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Abstract:

 A wide ranging survey was carried out of the available data from ten different countries on human exposure to chlorpyrifos, in many different occupational and nonoccupational settings. Low levels of chlorpyrifos residues were found to be widely distributed in the global human population, but most of these do not constitute a public health risk, as evaluated using the U.S. Environmental Protection Agency (USEPA) Guidelines. For example, the general populations in USA, Germany and Italy had detectable residue levels well below the guidelines. However, high levels of health risk were apparent in a specific group of pregnant mothers in the USA, at median exposure with a HQ0.50 of 26.6, suggesting that most of this population group was affected. Also the high exposure group (5% most exposed) with occupationally exposed manufacturing workers in the USA had a HQ0.95 of 2.6 to 42.0, and pest control applicators in Australia and the USA both had a HQ0.95 of 5.2. Some farmers in Sri Lanka and Vietnam had a high level of risk after spraying applications, having a HQ0.95 of 2.2 and 19.5 respectively at the high exposure level. These results suggest that there is a possibility of adverse health effects in specific population groups in many different settings throughout the world.
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1. Introduction

The organophosphate insecticide, chlorpyrifos, has broad spectrum activity against many arthropod species. It was introduced to the market in 1965 and now plays a major role in controlling a range of pests in agricultural crops (rice, vegetables and fruit crops) and has a variety of other uses in pest control [1]. There are several manufacturers throughout the world and it is common in many countries. It is an acetylcholinesterase inhibiter and considered to incur potential adverse effects as a result of occupational exposure [2].

Chlorpyrifos has a relatively nonpolar molecule (see Figure 1) with low aqueous solubility (2 mg/L), high log Kow (6) and relatively low persistence in the environment. The major metabolite in biological systems is 3,5,6-trichloro-2 pyridinol (TCP) which is passed in the urine of mammals as shown in Figure 1. Its insecticide properties (or its metabolites) are related to its ability to inhibit cholinesterase (AChE) [3] which affects nervous function and leads to severe and often lethal biological damage in organisms [4]. In humans, chlorpyrifos can inhibit the AChE enzyme in the central and peripheral nervous systems, causing adverse effects within hours of exposure [5,6]. Inhibition of plasma cholinesterase damages the central, sympathetic and parasympathetic nervous systems due to its inactivation at the sites of white matter in CNS, pancreas and heart [5]. Guidelines to protect human health have been recommended by many agencies, for example the U.S. Environmental Protection Agency (USEPA) [1].

Figure 1. Chlorpyrifos and its hydrolysis product, trichloropyrridinol (TCP).
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Many instances of occupational exposure to pesticides, including chlorpyrifos, have been recorded [2,7,8,9,10,11] and application of pesticides to fruit and vegetables can also contribute to pesticide exposure through the diet. Use of pesticides can result in residue levels in commodities and in the immediate environments, such as soil, biota and aquatic systems. An extensive data base is now available on human exposure in the scientific literature.

In previous work we have evaluated the health risk due to the use of chlorpyrifos by rice farmers in Vietnam [12]. The exposure levels were found to exceed the acute exposure guidelines of various countries [13]. In addition, the risk was characterised using various probabilistic techniques indicating a health risk [14]. Also we have developed additional methods for the characterisation of health risk using probabilistic distributions [15].

An extensive evaluation of the ecological risk of chlorpyrifos to aquatic environments in North America has been carried out [16]. On the other hand, few human health risk assessments [2] on chronic exposure to low doses of chlorpyrifos have been conducted. Although many exposure evaluations are available, there are no studies that have evaluated the human health risk as a result of dietary exposure to chlorpyrifos. There is therefore a need for an evaluation of the existing data on chlorpyrifos exposure, resulting from occupational and nonoccupational usage, to assess the risk to human health on an international basis.

The aim of this study was to assess the level of risk to human health resulting from exposure to chlorpyrifos with international populations by comparing reported exposure data with established criteria to establish the health risk.



2. Methodology


2.1. Strategy Used for Risk Assessment

The exposure assessment for the human populations in many countries was carried out with reported data from the scientific literature on the occurrence of the chlorpyrifos metabolite and biomarker, 3,5,6-trichloro-2 pyridinol (TCP), in urine (see Figure 1). This data was used to calculate the exposure to chlorpyrifos as the Equivalent Chlorpyrifos Ingested Dose (ECID). This data was plotted as Cumulative Probability Distributions (CPD) with Cumulative Probability plotted versus log ECID. This allowed the segmentation of the exposed population into low exposure group (at the 0.05 cumulative probability exposure level); the median exposure group (0.50 cumulative probability exposure level); and the high exposure group (at the 0.95 cumulative probability level).

Guideline Values for chlorpyrifos have been established by various agencies and are available as measures of the threshold dose for adverse effects (see Table 1). The most comprehensive of these are those developed by the US EPA so it was decided to use these for this assessment. This allowed the calculation of the Hazard Quotient (HQ) values [HQ = Exposure/Guideline Value (GV)] to characterise the health risk. In terms of the exposure group being evaluated the Hazard Quotient for the low exposure group was described as HQ0.05, the median group as HQ0.50 and the high exposure group HQ0.95. But the low exposure group was not evaluated in any population since the other higher exposure groups were considered to represent a conservative evaluation of the health risk in any group.


Table 1. Examples of guideline values (GV) developed by various agencies.



	
Guideline description (applicable population group)

	
Agency

	
Dose (log dose) (ng/kg/day)

	
Reference






	
ARfD a (acute exposure group)

	
USEPA

	
5.0 × 103 (3.7)

	
[1] USEPA, 2000




	
APAD b (acute exposure children and females 13–50 years)

	

	
0.5 × 103 (2.7)




	
CRfD c (general)

	
USEPA

	
0.3 × 103 (2.5)




	
CPAD d (children and females 13–50 years)

	
USEPA

	
0.03 ×103 (1.5)




	
ADI e (general)

	
WHO

	
10.0 × 103 (4.0)

	
[27] JMPR, 1999




	
ADI e (general)

	
ADHA

	
3.0 × 103 (3.5)

	
[28] Australian Government, 2008






a ARfD—Acute Reference Dose; b APAD—Acute Population Adjusted Dose; c CRfD—Chronic Reference Dose; d CPAD—Chronic Population Adjusted Dose; e ADI—Acceptable Daily Intake. 




Units: It was decided to use the same units throughout this paper and the most applicable was ng/kg/day (nanograms/kilogram body weight/day).



2.2. Sources of Exposure Data and Calculation of the Equivalent Chlorpyrifos Ingested Dose (ECID)


2.2.1. Background

A literature survey was carried out on reported data on chlorpyrifos exposure in human populations throughout the world which was available as the TCP levels in urine. The data on the 3,5,6-trichloro-2-pyridinol (TCP) levels in human urine in different populations was used to estimate the Equivalent Chlorpyrifos Ingested Dose (ECID). Eaton et al. [17] point out that with nonoccupationally exposed populations there may be errors due to the possible occurrence of TCP in the urine due to its presence in food and other sources. However this comment is not applicable to acute exposure in an application event where TCP is measured both before and after the event as described below. This comment requires a detailed evaluation of the occurrence of chlorpyrifos and TCP in food and how their toxicokinetics are affected by dietary and physiological factors. TCP is also one of the main metabolites of chlorpyrifos methyl which is used as an insecticide in agriculture with annual usage in the USA of less than 1% of chlorpyrifos [18]. Therefore it can be assumed that chlorpyrifos methyl is unlikely to be a source of significant exposure in the general population. Also the toxicology and public health effects of exposure to TCP from food and water have not been subject to thorough evaluation. Similarly chlorpyrifos oxon may play a role in the exhibited adverse effects of chlorpyrifos [19]. However it is noteworthy that Price et al. [20] have found that a “source to outcome” model relating dietry exposure to chlorpyrifos, as measured by TCP, to health outcomes as reasonably consistent with published results.

The TCP is usually reported in units of µg/L urine or as µg/g creatinine. When measured in units of mass/volume in the urine it is subjected to the variation of daily volume of urine eliminated by the person which can vary with hydration status. However the daily mass of creatinine excreted by a person is considered to be approximately constant [18,21]. Therefore it is assumed that the concentration, with creatinine correction, is a more reliable measurement, despite of the variations with different age groups, ethnicities etc. [21,22].



2.2.2. Exposure from Chronic Nonoccupational Activities

The ingestion of contaminated food & water, dermal contact with contaminated soil and plants and inhalation of contaminated air, are the possible pathways giving the baseline exposure to chlorpyrifos. Based on the half life of excretion of TCP in humans [23] it is assumed that a continuous daily exposure to chlorpyrifos results in a steady state for the TCP levels in urine [4,22]. However it has been suggested by Eaton et al. [17] that levels of TCP present in the food and other sources can lead to estimations of higher concentrations values for chlorpyrifos than actually occur. In this current investigation it is assumed that spontaneous, or spot, urine samples reflect the exposure within the previous 3 to 5 days [23]. An evaluation by Attfield et al. [24] into the use of spot sampling indicates that it requires the use of several sample measurements to achieve an accurate evaluation. This approach is supported by the outcomes of our previous research [12,13]. Results from these samples can be compared to the Guideline Values for chronic exposure in Table 1, eg CRfD. The method used to estimate the daily dose developed by Garabrant et al. [4] was modified to convert TCP levels (ng/g creatinine) in urine into Equivalent Chlorpyrifos Ingested Dose (ECID in ng/kg body weight/day) as expressed by the following equation



ECID = 1.4TCP (CPFMW/TCPMW) CR/BW



(1)




where CPFMW and TCPMW are the molecular weights of chlorpyrifos (350.6 g/mole) and 3,5,6 trichloro-2 pyridinol (198.4 g/mole) respectively; CR, the mass of creatinine excreted per day (g/day); BW, the body weight of the subject (kg) and 1.4, a factor to correct for the total amount ingested considering 70% partial absorption of the oral intake [23]. An average body weight of 70 kg was used unless otherwise specified. In general the average adult was considered to have a daily average urine volume of 1.7 L/day with creatinine at a mean concentration of 1.3 g/L [18,25]. Thus the Daily Average Adult Creatinine Excretion (DAACE) is expressed as


DAACE = 1.3 g/L × 1.7 L/day = 2.2 g/day ≈ 2 g/day



(2)




Considering the potential low hydration status in the field working environment the average elimination rate of creatinine was considered as (1.3 g/L × 1 L/day = 1.3 g/day) ≈ 1 g/day with the farmers, pest control applicators and manufacturing workers.



2.2.3. Acute Exposure from an Application Event

Evaluation of acute exposure after a chlorpyrifos spraying event was carried out using a modified procedure [26] and using the acute exposure guidelines in Table 1, e.g., ARfD. Urine samples were provided before an event (pre-application) representing the baseline exposure, as well as five daily samples after the event (post-application) representing the exposure due to the event. The samples were analysed for TCP as outlined above with the post-application levels corrected for the baseline (pre-application) and thus they represent the exposure due to the event alone. It is noteworthy that the comment made by Eaton et al [17], mentioned above, regarding occurrence of TCP in the diet and other sources causing over estimation of chlorpyrifos levels is not applicable with this procedure. This is due to the estimation of TCP being corrected for the occurrence of TCP pre-event. The TCP representing overall acute exposure is obtained by summation of the values obtained from the five days post-exposure urine samples [26].




2.3. Guideline Values (GV) Developed by Various Regulatory Agencies

Guideline Values have been established by the U.S. Environmental Protection Agency (USEPA) [1], the World Health Organization (WHO) [27], the Australian Department of Health and Aging (ADHA) [28] and several other agencies representing the critical levels for exposure to chlorpyrifos as in Table 1. The USEPA guidelines are currently under review and may change when finalized [29]. Since these values are expressed in the same units and based on oral intakes, they are comparable with the Equivalent Chlorpyrifos Ingested Doses (ECID) calculated as described above. Generally these Guideline Values (GV) are derived from the No Observed Adverse Effect Levels (NOAEL) of plasma or red blood cells cholinesterase (ChE) inhibition with surrogate animal species (rats, dogs and mice) and humans. The NOAEL is divided by a Safety Factor (SF) or Uncertainty Factor (UF) to establish the Guideline Value. The exceedance of the guideline values set by this procedure represents a health hazard but the specific nature of this hazard is not defined. It should be noted that with the CPAD (Chronic Population Adjusted Dose), the guideline for exposure of children and females from 13 to 50 years of age, no additional biological test data was used but an additional safety factor of 10 was used. Since the USEPA values (see Table 1) are the most comprehensive only these Guideline Values were used in this evaluation. The term general is used in this Table to describe chronic exposure in the general population.






3. Occurrence of Chlorpyrifos in International Populations


3.1. Equivalent Chlorpyrifos Ingested Dose (ECID) in Populations in the USA


3.1.1. Individual Farmers

Scher et al. [26] reported equivalent chlorpyrifos mass (µg), taken up during a spraying event with twelve farmers in South Carolina and Minnesota. The participants were randomly selected during 2000 and 2001 from licensed pesticide applicators, recruited in a survey known as the Farm Family Exposure Study. The total body absorbed dose (ng) in exposed individual farmers was calculated using TCP levels corrected for the baseline exposure. This data was used in this current study to estimate the ECID, by dividing the mass with an average body weight of an adult as shown in Equation (3). The exposure was assumed to be continuous on a daily basis.





ECID = CEM/(day × BW)



(3)




where ECID is in ng/kg body weight/day and CEM, the Chlorpyrifos Equivalent Mass in ng.
The data are presented in Figure 2A with the ARfD and CRfD values for comparison (see Table 1). The ECID levels were distributed between 400 and 7300 ng/kg/day (2.6 and 3.9 log scale) with a slope of 0.7 which represents a relatively narrow distribution.

Figure 2. Cumulative probability distribution (CPD) for the Equivalent Chlorpyrifos Ingested Dose (ECID) with the following: (A) Individual farmers in the USA after two spraying events in 2000–2001; (B) Adult population aged from 20 to 59 years in the USA from 1988 to 2002 reported in the National Health and Nutrition Examination Survey; (C) Individual pest control applicators from North Carolina, USA in 1998 (see Section 3.1).
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The USA farmers were reported to use ground booms and tractor-drawn spreaders which gives less chance of direct contact with the pesticide. Scher et al. [26] reported that some farmers were excluded from the study since they operated from an enclosed cab while spraying the pesticide. Further Scher et al. [26] reported that the usage of granular formulations would be expected to result in less exposure.



3.1.2. General Adult Population

The National Health and Nutrition Examination Survey (NHANES) was carried out by the Centers for Disease Control and Prevention in USA to monitor the levels of selected chemicals in urine from the population. The participants were males and females in different age categories resident in different areas of the country. For the analysis of chemicals, including TCP, a spot urine sample was obtained from each volunteer [22]. In the 1988–1994 survey the TCP concentrations of nearly 1000 participants from 26 locations with ages from 20 to 59 years were reported [30]. The detected occurrence of TCP in the urine of participants was at a level of 82%. In the 1999–2000 survey average TCP concentrations of randomly selected adults (832) between 20 and 59 years were reported [31]. The frequency of detections was 89% however the detection limit of 400 ng/L TCP was lower than that of the 1988–1994 survey (1000 ng/L). In the 2000–2001 survey the TCP levels of 1113 participants were reported [18].



The TCP levels were converted into ECIDs and CPD plots made as shown in Figure 2B. Little difference was observed between the distributions in the three surveys as reflected by the slopes of 0.9, 0.8 and 0.7 in 1988–1994, 1999–2000 and 2001–2002 respectively. But overall the highest ECID levels were observed during the 1988–1994 period and the lowest in 1999–2000.

Chlorpyrifos was introduced as an alternative to chlordane in indoor pest control during 1988–1994, resulting in a higher frequency of exposure [30,32]. Indoor exposure was assumed to be one of the major pathways of exposure in the general population in the USA. Relatively heavy usage of chlorpyrifos was recorded in the late nineties estimated at 9 to 14 million kg for agricultural and nonagricultural pest control purposes [32] while this was reduced to 5 million kg in early 2000 [18].The reduction of chlorpyrifos usage is probably reflected in the distributions from 1988 to 1994 onwards.

The reasons for a lower frequency of detections in NHANES 1999–2000 were discussed in Barr et al. [31]. It was suggested it occurred since there were major changes in the regulations related to chlorpyrifos which resulted in a reduction in usage. In addition there were differences in the study population from that of 1988–1994. Regulatory decisions were taken by USEPA to reduce indoor treatment with chlorpyrifos except for ant and roach baits [33]. Use in termite control at the pre and post construction stages of houses were prohibited by the end of 2005 with a successive phasing out over the previous years. This may have decreased the frequency of exposure among the general public. However the reason for slightly higher ECID levels during 2001–2002 as compared to 1999–2000 is not clear.



3.1.3. Pest Control Applicators

Chlorpyrifos exposure was assessed in 1998 with a group of termiticide applicators in the Piedmont region of North Carolina, USA [32]. The participants were thirty five volunteers between 18 and 54 years of age working as full time licensed applicators applying chlorpyrifos in houses. This study describes the details of chlorpyrifos usage by duration, extent and the amounts used as well as the concentrations of chlorpyrifos in breathing air. Hines et al. [32] monitored TCP in urine samples collected from the workers and presented as creatinine adjusted mean levels. In this current study, the TCP levels were converted to ECID and plotted as a CPD (Figure 2C) together with the ARfD for comparative purposes (see Table 1). The ECID levels were distributed in between 580 (2.8 log scale) and 50,000 ng/kg/day (4.7 log scale, Figure 2C). The slope of the CPD plot in the linear range was 1.2. However a broader distribution was observed below the linear range (2.7 to 3.8 log scale Figure 2C). This may be due to a group of applicators who are less active than would be expected and so exhibit less exposure.



3.1.4. ECID in USA Pregnant Mothers and Children

The exposure to pesticides was assessed in healthy pregnant mothers registered in maternity clinics in New York from 1998 to 2001 [34]. The participants were a group of 365 individuals, of diverse ethnicities, aged around 20 to 30 years with different educational backgrounds and recruited in early pregnancy. Spot urine samples were obtained from the mothers in their last months of the pregnancy for TCP analysis. The individual TCP levels were not reported but the creatinine adjusted TCP levels were reported at various percentiles and converted to ECID levels (Section 2.2) and are presented in Figure 3A. The ECID were distributed in a relatively wide range from 30 to 5200 ng/kg/day (1.5 to 3.7 log scale) with a slope of 0.4 (Figure 3A). The highest level at the 90% probability level is over 170 times than the lowest at the level of 10% probability. This distribution probably reflects the wide range of conditions and circumstances under which exposure occurs.

Figure 3. Cumulative probability distributions (CPD) for the ECID with the following: (A) Pregnant mothers aged about 20 to 30 years during 1998 to 2001 from New York, US (results from 365 individuals reported at the 10, 25, 50, 75 and 90 percent levels) (see Section 2.2 and Section 3.1); (B) Manufacturing workers in the USA on four occasions with 50 to 53 individuals evaluated on each occasion during 1999 to 2000 (results reported for the 5, 50 and 95 percent levels (see Section 3.1).
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Indoor pesticide usage was assumed to be the most common source of chlorpyrifos exposure, according to a questionnaire answered by the participants [34]. Indoor pesticide usage, not exclusively chlorpyrifos, in bait traps, can sprays, gels, boric acid, sticky traps and pest bombs was reported by 72% of the 365 mothers. It was revealed that the relatively highly educated mothers had the highest TCP levels in their urine. However none of the other sociodemographic factors had any consistent relationship with the TCP levels. In addition the potential exposure by other sources such as diet, work place and outdoor environment were not assessed.

Several authors [35,36] have reported on the monitoring of chlorpyrifos in prechildren in the USA. TCP in urine was used which was found not to be a reliable guide to exposure if several sources are involved but exposure to chlorpyrifos and TCP from several sources and through several pathways and routes were identified. Rauh et al. [37] in a longitudinal study have reported that prenatal exposure to chlorpyrifos was associated with neurodevelopmental problems at the age of 3 years and deficits in memory and IQ at 7 years. The USEPA review of the registration of chlorpyrifos [29] recommended the cancelling of uses in schools and parks where children may be exposed.



3.1.5. ECID in Manufacturing Workers from USA

The impact of occupational chlorpyrifos exposure on the urinary TCP levels and blood ChE levels of the workers in a chlorpyrifos manufacturing plant in USA was reported by Garabrant et al. [4]. The ChE levels were analysed in blood together with the TCP levels in urine, obtained on four occasions, with 50 to 53 individuals, during 1999 and 2000. The TCP data was converted to ECID but the results were not reported on individuals but as the 5th, 50th and 95th percentiles which are plotted in Figure 3B.

A considerable difference in the ECID levels can be seen at the 0.95 probability level. The highest ECID was observed in the period when the workers were undertaking factory maintenance work (210,000 ng/kg/day, 5.3 log scale, Figure 3B). This was 21 times higher than the lowest ECID observed at the same probability level. This is most likely due to activities such as cleaning and repairing of equipment which may expose workers to high levels of chlorpyrifos.



3.1.6. Overview of Chlorpyrifos Exposure in Populations of the USA

An overview of the observed ECID levels in the US population is contained in Table 2. All of the ECID—CPD plots were approaching linearity (R2 0.95 to 1.00) suggesting that the statistical distributions were approaching normal. The slopes of these CPD plots are indicative of the range of the exposures to chlorpyrifos in the population. The CPD distribution with the pesticide applicators had the highest slope (1.2) indicating a relative narrow range of exposures reflecting limited and consistent application behaviour within this group. On the other hand the pregnant mothers had the lowest slope (0.4) suggesting the widest diversity of exposure behaviours. The ECID levels for the whole population varied over a wide range from 500 to 210,000 ng/kg/day at the 0.95 level of exposure (see Table 2). The lowest levels were generally observed with the adults who were reported to have only nonoccupational exposure. The highest dose (210,000 ng/bw/day at 0.95 cumulative probability) represented an unusually high exposure situation in an occupational environment with manufacturing workers carrying out maintenance operations.


Table 2. Overview of the ECID in various USA populations at 0.95 Cumulative Probability Exposure.



	
Population

	
ECID (ng/kg/day)

	
CPD Plot characteristics a




	
Slope

	
Intercept

	
R2






	
Farmers (2000–2001)

	
8.4 × 103

	
0.7

	
−1.7

	
0.95




	
General population adults

	

	

	

	




	
1988–1994

	
0.6 × 103

	
0.9

	
−1.4

	
0.97




	
1999–2000

	
0.5 × 103

	
0.8

	
−1.1

	
0.96




	
2000–2001

	
0.6 × 103

	
0.7

	
−0.9

	
0.98




	
Pest control applicators (1998)

	
26.0 × 103

	
1.2

	
−4.3

	
0.98




	
Manufacturing workers (1999–2000)

	

	

	

	




	
Low exposure

	
10.0 × 103

	
0.5

	
−1.0

	
1.00




	
High exposure

	
210.0 × 103

	
NA b

	
N/A

	
N/A b




	
Pregnant mothers (1998–2001)

	
5.0 × 103

	
0.4

	
−0.4

	
0.97






a Cumulative Probability = (slope) (log ECID) + intercept; b NA—Not Available.






The exposure levels with the manufacturing workers in normal working environments (10,000 ng/kg/day at 0.95 probability) were comparable with those of the farmers who were applicators (8400 ng/bw/day). The applicators showed a higher ECID level than in the nonapplicator farmers reflecting their greater involvement with activities related to pesticides. The pregnant mothers showed higher dose levels than were observed in the general adult population suggesting an unusually high exposure in a nonoccupational environment. However the physiological changes that may occur during pregnancy also might have an effect on the rate of creatinine excretion in the pregnant mothers and if so could affect the creatinine adjustment of the chlorpyrifos biomarker (TCP).




3.2. Equivalent Chlorpyrifos Ingested Doses (ECID) with Populations in Europe


3.2.1. ECID in the General Adult Population in Italy

Aprea et al. [38] assessed the urinary TCP levels in a group of Italian adults (42) with relation to their dietary habits during 1997. The study objectives were to evaluate pesticide exposure resulting from wine and food consumption with the general population. The participants were healthy males and females in the age range of 20 to 60 years, from the Pavia, Siena and Trento regions in Italy and had history of chlorpyrifos exposure. Spot urine samples were analysed for TCP and 88% of the samples had detectable TCP and the creatinine adjusted TCP concentrations were presented as ranges. In this current investigation the mean ECID levels were calculated (see Section 2.2) and plotted in Figure 4A. The observed levels were distributed in a range from 120 ng/kg/day (2.1 log scale) to 900 ng/kg/day (2.95 log scale) with a slope of 0.7. However 12% of the participants had no detectable TCP which means that the actual range of levels was from effectively zero to 900 ng/kg/day.

Figure 4. Cumulative probability distributions (CPD) for the ECID with the following: (A) 42 individuals in the general Italian population in the Pavia, Siena and Trento regions during 1997 (results reported for the ranges of TCP concentrations; (B) 50 individuals in the general German population of Meklenburg-Vorpommern regions (results reported at the maximum, median and 95 percent value) (see Section 3.2).
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A similar study was carried out by Saieva et al. [25] with 69 participants from two regions (Florence and Ragusa) in Italy during 1998. The participants had no history of chlorpyrifos exposure and supplied urine samples for the TCP analysis. The creatinine adjusted TCP levels were reported from which the corresponding ECID levels for the minimum, maximum and mean were calculated (see Section 2.2). The ECID levels were 60 ng/kg/day, 1300 ng/kg/day and 270 ng/kg/day (1.8, 3.1 and 2.4 log scale, data not plotted). These levels are comparable with the ECIDs calculated in the study of Aprea et al. [38] (Figure 4A).

In both studies it was suggested that the exposure is most likely to result from dietary intake. In addition Aprea et al. [38] reported that wine consumption had a significant effect on TCP levels in urine, which would be reflected in the ECID levels. Saieva et al. [25] found a relationship between smoking and high TCP levels in the study group. However, neither of the studies suggests significant exposure through indoor pesticide treatment since this is uncommon in Italy.



3.2.2. ECID in German General Adult Population

Koch et al. [39] assessed the TCP levels in urine from fifty adults in the general population of Meklenburg-Vorpommern in Germany. It was assumed that the TCP levels observed resulted from the intake of food treated with chlorpyrifos and chlorpyrifos methyl pesticides. However, the usage of these pesticides in Germany was not reported. The participants who supplied spot urine samples for analysis were men and women aged 22 to 57 years who had never experienced occupational exposure to organophosphate pesticides. TCP was detected in all the urine samples. The creatinine adjusted minimum and maximum TCP levels together with the levels for the median and 95th percentile were reported. The TCP levels were converted into ECID (see Section 2.2) and these are presented in Figure 4B. The levels ranged from 0.8 to 2100.0 ng/kg/day (0.9 to 3.3 log scale), with a mean dose of 160.0 ng/kg/day (2.2 on log scale) and the CPD had a slope of 0.4 (see Figure 4B).




3.3. Equivalent Chlorpyrifos Ingested Doses (ECID) in Australian Pest Control Applicators

During 1998 and 1999 Cattani [40] evaluated the workplace exposure to chlorpyrifos, in a group of pesticide applicators from Perth, Australia. The participants were from a number of licensed pest control companies and had volunteered to participate. Some workers used chlorpyrifos and bifenthrin for termite control purposes while the others used only chlorpyrifos. All were involved in pre-construction, post-construction and underfloor treatments of buildings using similar equipment. Chorpyrifos levels were measured in breathing air and surface wipe samples together with urinary TCP and blood ChE levels. The urine samples were collected from workers (19) before and after a chlorpyrifos application event and were analysed for TCP. The creatinine adjusted TCP concentrations were reported for the minimum, maximum, median, 75th and the 95th percentiles. The post-application TCP levels were converted to ECID levels (see Section 2.2) and are presented in the Figure 5A. The CPD had a slope of 0.4 and the levels ranged from 1100 to 37,000 ng/kg/day (3.0 to 4.6 log scale). The highest ECID was 33 times greater than the lowest level.

Figure 5. Cumulative probability distributions (CPD) for the ECID with the following: (A) 19 Australian pest control applicators after an application event during 1998 to 1999 (results reported as minimum, maximum median, 75 and 95 percent levels. (see Section 3.3); (B) 19 individual Sri Lankan farmers at baseline and post application exposure during 2000. (see Section 3.4); (C) 136 male Thai farmers during 2006 (results reported at the maximum, 25, 50, 75 and 95 percent value) (see Section 3.5); (D) 207 Thai children during 2009 (results reported at the maximum, minimum, median and 95 percent value) (see Section 3.5).
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3.4. Equivalent Chlorpyrifos Ingested Dose (ECID) in Sri Lankan Farmers

Aponso and Manuweera [2] conducted a study to assess chlorpyrifos exposure during a chlorpyrifos spraying event with a group of individual farmers (19) in the Kandy district of Sri Lanka during 2000. The farmers were spraying an overhead canopy with hand operated spraying equipment. The ECID in urine was calculated prior to commencing a typical chlorpyrifos spraying event (pre-exposure) as well as throughout and after the event (post exposure) (see Section 2.2). The pre-exposure data represents the baseline exposure of farmers to chlorpyrifos with additional exposure occurring during spraying events. The farmers had not used chlorpyrifos for at least ten days prior to the study and therefore the baseline TCP in the farmers indicates the exposure to chlorpyrifos from routes other than the spraying event. The CPD plots of this data are shown in Figure 5B.

The doses are in between 1.0 ng/kg/day (0.0 log scale, Figure 5B) and 1600.0 ng/kg/day (3.2 log scale, Figure 5B). The median ECID is 379.0 ng/kg/day (2.6 log scale, Figure 5B) and the slope of the distribution plot is 1.3. The post application ECID levels were distributed in between 2500 and 11,000 ng/kg/day (3.4 and 4.0 log scale, Figure 5B). The slope of the post application CPD was 1.3 as compared to the baseline plot which was 0.8.



3.5. Equivalent Chlorpyrifos Ingested Doses (ECID) in Thai Farmers and Children


3.5.1. ECID in Farmers

Farmers (males, 136 in total) from Chang Mai, Thailand in two communities (Pong Yaeng and Inthakhin) involved in mixed crop cultivation participated in a pesticide exposure evaluation study during 2006 [41]. A number of pesticides were used during the three months prior to the study with chlorpyrifos being the most common. All the farmers used back pack reservoirs with hand pumps to apply the pesticides.

A spot urine sample was collected from each farmer during the study period for TCP analysis. The creatinine adjusted TCP concentrations were reported at maximum, 25th, 50th, 75th and the 95th percentiles. About 77% of the farmers had detectable TCP levels which were converted into ECID (see Section 2.2) and are plotted as a CPD in Figure 5C.

The ECID in Pong Yaeng and Inthakhin farmers [41] ranged from 70.0 to 1800.0 ng/kg/day (1.9 to 3.3 log scale, Figure 5C) and 20.0 to 4600.0 ng/kg/day (1.2 to 3.7 log scale, Figure 5C). At 0.95 cumulative probability levels the farmers from Inthakhin region showed more elevated levels of ECID than the farmers from PongYaeng. Panuwet et al. (2008) reported that the cropping pattern selected by the farmer has an influence on exposure [41].



3.5.2. ECID in Children

Panuwet et al. [42] analysed the urine samples from a group of school children (207) in Chiang Mai, Thailand aged between 12 to 13 years who were identified as having agricultural and nonagricultural family backgrounds. Spot urine samples were analysed for TCP and 92% had detectable levels. The creatinine adjusted TCP levels were reported for the minimum, maximum, median and the 95th percentile. In the present study the TCP levels were converted to ECIDs (see Section 2.2) and are presented in Figure 5D. The ECID ranged from 30.0 to 1800.0 ng/kg/day (1.4 to 3.2 log scale) with the highest from students in an agricultural environment. Dietary exposure was assumed to be the main pathway of exposure with chlorpyrifos being monitored frequently in dietary components in Thailand [42]. It is interesting to contrast this result with that of children in Costa Rica who live in plantations where bags treated with chlorpyrifos are used to protect fruit.




3.6. Equivalent Chlorpyrifos Ingested Doses (ECID) in Vietnamese Farmers

Chlorpyrifos is the most common pesticide used in Vietnam for rice cultivation. Phung et al. [12] collected urine samples (108) both before and after a spraying event from farmers (18) who were pesticide applicators using back pack hand operated sprays. TCP levels were estimated and the ECIDs were calculated using creatinine adjustment. The baseline exposure levels ranged from 30 to 1980 ng/kg/day while the post application levels were 350 to 94,000 ng/kg/day and the data were plotted as CPDs [13]. Exposure at the 0.95 and the 0.50 levels were reported for the baseline (1600 and 30 ng/kg/day respectively) and the post application situations (11,000 and 680 ng/kg/day respectively) (Table 3).

Table 3. Equivalent chlorpyrifos ingested dose (ECID, ng/kg/day) for farmers from various countries.


	Cumulative Probability Level
	Sri Lankan Farmer-Baseline, 2000 a (log dose)
	Sri Lankan Farmer-Post Application, 2000 a (log dose)
	Thai Farmer, 2006 b (log dose)
	US Farmer–Post Application, 2000-2001 c (log dose)
	Vietnam Farmer–Baseline, 2011 (log dose)
	Vietnam Farmer–Post Application, 2011 (log dose)





	0.50
	0.3 2 × 103 (2.5)
	6.8 × 103 (3.8)
	0.05 × 103 (1.7)
	2.0 × 103 (3.3)
	0.24 × 103 (2.4)
	19.4 × 103 (4.3)



	0.95
	1.6 × 103 (3.2)
	11 × 103 (4.0)
	4.6 × 103 (3.6)
	8.4 × 103 (3.9)
	9.0 × 103 (3.95)
	97.7 × 103 (5.0)





a see Figure 5B; b see Figure 5C; c see Figure 2A.









4. Overview of Equivalent Chlorpyrifos Ingested Dose (ECID) in Similar International Populations


4.1. Farmers from Sri Lanka, Thailand, USA and Vietnam

The ECID levels for the farmers from Sri Lanka, Thailand, USA and Vietnam were compared at the median (0.50 probability) and high exposure (0.95 probability) levels (see Table 3). It is noteworthy that with the Sri Lankan and Vietnamese farmers the post application levels of ECID (see Figure 5B, Table 3) showed a major increase over the baseline at the 0.95 and the 0.05 levels , ×7 to ×22 (Sri Lankan) and ×11 and 81 (Vietnam).

The baseline levels were estimated immediately before chlorpyrifos application and were not related to pesticide application [2]. It was assumed to be derived from the diet containing contaminated plants and other non-agricultural sources. The median baseline levels (0.50 level , Table 3) with all the farmers were relatively low (0.3 × 103, 0.05 × 103, 2.0 × 103, 0.24 × 103, 19.4 ng/kg/day) and within a somewhat similar range, except for the Vietnamese farmers, and there was also a similar limited range of values at the 0.95 level (1.6 × 103, 4.6 × 103, 8.4 × 103, 9.0 × 103, 92.7 ng/kg/day) again with the exception of the Vietnamese farmers.

The ECID with the Thai farmers was probably a reflection of the exposure from various sources including those which occurred during their normal farming activities [41]. However the post application ECIDs were directly related to the chlorpyrifos exposure received from a planned application event [2,13]. In contrast, the Thai farmers exposure was not related to an application event and thus could be expected to be lower [41]. In addition chlorpyrifos was not one of the frequently used pesticides with the Thai farmers.

The USA farmers were shown to have a post application ECID of 8.4 × 103 ng/kg/day at the 0.95 probability level (see Table 3 and Figure 2A) which was below the level of the Sri Lankan and Vietnamese farmers (see Table 3 and Figure 5B). Most of the Sri Lankan and Vietnamese farmers were not using personal protective equipment and had a greater potential for exposure due use of personal individual hand operated sprayers [2]. In contrast, USA farmers used ground booms and tractor mounted spreaders [26] which provide a higher level of protection to the applicator.



4.2. Pest Control Applicators and Manufacturing Workers in Australia and USA

The Equivalent Chlorpyrifos Ingested Dose (ECID) levels for pest control applicators and manufacturing workers in the USA and Australia were compared at the 0.50 probability and 0.95 probability levels (see Table 4). The USA manufacturing workers have a differing exposure depending on the working cycle at the manufacturing plant. At a low exposure period in the working cycle the exposure at the 0.50 level is 1.1 × 103 ng/kg/day while at the 0.95 level it is 10.0 × 103 ng/kg/day (see Table 4). However at the 0.95 probability level there is a much higher level of exposure due to the annual factory shutdown and maintenance period (210 × 103 ng/kg/day, see Table 4) [4]. Interestingly this difference was not observed at the 0.50 probability level with 1.1 × 103 at median exposure and 1.8 ng/kg/day at high exposure (Table 4).


Table 4. Equivalent chlorpyrifos ingested doses (ECID) in pest control applicators and manufacturing workers in Australia and USA.



	
Cumulative probability level

	
US pest control applicators (1998) a (ng/kg/day) (log dose)

	
US manufacturing workers (1999–2000) b (ng/kg/day)

	
Australian pest control applicators (1998–1999) c (ng/kg/day) (log dose)




	
Low Exposure (log dose)

	
High Exposure (log dose)






	
0.50

	
12.0 × 103 (4.1)

	
1.1 × 103 (3.04)

	
1.8 × 103 (3.2)

	
7.8 × 103 (3.9)




	
0.95

	
26.0 × 103 (4.4)

	
10.0 × 103 (4.0)

	
210.0 × 103 (5.3)

	
26.0 × 103 (4.4)






a see Figure 4; b see Figure 3A; c see Figure 5A. 






Pest control applicators in both Australia and the USA were reported to be involved with termite control work using chlorpyrifos [32,40]. Termiticide application normally is a full time occupation carried on throughout the working week, which necessitates handling of pesticides frequently. For example USA applicators were reported to be working more than five days a week during busy periods [32]. In addition most of the applicators were operating in enclosed crawl spaces with comparatively low ventilation. Cattani [40] has described the protective measures taken by the applicators but believed to be insufficient to prevent significant exposure.



4.3. General Populations of Europe, Sri Lanka, Thailand, USA and Vietnam

A comparison was made of the international general populations of adults and some population groups, specifically pregnant mothers in USA and children in Thailand (see Table 5). It is interesting to note that the ECIDs of the general populations of Europe and USA, as well as the baseline level in Sri Lankan and Vietnamese farmers and Thai children, at both the median (0.5 probability) and the high exposure (0.95 probability) levels (0.1 to 0.8 × 103 ng/kg/day and 0.5 to 9.0 × 103 ng/kg/day respectively) are similar with all values falling within a relatively narrow range. In these populations there is an absence of direct known sources of exposure.


Table 5. Equivalent Chlorpyrifos Ingested Doses (ECID) in General and Some Specific Population Groups.



	
Cumulative Probability Level

	
Sri Lankan Farmer–Baseline (2000) a (ng/kg/day) (log Dose)

	
USA General Population b (2001–2002) (ng/kg/day) (log Dose)

	
European General Population c (ng/kg/day) (log Dose)

	
USA Pregnant Mothers d (1998–2001) (ng/kg/day) (log Dose)

	
Thai Children e (2009) (ng/kg/day) (log Dose)

	
Vietnam Farmer–Baseline (2011) (ng/kg/ day) (log dose)




	
Italy (1997)

	
Germany (2001)






	
0.50

	
0.3 × 103 (2.5)

	
0.1 × 103 (2.0)

	
0.1 × 103 (2.0)

	
0.1 × 103 (2.0)

	
0.8 × 103 (2.9)

	
0.24 × 103 (2.4)

	
0.1 × 103 (2.0)




	
0.95

	
1.6 × 103 (3.2)

	
0.6 × 103 (2.8)

	
0.6 (2.8)

	
0.5 (2.7)

	
5.0 × 103 (3.7)

	
9.0 × 103 (3.95)

	
0.5 × 103 (2.7)






a see Figure 5B; b see Figure 2B; c see Figure 4A (Italy) & Figure 4B (Germany); d see Figure 3B; e see Figure 5D.




The adults in USA would be expected to be exposed mainly from indoor environments treated for household pests and the diet [30,31] while with the Italian and German populations the exposure was believed to be through the diet [38,39] . None of the adults were known to have occupational or any other known exposure to the pesticide.

The Thai children were representative of children in agricultural and non- agricultural families [42]. It was assumed that the most common pathway of exposure was through the diet, which was suggested by the frequent detection of chlorpyrifos in food commodities [42]. However in the estimation of ECID in children, the common physiological parameters were used which were believed to be appropriate for the age group (average body weight and average daily creatinine excretion rate (Section 2.2).

The highest ECIDs, among the general populations which was not exposed directly, were observed in the USA pregnant mothers (see Table 5) which was 0.8 × 103 ng/kg/day at the median level (0.5 probability) and 5.0 × 103 ng/kg/day at the high exposure level (0.95 probability) (see Table 5 and Figure 3). Most of the mothers were believed to be mainly exposed from indoor usage of household pest control devices [34]. However the dietary and other pathways would also be expected [31]. Nevertheless the levels observed with the mothers are unusual.






5. Risk Characterisation using the Hazard Quotient (HQ)


5.1. Background

Guidelines have been developed by various bodies for the evaluation of the adverse health effects due to chlorpyrifos (Table 1). Since the USEPA Guideline Values (GVs) are the most comprehensive it was decided to use these in this investigation. These guidelines also give a common basis for the comparison of health risk in different situations and in different countries. There are included specific guidelines for different population groups (Table 1). Risk to health can be evaluated by calculation of the Hazard Quotient (Exposure Dose/Guideline Value) using the GVs. The guidelines are comprised of the Acute Reference Dose (ARfD) which is used for high level short term exposure in occupational and similar situations; the Chronic Reference Dose (CRfD), applicable to low level repeated exposure usually with nonoccupational situations; the Chronic Population Adjusted Dose (CPAD) for chronic exposure of sensitive populations (females of child bearing age, infants and children1). The GVs of ARfD, CRfD and CPAD as well as the ECID are all in units of ng/kg/day and represent the dose ingested in food and water per day (see Table 1).



5.2. Hazard Quotients (HQ) Calculated Using the US EPA Guideline Values (GVs)

The HQs of the nonoccupationally exposed populations were calculated at the 0.95 (HQ0.95) and 0.50 (HQ0.50) levels using the USEPA Chronic Reference Dose (CRfD). At the 0.50 level the populations of Sri Lankan, Vietnamese and Thai farmers as well as the general populations of USA, Italy and Germany had an acceptable risk with HQs of unity or less. A relatively low potential risk was observed at the 0.95 probability in the general populations of USA, Italy and Germany with HQ0.95 from 1.6 to 2.0. The Sri Lankan and Vietnamese farmers at baseline exposure had a higher risk with a HQ0.95 of 5.3 and 30.

The Hazard Quotients (HQ) of the occupationally exposed populations (Table 6) were calculated using the ECIDs at high exposure (0.95 probability, HQ0.95) and median exposure (0.50 probability levels, HQ0.50) using the Acute Reference Dose (ARfD) of the USEPA (Table 1). The HQs range between 0.2 to 3.9 for the median exposure group, while the high exposure group ranged from 1.7 to 42.0. The highest risk of potential adverse effects was observed with the high exposure group (0.95 probability) with the USA manufacturing workers with HQ0.95 of 42.0 and the Vietnamese farmers at HQ0.95 of 19.5. The Sri Lankan and Vietnamese farmers and the pest control applicators in USA and Australia were at a relatively lower risk at the median level (0.50 probability) with HQ0.50 of 1.3, 3.9, 2.4 and 1.5 respectively (Table 6). The USA farmers were at relatively low risk at the 0.95 probability level with a HQ0.95 of 1.7 (See Table 6) and a HQ0.50 of 0.4.


Table 6. Hazard Quotients (HQ) for occupationally exposed populations based on the ARfD a.



	
Cumulative Probability

	
Hazard Quotients (HQ)

	
Vietnamese farmer-Post Application b




	
Sri Lankan farmer-Post Application b

	
US farmer b

	
US pest control applicator c

	
US manufacturing worker c

	
Australian pest control applicator c




	
Low Exposure

	
High Exposure






	
0.50

	
1.3

	
0.4

	
2.4

	
0.2

	
0.3

	
1.5

	
3.9




	
0.95

	
2.2

	
1.7

	
5.2

	
2.6

	
42.0

	
5.2

	
19.5






a see Table 1; b see ECID in Table 3; c see ECID in Table 4. 






The HQs for the more sensitive population groups were calculated with the Chronic Population Adjusted Dose (CPAD) (Table 1) for pregnant females and children having repeated exposure. The USA mothers were at high risk having the highest HQ0.95 of 173 and a HQ0.50 of 26.6 both representing a high exposure. The Thai children have a comparatively lower risk having an HQ0.50 of 3.3 and a HQ0.95 of 16.6. It is interesting to contrast this result with that of children in Costa Rica who live in plantations where bags treated with chlorpyrifos are used to protect fruit. With more than half the children their estimated intake dose exceeded the CPAD and some also exceeded the ARfD and the CRfD [43]. In Jianjsu, China, a survey of urinary TCP in 2 year old children revealed that the TCP occurred in 70% of the children. The HQ0.75 was 2.5 suggesting a lower level of risk than the Thai children and the other groups mentioned above [44]. However the CPAD value would require the use of appropriate biological data to confirm the health risk represented by these HQs.




6. Conclusions

These results indicate that chlorpyrifos residues are widely distributed in the global human population. For example, the general population in the USA from 1988 to 2001 had detectable occurrence of residues in 82% to 89% of individuals. The general population in Germany in 2001 had detectable residues in the whole population and Italy, in 1997, in 88% of the population. This exposure is believed to result from pesticide treatment of crops and the resultant occurrence of residues in consumed food, rather than occupational exposure. It resulted in HQ50 values of less than unity and thus not considered to be a public health risk to the global population.

However, there are some specific population groups which have considerably higher exposure than the general population groups. For example, the ECID levels in pregnant mothers in USA during 1998 to 2001, at median exposure, were 26.6 times the exposure represented by the CPAD.

Also, high levels of risk, exceeding ARfD, were apparent in the high exposure group (0.95 level) with the occupationally exposed groups of manufacturing workers in 1999 to 2000 (HQ0.95 2.6 to 42.0) and the pest control applicators in Australia (1998 to 1999), and USA (2000 to 2001) (HQ0.95 5.2). Farmers had a high level of risk at the high exposure level (0.95 level) when the HQ was calculated using the ARfD. Those from Sri Lanka (2000) and Vietnam (2011), after a spraying application, had HQ0.95 at 2.2 and 19.5 respectively; Thailand (2006) at HQ0.95 of 15.3; and USA (2000 to 2001) at HQ0.95 of 1.7.

This review demonstrates that chlorpyrifos exposure often occurs in human populations in levels which exceed the guidelines recommended by the USEPA. Some of the exceedances, and the derived HQs, are relatively high and indicate the possibility of adverse effects in the human populations affected. However, it should be noted that management practices and other factors may have led to changes in exposure since these investigations were made.
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