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1. Introduction

ABSTRACT

Neurobehavioral deficits have been reported in Egyptian pesticide application teams using organopho-
sphorus (OP) pesticides, but whether these effects are related to OP pesticide exposures has yet to be
established. In preparation for a comprehensive study of the relationship between OP pesticide dose and
neurobehavioral deficits, we assessed exposure within this population. We conducted occupational
surveys and workplace observations, and collected air, dermal patch and biological samples from
applicators, technicians and engineers involved in chlorpyrifos applications during cotton production to
test the hypotheses that: (1) dermal exposure was an important contributor to internal dose and varied
across body regions; and (2) substantial differences would be seen across the three job categories.
Applicators were substantially younger and had shorter exposure histories than did technicians and
engineers. Applicators and technicians were observed to have relatively high levels of skin or clothing
contact with pesticide-treated foliage as they walked through the fields. Both dermal patch loadings of
chlorpyrifos and measurements of a chlorpyrifos-specific metabolite (TCPy) in urine confirmed
substantial exposure to and skin absorption of chlorpyrifos that varied according to job category; and
dermal patch loading was significantly higher on the thighs than on the forearms. These findings support
our hypotheses and support the need for research to examine neurobehavioral performance and
exposures in this population. More importantly, the exposures reported here are sufficiently high to
recommend urgent changes in work practices amongst these workers.

© 2010 Elsevier Inc. All rights reserved.

etal., 1997; Richter et al., 1992; Fiedler et al., 1997; Korsak and Sato,
1977; Steenland et al., 2000; Abdel Rasoul et al., 2008). Most studies

Potential adverse health impacts of organophosphorus (OP)
pesticide exposures are an ongoing public health concern for
agricultural workers in low-middle income countries, particularly in
regard to acute health effects (e.g. Keifer et al., 1996; Vergara and
Fuortes, 1998; Litchfield, 2005; Recena et al., 2006; Rodriguez et al.,
2006; Dharmani and Jaga, 2005). An increasing number of studies
have identified neurobehavioral effects associated with occupations
involving chronic or subchronic exposures to OP pesticides that did
not cause systemic toxicity (Stephens et al., 1995; De Silva et al.,
2006; Cole et al., 1997; Rohlman et al., 2007; Rothlein et al., 2006;
Farahat et al, 2003; Kamel et al., 2003; Reidy et al., 1992;
Bazylewicz-Walczak et al., 1999; Gomes et al., 1998; London
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inferred their participants’ OP exposure as a result of work group
membership, though there is evidence of an association between
neurobehavioral deficits and urine metabolites of OP pesticides in
one study (Rothlein et al., 2006). Among the studies of occupational
OP pesticide exposure, much attention has focused on Egypt (Amr
et al, 1997; Amr, 1999), and two recent studies have reported
extensive neurobehavioral deficits in adult workers in Egyptian
cotton production (Farahat et al., 2003) and in adolescent Egyptian
pesticide applicators (Abdel Rasoul et al.,, 2008). Both studies
compared pesticide workers with unexposed workers employed by
the Ministry of Agriculture in Menoufia Governorate, Egypt. Whole
blood cholinesterase (ChE) levels were significantly lower in
samples from pesticide workers relative to samples from the
unexposed workers, suggesting higher exposure to OP pesticides in
these worker populations than in their ‘control’ comparators.

The objective of the present study was to develop a more
detailed understanding of OP pesticide exposure pathways among
three categories of Egyptian cotton field workers: pesticide
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applicators, technicians and engineers. Specifically, we aimed to
test the hypotheses that: (1) dermal exposure was an important
contributor to internal dose and varied across body regions; and
(2) substantial differences would be seen across the three job
categories. We considered that evidence of high OP pesticide
exposures in this study would be consistent with the hypothesis
that OP pesticide exposures were associated with the substantial
deficits, relative to controls, seen in these occupations in Egypt
(Farahat et al., 2003; Abdel Rasoul et al., 2008). The findings from
this study are being used to inform the design of a larger
epidemiologic study in this worker population.

2. Setting and workforce

Cotton is treated as a national resource in Egypt, a country in
which 32% of the labor force of just over 21 million is employed in
agriculture. Although grown and harvested by independent
farmers, the national government oversees the country’s entire
production of cotton (Mostafa, 2008). Once farmers agree to plant
cotton in their fields, applications of chemicals on those fields
come under control of the national Ministry of Agriculture and that
control is delegated to the Ministry’s District Offices in the
individual Governorates. Pesticide application equipment and all
pesticides are purchased by the national Ministry of Agriculture;
the equipment is calibrated at the Governorate District Office and
then distributed to the Governorate field stations. Thus, all
pesticides, application equipment and application procedures
used for cotton production are standardized throughout Egypt.

Menoufia, one of 29 Governorates in Egypt, is situated in the
Nile River delta north of Cairo. Menoufia has 270 field stations
distributed across 9 agricultural Districts, each of which is
responsible for crop management, including sales of chemicals
to farmers, worker safety training and pesticide applications (EMA,
2008). A field station is located close to the cotton fields, and serves
as the meeting place for workers and supervisors, as well as the
storage area for pesticides and application equipment.

Each field station has a team of employees in three job
categories with potential pesticide exposure: (1) applicators who
apply pesticides with backpack sprayers; (2) technicians who walk
each row with the applicator to direct the path of the applicator
and point out any heavy insect infestations in the field; and (3)
engineers who periodically walk the fields but more often direct
the application process from the edge of the field.

There were 1068 technicians and engineers assigned to apply
pesticides in Menoufia’s 270 field stations in 2007. It is standard
procedure to assign four applicators to each field station, so an
estimated 1080 applicators work in the cotton fields during a typical
summer in this region. Technicians and engineers are not exposed to
pesticides during the rest of the year, as their primary tasks are to
review results of the previous season and prepare equipment and
plans for pesticide applications in the upcoming season (Hesham
et al.,, 2006). The applicators are seasonal workers, but their off-
season activities are not well documented. There is anecdotal
evidence of episodic but not systematic use of pesticides among
workers in all three job categories outside their ministry jobs.

3. Methods

Occupational surveys, workplace observations, air samples,
dermal patch samples, and urine samples were obtained from
convenience samples of workers in the Menoufia cotton fields
during two growing seasons (July-August 2006 and 2007).
Chlorpyrifos was the only OP pesticide used during these application
seasons. The procedures followed in this study involving human
subjects were approved by the Oregon Health & Science University
institutional review board and by the Menoufia University human

subjects committee. The study purpose and procedures were
explained to participants prior to the beginning of the study, and
all participants provided informed consent.

3.1. Occupational surveys

An occupational survey of applicators, technicians and engi-
neers (N =47) was conducted in 2006 to ascertain age, years of
education, number of years of work at the specific job, number of
years of work in cotton production, and whether the worker had
received pesticide safety training. A smaller occupational survey
was conducted in 2006 among office managers, applicators and
engineers (N = 12) to determine the typical frequency of pesticide
application and equipment calibration.

3.2. Workplace observations

Pesticide mixing, loading and application activities were
observed by trained staff over the course of one work day in 2007
for six applicators, six technicians, and six engineers. Fig. 1 shows a
typical pesticide application team consisting of a technician (left)
who directs the applicators in the field, an applicator (center), and an
engineer (right) who is instructing the applicator on how to hold the
tube through which the pesticides are applied.

The following information was recorded on standardized field
data sheets: (1) types and amounts of pesticides mixed and loaded
in the sprayer during the day; (2) amount of time spent in the
fields; (3) types of work clothing worn; and (4) use of any personal
protective equipment (PPE).

3.3. Air samples

Six air samples were collected using XAD-2 OVS tubes and
Gilian Hi Flow Samplers (Model HFS 513A) from the breathing zone
of six applicators (one sample per applicator). At the end of the
workday, the tubes were capped and transported on ice from the
field to the laboratory at Menoufia University where they were
frozen at —80 °C. They were later shipped to the University of
Washington (UW) on dry ice for analysis. The samples were
extracted with an acetone/toluene solution and analyzed for
chlorpyrifos residues using GC/MS by the UW Environmental
Health (EH) Laboratory according to the procedures of NIOSH
analytical method 5600 for OP pesticides (NIOSH, 1994). All
samples had measurable amounts of chlorpyrifos in the front

Fig. 1. Pesticide application team consisting of a technician (left) who directs the
applicators in the field, an applicator (center), and an engineer (right) who is
instructing the applicator on how to hold the tube through which the pesticides are
applied.
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section of the OVS tubes. Chlorpyrifos was not detected in the
backup section of the OVS tubes, indicating that no breakthrough
occurred in these samples. Two field blanks were below the
detection limit of 1.4 ng per sample.

3.4. Dermal patch samples

The traditional dermal patch technique (Durham and Wolfe,
1962) was not used in this preliminary study due to resource
constraints. Instead, a limited number of patches were used to
determine pesticide loading on two body regions: forearm and upper
leg. Patches were attached to the clothing or skin of two applicators,
two technicians and two engineers. The patches were constructed of
pre-extracted (soxhlet with ethyl acetate) surgical gauze pads (100%
cotton) placed in a paper envelope with an aluminum foil lining that
revealed a circle cutout (5.6 cm diameter). For each worker, one
patch was taped to each forearm (if short-sleeve shirt was worn) or
pinned to each sleeve (if long-sleeve shirt was worn), and one patch
was pinned to each pant leg at the level of the thigh. The workers
wore the patches during the entire workday. At the end of the
workday, tweezers that had been triple-rinsed with isopropanol
were used to remove the gauze pad from its holder and place it in a
separate pre-rinsed glass jar. The jars were transported on ice from
the field to the laboratory at Menoufia University where they were
frozen at —80 °C. The jars with patches from the right side of each
participant were then shipped to UW on dry ice for analysis. The
remaining set of patches were kept in Egypt as backup samples due to
uncertainties in shipping procedures. Extraction and analysis of the
patch samples were conducted by the University of Washington
Environmental Health Laboratory (AIHA-certified). The gauze pads
were extracted as follows: place in 50 mL tube; add 30 mL ethyl
acetate; agitate with a vortex action shaker for 10 min; decant
solvent into a labeled turbovap flask and evaporate; add additional
30 mL acetate to the tube containing the pads, shake for 5 min and
transfer to the turbo-vap flask; evaporate extract to <1 mL, then
solvent exchange with approximately 5 mL 2,2,4-trimethylpentane
(TMP); evaporate to <1 mL, then add TMP to achieve 1 mL volume.
The extracts were analyzed for chlorpyrifos using GC/MS (HP6890
gas chromatograph and HP5973 series mass selective detector). The
extraction efficiency of the method was 94.8% + 13.1 (n = 6). The limit
of detection was 10 ng per sample. No field blanks were prepared for
this study. Laboratory blanks were below the limit of detection.

3.5. Urine samples

Urine samples were collected from six applicators, six techni-
cians and six engineers. In addition, urine samples were collected
from six control participants for each of the three job categories. The
control participants worked at the central administrative offices of
the Ministry of Agriculture. A standardized protocol was used to
collect urine samples at the beginning and end of the work shift on
the 16th consecutive day of OP pesticide applications. Samples were
collected in pre-washed, wide-mouth plastic bottles and trans-
ported in a cooler to the Menoufia University laboratory where they
were stored at —80 °C. Due to resource constraints, only half of these
samples were analyzed. Samples from three of the six workers in
each job category, and samples from three controls for each job
category were selected randomly and shipped to the University of
Buffalo on dry ice for analysis.

Urine samples were analyzed for the primary metabolite of
chlorpyrifos, 3,5,6-trichloro-2-pyridinol (TCPy) using a modifica-
tion of the method described by Hines and Deddens (2001). A1 mL
aliquot of each urine specimen was thawed and mixed prior to the
addition of 100 ng of internal standard (3C-!°N-3,5,6-TCP, a gift
from Steve Hutton at Dow Agrosciences LLC, Indianapolis, IN
46268). Samples were then hydrolyzed at 80 °C with 100 L of 12N

HCl, and extracted with 1 mL of 20% aqueous NaCl and 1 mL of
toluene. The toluene extract was then derivatized with N-(tert-
butyldimethylsilyl)-N-methyltrifluoro-acetamide (MTBSTFA) and
analyzed by negative-ion chemical ionization gas chromatogra-
phy-mass spectrometry (NCI-GC-MSD) on an Agilent Technologies
5973 inert GC-MS (San Jose, CA). Separations were achieved on a
DB-5MS capillary column (15 m x 0.25 mm, 0.1 pwm film thick-
ness, J&W Scientific, Folsom, CA). Helium carrier gas was used at a
constant flow of 1.2 mL/min. The initial oven temperature of 100 °C
was held for 1 min, followed by a 5 °C/min ramp rate to 140 °C,
followed by a 50 °C/min ramp to 300 °C and held at 300 °C for
2.8 min. The injection port was at 260 °C and the transfer line at
250 °C. A 2 min splitless injection of 2 L was made. Methane was
used as the reagent gas and ions at m/z 161 for TCPy and 166 for the
internal standard were monitored to control for variability in the
extraction and assure accurate analysis of TCPy. Each batch of
samples was analyzed with a standard curve and spiked samples
consistently gave extraction efficiencies of greater that 90%. The
limit of detection for the method was 0.5 ng/ml urine. Creatinine
concentrations were measured using the Jaffe reaction where
creatinine forms a red color on reaction with picric acid under
alkaline conditions (Fabiny and Ertingshausen, 1971). TCPy
concentrations were adjusted using creatinine concentrations to
correct for variable urine dilutions in the spot urine samples.

3.6. Data analysis

Descriptive statistics were calculated for data from the
occupational survey. Urinary TCPy concentration differences
between groups were analyzed for pre- vs. post-application
concentrations by a paired t-test. Differences between job
categories and the controls, and across job categories were
compared by an analysis of variance (ANOVA).

Urinary TCPy concentrations were used to calculate dose
estimates for nine workers, and for each job category. Dose was
calculated by the following equation:

__ TCPy, x C4 x IEF x MW ratio
B BW

Dy

where Dq = daily dose (g/kg); TCPy, = creatinine-adjusted TCPy
average concentration (g/g creatinine) for each worker; Cq4 = daily
creatinine clearance of 1.7 g creatinine/day (ICRP, 1994); IEF = in-
complete excretion factor of 1.0/0.7 based on a human oral
chlorpyrifos dosing study (Nolan et al., 1984); MW ratio = mole-
cular weight ratio of chlorpyrifos and TCPy (350.6/198.5 = 1.766;
and BW = body weight (kg). Body weights ranged from 65 to 88 kg,
with weight for one worker imputed from weights of workers in
the same job category.

The mean dose for each job category was calculated as the mean
of the three worker mean daily doses in each category. These doses
were then used to calculate margins of exposure for each job
category. The margin of exposure (MOE) is defined by the U.S.
Environmental Protection Agency as the no observed adverse
effect level (NOAEL) divided by dose (OPP, 2006). For occupational
exposures the target MOE is >100. In order to calculate a NOAEL for
chlorpyrifos suitable for comparison with biologically based dose
estimates, the short-term dermal NOAEL of 5.0 mg/kg-day was
adjusted by a 0.03 dermal absorption factor (OPP, 2006), resulting
in a NOAEL = 150 pg/kg-day.

4. Results
4.1. Occupational surveys

Occupational survey results are presented in Table 1. Applica-
tors as a group were much younger and had less education than
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Table 1

Occupational survey of the study population: age, education and work history by job category.

Job category Age Education Worked at Worked in cotton Previous pesticide
(years) (years) this job (years) production (years) safety training reported?
Applicator (N=7)
Mean 174 11.0 2.0 1.4 Yes: none
(SD) (0.5) (1.4) (0) (0.5) No: 100%
Range 17-18 9-12 2-2 1-2
Technician (N=24)
Mean 47.7 12.0 20.0 193 Yes: 54%
(SD) (4.2) (0) (7.2) (7.8) No: 46%
Range 42-58 12-12 5-36 7-36
Engineer (N=16)
Mean 50.9 13.8 20.3 22.8 Yes: 62%
(SD) (6.3) (2.0) (14.0) (8.4) No: 38%
Range 41-59 12-16 1-37 11-35

technicians and engineers. Engineers were about 3 years older than
technicians and had about two more years of education.
Applicators had worked at their current job on average 2 years
and in cotton production less than 2 years, while both technicians
and engineers had worked at their current job and in cotton
production for about 20 years. None of the applicators reported
having had previous pesticide training, whereas 54% of the
technicians and 62% of the engineers reported such training.

The smaller survey of workers revealed that teams applied
pesticides 4-5 h per day, 7 days per week during the application
season, with the season typically running from mid-late June
through mid-August. The backpack sprayers used to apply
pesticides were calibrated at the beginning of each season at
the central Ministry offices in the Governorate, though the specific
steps were not documented. A crude field calibration was
performed by the regular practice of sending 3-4 applicators into
the field at the same time and observing whether all applicators
ran out of pesticide solution at about the same time.

In regard to pesticide applications, biological growth regulators
are normally applied from March through May. In June or early July
insecticide applications begin based on the inspection of bolls for
weevils. Insecticides are usually applied in three waves of
approximately 15 days each, according to the following pattern:
OP pesticides, pyrethroid pesticides, and OP pesticides. The
primary OP pesticide used in Egyptian cotton fields is Pestban™,
an emulsifiable concentrate formulation that contains 48%
chlorpyrifos as the active ingredient.

According to the Egyptian Ministry of Agriculture, 80 L of the
Pestban™ solution should be applied on each feddan
(50 m x 40 m; equivalent to 0.42 ha or 1.04 acres) of cotton plants
by four seasonal applicators, each using a 20-L backpack sprayer.
The applicators are trained to walk 40 steps per minute, and it
takes about 20 min per feddan. One liter of Pestban with 48%
chlorpyrifos active ingredient is mixed with water in a 40-L barrel,
and half that quantity is poured into each backpack sprayer, so the
application rate is estimated to be 0.04 L of diluted Pestban per
square meter.

4.2. Workplace observations

Mixing and loading activities were carried out by applicators
with supervision by engineers and technicians who sometimes
also participated in the mixing/loading (Fig. 2). The backpack
sprayer was covered with plastic to protect the engine, while the
pesticide mixture was transferred from the barrel to the sprayer
with a hand-held container. Mixing/loading occurred three times
during the observed work periods.

Applicators formed a staggered line across the field, led or
followed by the technicians (Fig. 3). Due to the loud noise of the

backpack sprayers, the technicians had to remain within ~10 m of
the applicators so they could effectively communicate with them.
As is common in this region, farm children congregated around the
young applicators and later placed and moved flags at either end of
the field to signal the path of each applicator, as directed by the
technicians or engineers.

Engineers spent an average of 37 min actually in the cotton
fields, while the technicians and applicators spent an average of
52 min in the fields. All six of the applicators were observed
emerging from the field after application with pants drenched in
pesticide solution as a result of walking through the plants in front
of them that they had just sprayed. In contrast, only two of the six
technicians and none of the engineers were observed emerging
from the fields with wet pants after pesticides had been applied.

All 18 workers wore long pants, half wore long-sleeve shirts and
half wore short-sleeve shirts. The most striking difference across
job category was the use of footwear (Fig. 4). It was observed that
all of the engineers wore shoes, whereas three of the six applicators

Fig. 2. Pesticide mixing and loading. The pesticide formulation is mixed with water
in the 40-L blue barrel. The mixture is then transferred to the tank of the backpack
sprayer. The sprayer is covered with plastic to protect the engine. Note that none of
the workers are using gloves or other personal protection.
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Fig. 3. Applicators walk through the fields in a staggered pattern to avoid spraying each other. A technician can be seen leading the applicators, while another technician is just
in front of the lead applicator on the left. Other technicians who are not in the picture are following the applicators. Note that the applicators are spraying in front of their

bodies and walking into the spray.
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Fig. 4. Footwear worn by engineers, technicians, and applicators during workplace
observations of chlorpyrifos applications in cotton.

were barefoot and two others wore sandals. The technicians were
intermediate, with two wearing shoes and four wearing sandals.
None of the workers wore gloves or any other protective clothing,
and none used respirators. Some participants wore dust masks, but
often not over the nose, and some wore glasses or goggles but not
always appropriately.

4.3. Air samples

Chlorpyrifos air concentrations in the six applicators’ breathing
zones were generally quite low. Concentrations averaged 23 pg/
m?, with a range of 13-54 pg/m>. The total air sampling time was
approximately 15 min, with spraying occurring during about half
of that period.

4.4. Dermal patch samples

Dermal patch loadings and loading rates are listed in Table 2.
Chlorpyrifos patch loadings for the two engineers were a small
fraction of the loadings for most applicators and technicians.
Loading on the thighs was higher than loading on the forearms in
five of six cases, consistent with observations of contact with
sprayed foliage, and with our hypothesis that differences would be
seen between lower body and upper body loadings. Variability
within worker category was high for applicators and technicians.
The highest arm loading (197 pg/cm?) was measured on a
technician, whereas the highest thigh loading (422 pg/cm?) was
measured on an applicator.

Table 2
Chlorpyrifos loading and loading rates on dermal patches?® for three job categories
during pesticide applications in cotton production.

Applicator Technician Engineer

Subject 1 2 3 4 5 6
Time (min)® 55 60 55 60 40 40
Loading (pg/cm?)

Arm 12.6 49.6 0.8 197.0 3.1 1.0

Thigh 49.0 422.0 245 70.8 4.2 5.6
Loading rate (p.g/cm?/h)

Arm 13.8 49.6 0.9 197.0 4.6 1.4

Thigh 53.5 422.0 26.7 70.8 6.2 83

@ Dermal patches were 5.2 cm? exposed gauze patches attached to subjects’ pant
leg and shirt sleeve or taped to the arm. All patches analyzed were located on the
right side.

b Time =total time worker was involved in spraying activities on that day.

4.5. Urine samples

Urinary concentrations of TCPy from three applicators, three
technicians, and three engineers, before (pre) and after (post)
chlorpyrifos application, together with controls are shown in Fig. 5.
There were no significant differences between pre- and post-
application concentrations within job categories (p = 0.40). This
finding was expected, since these workers had been applying
pesticides for about 15 consecutive days prior to the study day.
Significant differences were found, however, between applicators,
technicians, engineers, and controls; these groups had mean TCPy

10000 oo
jaé 1000 +— +— S Post

§ N

o 100 1 §

z \ N

EL_; 10 +— § \

= |IN N N B |

Applicators Technicians Engineers  Controls

Fig. 5. Estimates of exposure/internal dose were made by analysis of urinary TCPy
(ng/g creatinine), a chlorpyrifos-specific metabolite, in applicators, technicians,
engineers and controls before and after the chlorpyrifos application (data presented
as the mean + SD, n = 9 for controls and n = 3 for occupational groups, note log scale).
While there were no significant differences in pre- and post-application levels within a
job category, there were significant differences between applicators, technicians,
engineers, and controls.



302 F.M. Farahat et al./ NeuroToxicology 31 (2010) 297-304

Table 3
Chlorpyrifos dose estimates for Egyptian cotton production workers during 2007
observational study.

Job Worker ~ Worker mean  Category Margin of
category ID daily dose mean daily exposure (target
(nglke)? dose (pg/kg)®  MOE >100)°

Engineer 1 1.69 1.0 150

3 0.74

4 0.59
Technician 1 61.3 29.7 5

2 14.3

3 13.6
Applicator 3 1183 141.4 1

4 134.6

5 171.4

2 Worker mean daily dose based on two measurements for each worker; dose
was calculated by the following equation: dose (ug/kg)=TCPy (ung/g
creatinine) x 1.7 g creatinine/day x 1/0.7 x 1.766)/body weight (kg); creatinine
clearance =1.7 g/day (ICRP, 1994); incomplete excretion factor=0.7 (human oral
dosing study by Nolan et al., 1984); chlorpyrifos molecular weight=350.6, TCPy
molecular weight=198.5, chlorpyrifos equivalent factor=1.766; body weights
ranged from 65 to 88kg, with weight for one worker imputed from weights of
workers in the same job category.

b Category mean dose is the mean of the three worker mean daily doses in each
worker category.

¢ For comparison with biologically based dose estimates, a dermal NOAEL of
5.0 mg/kg-day x 0.03 dermal absorption factor was used (ICRP, 1994, Table 8),
resulting in a NOAEL =150 pg/kg-day; margin of exposure (MOE)=NOAEL/dose;
target MOE >100.

levels of 2,471, 590, 19.6, and 6.25 wg/g creatinine, respectively
(ANOVA; p < 0.001), with all four groups being distinct (p < 0.01
for each pair-wise comparison).

4.6. Dose estimates

Mean daily dose estimates were highest in applicators, followed
by technicians, and then engineers (Table 3). The mean daily dose
estimates by job category were 141 wg/kg for applicators, 30 g/
kg for technicians, and 1 pwg/kg for engineers, translating to
margins of exposure (MOE) of 1, 5 and 150, respectively.

5. Discussion

The information gathered in these field investigations provides
convincing evidence that applicators, technicians, and engineers
working in Egyptian cotton production had chlorpyrifos exposures
substantially greater than unexposed workers during pesticide
applications to cotton plants. Both dermal patch loadings of
chlorpyrifos and measurements of a chlorpyrifos-specific meta-
bolite (TCPy) in urine indicated that applicators were the most
highly exposed, followed by technicians and then engineers,
supporting our hypothesis that exposure levels vary significantly
between job categories.

The occupational survey indicated that applicators were much
younger, much less experienced, and without adequate safety
training, based on self report. These characteristics likely put them
at risk for greater exposure relative to the technicians and
engineers, independent of the particular tasks performed.

Exposures by inhalation were low, as would be expected in an
outdoor workplace using equipment such as backpack sprayers
that produce relatively large aerosol particles. There is a long-
standing consensus among exposure scientists that dermal contact
is the primary route of exposure and contributes most of the
internal dose for pesticide handlers (Durham et al., 1972; Wester
and Maiback, 2001; USEPA, 1999). This hypothesis was recently
confirmed for chlorpyrifos exposures among pest control appli-
cators in the United States (Hines and Deddens, 2001). In Egyptian

cotton production it seems clear from both the patch and urinary
metabolite data that substantial exposure occurs through work
pants that become saturated with pesticides during application
due to contact with wet, treated foliage. These findings are very
consistent with a study of greenhouse applicators demonstrating
that wet foliage contact can result in very high dermal exposures
(Methner and Fenske, 1994). These observations also suggest the
potential for dermal exposure to continue after work in the fields
until the pants are removed.

The dermal patch data can be compared directly with a study of
chlorpyrifos exposure among handgunners in Florida greenhouses
(Stamper et al., 1989). Handgunning is quite similar to the type of
spraying conducted in Egyptian cotton fields; that is, applicators
walk through overhanging foliage while treating plants with a
pressurized spray wand. Stamper et al. (1989) placed forearm and
thigh patches outside the protective clothing of three applicators,
as was the case in the present study. They collected data over 24
separate workdays. The average forearm and thigh patch values
were 0.28 and 1.8 g/cm?/h, respectively; maximum values were
2.3 and 8.8 ug/cm?/h, respectively. As was the case with the
workers in our study, thigh patch values were substantially higher
than forearm patch values, presumably due to direct contact with
wet foliage. However, the magnitude of exposure was quite
different: forearm patch values for Egyptian applicators were six
times greater than Florida values in one case and 22 times greater
in the other; thigh patch values were six times greater in one case
and 48 times greater in the other. The exposures of the Egyptian
applicators thus appear to be unprecedented in the published
pesticide exposure literature. Since the Florida applicators wore
chemical protective coveralls, their actual chlorpyrifos loadings on
skin were substantially lower than the outside patch loading
values. The lack of use of chemical protective clothing by the
Egyptian workers, therefore, greatly exacerbates the differences in
actual dermal exposures.

5.1. Urinary TCPy

The NHANES 2001-2002 Third National Report of Human
Exposure to Environmental Chemicals found that measurable
concentrations of the chlorpyrifos (and chlorpyrifos-methyl)
specific metabolite, 3,5,6-trichloro-2-pyridinol (TCPy), were pre-
sent in the urine of 91% of the general population in the United
States (CDC, 2005). The median and 95th percentile levels of TCPy
in urine of adult males were 1.87 and 10.3 pg/g creatinine,
respectively. The mean level in Egyptian controls (unexposed male
workers) was 6.25 ug/g creatinine, which is about three times
greater than background levels in adult males in the United States.

Alexander et al. (2006) assessed urinary TCPy levels in 34
families of licensed pesticide applicators in the United States.
Applicators’ peak TCPy levels were observed the day after
application (geometric mean, 10.5 pg/g creatinine). A previous
study of male termite control applicators reported geometric mean
levels of TCPy in urine samples ranging from 169 to 262 pg/g
creatinine (Hines and Deddens, 2001). A recent study of airblast
orchard applicators in Washington State collected 572 morning
void urine samples over 3 weeks of spraying, and reported median
and 95th percentile TCPy levels of 12 and 49 jg/g creatinine,
respectively (Kibogy, 2008).

The present study of Egyptian cotton field workers reports a
wide range of exposures to chlorpyrifos, based on urine TCPy levels
(Fig.5). The mean level in applicators of 2471 g/g creatinine is 10-
fold higher than termite control applicators (Hines and Deddens,
2001), 50-fold higher than the 95th percentile of orchard airblast
applicators (Kibogy, 2008), more the 200-fold higher than farm
applicators (Alexander et al., 2006) and about 1300-fold higher
than background levels reported in the U.S. (CDC, 2005).
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The target margin of exposure (MOE, NOAEL/dose) of >100,
based on the chlorpyrifos NOAEL established by the U.S.
Environmental Protection Agency (OPP, 2006), was greatly
exceeded by the applicators (MOE of 1) and the technicians
(MOE of 5), indicating the potential for health risks of concern. It
also consistent with the hypothesis that the extensive neurobe-
havioral deficits of workers seen recently in this same Egyptian
agricultural workforce (Farahat et al., 2003; Abdel Rasoul et al.,
2008), compared to controls, was due in part to extensive pesticide
exposures reported here. Finally, while Egypt has some exposure
maxima comparable to maximum allowable concentrations
(MACs), threshold limit values (TLVs) or permissible exposure
limits (PELs), it does not have an exposure maximum for
chlorpyrifos.

This study had a number of limitations. First, the sample size
was small; however, the differences in exposure measurements
across the job categories were substantial. Second, there are a
number of uncertainties in the dose estimates. Some non-
occupational exposure to chlorpyrifos or TCPy may be occurring.
There may be inter-individual differences in uptake and elimina-
tion of chlorpyrifos and its metabolites. There are likely inter-
individual differences in creatinine excretion. The dose estimation
is based on an assumed 1.7 g/day creatinine excretion value;
however, it is not clear whether this value is applicable to Egyptian
males and whether there may be differences between 17-year-old
males (applicators) vs. 50-year-old males (technicians and
engineers). Overall though, it is unlikely that the substantial
differences between estimated doses observed in the three work
groups could be explained by these dose estimation uncertainties.
Third, measures that would have more completely characterized
this population were not included in the present study; however,
the data described in this article have been used to design a follow
on epidemiologic study that includes neurobehavioral perfor-
mance, cholinesterase activity and other measures to provide a
more complete analysis of the exposures reported here.

6. Conclusion

The information gathered in these field investigations provides
convincing evidence that Egyptian engineers, technicians and
applicators have substantial exposures during OP pesticide
applications to cotton, and strongly suggests that their work
practices (e.g. contacting treated foliage) and the lack of PPE
exacerbate these exposures, resulting in elevated internal doses.
The National Ministry of Agriculture carefully controls pesticide
application equipment, calibration, and pesticide product use,
suggesting that the exposures observed in this study are
representative of exposures throughout Egypt's cotton fields.
Together, these observations support a recommendation for
changes in work practices and PPE in these workers, and suggest
that future research in this population should examine the
relationships between neurobehavioral effects and exposures.
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