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Chlorpyrifos exposure in farm families: Results from the farm family
exposure study
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We used urinary biological monitoring to characterize chlorpyrifos (O,0-diethyl-O-(3,5,6-trichloro-2-pyridinyl) phosphororthioate) exposure to farm
family members from Minnesota and South Carolina who participated in the Farm Family Exposure Study. Five consecutive 24-h urine samples were
obtained from 34 families of licensed pesticide applicators 1 day before through 3 days after a chlorpyrifos application. Daily 3,5,6-trichloro-2-pyridinol
(TCP) urinary concentrations characterized exposure profiles of the applicator, the spouse, and children aged 4-17 years. Self-reported and observed
determinants of exposure were compared to the maximum postapplication TCP concentration. All participants had detectable (> 1 ug/l) urinary TCP
concentrations at baseline. Applicators’ peak TCP levels occurred the day after the application (geometric mean (GM) = 19.0 ug/1). Postapplication TCP
change from baseline in the spouses and children was negligible, and the only reliable predictor of exposure was assisting with the application for children
aged 12 years and older. The applicators’ exposure was primarily influenced by the chemical formulation (GM = 11.3 ug/1 for granular and 30.9 ug/1 for
liquid), and the number of loads applied. Repairing equipment, observed skin contact, and eating during the application were moderately associated TCP
levels for those who applied liquid formulations. Estimated absorbed doses (ug chlorpyrifos/kg bodyweight) were calculated based on TCP excretion
summed over the 4 postapplication days and corrected for pharmacokinetic recovery. The GM doses were 2.1, 0.7, and 1.0 ug/kg bodyweight for
applicators, spouses, and children, respectively. Chlorpyrifos exposure to farm family members from the observed application was largely determined by
the extent of contact with the mixing, loading, and application process.
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Introduction (Donaldson et al., 2002). Chlorpyrifos is used on a variety
. . . o of crops, including vegetables, fruit, cotton, tobacco, and
Chlorpyrifos (0, 0-diethyl-O-(3,5,6-trichloro-2-pyridinyl) corn (United States Environmental Protection Agency

phosphororthioate) is an organophosphate insecticide with
agricultural and household applications. Estimated annual
U.S. domestic use of chlorpyrifos for all purposes was
between 13 and 19 million of active ingredient pounds, with 8
and 10 million pounds used for agricultural purposes
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(USEPA), 2002). The residential use of chlorpyrifos has
been phased out beginning in June, 2000 (USEPA, 2002).
The primary toxicological end point of chlorpyrifos exposure
is decreased plasma acetylcholinesterase activity. In a study
of human volunteers, the no-observed effect level from a
single dose was 0.1 mg/kg, and 0.03 mg/kg/day for 28 days
of exposure (Nolan et al., 1984). Observable health effects in
humans are primarily associated with acute exposures
resulting in classic organophosphate poisoning symptoms of
tremors, lacrimation, salivation, vomiting, and organopho-
sphate-induced delayed neurotoxicity at very high doses
(Albers et al., 1999). The potential for chlorpyrifos-related
health effects at subacute exposures is an active topic of
research.

The conduct of well-informed risk characterizations and
epidemiologic research on any chemical, including chlorpyr-
ifos, requires a clear understanding of exposure determinants
and sources of uncertainty. This premise applies to the
study of occupationally and non-occupationally exposed
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populations. To help characterize potential exposure to
chlorpyrifos from agricultural use, we present biomonitoring
data from the Farm Family Exposure Study (FFES) that
describe exposure to chlorpyrifos following an application
conducted as part of the regular farming operation.

Methods

Study Population

The Human Subjects Research Committee of the University
of Minnesota approved the FFES protocol. The target
population was families living and working on an agriculture
production operation where pesticides are used routinely.
The methods for this study are described in detail elsewhere
(Baker et al., 2005) (study protocols are available at
www.farmfamilyexposure.org). Briefly, families were identi-
fied from lists of licensed pesticide applicators in Minnesota
(N=25,301) and South Carolina (N = 10,805). The licensed
applicators were randomly ordered and contacted sequen-
tially first by mail, then by telephone for recruitment into the
study. Eligibility for the study required that (1) the family
lived on a farm, (2) the family consisted of the farmer, a
spouse, and at least one child between the ages of 4 and 17,
(3) the farmer was planning to personally apply chlorpyrifos
as part of the normal operation to at least 10 acres of crop-
land, some of which had to be within 1mile, and on a
contiguous piece of land with the family home, and (4) the
family members were willing to collect 24-h urine samples for
5 days (1 day before through 3 days after the application).

Eligible families that were potentially willing to participate
were provided with more information about the study and
taken through an informed consent process for enrollment.
Once enrolled, a study start date was estimated based on
predicted chlorpyrifos application time. To the extent
possible, the random order in which the applicators were
screened for eligibility was preserved when enrolling the
families in the study. The actual date of application was
flexible to allow for changes brought on by weather and other
needs of the farm. Participating families received an incentive
to participate.

All applications were conducted in the 2000 and 2001
growing seasons. Ultimately, 34 applications of chlorpyrifos
were observed for this study, of which 28 were located in
South Carolina and six were in Minnesota. In Minnesota,
chlorpyrifos is predominantly used in a granular formulation
during planting. The study limited the number of granular
applications to five per state, in order to focus on liquid
formulations that were expected to result in greater exposure
opportunity.

Data Collection
The farmer and spouse were asked to complete an enrollment
questionnaire before and a follow-up questionnaire after the
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study application. The questionnaires emphasized the
following areas: demographics, farm production and prac-
tices, pesticide application procedures, use of personal
protective equipment, self-reported exposures, activities
surrounding the study pesticide application, and potential
exposure to the children. The questionnaires were reviewed
for completeness and, when possible, the participants were
re-contacted and asked to provide missing information.

A research team member observed the chlorpyrifos
applications. Observations made included the location and
size of the field, proximity to the house, equipment used,
chemical name and formulation, methods of mixing, personal
protective equipment used, clothing worn, occurrence of
spills during the mixing and loading process, accidents, for
example, process or equipment malfunction that resulted in
exposure, or repairs of the equipment, and presence of
children, spouse, or pets during the mixing and application
process.

The farmer, spouse, and participating children were
instructed to collect all urine into 500-ml high-density
polyethylene single-void containers for 5 days; the day
before pesticide application through 3 days after pesticide
application, hereafter referred to as days —1, 0, 1, 2, and 3.
The family was provided with coolers and ice packs or a
small refrigerator to store the collected urine samples. The
date and time of each void was recorded by the study
participants and logged by study staff. Urine specimens were
picked up daily during the study period. If one or more of the
family appeared to have low volumes or few voids the farmer
or spouse were asked to encourage full compliance with the
study protocol. The individual urine voids were refrigerated,
combined proportionally into 24-h composite samples, and
then frozen. The 24-h urine composite samples were timed in
24h intervals based on the exact starting time of the
chlorpyrifos application, that is, the baseline 24-h urine
collection (day —1) was the 24 h preceding the start of the
application, and days 1, 2, and 3 began 24, 48, and 72h,
respectively, after the beginning of application.

Chlorpyrifos is metabolized primarily to 3,5,6-trichloro-2-
pyridinol (TCP), which is excreted in the urine (Nolan et al.,
1984). To estimate exposure, the composite urine samples
were analyzed for TCP, using a sensitive, selective method
developed to measure both TCP and 2,4-dichlorophenox-
yacetic acid (Brzak, 2001) (available at www.farmfamilyex-
posure.org). The analyte was hydrolyzed to the non-
conjugated form and extracted into toluene. The organic
extracts were treated with N-methyl-N-(tert-butyl-dimethyl-
silyl)-trifluoroacetamide (MTBSTFA) to form the tert-butyl-
dimethylsilyl derivatives of TCP. Analysis was accomplished
by GC/MS operating in the negative ion chemical ionization
mode and quantitation performed using derivatized solvent
standards. An isotopically labeled internal standard of
13C,,">N-TCP was used in the method. Quantitation and
confirmation ions for TCP were m/z 161 and 163,

tal Epidemiology (2006) 16(5)




Chlorpyrifos exposure in farm families

Alexander et al. @.

respectively, with ion m/z 168 used for the internal standard
13C,,">N-TCP. The limit of quantitation was 1 ug/1 (or 1 part
per billion), which was 60 x the noise for TCP. The
measured concentrations of TCP were corrected for labora-
tory fortification recovery. No correction was made for
recovery from field and travel spikes because the recoveries
were just over 100% on average and the correction would
only marginally decrease the estimated exposure. Creatinine
concentration in the composite sample was measured and the
total creatinine excreted was estimated based on the total
volume of urine excreted in each 24-h period to permit the
expression of TCP concentrations standardized by creatinine
concentrations in the composite sample (ug/g).

Absorbed dose estimates were calculated to aid risk
characterization models. Chlorpyrifos dose with the most
public health relevance to farm family members includes all
sources of exposure. Accordingly, the dose estimates for this
study were based on total TCP excretion over the
postapplication study period. The daily total urine volumes
were multiplied by the TCP concentration from the
composite sample to estimate daily chlorpyrifos exposure
on the application day through day 3. A mean elimination
rate for urinary TCP was calculated from the applicator’s
urinary TCP data, using the sigma-minus method (Gibaldi
and Perrier, 1975). The total TCP recovered in this 4-day
period represented 88% of the total TCP excreted from this
chlorpyrifos exposure. Calculated dose values assumed
73.4% of the chlorpyrifos is represented by the TCP in
urine (Nolan et al., 1984) and were corrected for the
molecular weight difference between TCP and chlorpyrifos.

Analysis

An initial exploration of the data involved analysis of scatter
plots and measures of central tendency (mean median, range,
and geometric mean (GM)) of the daily and the maximum
urine TCP concentrations for the applicators, spouses, and
children. For concentrations below the limit of detection, the
mid-point from 0 to the 1 ug/l limit of detection (0.5 ug/l)
was imputed. The distribution of daily concentrations was
highly skewed, thus medians, GMs, and geometric standard
deviations (GSDs) were used to characterize the central
tendency of the exposures. The change from baseline for
daily urine concentrations was assessed using a non-
parametric sign test.

The GM, GSD, 75th and 90th percentile, and the
maximum values for the systemic dose estimates (ug/kg)
are presented for applicators, spouses, all children, and
children by age category. Statistical differences in the natural
log of the systemic dose estimates between these groups were
compared in linear models with each family member type
entered as a categorical variable. A sensitivity analysis to
evaluate impact of incomplete 24-h collections was conducted
by assigning the 25th percentile 24-h urine volume for the
applicators, spouses, and children aged 4-6, 7-9, 10-12, and
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13 and older from all participants in the FFES as the
minimum 24-h volume. This analysis will upweight the
estimate of TCP excreted over the study period.

Potential determinants of exposure for the spouses and
children are described by the GM and SD of the 24-h sample
with the highest postapplication TCP concentration. Ob-
served covariates included the closest distance from the field
to the house (yards), the number of acres treated, the number
of loads, presence of the child or spouse during the
application, and observation of opportunity for direct
contact with the chemical, for example, physical contact
with the chemical, equipment, or treated field. Self-report of
washing the clothes used in the application was evaluated as a
determinant of exposure for the spouse. To evaluate potential
differences by age, the children were stratified at 4-11 and 12
or more years; a cutpoint used in the CDC National Report
on Human Exposures to Chemicals (Centers for Disease
Control and Prevention, 2003). The potential determinants
of applicator exposure, primarily related to application
practices, were also evaluated using the maximum post-
application daily concentration. Categories were compared
for pesticide formulation, acres treated, loads, observed skin
contact, spills or accidents, use of gloves during mixing or
application, repair of equipment, tobacco use (smoking or
chewing), and eating during the application. Single and
multivariable generalized linear models were fit to examine
statistical associations for linear and categorical exposure
determinants and the natural log of the maximum daily TCP
concentration. All analyses were conducted with PC SAS
9.1(SAS Institute Inc., 2003).

Results

All 34 applications were conducted by male applicators
(Table 1). The applicator was the father of the children for 33
applications; for one application, the grandfather of the
children was the applicator and the children’s father assisted
with the mixing and loading of the chemical. In all, 50
children participated in the study with ages ranging from 4 to
18. The 18-year-old child was 17 at the time of recruitment,
but turned 18 before the application. Six of the applicators
had applied chlorpyrifos the week before the on-study
application, but none of the spouses or children reported
mixing or applying chlorpyrifos before, or during the study
period. Five of the spouses and 18 of the children were
present at sometime during the application, and an
opportunity for direct contact with the chemical, either in
the field or through the application process, was reported for
one spouse and seven children. Overall compliance with the
urine collection protocol was good and represented excretion
of the TCP over the 24 h intervals. Three or more voids were
collected for more than 80% of the children. The children
younger than 12 had lower volumes collected when
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Table 1. Characteristics of applicators, spouses, and children of
families in the Farm Family Exposure Study that applied chlorpyrifos
for the study application.

Applicators Spouse Children

N 34 34 50
State

MN 6 6 7

SC 28 28 43
Gender

M 34 0 31

F 0 34 19
Age

Mean (range) 46.3 (40-54) 41.9 (30-64) 11.1 (4-18)
Mix or apply chlorpyrifos in previous week

Yes 6 0 0

No 28 34 50

compared to the entire FFES population with 43% of the
115 24-h samples in that age group being below 300 ml. In
total, 98% of the spouses and 97% of the applicators
collected three or more voids for each 24-h sample. More
than 600 ml were collected by 80% of the spouses and 90%
of the applicators. At least one void was available for all
participants for the day before application through the
second day after application. One spouse and four children
did not collect urine samples on the third day after
application

Emulsifiable concentrate-based spray liquids were applied
by spray boom, whereas granules were applied in furrow.
(Table 2) The observed applications covered between 5 and
318 acres. The minimum target of 10acres was not met in
one case owing to changes in application plans after
enrollment. In total, 16 of the applicators (47%) were
observed to use chemical-resistant (rubber) gloves during the
mixing/loading or the application. Four of the applicators
who applied granular formulations used cloth or leather
gloves. In general, the gloves were used for mixing and
loading, but not always during the application process.

The preapplication GM TCP concentrations were similar
for applicators and children: 7.8 and 7.6 ug/l, respectively,
but the concentrations per gram of creatinine were slightly
higher in the children (4.2 vs. 5.1ug/g) (Table 3). As
expected, the applicators had the largest change from baseline
with the highest GM concentrations of TCP being measured
on the day after the application. The average difference
between baseline and postapplication TCP urine concentra-
tion in the spouses and children was indistinguishable.

Children aged 4-11 had modestly higher concentrations
than those 12 and older both for the highest detected
(Table 4) and the preapplication concentration (8.8 vs.
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Table 2. Characteristics of the observed chlorpyrifos application.

N

Method of application

Boom spray 24

In-furrow 10
Formulation

Emulsifiable concentrate 24

Granule 10
Acres treated

Median 30

Range 5-318
Number of loads

Median 2

Range 1-14
Gloves used

Rubber 16

Leather or cloth 4

None 14
Applicator smoked or chewed tobacco during application

Yes 7

No 27
Ate during application

Yes 9

No 25
Enclosed cab on tractor

Yes 19

No 15

6.4 ug/l). The older children had a much greater range of
postapplication concentrations, primarily owing to a few of
them being present, and helping with the application process.
The GM calculated doses were significantly higher in the
applicators (2.1 ug/kg body weight (bw)) than the spouses
(0.7 ug/kg bw). The doses obtained for the spouses were
markedly lower than the ones observed in the applicators and
younger children and the older children were between the
spouses and the younger children. The older children,
however, had a wider distribution of doses and the 90th
percentile was higher when compared to the younger children
(2.8 vs. 2.2 ug/kg bw). This difference is attributable to the
children who were exposed while assisting with the applica-
tion process. The GM dose for the seven children who had
direct contact with the process was 1.9 pug/kg bw, and
included the maximum of 6.4 ug/kg bw. The sensitivity
analysis that set a minimum volume for each 24-h period did
not change the overall distribution. The adjusted GMs were
2.3, 0.7, 1.4, and 1.0 ug/kg bw for the applicators, spouses,
children aged 4-11, and children aged 12 and older,
respectively. The adjusted 90th percentiles increased to 2.4

tal Epidemiology (2006) 16(5)




Chlorpyrifos exposure in farm families

Alexander et al. @.

Table 3. Summary of urine TCP concentrations and TCP per gram creatinine for applicators, spouses, and children by study day.

Study day Applicators Spouses Children
pg/t* ng/g” ngfl nglg pg/l ng/g

Preapplication
N 34 34 34 34 50 50
Median 6.6 39 4.4 3.4 6.5 4.8
Range (min, max) 1.6, 44.1 0.6, 29.6 1.6, 24.1 1.7, 19.3 1.9, 31.5 1.7, 19.8
GM 7.8 4.2 4.7 3.6 7.6 5.1
GSD 2.3 2.3 1.9 1.8 1.8 1.8

Application
N 34 34 34 34 50 50
Median 12.3 7.1 4.7 3.6 7.3 5.5
Range (min, max) 4.2, 117.8 2.0, 32.8 0.5, 34.7 0.5, 26.6 1.4, 119.5 1.4,31.8
GM 15.6 7.6 4.6 3.8 7.6 6.0
GSD 2.3 2.3 2.2 2.0 2.1 1.9
p-value® <0.0001 0.85 0.92

Day 1
N 34 34 34 34 50 50
Median 15.3 8.6 4.7 4.0 6.7 6.2
Range (min, max) 4.1, 293.0 2.6.110.7 1.2, 34.7 1.1, 19.1 1.1, 77.1 11.3,274
GM 19.0 10.5 5.0 4.2 7.6 5.0
GSD 2.8 2.6 2.0 2.0 22 2.1
p-value <0.0001 0.80 0.96 6.0

Day 2
N 34 34 34 34 50 50
Median 13.5 8.3 43 4.3 9.0 5.9
Range (min, max) 4.9, 303.5 2.0, 121.1 1.2,934 1.2, 33.1 2.7,48.1 0.6, 21.5
GM 16.4 9.3 4.7 4.2 8.5 5.9
GSD 2.5 2.6 2.2 1.9 2.1 1.9
p-value <0.0001 0.63 0.21

Day 3
N 33 33 34 32 43 43
Median 12.9 7.7 49 4.0 8.9 6.7
Range (min, max) 4.8, 178.7 2.5,78.0 0.5, 57.8 1.8, 30.7 1.9, 38.4 1.6, 23.1
GM 14.4 9.0 5.0 4.5 8.4 6.5

GSD
p-value <0.0001 0.73 0.16

“ug/l TCP concentration in urine.
®ug/g TCP per gram creatinine.
p-value compares application day 0-day 3 to baseline.

and 3.lug/kg bw for the younger and older children
respectively, but did not change for the applicators and
spouses.

There was little discernable variation in the maximum
urine TCP concentrations for the spouses in relation to
several determinants of exposure (Table 5). The urine TCP
concentration appeared modestly higher for applications with
50-75 acres, but the overall association with number of acres
was not significant. The same was true for spouses who were
observed to be present during the application process. A
potential indicator of secondary occupational exposure,
laundering the clothes worn during the application, was not
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associated with exposure; however, the spouse with the
highest postapplication concentration (93 ug/l) had no
observed or reported evidence of exposure other than
washing clothes the day after the application. The GM
TCP concentrations also varied little by the selected exposure
determinants for children of either age group. The single
exception was whether the child was observed to be present
during the application, but was limited to the children aged
12 and older. For the 10 children in this category who were,
and the 17 who were not present, the respective GM urine
TCP concentrations were 20.2 and 8.6 ug/1 (p =0.02). There
was no difference between the children aged 4 and 11. The

451



@ Alexander et al.

Chlorpyrifos exposure in farm families

Table 4. Daily maximum TCP concentrations and estimated chlorpyrifos dose from four day TCP excretion for applicators, spouses, and children

ages 4-11 and 12 and older.

Applicator Spouse Children Children age 4-11 Children >12

N 34 34 50 23 27
Detectable pre-application (%) 100 100 100 100 100
Detectable any day (%) 100 100 100 100 100
Maximum urine TCP

Median 18.9 6.2 11.2 12.8 10.8
Concentration (pugll)*

Range 6.0, 303.5 1.7,93.4 4.3, 1195 4.5, 38.7 4.3, 119.5

GM 23.0 6.7 12.2 12.7 11.8

GSD 2.7 2.1 2.0 1.8 2.2
Chlorpyrifos dose (uglkg)®

GM 2.1% 7 0.7 1.0 1.2* 0.9

GSD 2.5 2.0 1.9 1.7 2.2

Maximum 16.3 4.1 6.3 2.5 6.3

90th Percentile 7.4 1.4 2.2 2.2 2.8

75th Percentile 4.6 1.1 1.5 1.7 1.3

#Limit of detection was assigned to 0.5 ug/l.

®Dose estimated based on excretion of TCP from all sources for days 0, 1, 2, and 3.

*Log dose different from spouse p<0.05.
*Log dose different from children p<0.05.

main difference here is that the older children were more
likely to be actively assisting with the operation, rather than
being a bystander; thus the exposure opportunity was higher.

Compared to other family members, the applicators had
much higher overall urine TCP concentrations, which varied
substantially by formulation, and the number of loads applied
(Table 6). The differences in the concentrations by State are
attributable to the formulation, as five of six applications in
Minnesota were granular formulation for in-furrow applica-
tion. The difference in TCP concentration for liquid and
granular formulations was large, 30.9 and 11.3pg/l
(»p=0.007). This is likely attributable to the potential for
absorption through skin contact for the liquid formulations.
Over half of the applications of chlorpyrifos were conducted
with one or two loads, and only four applications had six or
more loads. However, the TCP urine concentrations were
markedly higher for the four applicators who mixed and
loaded chlorpyrifos more than five times, and there was an
overall significantly positive increase of urine TCP with the
number of loads as a continuous measure, suggesting that
exposure opportunity during frequent mixing and loading is
an important determinant of exposure. Other covariates
associated with higher urinary TCP concentrations were
tobacco use during application, repairing equipment, having a
spill or accident, and not having a closed cab on the tractor;
however, none were significant predictors of exposure. Self-
report of equipment repair (N = 19) was more frequent than
observed repair (N =9), as the repair may have been repaired
after the application was complete and the observer had left
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the farm. The urine TCP concentrations were modestly lower
for those self-reporting repair. One of the farmers observed to
repair equipment did not self-report repairing the equipment.

Formulation was clearly a key predictor of exposure in the
applicators; therefore, covariates were examined by formula-
tion type (Table 7). In applications with liquid formulations,
the number of loads was correlated with urine TCP
concentration (p-trend = 0.013); however, the number of acres
applied was not. The covariates of observed skin contact, spills
or accidents, repairing of equipment, and tobacco use during
application were modestly associated with exposure, but were
statistically imprecise. Wearing rubber gloves at some point
during the application was associated with lower urine TCP
concentrations among those applying the liquid formulation,
but the difference was not statistically significant.

Discussion

We found appreciable changes in urinary TCP concentration
for applicators and the few children that assisted with the
application process. Children had higher pre- and postappli-
cation concentrations when compared to the farm spouses,
but overall, children and spouses who did not assist with the
application had little, if any, exposure attributable to the
application. In the context of exposure assessment for
epidemiologic studies or risk characterization, the act of
mixing and applying chlorpyrifos will result in exposure for
applicators and a minority of family members; however, the
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Table 5. Geometric means and standard deviations of the maximum urine TCP concentration from 24-h samples for spouses and children ages 4-11

and 12 and over.

Spouses Children
4-11 12+
N GM GSD N GM GSD N GM GSD

Total 34 6.7 2.1 23 12.7 1.8 27 11.8 22
State

MN 6 5.7 1.6 1 10.0 6 11.9 1.9

SC 28 6.9 22 22 12.9 1.8 21 11.8 23
Distance to house (yards)

<75 9 6.7 1.8 4 12.1 1.9 6 10.2 2.1

75-175 4 5.8 1.5 3 12.7 1.4 3 9.9 2.4

175-600 7 6.3 1.7 3 28.6 1.4 8 13.1 1.9

> 600 14 7.1 2.6 13 10.7 1.7 10 12.4 2.6
Acres treated

<25 13 6.0 1.7 10 15.3 1.7 10 10.1 2.0

25250 12 5.7 1.7 7 10.0 1.8 10 10.8 1.7

50<75 6 11.5 3.6 5 11.1 1.8 5 18.5 3.6

75+ 3 6.5 1.4 1 20.3 2 12.8 2.5
Loads mixed and applied

1-2 18 5.5 1.8 12 14.8 1.7 16 10.0 1.9

3-5 12 8.6 2.4 9 9.1 1.6 8 17.3 2.8

6+ 4 7.1 22 2 242 1.3 3 10.4 2.1
Present during application

Yes 5 8.6 2.4 8 13.1 1.6 10 20.2 2.3

No 29 6.4 2.0 15 12.5 1.9 17 8.6 1.8
Direct contact with process observed

Yes 0 0 7 21.8 2.7

No 34 6.7 2.1 23 12.7 1.8 20 9.5 1.8
Wash pesticide application clothes

Yes 27 6.4 22

No 7 7.9 1.5

GM = geometric mean; GSD = geometric standard deviation.

presence of a family member on the farm at the time of a
granular or boom-spray liquid chlorpyrifos application is not
a strong predictor of episodic exposure.

All study participants had detectable urine TCP concen-
trations at baseline and postapplication. The children had
higher baseline concentrations of this chlorpyrifos metabolite
than the spouses, and the 4- to 11-year-old children had, on
average, higher baseline concentrations than the older
children. Similar findings were reported from the 1999 to
2000 National Health and Nutrition Examination Survey
(NHANES), where measurable urine TCP was reported in
all children and at least 75% of adults (Centers for Disease
Control and Prevention, 2003). The GM TCP concentra-
tions reported from NHANES for children ages 6-11 and
12-19 years were 2.9 and 2.4 ug/l, respectively, and 1.5 ug/1
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for adults, approximately one-third of the preapplication
concentrations we observed. Unlike our study, the NHANES
data reflect exposures based on single-void samples collected
over different seasons across the country. In contrast, other
population-based research has reported urine TCP concen-
trations closer to the FFES baseline concentrations. In a
study of children in Minnesota in 1997, urine TCP
concentrations of 7.2 ug/l for urban children and 4.7 ug/l
for rural children were observed (Adgate et al., 2001). In a
cohort of pregnant mothers enumerated at a large urban
hospital between 1998 and 2001, the median concentration of
urine TCP were higher than the farm spouses in our study
(11.3 vs. 3.5ug/g creatinine) (Berkowitz et al., 2003). A
study of children in families living in a tree fruit production
region of Washington State in 1995 had a much smaller
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Table 6. Selected determinants of the maximum urine TCP concen-
tration from 24 h samples for applicators.

N GM GSD

State

MN 6 12.6 1.8

SC 28 26.2 2.7
Formulation

Granular 10 11.3 1.8%

Liquid 24 30.9 2.7
Acres treated

<25 13 22.5 2.7

25250 12 22.0 2.9

50<75 6 19.2 3.0

75+ 3 43.2 2.5
Loads applied

1-2 18 17.8 2.6%*

3-5 12 22.7 2.3

6+ 4 76.1 2.5
Skin contact with chemical observed

Yes 12 26.2 2.9

No 22 21.5 2.7
Enlosed cab on tractor

Yes 14 19.6 2.5

No 20 28.9 3.0
Any spillage of chemical or accident®

Yes 9 28.3 34

No 25 21.4 2.5
Wore chemical resistant (rubber) gloves

Yes 16 19.9 2.9

No 18 27.1 2.5
Observed to repaired equipment during
application

Yes 9 31.6 3.5

No 25 20.5 2.5
Reported repairing application equipment

Yes 19 26.2 2.7

No 15 19.5 2.8
Reported washing application equipment

Yes 18 24.5 2.5

No 16 21.5 3.1
Smoked or chewed tobacco during application

Yes 7 41.4 3.4

No 27 19.8 2.5
Ate during application

Yes 9 20.1 2.3

No 25 24.2 2.9

*p=0.007, **p for linear trend: natural log of the TCP concentration
regressed on the number of loads as a continuous variable = 0.003.

“Spill or accident in mixing/loading process or during application that
might result in exposure.
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Table 7. Selected determinants of the maximum urine TCP concen-
tration from 24h samples for applicators by formulation for
application chemical.

Formulation

Granular Liquid

N GM GSD N GM GSD

Total 10 11.3 1.8 24 309 27

Acres treated

<25 1 8.7 — 12 244 2.7
25250 5 125 1.8 7 331 3.0
50<75 3 7.6 1.2 3 484 2.0
75+ 1 292 — 3 524 34
Loads mixed and applied*
1-2 6 10.0 1.9 12 238 28
3-5 4 137 1.9 8 293 23
6+ 0 4 76.1 2.5
Skin contact with chemical
observed
Yes 5 12.5 1.8 7 444 28
No 5 10.3 .9 17 277 27
Any spillage of chemical or
accident®
Yes 4 10.7 2.0 5 61.6 2.6
No 6 11.6 18 19 258 2.6

Wore chemical resistant

(rubber) gloves
Yes 1 292 NA 15 269 3.0
No 10.1 1.7 9 389 26

o

Observed to repair equipment during application
Yes 3 8.7 1.2 6 604 27
No 7 127 20 18 256 25

Smoked or chewed tobacco during application
Yes 0 7 414 34
No 10 113 1.8 17 274 25

Ate during application
Yes 5 119 1.7 4 387 20
No 5 108 20 20 296 29

NA = not applicable.

*p for linear trend: natural log of the TCP concentration regressed on the
number of loads of liquid formulation as a continuous variable =0.013.
Spill or accident in mixing/loading process or during application that
might result in exposure.

percent of detectable urine samples in agricultural and non-
agricultural families (24% detectable TCP concentrations)
with mean concentrations ranging from 4.5ug/l in the
reference children to 6.4 ug/l in the farm-worker children
(Fenske et al., 2002). The median values in the Washington
study were all non-detectable, but the range for children from
agricultural families was up to 100 ug/l. The limit of detection
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for TCP was a notable difference between the two studies
(1.0 ug/1 for FFES and 8 ug/l for Fenske et al.) and likely
contributed to the difference in proportion of detectable. The
FFES characterized exposure with 24-h urine collections,
whereas single-void urine samples were collected in the
above-referenced studies. A variety of factors, including
hydration status, can influence the concentration of urine
over a 24 h period, thus a single-void sample may over- or
underestimate TCP levels from a 24-h period, but the extent
of that variability is not well characterized.

The sequential 5-day 24-h urine samples collected for this
study allowed for the detailed characterization of the urine
TCP excretion profiles. In the applicators, the maximum
postapplication concentrations peaked the day after applica-
tion; however, there was considerable individual variability.
Chlorpyrifos is fairly rapidly metabolized and excreted as
TCP, with a half-life of 27 h (Nolan et al., 1984). The FFES
data represent exposure scenarios occurring under normal
field use conditions, thus the peak postapplication urine TCP
concentrations occurring on the day after exposure has
implications for biological monitoring of agricultural workers
exposed to chlorpyrifos.

As expected, applicators showed an increase in urinary
TCP concentration postapplication. Their exposures were
moderated by the formulation type and opportunities for
direct skin contact with the chemical. While use of both
formulations was associated with measurable exposure, the
granular formulations were associated with much lower
urinary TCP concentrations than liquid formulations. In this
study, the apparent primary route of exposure is through
direct skin contact; however, respiratory and oral exposure
cannot be ruled out. The liquid formulation may more readily
absorb through the skin and the process of mixing and
loading this formulation creates more opportunities for direct
contact. Moreover, the liquid applications are done with a
boom sprayer, whereas granular applications were put into
the furrow during planting. The aerosolized liquid has much
greater chance of coming into direct contact with skin or
being inhaled during application. Beyond formulation, the
number of loads was the only variable predictive of applicator
urine TCP concentrations. Several other covariates were
suggestive of an association, all of which implied some direct
contact with the chemical, including observed skin contact
and repairing equipment during application. Some standard
predictors of exposure, including use of protective gloves,
having an enclosed tractor cab, and the number of acres
applied were not predictive of exposure. Glove use was
weakly associated with TCP concentration when the applica-
tion was made with a liquid formulation. Gloves tended to be
worn during mixing and loading, but not always during the
application, allowing for exposure opportunity when adjust-
ing equipment, etc. Moreover, all gloves may not be fully
chemically resistant to chlorpyrifos, which may increase
rather than decrease chance for exposure if the chemical
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remains in the glove over time. Four of the applicators
applying granular chlorpyrifos wore cloth or leather gloves,
but the differences in their exposures were minimal. These and
other predictors of exposure are used as weighting factors for
exposures in epidemiologic studies (Dosemeci et al., 2002).
Although limited by the number of applicators and only one
application, this study demonstrates the difficulties of
quantifying exposure on a population basis when contending
with multiple exposure routes. Another complicating factor
when applying exposure models is the chemical specific nature
of exposures. For example, the exposure profile for chlorpyr-
ifos is vastly different from that of glyphosate, another
chemical studied in the FFES. Glyphosate has a much lower
prevalence of detectable exposure, both pre- and postapplica-
tion, lower urinary concentrations, lower peak urine excretion
occurring on the day of application, and a strong relationship
between glove use and lower urinary concentrations (Acqua-
vella et al., 2004).

The applicators’ TCP concentrations observed in this study
were moderate in comparison to other occupational chlorpyr-
ifos exposures. A major non-agricultural use of chlorpyrifos is
for termite control. Studies of termite control applicators have
shown urine TCP concentrations 15 to 20 times the
concentrations (GM 169-262 ug/g creatinine) observed in
this study (Hines and Deddens, 2001). Similar concentrations
are observed in chlorpyrifos manufacturing workers in 1999
(Albers et al., 1999, 2004). Work-related exposure opportu-
nity is more frequent in these populations than for most
farmers. Termite applicators may apply chlorpyrifos on a
daily basis. In this study, enrollment data showed that a
majority (85%) of the applicators had applied all pesticides 15
or fewer days in the previous year, and no chlorpyrifos
applicator made more than 50 pesticide applications (the
number of chlorpyrifos applications was not known).

In this study, we estimated total dose from all sources as
the metric with the most public health relevance. In doing so,
we attributed all TCP excreted postapplication to chlorpyr-
ifos exposure from the farm living and working environment.
This, however, is likely to overestimate chlorpyrifos dose as
TCP concentrations represent metabolism of absorbed
chlorpyrifos, but may also reflect direct exposure to
environmental TCP, particularly from the diet (Wilson
et al., 2003). The estimated chlorpyrifos doses represent the
integrated dose based on excretion of TCP over 4 days. To
characterize the risk associated with this 4-day integrated
estimated dose, the following must be considered: (1) The
dose estimate may represent exposure occurring on a single
day, that is, direct exposure on the day of application, or
result from direct and indirect exposure over time. (2) The
application processes are infrequent over the course of a year
or growing season, thus the estimates do not represent daily
doses absorbed over these time periods. (3) The route of
exposure is likely an undetermined mixture of dermal, oral,
and respiratory. The current non-occupational risk assess-
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ment for chlorpyrifos by the USEPA is based on plasma and
red blood cell cholinesterase inhibition in laboratory animal
studies (USEPA, 2000). The toxicological benchmarks for
no-observed-adverse effect level (NOAEL) for dietary
exposure are 0.5mg/kg/day (acute) and 0.03 mg/kg/day
(chronic). The NOAEL for short- to intermediate-term
inhalation exposure is 0.1, and 5mg/kg/day for dermal
exposure, which are also the benchmarks for short-term
toxicity end points for workers. Placing the doses, we
estimated in the prevailing risk assessment paradigm requires
numerous assumptions about route of exposure and fre-
quency of application. However, these data provide a starting
point for further risk characterization in farm families based
on actual use scenarios.

The FFES is unique in its effort to characterize
chlorpyrifos exposure for farm families. The intent of the
study was to estimate exposures based on usual practice
exposure scenarios. The use of five serial 24-h urine
collections allowed for more complete characterization of
exposure and an estimation of the absorbed dose. While
comprehensive as an exposure study, it is not without
limitations. Although the compliance appeared to be good, it
is likely that some urine collections are not complete. This
may underestimate absorbed dose, but not necessarily urine
concentration. The potential impact of poor compliance on
the systemic dose calculations were described with one
sensitivity analysis which assigned a minimum urine volume
for each 24-h sample based on the entire FFES. This increase
in urine volume increased the estimated dose, but did not
change the overall dose distribution or interpretation. The
potential for underestimating dose is likely greatest in young
children where collection of all urine samples for a 24-h
period is difficult. The study was able to characterize
exposure based on present practice. However, the extent to
which this represents exposure scenarios in the past or future
is not clear. It is also based on only one application. While
beyond the scope of this study, a relevant question yet to be
answered is how much variation does an applicator and the
family members experience over one or more seasons.

In conclusion, the chlorpyrifos exposures observed in this
study are linked to activities relating to the application of the
chemical and its formulation. Overall, the exposures
encountered by the farm families are not alarming. Never-
theless, there is potential to reduce non-occupational
exposures to all family members by avoiding the immediate
vicinity of pesticide mixing and application activities.
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