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Epidemiologic studies and risk assessments conducted to assess the chronic effects of pesticides are limited by
inadequate measurements of pesticide exposures, and surrogates for these data are frequently used. In this paper,
pesticide use and absorbed dose previously measured in residential and occupational settings are used to
evaluate the hypothesis that there is a relationship between pesticide use and exposure. For homeowner
applicators of 2,4-dichlorophenoxyacetic acid (2,4-D) and chlorpyrifos, exposures were poorly correlated with
the amount of herbicide used (1> = 0.01 to 0.40); however, exposures from a granular product were consistently
less than those with liquid formulation. For professional landscape applicators, exposure over 14 days and 7 days
of use was poorly correlated with the amount of 2,4-D sprayed (1> = 0.17 and 0.21, respectively). However,
inclusion of the type of spray nozzle used and the use of gloves while spraying in the model explained increased
predictability and explained 68% of the variation.
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pesticide.

The importance of exposures to pesticides through non-
food routes has been emphasized in recent changes to
regulations in the United States after the introduction
of the Food Quality Protection Act and the need to as-
sess and aggregate exposures to pesticides from multi-
ple sources, including food, water, and residential uses.
Much of the interest in these sources of exposures has
been driven by public concerns expressed in response
to pesticides in the environment (1) and studies suggest-
ing that the pesticides may adversely affect the health
of children (2-10). From the point of view of risk as-
sessment, the extent and frequency of these exposures
are important. However, they are also important for the
epidemiologic assessment of possible links between pes-
ticides and cancer. For example, a review of several
studies on childhood cancer in relation to pesticides has
pointed out that, for many studies, exposures are poor-
ly characterized (11). One of the most common surro-
gates used to characterize pesticide exposure is the
amount of pesticide used or the area of crop sprayed;
however, the appropriateness of this surrogate for ex-
posure has rarely been tested experimentally, especially
for herbicides. One study has shown that pesticide use

data collected shortly after application are poor predic-
tors of exposures to 2,4-dichlorophenoxyacetic acid
(2,4-D) among children of farmer applicators and may
give a high false positive rate of classification (12). This
issue is also addressed in another paper in this volume
(13).

Several studies of exposures have been conducted
among home applicators and bystanders after urban in-
secticide and herbicide applications on outdoor turf sites.
Two of these, involving the application of 2,4-D and chlor-
pyrifos in landscapes, are discussed in more detail in this
paper to illustrate the type of data that can be obtained
and to test the hypothesis that the amount of pesticide used
is proportional to the exposures or doses received.

The terms “exposure” and “dose” are often used in-
terchangeably, generally with the understanding that im-
portant distinctions exist between the two. Exposure
generally refers to the concentration of an agent at the
boundary between a person and the environment, as well
as the duration of contact between the two (14). Dose,
or more specifically internal dose, is the amount of an
agent that is absorbed, inhaled, or ingested into the body,
and it is generally expressed over a given period of time.
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A large number of host factors affects the relationship
between potential exposure and the resulting absorbed
dose. Although all people who work or reside within a
defined area may have the same opportunity for poten-
tial exposure, activity patterns and the location of work
areas relative to a primary source of exposure affect a
person’s personal level of exposure. For agents for
which inhalation is the primary route of exposure, host
factors such as breathing rates and the amount of phys-
ical exertion can modify the resulting internal dose.
When the primary route of exposure is dermal, the in-
ternal dose can be modified by factors such as the area
and location of skin exposed, skin damage, the number
of hair follicles, and other environmental considerations,
such as temperature and humidity, and the presence of
other compounds on the skin (15-17). The relationship
between potential exposure and internal dose can also
be modified by work-hygienic practices, such as the
wearing of gloves or the use of respirators, and may be
further modified by attitudes, avoidance behavior, and
risk perception, to name a few (18).

Sources of exposure

The major sources of nonfood exposures come through
the use of pesticides in the home and garden, although
bystanders to agricultural pesticide applications may also
receive some exposure via indirect routes (figure 1).

Strata of exposures in residential settings are home
applicators, bystanders to outdoor and indoor exposures,
and “re-entry” exposure through contact with treated
surfaces both indoors and outdoors. The greatest poten-
tial for indoor exposures is from broadcast or fogger
applications for flea control (19); however, these types
of applications are infrequent (once or twice a year).
Crack and crevice treatments are more frequent (every
6-8 weeks), but the applications are more directed and
likely result in smaller exposures. In these situations,
respiration has been identified as a major route of ex-
posure (20), but contact with treated surfaces and house-
hold dust can be a major source of exposure, especially
for children (21-23). Outdoor exposures may originate
from landscape pesticide use, through homeowner ap-
plicator exposure (24), through drift or contact with
treated surfaces (25), or through nearby agricultural ap-
plications (26-28).

Measurement of exposures

Methods and techniques for measuring worker and res-
idential exposures have been reviewed recently (29, 30).
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Inhalation exposure can be estimated with the use of air
monitoring of work areas or personal monitoring of
breathing zones. Dermal exposures can be evaluated
with the use of patches, whole body dosimetry, or fluo-
rescent tracers. Depending on the physical characteris-
tics of the agent of interest and the primary routes of
exposure, a combination of these methods can be used
to evaluate exposure. When these exposure estimates are
converted to internal dose estimates, constant breathing
rates, body weights, dermal absorption rates, and a di-
rect linear relationship between exposure and dose are
generally assumed. This assumption does not allow for
any intraindividual variation in the relationship between
exposure and dose (18).

Matrix samplers or dosimeters are usually absorp-
tive substrates that are used to measure potential der-
mal exposures. These samplers range from gloves to
entire suits that can be extracted with solvents after ex-
posure and analyzed for pesticide residues. A very tra-
ditional technique for estimating exposure is the use of
small patches of absorptive material attached to cloth-
ing. The method was pioneered by Durham & Wolfe
(31) and has been widely used since that time (29, 32,
33). In practice, several of these pads are placed on key
locations on the body and after the exposure activity, a
section of the pad is cut out and analyzed for pesticides.
Total body exposure is determined by extrapolation to
the areas of the particular body parts and summing the
totals. A novel variation of the patch technique is the
use of sticky backed sanitary pads, which attach easily
to clothing and have little background contamination
(34). Such techniques assume that deposition is uniform,
which it is not.

Special garments or devices can be used to dislodge
pesticides from treated surfaces such as outdoor or in-
door surfaces. Whole-body dosimeter clothing was first
reported to be used by Chester & Ward (35) for assess-
ing agricultural exposures, but it has also been used for
indoor exposures when coupled with choreographed
exercises (Jazzercises) to reduce the variability be-
tween participants and to standardize contact times
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Figure 1. Potential sources of exposure in the home and landscape.
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and movements (32, 33). These dosimeters can also be
worn under clothing to assess the effectiveness of pro-
tective garments. While giving better estimates of total
exposures than patches, the cotton or absorptive fabrics
are a poor model of human skin and are thus more suit-
able for characterizing dermal deposition (spray drop-
lets) than dislodgeable residues. A novel use of dosim-
eters is the recent use of a “child-like mannequin” for
assessing the potential for spray-drift pesticide exposure
among children (36).

An extension of the dosimeter approach has been the
use of fluorescent tracers added to the spray formula-
tion to assess dermal exposure. First used to monitor
spray deposition by Staniland (37), this technique was
adapted to illustrate nonuniformity by Chester & Ward
(35) and further developed and used by Fenske and his
co-workers (38 and earlier papers) and was recently re-
viewed (39). Archibald and his co-workers (40-42) used
the technique for assessing the exposure of greenhouse
workers to pesticides, as did others in The Netherlands
[43; personal communication: Brouwer DH. Exposure
of greenhouse workers to pesticides. Presented at
“Workshop on Video Imaging Techniques for Assess-
ing Exposure”, June 20-21, 1996. Iowa City (IA):
1996.]. The technique was further developed by Roff
and his colleagues (44-46) and used to assess exposures
of homeowners to wood preservatives applied in the
domestic situation (45). Once the compatibility and cal-
ibration of the ratios of pesticide and tracer have been
completed, the technique is fast and noninvasive, and it
gives immediate visual results that are useful in train-
ing applicators. It can be used to assess the effective-
ness of protective clothing but, because of differences
in adsorption to fabric between the tracer and the pesti-
cide, cannot be used to measure penetration through pro-
tective clothing (47). Tracers can also be used to assess
the dislodgeability of pesticides from treated surfaces;
however, the differences in the dissipation of the resi-
dues of the pesticide and the tracer over time require
extensive calibration for consistent results (48, 49).

The utility of various techniques for measuring the
dislodgeability of pesticides from turf has been studied,
and the polyurethane foam (PUF) roller was found to
be the least suitable. The weighted cloth-covered (DOW)
sled (50) was more suitable, but a modification of the Cal-
ifornia roller (33) was found to be the best (51). In prac-
tice, a weighted roller of polyvinyl chloride (PVC) cov-
ered with an absorptive fabric is moved across the sur-
face of the turf. The fabric is then removed for analysis.

The extraction of absorptive surfaces, such as toys,
has been used to estimate exposures through the oral
route when these are mouthed by young children (52).
However, the applicability of solvent-extracted residues
to those that could be removed with saliva was not as-
sessed, and there was great variation in the study due to
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low replication. The relevance of this source of expo-
sure is not clear.

Exposures through the respiratory route have
been commonly assessed through the use of filters
and adsorption devices attached to portable pumps to
measure concentrations of particulate and volatile pes-
ticides in the breathing zone of workers or in outdoor
and indoor environments. Suffice it to say that these
samplers have been widely used in occupational (53)
and nonoccupational settings (20). This technique has
recently been used to assess exposures to metals from
dust generated during the manufacture of wooden items
from treated wood (54).

Adult exposure through the oral route from surfaces
such as food and utensils contaminated during domes-
tic pesticide applications has been shown to be a rela-
tively minor source (55), but the evaluation of this route
of exposure among children is more challenging and is
the object of recent and ongoing research (28, 56-62).
It has been estimated that, because of smaller body mass
and greater consumption, children have an approximate-
ly 12-fold greater potential exposure to pesticides in
dusts than do adults (63). Regional and national differ-
ences in the use of pesticides indoors, differences in
housekeeping, and child-rearing practices further com-
plicate the assessment of exposure through this route
and extrapolation from one region to another.

Biomonitoring studies, in which pesticides or their
metabolites are measured in body fluids, such as saliva,
blood, and urine, have been used to characterize expo-
sures and absorbed dose and have been reviewed (64).
These studies have used both continuous and spot sam-
ples to characterize total exposures over time, as well
as during shorter periods. To determine the total ab-
sorbed dose of a chemical agent following a single oc-
cupational or environmental exposure or multiple expo-
sures, the toxicokinetics and toxicodynamics of the com-
pound must be known. This information is generally
obtained through the use of in vitro and in vivo animal
studies and, in some cases, may be further supported by
human volunteer studies. Concentrations of the agent of
interest in biological samples such as urine, feces, blood,
or serum can be used to estimate the total absorbed dose,
and the accuracy of this dose estimation is largely based
on the availability of relevant human studies and the tim-
ing and completeness of the sample collection (65). Bi-
omonitoring is held up as the “gold-standard” for expo-
sure measurement as it integrates all sources of expo-
sures and accounts for differences in penetration be-
tween persons and chemicals and thus usually gives
lower (but more realistic) measures of exposure or dose
(64). The technique is best applied to compounds with
well-known pharmacokinetics and metabolism in hu-
mans but suffers from a lack of sensitivity at low con-
centrations for fluids, such as urine, that are relatively



difficult to analyze. The issue here is that measurement
below the level of detection (LOD) or a nondetected lev-
el (ND) does not mean zero exposure. While this may
be of little significance for highly exposed persons, it
can become relevant when aggregate exposures to many
pesticides are assessed for bystanders, when additive
action of individual chemicals, all below the LOD, may
represent a significant risk. The issue of aggregate ex-
posures has been discussed elsewhere (66).

Exposure analyses for turf uses of pesticides

Exposures to liquid and granular 2,4-D, a commonly
used turf herbicide, have been measured for homeown-
er applicators, professional applicators, and bystanders
to both types of application (18, 24, 65, 67, 68). In ad-
dition, exposure to liquid and granular chlorpyrifos has
also been measured among homeowner applicators and
bystanders (69).

The homeowner applicator studies on 2,4-D were
conducted using biomonitoring based on a collection
and analysis of all urine produced during the 96-hour
postapplication period after a single application (24).
Homeowner applicators were divided into four strata,
using a granular (weed and feed 2,4-D) formulation with
and without supplied protective clothing (polyester-cot-
ton overalls, rubber boots, and rubber gloves) or a lig-
uid 2,4-D formulation applied with a hose-end sprayer
with and without supplied protective equipment. Total
24-hour urine samples were collected from profession-
al landscape applicators over a 14-day period early in
the spray season. The application of 2,4-D started on
the same day as the study and ceased 11 days into the
study (at the start of a long weekend). The collection
and analysis of urine continued over the long weekend
to allow a more-complete excretion and collection of
any absorbed 2,4-D (67). In both the homeowner and
professional landscape applicator studies, 96-hour urine
samples were collected from bystanders, not involved
in the application but living in the same house. The to-
tal amount of 2,4-D measured in the 96-hour urine sam-
ples collected from the homeowners and bystanders was
used as an estimate of the total absorbed dose resulting
from exposure on the day of application.
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The chlorpyrifos studies were conducted in a man-
ner similar to those described for 2,4-D, except that an
exposure study of professional applicators was not con-
ducted. Urine samples collected from homeowner ap-
plicators and bystanders were hydrolyzed to convert all
chlorpyrifos to trichloropyridinol (TCPY) which was
then analyzed using gas chromatography with mass
spectroscopic confirmation (69). The total amount of
TCPY excreted over the 96-hour period was used to
calculate the total absorbed dose of chlorpyrifos for each
volunteer.

All the studies measured the amount of pesticide
used by the applicator. The data thus allow a test of the
null hypothesis that the common surrogate for exposure,
amount of pesticide used, is not related to exposure, or
more specifically, the total absorbed dose. For this pur-
pose, a simple linear regression of the amount used ver-
sus the total exposure was used. Since no bystanders to
the 2,4-D applications had any measurable exposures,
no analyses of these data were conducted. Likewise, as
only one of the bystanders to the chlorpyrifos applica-
tions had measurable exposure, these data also were not
analyzed. Regressions of the amount of 2,4-D applied
and the total absorbed dose of homeowner applicators
showed poor correlations (figure 2); this finding sug-
gested that the amount of chemical used, or a co-vari-
ate, such as area treated, is a poor surrogate for expo-
sure. However, it is clear that exposures from the liquid
formulation were much greater than those from the gran-
ular formulation, despite the greater amounts of the lat-
ter that were applied. Similar relationships were ob-
served for chlorpyrifos (figure 3), the granular formu-
lation again resulting in smaller exposures.

Although these data do not support the use of the
amount applied as a surrogate for exposure, the data can
be used to estimate the likelihood of exposure through
the use of a distributional analysis. Probabilistic ap-
proaches have been used for assessing environmental
risks from pesticides (70). For this purpose, exposure
data were ranked from the lowest to the highest, and
plotting positions were calculated from the equation j =
iln+1 x 100, where j is the plotting position, i is the rank,
and 7 is the total number of data points in the data set.
Data from sets with two or more nonzero values were
then plotted as cumulative frequency distributions on
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a log-percent probability scale and a regression conduct-
ed on the transformed data (figure 4), on the assump-
tion of a log-normal model. For the purposes of ranking,
nondetected levels were assigned a dummy value of zero,
but were not plotted. The values for the nondetected lev-
els were assumed to have the same distribution as the ob-
served values. These cumulative distributions can be used
to estimate exposures that may occur under similar con-
ditions of use or to assess risks from the measured values.
The 90th centile of the exposure values is shown on the
graphs to illustrate this use; however, those based on few
data points obviously have greater uncertainty.

The value for protective clothing in reducing exposure
was the most obvious in the case of 2,4-D (figure 4B).

The exposures of the landscape applicators were an-
alyzed in a similar manner (figure 5). Although the
amounts of 2,4-D excreted by a landscape applicator in
a day are dependent on exposures occurring over sev-
eral days, the daily amounts of 2,4-D excreted were
treated as independent data for the purposes of a distri-
butional analysis. This procedure resulted in a relative-
ly large data set (figure SA), from which the centiles of
exposure could be estimated. The median exposure
(50th centile) and 90th centile were smaller than the ref-
erence dose for a 70-kg person (figure SA). The 99th
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Figure 5. Cumulative distribution of the daily
amounts of 2,4-dichlorophenoxyacetic acid
(2,4-D) excreted by landscape applicators (A)
and the relationship between the total amount
of 2,4-D applied during a 14-day period and
the total amount of 2,4-D excreted over the
same time (B).

centile from the fitted distribution exceeded the refer-
ence dose and was also greater than the greatest con-
centration measured.

An analysis of the amount of 2,4-D applied over the
14-day period and the total excreted by the individual
applicators showed a poor correlation (figure 5B); how-
ever, the four least-exposed persons (in relation to the
amount of 2,4-D used) were all females. Again, the
amount of pesticide applied was a poor surrogate for
exposure, and individual differences between applicators
appeared to modify the relationship between the amount
of pesticide applied and the total absorbed dose.

Similarly, the results of a study designed specifical-
ly to address the issue of the relationship between the
amount of pesticide sprayed and the total absorbed dose
among professional landscape applicators showed a
poor relationship between the amount of 2,4-D applied
and the total body dose (over a 1-week period), as esti-
mated from the urinary excretion of 2,4-D (65, 68). In
this case, the use and excretion of 2,4-D was monitored
for 94 landscape applicators. A questionnaire was used
to collect information on spraying practices, hygiene
practices, the perception of risks, smoking, and self-re-
ported exposures. A simple one-variable model (pesti-
cide use) of In-In-transformed data, gave a model r? of
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Figure 6. Relationship between the amount of
herbicide sprayed and body dose estimated
from urinary output for two consecutive 24-
hour periods for 94 professional landscape

Measured dose in ug (urinary analysis)

Total applied ml (+ 900)

0.20. When a predictive model was developed that in-
corporated variables to indicate the type of nozzle used,
the wearing of gloves, job satisfaction, and smoking in
addition to the amount sprayed, the model r?> was 0.66
(figure 6). The authors concluded that the volume of
pesticide used was not strongly related to body dose, as
measured by biological monitoring, and that semi-quan-
titative classifications of job titles and tasks performed
were inadequate proxies of exposure, as were self-re-
ported exposures. They also pointed out that current epi-
demiologic studies lack sufficient power when quantity
of pesticide applied is used is a surrogate for exposure.

Concluding remarks

The use of individual pesticide application records as
proxy or surrogate measures for pesticide dose has been
shown to be clearly inadequate in both occupational and
residential settings. If future epidemiologic studies are
to be conducted with sufficient power to detect subtle
health risks in these settings, the estimation of dose must
be improved, and relevant proxies must be established.
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