IQ scores), pervasive devel-
opmental problems (Eskenazi et al., 2007) and oxidative DNA damage
(Ding et al., 2012). Prenatal or early life exposure to OPs has been
linked with adverse effects on neurodevelopment in early infancy
(Eskenazi et al., 2007), poor intellectual development in 7-year old
children (Gunier et al., 2016; Bouchard et al., 2011), respiratory out-
comes (Raanan et al., 2015), hypospadias in offspring (Michalakis et al.,
2014) and a study conducted in China noted that prenatal exposure to
OPs was one of the most important factors affecting Neonatal Beha-
vioral Neurological Assessment (NBNA) scores (Zhang et al., 2014). In a
meta-analysis study, childhood leukemia was associated with maternal
occupational exposure during gestation (Wigle et al., 2009) and this
association was stronger for groups with high exposure levels. Another
study in China associated an increased risk of the disease with the
household use of mosquito repellent (Zhang et al., 2015).

Additionally, in utero exposure to OPs has been linked with shor-
tened gestation, reduced birth weight (Naksen et al., 2015; Rauch et al.,
2012) and increase in maternal cortisol which poses risk for newborn
health later in life (Cecchi et al., 2012). Wang et al. (2012) found
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associations with duration of gestation but no effects on fetal growth.
Similarly, Harley et al. (2016) found no significant associations be-
tween exposure to OPs and birth weight, length or head circumference,
whereas Koutroulakis et al. (2014) found positive correlations between
birth length and DMPs in amniotic fluid. Shapiro et al. (2016) noted no
associations between maternal exposure to OPs during pregnancy and
Impaired Glucose Tolerance (IGT) and Gestational Diabetes Mellitus
(GDM) and Yolton et al. (2013) mention minimal or no impact on
neurobehavior of young infants. There are no observed associations
with gastrointestinal effects on young children at the age of 1-4 years
old (Jones et al., 2014). In contrast with previous studies, Guodong
et al. (2012) found no associations between OP metabolites in urine
from children and neurodevelopment. According to some views, the
appeared outcomes differ by race/ethnicity and PON1 genotypes
(Naksen et al., 2015; Rauch et al., 2012; Harley et al., 2011; Tsatsakis
et al., 2009, 2011) which together with enzyme activity levels suggest
whether the infant is susceptible to the effects of OP exposure.

Exposure of adults to OPs has been linked with reduced sperm
concentration (Perry et al., 2007), decreased sperm counts and motility,
as well as altered reproductive hormone in male (Melgarejo et al.,
2015). Urinary levels of DAPs have been inversely associated with in-
hibin B, follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) serum levels and testosterone (Blanco-Munoz et al., 2010). Au-
thors hesitate to characterize OPs as endocrine disruptors since the
resulted associations are weak and most hormonal values fall within the
normal range. The impact of OP metabolites on obesity and cardio-
metric health remains unclear (Ranjbar et al., 2015) since OP meta-
bolites affect in a different way depending on the body mass index of
the individual. Moreover, although OPs metabolites seem to have ad-
versely effects on HDL and LDL, DMTP was linked with high HDL, low
LDL and low total cholesterol resulting in a more favorable lipid out-
come. Authors note the need for further research. Alzheimer's disease is
a form of dementia and its association with exposure to pesticides is a
point of interest for several studies (Zaganas et al., 2013) but data are
limited and contradictory. OPs have a possible role in the pathogenesis
of Altzheimer's disease because AChe is also a legitimate therapeutic
target in the disease. As already mentioned, not all individuals who
have been exposed to pesticides suffer from dementia and other neu-
rologic diseases due to their genetic composition and detoxification
genes which protect the organism from xenobiotics (Tsatsakis et al.,
2011).

Motsoeneng and Dalvie (2015) showed no associations between
occupational exposure to OPs and neurotoxic effects in adults but this
can be attributed to study limitations. Rothlein et al. (2006) linked poor
performance of agricultural workers on neurobehavioral tests with
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occupational exposure to OPs and Rastogi et al. (2009) indicated in-
creased oxidative stress in pesticide sprayers, enhanced lipid perox-
idation, cholinesterase inhibition and cell damage. Revision of several
studies on neurobehavioral effects of occupationally exposed group to
OPs show contradictory results (Colosio et al., 2003). There are studies
that report increased levels of anxiety, reduced concentration and in-
creased hand vibration threshold for long term occupationally exposed
groups although other studies observed no difference in neurological or
behavioral parameters between pesticide sprayers and controls. When
acute OP poisoning occurs, the neurobehavioral impairment is greater
in individuals with severe poisoning, while in the other cases there is a
reduction in AChe activity without other neurotoxic effects. Data suf-
ficiently indicate that in the occupationally exposed group, neurobe-
havioral impairment is a possible consequence of both acute poisoning
and long-term exposures (Colosio et al., 2009).

3.5. Estimated exposures to OPs

Results of the EDI calculation are presented in Table 5. EDI of ma-
lathion is higher than the other pesticides for all population groups due
to its low Fue (0.21). However, ADI for malathion is higher than the
other OPs resulting in an HQ value far below unit, meaning very low
risk for health (Fig. 1, Table 6). The pattern of EDIs is the same for all
population groups: malathion > dimethoate > parathion >
diazinon > phorate while for HQ it changes to dimethoate >
phorate > parathion > diazinon > malathion. For parathion and
phorate which are HT the median HQs for children are far below unit,
0.239 and 0.618 respectively, while for farmers 0.363 and 0.979 re-
spectively.

Pregnant women seem to be less exposed to OPs than other popu-
lation groups and a possible explanation could be the increase of their
body mass (medians EDI: 0.11-1.52 ug/kg bw/day). Calculated daily
intakes are considered to be safe since maximum HQ values range from
0.023 to 0.823 (Table 6). On the other hand, children have greater
exposure to organophosphates compared to adults with environmental
exposure to pesticides (medians EDI: 0.43-4.86 ug/kg bw/day). In
general, children are highly burdened with environmental pollutants
relatively to adults (general population and pregnant women), as has

Table 5

Descriptive statistics for Estimated Daily Intakes (EDI) of malathion, diazinon,
parathion, phorate and dimethoate in general population, pregnant women,
children and farmers (ug/kg bw/day).

Pesticide min 25th 50th 75th Max
General population

Malathion 0.60 1.21 2.55 5.15 22.37
Diazinon 0.14 0.15 0.16 0.22 0.64
Parathion 0.22 0.24 0.25 0.36 1.03
Phorate 0.10 0.11 0.12 0.16 0.47
Dimethoate 0.10 0.20 0.41 0.83 3.62
Pregnant women

Malathion 0.30 1.09 1.52 4.82 6.85
Diazinon 0.06 0.09 0.14 0.21 0.79
Parathion 0.09 0.14 0.23 0.34 1.27
Phorate 0.04 0.06 0.11 0.16 0.58
Dimethoate 0.05 0.18 0.25 0.78 1.11
Children

Malathion 0.40 2.26 4.86 11.00 29.31
Diazinon 0.05 0.25 0.59 0.81 0.98
Parathion 0.08 0.41 0.96 1.31 1.59
Phorate 0.04 0.19 0.43 0.59 0.72
Dimethoate 0.07 0.37 0.79 1.78 4.75
Farmers

Malathion 1.45 2.41 2.61 83.07 146.56
Diazinon 0.24 0.57 0.90 30.26 59.62
Parathion 0.38 0.92 1.45 49.01 96.56
Phorate 0.18 0.43 0.69 22.21 43.73
Dimethoate 0.24 0.39 0.42 13.45 23.73
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also been described elsewhere (Dewalque et al., 2014; Katsikantami
et al., 2016; Zentai et al., 2016). Estimated exposures for children are
mostly within safe levels, except for the studies in USA 1998 (Kissel
et al., 2005) and 2001 (Naeher et al., 2010), Germany 1998 (Heudorf
et al., 2004) and Japan 2015 (Oya et al., 2016) that HQs surpassed unit
(Fig. 2).

Measurements from environmentally exposed adults are within safe
levels except for one study in Germany (Koch et al., 2001) for which HQ
for dimethoate was 1.811. Occupational exposure of farmers to OPs
results in increased daily intake of pesticides with median exposures to
the five organophosphates varying from 1.08 to 19.72 ug/kg bw/day
and the range of the maximum values is 23.73-146.56 ug/kg bw/day
(Table 5). These exposure levels are considered to be safe based on
median HQs for malathion, diazinon and parathion. Median HQs for
phorate and dimethoate were above unit (Table 6).

Data for children and adults were organized based on the year of
sampling (Fig. 3). Urinary measurements in children and adults after
2002 tend to be constant and lower compared to previous years. Mean
of DMPs and DEPs for children are 0.059 and 0.024 pmol/L, respec-
tively and for adults 0.072 pmol/L (DMPs) and 0.026 umol/L (DEPs).
DMPs are mostly higher than DEPs indicating either greater exposure to
pesticides that are metabolized to DMPs, like malathion and di-
methoate, or exposure to lipophilic compounds, like diazinon, which
are metabolized to DEPs and are stored in human body and slowly
released. It has been described elsewhere (Clune et al., 2012) that the
application of Food Quality Protection Act in 1996 for OPs in foodstuff
has resulted in reduced concentrations of DAPs in urine based on bio-
monitoring data from National Health and Nutrition Examination
Survey, NHANES during 1999-2004. The decrease for the median
concentrations of DAPs was 84% (range, 63.1%-98.5%) and more
specifically, 92.1% for DEPs and 73.9% for DMPs. In the present study,
a trend to safer exposures to OPs has been detected for children from
USA during 1998-2002 (Fig. 2), although exposure of adults to OPs
seems to remain constant during 1998-2010. Data from FAOSTAT
(www.fao.org/faostat/en/#home) demonstrate clearly that the use of
pesticides in USA during 1990-2012 remains constant (400,975-
407,779 tons of active ingredients). Use of pesticides in Germany has
increased from 31,289 tons (1990) to 48,593 (2015), in Spain there is
an increase by 20,000 tons whereas for China almost 1,000,000 tons.
On the other hand, pesticide use in Japan during 2000-2014 has de-
creased by approximately 26,000 tons.

3.6. Cumulative risk assessment

In real life, human is exposed to mixture of different groups of
pesticides as well as environmental pollutants which could have sy-
nergistic and additive effects (Sexton, 2012; Tsatsakis et al., 2016,
2017). Since risk assessment usually focuses on individual compounds,
the current regulatory approach does not assess the overall risk of
chemicals present in a mixture. The EU has recognized the need for
more research on exposures to combinations of toxicants eliciting
common outcomes on the same target organ or system (EFSA, 2013).

Both DMPs and DEPs have been detected in human urine in several
studies (Tables 2-4) indicating exposure to mixture of OPs. Risk as-
sessment should be carried out for possible cumulative exposure sce-
narios of general population, pregnant women, children and farmers.
Five OPs were examined in this study, two of which are metabolized to
DMPs (malathion, dimethoate) and the rest three (diazinon, phorate,
parathion) are metabolized to DEPs. Thus, six exposure scenarios to OPs
were assumed for each population group, combining exposure to one
OP that is metabolized to DMPs and one OP that is metabolized to DEPs.
HI values were calculated as the sum of HQ values of each single ex-
posure scenario (Table 7). In the first scenario that exposure to ma-
lathion was summed with exposure to diazinon (M-DZ), exposure of all
population groups were within safe levels except for some studies to
farmers which were above unit. Median HI for general population,
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Fig. 1. Comparison of EDI (left) and HQ (right) values among different population groups.

Table 6

Descriptive statistics for Hazard Quotient (HQ) values of malathion, diazinon,
parathion, phorate and dimethoate in general population, pregnant women,
children and farmers.

25(h soth 75th

Pesticide Min max
General population

Malathion 0.002 0.004 0.008 0.017 0.075
Diazinon 0.027 0.030 0.031 0.044 0.128
Parathion 0.055 0.060 0.063 0.090 0.258
Phorate 0.143 0.155 0.166 0.235 0.668
Dimethoate 0.049 0.098 0.206 0.417 1.811
Pregnant women

Malathion 0.001 0.004 0.005 0.016 0.023
Diazinon 0.011 0.017 0.029 0.042 0.157
Parathion 0.023 0.035 0.058 0.084 0.318
Phorate 0.060 0.091 0.151 0.223 0.823
Dimethoate 0.024 0.088 0.123 0.391 0.554
Children

Malathion 0.001 0.008 0.016 0.037 0.098
Diazinon 0.010 0.051 0.118 0.161 0.196
Parathion 0.020 0.103 0.239 0.326 0.396
Phorate 0.050 0.266 0.618 0.844 1.026
Dimethoate 0.033 0.183 0.393 0.891 2.373
Farmers

Malathion 0.005 0.008 0.009 0.277 0.489
Diazinon 0.047 0.113 0.179 6.051 11.923
Parathion 0.096 0.230 0.363 12.252 24.141
Phorate 0.253 0.616 0.979 31.723 62.467
Dimethoate 0.118 0.195 0.212 6.725 11.866

pregnant women, children and farmers were 0.040, 0.033, 0.125 and
0.184 respectively. The same trend was observed for the summed ex-
posures to malathion and parathion (M-PA). HI in the third scenario
(malathion-phorate, M-PH) was higher compared to the first and
second, namely for children and for farmers medians were 0.625 and
0.984 respectively and notably 8% of the studies in children were above
unit, indicating increased health risk. The last three scenarios showed
high HI not only for farmers, but also for general population and chil-
dren. Maximum exposures of the general population, pregnant women,
children and farmers to dimethoate and diazinon (D-DZ) were up to
1.939, 0.711, 2.501 and 12.118 respectively. Exposure to dimethoate
and parathion (D-PA) did not differ significantly from the D-DZ sce-
nario, except for farmers for whom risk was increased and maximum HI
was up to 24.336. Cumulative exposure to dimethoate and phorate (D-
PH) seem to be the worst scenario. Maximum values for all population
groups are over unit (general population: 2.479; pregnant women:
1.377; children: 3.045; farmers: 62.662) and medians for children and
farmers are 1.014 and 1.097 respectively.

The increase in hazard when co-exposure occurs is obvious when
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comparing median HQ (single exposure) and HI (two-compounds ex-
posure) values (Tables 6 and 7). Median HQ values for children ranged
between 0.016 and 0.618, for pregnant women 0.005-0.151, for gen-
eral population 0.008-0.206 and for farmers 0.009-0.979. Median HI
values for children ranged between 0.125 and 1.014, for pregnant
women 0.033-0.298, for general population 0.040-0.296 and for
farmers 0.184-1.097. The approach followed in this study based on six
scenarios of co-exposure indicated that the type of parent compound or
compounds that human is exposed to poses different risk for human
health. Modeling aggregate and cumulative exposure is a difficult task
due to the large number of compounds as well as different sources and
routes of exposure.

It is not enough for risk assessment when biomonitoring studies
present only concentrations of DMPs and DEPs in biological matrices.
Biomonitoring data are useful when comparing exposures between
different population groups or within country variations but no in-
formation can be obtained for the health risk posed from the exposure.
Additional information on exposure (i.e questionnaires) is needed to
trace back to the parent compounds of exposure for the estimation of
daily intake and calculate the hazard value. As described elsewhere
(Hernandez and Tsatsakis, 2017), risk assessment considers the overall
health impact of various pesticide combinations to which population
may be exposed to. According to the authors, if the hypothesis of an
increased hazard from cumulative exposure to chemicals were shown to
be true, this would encourage public authorities and the scientific
community to shift from the single-compound risk assessment to the era
of cumulative risk assessment.

3.7. Study limitations

The use of the same Fyg parameter for children and adults for the
calculation of EDI is a limitation to the obtained results since metabo-
lism and excretion of chemical pollutants in children is different than
adults. To the best of our knowledge, there are no available data of
distribution and excretion of OPs in children. Furthermore, conclusions
concerning comparison among studies conducted all over the world
cannot be prevalent because different analytical protocols and in-
strumentation have been employed for the measurement of the bio-
markers.

Koch et al. (2001) noticed that urine levels of metabolites were
higher compared to the ingested amounts of pesticides which is ex-
pected for general population since dietary intake may be the major
route of exposure, however, other sources can also become significant.
On the other hand, there are indications that DAPs may already exist in
the environment and their presence in an individual's biological fluids
may reflect exposure to the metabolite itself. More specifically, DAPs
can be formed by the hydrolytic cleavage of the parent compound on
the plant after pesticide application (Koch et al., 2001; Lu et al., 2005).
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Fig. 2. HQ values of each pesticide for studies conducted in children (top) and adults (bottom). The dot line represents the border over which there is an increased

potential for adverse health effects.

DAPs are not considered to pose risk for human health as their parent
compounds, thus biomonitoring studies based on the non-specific me-
tabolites of OPs have limitations.

4. Conclusions

Urinary concentrations of DAPs as presented in studies conducted
all over the world indicate that human exposure to OPs shows
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significant differences depending on age, gender, diet and lifestyle,
education level and pesticide regulation. The general trend is that rural
residents are highly exposed compared to residents in urban areas.
Children's exposure is attributed to episodic rather than systematic
exposure, although systematic exposure can occur in houses of farm-
workers due to take-home pesticide exposure. The use of personal
protective measures has a significant positive impact in reducing ex-
posure of agricultural workers as well as their family members to
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Fig. 3. Annual distribution of urinary concentrations (inol/L) of DMPs and DEPs measured in children (left) and adults (right) during 1998-2015.
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Table 7
Descriptive statistics for Hazard Index (HI) values of malathion, diazinon,
parathion, phorate and dimethoate in general population, pregnant women,
children and farmers. Risk assessment for six scenarios for cumulative exposure
to OPs.

Scenario min 25th 50th 75th Max
General population

M-DZ 0.013 0.032 0.040 0.049 0.202
M-PA 0.013 0.060 0.073 0.089 0.333
M-PH 0.013 0.150 0.172 0.224 0.743
D-DZ 0.093 0.126 0.221 0.441 1.939
D-PA 0.138 0.154 0.236 0.465 2.069
D-PH 0.239 0.264 0.296 0.541 2.479
Pregnant women

M-DZ 0.012 0.021 0.033 0.058 0.180
M-PA 0.024 0.039 0.062 0.104 0.341
M-PH 0.061 0.095 0.155 0.242 0.846
D-DZ 0.036 0.108 0.156 0.426 0.711
D-PA 0.048 0.129 0.191 0.461 0.872
D-PH 0.085 0.187 0.298 0.576 1.377
Children

M-DZ 0.011 0.067 0.125 0.203 0.226
M-PA 0.021 0.120 0.246 0.362 0.413
M-PH 0.052 0.283 0.625 0.880 1.042
D-DZ 0.042 0.282 0.471 1.058 2.501
D-PA 0.052 0.332 0.523 1.229 2.633
D-PH 0.083 0.519 1.014 1.714 3.045
Farmers

M-DZ 0.056 0.120 0.184 6.058 11.931
M-PA 0.105 0.236 0.368 12.258 24.149
M-PH 0.262 0.623 0.984 31.730 62.475
D-DZ 0.259 0.278 0.297 6.208 12.118
D-PA 0.308 0.394 0.481 12.408 24.336
D-PH 0.465 0.781 1.097 31.880 62.662

*M-DZ, Malathion-Diazinon; M-PA, Malathion-Parathion; M-PH, Malathion-
Phorate; D-DZ, Dimethoate-Diazinon; D-PA, Dimethoate-Parathion; D-PH,
Dimethoate-Phorate.

pesticides. Besides urine, hair has also been proved to differentiate
occupational from environmental exposure and provide comparable
results. This would render hair an attractive matrix for biomonitoring of
pesticides.

Literature data about adverse health effects of OPs in humans are
contradictory indicating the need for further research. Several studies
report that exposure to OPs is linked with behavioral problems and
mental development in children, duration of gestation, infant devel-
opment, hormone alterations, reduced sperm quality, obesity and car-
diometric health.

On summarizing exposure data from OPs, a tendency for reduction
or at least a steady exposure was found since 1998. Daily intake was
calculated based on biomonitoring data and expressed as malathion,
diazinon, parathion, phorate and dimethoate equivalents, for general
population, pregnant women, children and farmers. HQ based on ADI
reference values was calculated for each OP for the evaluation of the
calculated EDIs. Higher exposure was calculated for farmers, median
EDIs for the five OPs varied from 1.08 to 19.72 pg/kg bw/day and they
are considered to be safe for exposure to malathion, diazinon or para-
thion, whereas possible exposure to phorate or dimethoate may pose an
increased risk for health. Pregnant women seem to be less exposed than
the other population groups and the daily intake rates based on our
calculations were considered to be safe for health. On the other hand,
children were found to have higher exposure compared to en-
vironmentally exposed adults, a result that is in agreement with re-
levant studies in literature. Estimated exposures for children were
mostly within safe levels. Median HQ values for children varied be-
tween 0.016 and 0.618, for pregnant women 0.005-0.151, for adults
0.008-0.206 and for farmers 0.009-0.979.

Six hypothetical exposure scenarios were examined to assess the risk
for combined exposure to two OPs. Exposure to malathion and diazinon
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was the safest combination while combined exposure to dimethoate and
phorate was the worst scenario in which median HI for general popu-
lation, pregnant women, children and farmers were 0.296, 0.298, 1.014
and 1.097, respectively. The limitations of this study increase the un-
certainty of the calculated HQ and HI values, however it is obvious that
there is differentiation between the population groups and the risk
varies with exposure to certain compounds. It is suggested that the
detected urinary levels of DAPs in biomonitoring studies should be
converted to intake of the parent compound to assess the human health
risk. Questionnaires and self reported data from the general population
are valuable to trace back to the parent compound as well as detection
of specific metabolites in urine, based on the reported exposure.
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