
Farmworkers are exposed to pesticides in
both agricultural and residential settings.
Although exposure during occupational activ-
ities likely results in their highest exposures,
these events are episodic. Farmworkers are
also subject to long-term, low-level exposures
through drinking water and food as well as to
pesticides that infiltrate or are tracked into
their residences. Research has shown that these
“paraoccupational” exposures may be more
substantial than and occur more frequently
than occupational exposures (Fenske 1997).
Indeed, paraoccupational or carry-home expo-
sures may be important sources of pesticide
exposure for farmworker families.

Exposure assessment provides a key piece in
the picture that describes farmworker exposure
to pesticides in the field and at home. The rea-
sons for conducting exposure assessments for
farmworkers include exposure surveillance and
characterization, intervention, and epidemiologic
studies. In this article we discuss environmental
exposure assessment techniques, with a focus on
methods available for use in residences. Research
in this area is multidisciplinary, and confusion
often exists regarding the meaning of important
terms such as “exposure” and “dose,” so we
begin this overview by defining some critical
terms. We then discuss the difference between
exposure measurement and assessment, evaluate
existing sampling and analysis techniques for
characterizing pesticide concentrations in envi-
ronmental media, and discuss important study
design issues that need to be considered to facili-
tate comparisons across studies. We close by
summarizing exposure assessment research
needs for studies of farmworker families.

Important Terms in Exposure
Assessment
Exposure is a deceptively simple concept,
defined as contact at a body boundary between

a person and an environmental stressor (bio-
logical, chemical, or physical) over time (Ott
1985; Sexton et al. 1995; Zartarian et al.
2005) (Figure 1). This simple definition masks
the fact that a quantitative exposure analysis
requires collection and analysis of multiple
parameters such as concentration and duration
of exposure as well as exposure factors that
affect contact rates and, therefore, determine
the magnitude of exposure. A description of
exposure for a particular route (i.e., inhalation,
ingestion, or dermal absorption) must include
at least the following two related attributes:
concentration of the pesticide in the carrier
medium and the duration of contact.
Therefore, exposure to pesticides in the envi-
ronment requires not only the presence of the
pesticide, but also that an individual come in
contact with the pesticide at a specific time in a
specific place. If there is no possibility of con-
tact, there is no exposure. Dose, as mentioned
in the introductory article to this mini-mono-
graph (Arcury et al. 2006), refers to levels
measured within a biological boundary.
Biomonitoring is the subject of an accompany-
ing article of this series (Barr et al. 2006) and
will not be discussed in detail here.

Concentration is the amount of pesticide
measured in a mass or volume of an environ-
mental medium. In residential exposure assess-
ment, we are concerned with contact with
residues found in water, food, dust, and air in
and around the home. Most often, exposure
concentration is expressed in units of mass pesti-
cide/mass matrix (e.g., micrograms of pesticide
per kilogram of dust). In some cases such as sur-
face residue sampling, pesticide loading is the
exposure metric used. Loading measures the
amount of a chemical found over a unit area
(e.g., micrograms of pesticide per square cen-
timeter) or per unit measured (e.g., microgram
per child’s hand). 

Lastly, frequency and duration of expo-
sure are key elements of pesticide exposure
assessment because these variables are used to
determine the cumulative dose over time.
Frequency describes the number of contacts
over a period of time (e.g., contact rate), and
duration describes the lengths of these con-
tacts. Exposures to pesticides typically vary
over time with specific events such as applica-
tions indoors or to nearby fields appearing as
spikes in an individual’s exposure profile over
time above an individual’s background rate of
exposure. Thus, estimating an average expo-
sure for an individual may underestimate the
impact of peak exposure events.

Pesticide Exposure Assessment

The physical and chemical properties of pesti-
cides will determine where and when they may
be detected in the environment (Ware 1994).
Temporal variability in exposure is influenced
by application intensity, frequency, method of
application, behavioral characteristics of the
applicator (e.g., use of personal protective
equipment, hand washing), as well as the physi-
cal, chemical, and biological properties of the
pesticide formulation. The frequency and dura-
tion of exposure measurement are important
design considerations for characterizing the
temporal patterns of exposure to pesticides, and
they are often determined by the persistence of
pesticides and our ability to measure them in
the environment. The persistent pesticide
DDT (dichlorodiphenyltrichloroethane) as well
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as its primary metabolite and degradation prod-
uct DDE (dichlorodiphenyldichloroethylene),
for example, are still measurable in house dust
in the United States more than 30 years after its
use was banned (Lewis et al. 1995; Whitmore
et al. 1994). The most widely used pesticides
today, organophosphates, carbamates, and
pyrethroids, are less persistent than older for-
mulations. Therefore, it is important to meas-
ure exposures near the time of application
because these compounds eventually degrade
over time. Although data are limited, it is likely
that pesticides in common use today degrade
less quickly in indoor environments than they
would outdoors because they are protected
from sunlight, rain, temperature extremes,
microbial action, and other degradation
processes (Butte and Heinzow 2002; Lewis
et al. 2001; Simcox et al. 1995). Therefore, pes-
ticides in homes may represent a longer-term
potential source of exposure, with relatively less
temporal variability than outdoor applications.

Exposure Assessment
Approaches
In the most general sense, the quantitative esti-
mation of chemical pesticide exposure can be
approached in any of the following three ways:
personal measurements, scenario-based assess-
ment, and reconstructive analyses of biological
measurements (Barr et al. 2006; Sexton et al.
1995). Personal measurements document
exposures as they occur by measuring the pesti-
cide concentration at the point of contact
between the person and the environmental
medium where the pesticide exists. Examples
include use of pumps and filters to measure
airborne concentrations near the breathing
zone, duplicate diet food samples to measure

dietary levels, or skin patch samples to measure
dermal concentrations. The major strength of
the personal measurement approach is that
exposure is measured directly during the moni-
toring period, typically on the order of min-
utes, hours, or, at most, days. The problems
with personal measurements are that they are
costly and time consuming, they can be bur-
densome for the study participants, and suit-
able monitoring devices are not available for all
pesticides and pathways of interest. Because
these problems are exacerbated in the case of
children, personal monitoring has rarely been
attempted in this subpopulation (Weaver et al.
1998), thereby limiting its use in assessments
involving the children of farmworkers.

Biological measures of exposure may be
used to “reconstruct” dose from body burden
measurements if information or assumptions
about rates of intake, uptake, and metabolism
are available. The strength of this approach is
that it demonstrates unequivocally that expo-
sure and uptake have occurred. The primary
drawbacks of this approach are the lack of spe-
cific physiologically based pharmacokinetic
models for many pesticides, and that it inte-
grates exposure over all pathways, so it may not
provide information on the primary pathways
or routes of interest. A recent case study that
examined organophosphate exposures in preg-
nant women living in an agricultural commu-
nity demonstrates the strengths and limitations
of this approach (Castorina et al. 2003). As a
consequence, relatively few studies of farm-
workers have attempted to reconstruct expo-
sures. Most studies use biological measurements
to understand the relative magnitude of differ-
ent exposure pathways (e.g., inhalation versus
ingestion), to identify risk factors for exposure

(e.g., nonuse of personal protective equipment),
to evaluate the effectiveness of an intervention
in reducing exposure, or to classify individuals
into groups in epidemiological studies.

In principle, personal and biological meas-
urements are complementary methods. Because
they are based on direct measurements in the
exposed population, they are the preferred
approaches for pesticide exposure assessment in
farmworkers. In practice, however, personal
measurements are infrequently used because of
resource constraints (e.g., time, personnel, and
money), and important data are not available
for specific situations and populations of inter-
est. Consequently, the most common approach
is scenario-based exposure assessment, which
entails the construction of a plausible set of
assumptions (i.e., a scenario) that describes
quantitatively how contact occurs between peo-
ple and pesticides. This approach requires the
use of available measurements in combination
with inferences and professional judgment.

A typical scenario-based approach estimates
pesticide exposure by merging the following
information: a) concentration of the chemical in
the carrier medium, estimated by using moni-
toring, exposure models, or assumptions; and
b) the individual’s contact time with the carrier
medium, estimated by using existing geographic
and time-activity or other exposure factors, or by
making reasonable assumptions about activity
patterns, source proximity, and other relevant
factors. Doses are then estimated by using
knowledge and assumptions about relevant
pharmacokinetic processes. Variations of the
scenario-based approach include both a)“micro-
environmental” methods, which combine meas-
urements in important microenvironments (e.g.,
inside the residence and outdoors in the com-
munity) with data on time-activity patterns
(Freeman et al. 2001; Klepeis et al. 2001; Reed
et al. 1999; Zartarian et al. 1995), and b) path-
way-exposure factor methods, which combine
measurements in important environmental
media (e.g., air, water, food, soil, and dust) with
exposure factors (e.g., volume of air breathed or
water consumed per day, body weight, and skin
surface area) from relevant sources [U.S.
Environmental Protection Agency (U.S. EPA)
1997, 2002]. Many of these exposure factor
data sets were not collected in farmworkers, and
they may not represent variability in behavior or
activities for this group (Quandt et al. 2006).

The primary advantage of scenario-based
approaches is that they enable assessors to esti-
mate pesticide exposure and dose in cases where
data are limited or lacking. The uncertainty
introduced by the need to make assumptions
and inferences in the face of inadequate or
inappropriate information is also their major
disadvantage. Scenario-based assessments typi-
cally do not include a complete description of
the exposure and dose distribution for farm-
worker populations. As a result, these estimates
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Figure 1. Exposure assessment paradigm. GI, gastrointestinal.



may provide only point estimates of specific
locations on the population distribution of
exposures. Despite their limitations, scenario-
based approaches remain the only viable
method for estimating pesticide exposure and
dose in the absence of personal measurements.

Sampling Methods

Pesticides may be present in soil, air, water,
dust, or food in or on surfaces around the
home. To date, a majority of residential expo-
sure studies have collected house dust or sur-
face residue samples to evaluate exposure to
pesticides in the home. Past emphasis on house
dust and surface residue samples can be
explained, at least in part, because these samples
are thought (perhaps erroneously) to mimic per-
sonal exposure measurements. Also, they are
relatively easy to collect compared to air, food,
and water samples (Alavanja et al. 2004;
Bradman et al. 1994, 1997; Colt et al. 1998;
Fenske 1997; Fenske et al. 2002; Moate et al.
2002; Quandt et al. 2004a; Simcox et al. 1995).
Because the potential for health effects from pes-
ticides may result from exposure from all routes,
the following sections discuss sampling of all
environmental media.

Surface sampling. Surface residue sampling
methods are intended to provide some measure
of concentration (e.g., micrograms per square
centimeter) that can be related to human expo-
sure through a scenario-based assessment. For
example, a moist wipe sample from a hard floor
surface measures residue that can potentially
transfer to hands, which can then be ingested via
a hand-to-mouth process in children. Desirable
characteristics for surface residue sampling tech-
niques are that they can be standardized so they
give reproducible results across studies. 

Available methods for surface sampling
indoors include the following: a) deposition pad
samples; b) wipe sampling techniques, used on
relatively smooth surfaces such as floors, counter-
tops, and window sills; and c) vacuum tech-
niques, which have been used to collect house
dust samples from both hard floor surfaces and
carpets. Pesticide deposition sampling is per-
formed postapplication using aluminum foil
(Fenske et al. 1991), gauze (Ross et al. 1991), or
cotton cloth pads (Byrne et al. 1998; Krieger
et al. 1997) as the collection medium. The
choice of method used to remove pesticide
residues from surfaces can have a significant
effect on estimated exposures. For example,
investigators who used deposition pads wiped
on surfaces and toys subsequently extracted with
isooctane report either nondetectable or lower
chlorpyrifos exposures (Byrne et al. 1998) com-
pared to investigators who used hexane to
remove pesticides directly from surfaces and toys
(Gurunathan et al. 1998). Use of organic sol-
vents directly on a surface apparently results in
more complete removal of chlorpyrifos residues,
but it may overestimate doses obtained in dermal

contact or hand-to-mouth activities, where the
solvent would be saliva, sweat, or the sebum
layer on the skin (Edwards and Lioy 1999).

A number of vacuum sampling systems
have been developed to collect house dust sam-
ples from carpets, rugs, and bare floors. A spe-
cialized high-volume vacuum sampler was
developed specifically to obtain samples of
semivolatile pesticides in house dust [American
Society for Testing and Materials Standards
(ASTM) 1993]. It has been used in several field
studies to collect carpet and smooth surface
samples (Bradman et al. 1997; Lewis et al.
1994; Nishioka et al. 1996; Simcox et al.
1995). The ASTM method obtains similar
median but higher upperbound dust pesticide
concentrations compared to dust samples from
home vacuum cleaner bags, possibly because of
a higher collection efficiency compared to com-
mercially available vacuums typically used in
residences (Colt et al. 1998).

Three techniques have been developed to
measure dislodgeable residues on indoor and
outdoor surfaces and to characterize transfer
from one location to another. Two of these
methods have used polyurethane foam (PUF)
as a collection medium (Lewis et al. 1994; Ross
et al. 1991). The method of Lewis et al. is
designed to simulate the force of a child crawl-
ing on a surface. Using this method, investiga-
tors estimated 2,4-D and dicamba track-in rates
onto carpets after outdoor turf applications
(Nishioka et al. 1996). Transfer was estimated
to be 3% of dislodgeable residues, and total
transfer was estimated to be 0.1 to 0.2% of the
total turf application. A “drag sled” method has
also been developed that uses a 100-cm2 patch
of denim affixed to the bottom of a sledlike
device, whose weight approximates the force
exerted by a 10-kg child on a surface (Byrne
et al. 1998; Vaccaro et al. 1996). Similar meth-
ods have been developed to assess the dislodge-
able residue from treated lawns (Fuller et al.
2001; Klonne et al. 2001; Rosenheck et al.
2001). In theory, the PUF and drag sled meth-
ods should give similar results, but no studies
have directly compared them.

Use of surface or dust samples poses limita-
tions because such samples do not represent all
sources of pesticide exposure, and no current
studies link concentrations in dust to specific
health effects; however, there are ongoing
efforts in this direction. Furthermore, dust sam-
ples provide no information regarding food-
related exposures and exposures during direct
pesticide applications. Dust samples do provide
a picture of what is present in the home, the
location where a large proportion of the day
is spent. Therefore, dust samples should be
part of any careful analysis of pesticide exposure
in farmworkers.

Handwipe sampling. Surface dust provides a
microenvironmental measure of exposure, while
handwipes provide a personal exposure measure.

Handwipe methods have been developed that
use either isopropanol and gauze wipes (Geno
et al. 1996; Lewis et al. 1994; Lu and Fenske
1999) or a 10% isopropanol/distilled water mix-
ture used as a hand rinse to remove pesticides
from the skin (Edwards and Lioy 1999; Fenske
and Lu 1994). Because of its ease of use the
Geno method has been used in several recent
studies in farmworker families, for collecting
data from hands as well as toys and floors
(Curwin et al. 2003; Lewis et al. 2001; Quandt
et al. 2004a). The drawback of this method is
that it may remove deeply embedded com-
pounds that may not be removable by typical
soap and water washing or the hand-to-mouth
ingestion scenario. Data from controlled mass-
balance experiments suggest that dermal wash
methods may significantly underestimate expo-
sure since they typically remove approximately
20–40% of the available compound, with the
remaining amounts likely absorbed through the
skin (Fenske and Lu 1994). Only one study has
compared pesticide residue levels measured by
wipe, roller, and handwipe or press methods.
Indoor chlorpyrifos levels after broadcast appli-
cation indicate that wipe and PUF roller meas-
urements estimate a dermal loading that is
23–36 times greater than estimates based on
hand press or drag samples (Lu and Fenske
1999). These data suggest that while measure-
ment methods may be internally consistent and
may correctly rank order individuals, compar-
isons across studies may be difficult because the
collection procedures may result in different
levels being reported. 

Air sampling. Pesticides can be measured in
both indoor and outdoor air in both the gas and
particulate phases. The general considerations
for sampling indoor or outdoor air concentra-
tions as well as personal air measures are the
same and include selection of the type of airflow
device, the sample collector and medium, and
the sample location. The basic decision regard-
ing type of airflow device is whether to use a
high-volume or low- volume sampler. A main
advantage of high volume samplers is that they
can operate at higher flow rates (> 5 L/min),
which reduces the time required to collect a
given sample volume. Larger sample volumes
require less sensitive analytical methods to
achieve meaningful detection limits. However,
high-volume samplers are more typically
employed in ambient air pollution sampling
than in residential exposure monitoring because
they are larger, noisier, and less portable than
low-volume samplers and often require electri-
cal power to operate. Low-volume samplers
generally are portable, battery operated, rela-
tively quiet, and easy to use and are generally
used for personal monitoring. Flow rates of
0.5–1.5 L/min are typically recommended for
pesticides (Quackenboss et al. 2000). Higher
flow rates may be necessary to achieve detection
with very short collection times (< 30 min).

Environmental exposure assessment
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This might be the case, for example, in trying
to measure serial concentrations during and
after a fogger application or during and after
application of a pressurized aerosol product by
or from spray drift from an agricultural applica-
tion. As with all methods, if the anticipated pes-
ticide concentration is low, the amount of
sample collected needs to be increased.

The decision about which sample collector
to employ in residential air sampling is primar-
ily influenced by the physical state of the pesti-
cide in air and particle size of the aerosol (Lewis
and Gordon 1996). Different collector types
can be employed in air sampling, but the pri-
mary ones used to sample pesticides are filter
cassettes and solid sorbents. Filter cassettes are
typically employed if the pesticide of interest
exists as an aerosol (solid or liquid), and solid
sorbents are typically used for vapors. These
collectors can also be used in series if there is a
chance for the pesticide to be present in both
phases, or to minimize sample loss caused by
volatilization off the filter cassette, which can
occur during extended sampling periods. Most
pesticides are present as aerosols during and for
short periods following application and then
exist as vapors or bound to dust particles.
Resuspension through vacuuming, dusting, or
other mechanical means can also contribute to
aerosols being present postapplication. 

Food and water sampling. Dietary exposure
to pesticides can occur via both food and water,
and no studies have systematically evaluated this
specific pathway for contribution to overall
farmworker exposure. In the studies that have
been done for the general population, evaluation
of dietary exposure frequently involves mathe-
matical modeling of exposure based on food
consumption patterns and information on the
levels of pesticides in those foods (Clayton et al.
2003; MacIntosh et al. 1996, 1999b, 2001).
The accuracy of the estimates depends then on
the confidence one has that the measurements
of the residue levels in foods are realistic and
reflect the actual pesticide residue levels. A more
intensive assessment of pesticides in food comes
from the “duplicate plate” method, wherein
exact duplicates of a person’s daily meals and
snacks are prepared concurrently with their

consumption and then measured for pesticide
residue levels (Clayton et al. 2003). Collection,
storage and analysis of food samples as well as
recruitment of highly motivated participants
can be limitations to conducting these studies
in any population, and may be especially diffi-
cult in farmworkers because of education, lan-
guage, and proper incentives for participation
in research. In some communities, primarily
those relying on well water for drinking water,
pesticide exposure may occur through use of
this water for drinking, cooking or bathing. In
most research conducted to date, exposure to
pesticides via drinking water is low, largely
because pesticides in both wells and public
water systems have been diluted over time by
the large volume of ground or surface water
(MacIntosh et al. 1999a). Although water sam-
ples are easy to collect at the tap, large volumes
may be necessary since the concentrations are
generally at or below analytical detection limits.
Farmworker exposures from drinking water are
likely to be small relative to occupational, food,
or residential exposure sources unless the drink-
ing water source is highly contaminated or
water consumption is very high.

Design and Conduct of
Exposure Studies
Exposure assessment focuses on identifying the
contaminant exposures experienced by individu-
als as they go about their daily activities. Table 1
outlines four major exposure assessment strate-
gies with regard to the research question, the
study design, the exposure measurement sce-
nario, and the outcome measures and limita-
tions of each type of study. These studies differ
in complexity and specificity of information
required. Figure 2 illustrates the possible levels
of detail in exposure information. Issues for
selection of environmental media and analysis
of environmental samples are discussed below.

Design of pesticide exposure assessment
studies needs to consider both the analyte of
interest and the exposure pathway of interest.
The first step is to determine the pesticides that
are being used in the region, often not an easy
question to address, and the next step is to iden-
tify whether appropriate collection and analysis

methods exist. Selection of analytes determines
the media of interest, the sampling approach,
other potential analytes, and the cost, feasibility,
and logistics. Investigators may choose to focus
on both agricultural and residential pesticides to
capture a complete picture of total pesticide
exposure. The physical and chemical properties
of pesticides can be used to identify where and
when to find a pesticide. Sample location is also
an important consideration in collecting resi-
dential samples. The main objective should be
to collect samples from a location(s) that is rep-
resentative of where farmworkers spend time.
These locations could include vehicles or
changing areas, but they should also encompass
living rooms, kitchens, bedrooms, or other
rooms where farmworkers spend time.

Exposure assessment studies can use either
random samples from a defined population,
such as farmworkers in a specific geographic
area, or a convenience sample of available
workers. Convenience sampling affords selec-
tion of individuals for monitoring based on cri-
teria other than statistical representability.
Advantages of the convenience sample are ease
of selection and likely increased compliance
with measurement protocols because of higher
personal motivation, but results may not be
representative of the larger population or, more
importantly, of the overall distribution of
exposures. Intervention studies often start with
convenience samples to assess whether the
intervention works among highly motivated
individuals before approaching a larger popula-
tion. A representative sample is obtained using
a random sampling approach to select individu-
als. While a representative sample is more easily
generalizable to a larger population, the down-
side of this approach is that it may result in
reduced compliance and potentially, loss to fol-
lowup. Also, less motivated participants often
reduce the reliability of such investigations.

The temporal pattern of exposure is a key
design issue for all exposure assessment strate-
gies. The timing of sample collection needs to
consider transport and dispersion mechanisms
that are important in the scenario being studied,
and to merge these factors with design consider-
ations and data concerning acute or chronic
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Table 1. Research questions and study designs that employ environmental exposure measurements.

Hypothesis/question Study design Exposure measurement/scenario Outcome/limitations

Are pesticides present in the Surveillance Measurement: pesticides in air, water, soil, house Distribution of residential concentrations, predictive factors
residence? dust, surfaces No direct link to exposure or health effects

What is the distribution of human Exposure Media measurements, biomonitoring, and exposure Distribution of individual potential doses, estimation of high-end
exposures? characterization factor characterization one or more times exposures, relatively small numbers because of resource limitations

Does an intervention reduce pesticide Intervention Paired samples before/after intervention Reduction of environmental concentrations that likely influence
concentration in a residence? exposure

What is the relationship between Epidemiology Outcome: associations between pesticide exposure metric
pesticide exposure and a health and health effect
effect? Cross-sectional Concurrent potential exposure and outcome Limitation: potential problems with temporal sequence of

measurement exposure/effect
Retrospective Reconstructive analyses Limitation: assumptions about past probability of contact and 

concentrations in the environment or body
Prospective Exposure measurement before disease; Time varying exposures; cost, critical time period of exposure

longitudinal measurements



situations or the decay from acute to low-level
residual exposures. For example, aerial spray
applications may result in more rapid transport
of pesticides from farm field to residence than
in-ground applications to row-crops. Thus, for
aerial spray applications, air monitoring in
homes near fields may need to coincide with
the initiation of application. However, if trans-
port of residues on contaminated clothing is the
greater concern, sampling that coincides with
the entry of that clothing into the home may be
used to ascertain the relative contributions of
sources. Similarly, the collection of dust residues
(either with wipe techniques or by vacuum sam-
pling) may take up to a week for dispersion and
equilibration to occur within the home, but this
timing needs to be weighed against individual or
cultural practices regarding the frequency of resi-
dential cleaning. Another important temporal
consideration is that because new pesticides are
introduced to the market constantly, methods
need to be flexible to accommodate market
changes in pesticide use.

Surveillance studies. Surveillance studies
address the following questions: a) are pesticides
present? b) in what media are they present? c) at
what levels? and d) what factors predict pesticide
presence? In these studies researchers may collect
and analyze samples such as air, water, dust, soil,
and dislodgeable surface residues to determine
the pesticide(s) of interest. Surveillance studies
are important steps to undertake, as it is through
these studies that we understand the situations
and scenarios where pesticide exposure might
occur. For example, until lawn pesticides were
measured in house dust (Nishioka et al. 1999,
2001), we did not have the foundation for
hypothesizing the transport mechanisms and
activities whereby children could be exposed to
these pesticides while indoors. Surveillance stud-
ies can also serve an important role as the pre-
liminary step to larger more comprehensive
personal exposure characterization studies. The
surveillance studies may help to establish the
range of levels that can be encountered so that
power calculations can be performed or so that
analytical techniques and detection limit

requirements can be set. These studies may also
be used to assess whether and to what extent
other factors such as physiochemical properties
or agricultural use affect the transport from
occupational to residential setting. As such, a
comprehensive exposure assessment study may
not always be required if there are existing fac-
tors that link pesticide concentrations together
with activity patterns and exposure factors to
potential exposure. 

Surveillance studies frequently rely on con-
venience samples to assess potential exposure.
Limitations associated with convenience sam-
ples can be minimized by screening of initial
study respondents and selecting for variability
in factors that might affect exposure measures,
such as proximity to treated fields, job classifica-
tion, method of pesticide application, personal
hygiene, and protective practices. Postsampling
questionnaires may uncover additional factors
that broaden the applicability of the results.
These questionnaires may cover factors related
to lifestyle (i.e., showering after work and laun-
dering of work clothing), parent–child interac-
tions (whether children are allowed in mixing,
loading, and application areas), and familial
activity factors (such as whether pets are
allowed indoors and frequency of vacuuming
and cleaning). Questionnaires and other met-
rics that predict exposure factors are discussed
in the article by Quandt et al. (2006) in this
mini-monograph.

While surveillance studies do not have the
same requirements as an exposure characteriza-
tion study for tightly linking sampling method,
sampling location, and sample timing to an
exposure metric, these features are still impor-
tant design requirements. Careful consideration
needs to be given to the population, to the tim-
ing and frequency of sample collection with
respect to pesticide use, and to the issue of spa-
tial distribution within a sampled medium.

Exposure characterization. Exposure char-
acterization determines the presence of a pesti-
cide or its metabolites in environmental media.
Exposure characterization builds on exposure
surveillance designs to further assess the temporal

and spatial patterns of exposure in the popula-
tion. The temporal and spatial patterns of expo-
sure are assessed through the collection of
multiple samples to describe the behavior of pes-
ticides in that environment. This may focus on
just one medium (e.g., air) or multiple media to
evaluate total exposure. Collection of samples
from all relevant environmental media allows
the assessment of the relative contribution of
each source or pathway to an individual’s total
pesticide exposure. Exposure characterization
may rely on historic data such as pesticide
application records and wind direction and use
mathematical models to estimate exposure
levels over time or may involve an intensive
field effort to collect samples. 

Before the development of a protocol to
assess the distribution of human exposure, one
must make several decisions. First, it is neces-
sary to define the population for which the
exposure distribution is to be measured. An
additional consideration is temporal variation.
Certain exposures may be relatively constant
over long periods of time, whereas others may
be episodic, random, or vary seasonally. Cross-
sectional monitoring may be sufficient to ascer-
tain the exposure distribution if exposures are
constant over time. If exposures vary over time,
especially in cases where such variation cannot
be easily modeled, it may be necessary to moni-
tor longitudinally. In such a design, a group of
farmworkers may be monitored repeatedly,
with each monitoring period being equivalent
to one cross-sectional study. A cross-sectional
study can also encompass a larger initial popula-
tion, thereby affording better assessment of the
population distribution; however, temporal
variability in exposure within individuals in the
population as well as within the overall popula-
tion of farmworkers cannot be addressed in
such a study. Longitudinal investigations can
assess such variability, but they are more limited
in sample size because costs typically increase
more with the number of individual measure-
ments rather than with the number of individu-
als monitored. Attrition limits the utility of
longitudinal studies for determining overall
exposure distributions, particularly among tran-
sient populations such as migrant farmworkers.

One strategy to assess both population and
individual variation is the use of nested designs.
In such designs, a large sample is chosen ini-
tially, and monitoring is accomplished via sim-
ple and inexpensive instrumentation, often
using only questionnaires. A subset of this group
is then selected for more intensive monitoring.
In principle, many levels of such nesting are pos-
sible while maintaining a probabilistic approach.
Nested designs are commonly employed in epi-
demiologic investigations; for example, the
Agricultural Health Study (Alavanja et al.
1996), a large case–control study of farmers and
their families, has conducted intensive exposure
monitoring on a subset of the cohort to help
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Figure 2. Hierarchy of exposure information.
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validate the exposure assumptions derived from
questionnaires (Agricultural Health Study
2006). The larger components gather informa-
tion about many individuals, and the more
detailed data collection affords placement of
individuals on the distributional scale.

Intervention studies. Intervention studies
use exposure assessment to evaluate whether the
intervention was successful at reducing pesticide
exposure levels in homes. These studies compare
the levels among treatment groups and thus
may be appropriate for pooling samples within
a house or across houses. Intervention studies,
like other exposure studies, may also involve
reporting results back to participants, so these
studies benefit from the availability of compara-
ble data to share with participants (Quandt
et al. 2004b). Understanding the temporal and
spatial variability is key to the design of inter-
vention studies so that the effect measured is
associated with the intervention and not just
the sampling variability. This requires careful
selection of measurement, assessment, and sta-
tistical techniques that will be used to evaluate
the effectiveness of the intervention. 

Epidemiologic studies. Epidemiologic stud-
ies are conducted to specifically assess whether
pesticides are associated with health effects in
populations. Since most adverse health out-
comes are rare, investigators need to balance
the quality of the exposure data with the sample
size required to detect an outcome in an epi-
demiologic study. Improvement of exposure
sensitivity (e.g., individual level exposures versus
categorization) may reduce sample size suffi-
ciently to afford a less expensive study despite
the increased exposure monitoring costs. If this
is not possible, then the typical approach is to
obtain a larger populations than a typical expo-
sure assessment study. As a result, the exposure
assessment strategies may be less quantitative
than those used in surveillance or exposure char-
acterization studies. Exposure may be classified
as ever/never or in quantiles of exposure and
thus precision in the absolute concentration may
be less important than an individual’s relative

location in the exposure distribution. Because
of the need to assess exposure on a large num-
ber of individuals, relatively inexpensive expo-
sure measures are often employed, with nested
studies conducted to validate the exposure
assumptions (Alavanja et al. 2004; Kromhout
and Heederik 2005). Depending on the health
outcome, the time period for the exposure of
interest is likely to have already occurred, result-
ing in the need to obtain retrospective measure-
ments of exposure (Alavanja et al. 2004).
Understanding the temporal and long-term
variability of pesticides in environmental and
biological media will allow further application
of these measures in epidemiologic studies.

Comparing Across Studies

Comparison across studies can be challenging
because each study has different objectives, but
this process can be facilitated if common factors
are recognized and standardized during the
study design phase (Table 2). Specific key fac-
tors include active ingredient, geographic
region, calendar year, and season of sampling.
Comparisons are simpler if the same pesticide
and the same medium are sampled, but even
when considering a widely used compound and
collection medium such as chlorpyrifos in
house dust, differences in the sampling and
analysis protocols may limit the validity com-
parisons. Dust sample results need to consider
the method of collection (wipe or vacuum), the
size fraction analyzed, and the sampling loca-
tion within the household. For wipe samples,
the solvent used in the wipe sample and the
method of extraction may also influence the
comparability of results. Detection limits for
the pesticide of interest and the statistical
reporting of results may also affect the reported
distribution. If nondetects are included as zero
values, while other investigators exclude the
nondetected values, the means and the distribu-
tions in the populations will differ greatly.

Given these many possible sources of vari-
ability in exposure between studies, it is impor-
tant that priorities are set to guide future studies
and move the science forward. Although all
properly conducted studies are internally valid,
there are still things that researchers can do that
will allow easier comparisons among studies.
First, all studies should include information on
response rates, representativeness of the sam-
pling frame (calendar year, region, population
sampled, etc.), valid quality assurance measures,
and adequate statistical power to address the
question(s) of interest. New studies need to use
documented methods or include the following
key information on all aspects of the exposure
assessment: sample collection, chemical, and
statistical analysis and interpretation of what the
sample represents. Given the importance of sur-
face sampling to estimate exposure and health
effects in farmworkers, additional research is
needed to aid interpretation of dust and dust

sampling wipe results. Specifically, better esti-
mates of pesticide transfer rates from floors to
hands and dermal absorption rates are required.
For example, a study of direct head-to-head
comparisons of a number of sampling methods,
both in laboratory and field settings, would
provide the opportunity to know when data
from the methods were comparable and which
methods performed better under different con-
ditions. The overall goal needs to be standard
exposure metrics that permit valid comparisons
of dose–response results between studies or
meta-analyses across studies. One additional
key issue in studies of farmworker families is
presentation of results to the farmworker com-
munity and other lay audiences in terms they
can understand, even if scientists are uncertain
of the health implications of the measured
exposure (Quandt et al. 2004b).

In summary, a variety of methods exist to
collect samples to assess potential exposure to
pesticides from environmental media. To date,
most of the research has focused on dust sam-
pling, but there has been little standardization
with regard to the methods used. For example,
the results from vacuum surface sampling are
generally reported in mass concentration
(micrograms of pesticide per kilogram of dust),
while the results from wipe and surface samples
are typically reported as surface loading (micro-
grams of pesticide per square centimeter of
floor). While surface loading is most likely more
closely related to exposure and health effects
than dust concentration, little research has been
conducted on this topic. In our judgment,
results obtained via surface loading are not likely
to be correlated strongly with those obtained via
dust concentration. Therefore, results obtained
by these two different methods are difficult to
interpret, and a comparison of the data may be
limited to rank ordering. In addition, vacuum
measurement methods with uncharacterized
particle size collection characteristics may be dif-
ficult to interpret or to compare to more rigor-
ous methods that collect a known size fraction,
which can be related to an specific exposure sce-
nario. Results from wipe samples need to be
considered carefully, because the method of col-
lection, such as a handwipe versus a solvent
wash, may affect the amount of pesticide
removed from a hand. A systematic framework is
needed to develop consistent and reproducible
methods to be used in future pesticide exposure
studies in farmworker families. We have outlined
the first steps toward this framework, but future
research will help to shape its ultimate form.

Implications for Future Studies

To address pesticide-related health effects in
farmworkers, the determination of the contribu-
tion of these residential exposures is critical for
characterizing total exposure, estimating poten-
tial health risks, implementing effective inter-
ventions, providing benchmarks for assessing
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Table 2. Factors to be considered when collecting
environmental samples for health studies in farm-
workers.

Factors that can be standardized
Media sampled

Dust, soil, water, food, handwipe
Collection methods

Wipe
Vacuum

Size fraction analyzed (dust, soil, air)
Sampling location

For example, child’s bedroom
Analytical methods
Detection limits
Volume of sample collected

Site-specific factors
Analytes of interest
Geographic region

Crops raised, pests of concern
Calendar year



environmental justice, and conducting epi-
demiological studies. Currently, research has
focused on surveillance studies and on identify-
ing pesticides present in dust and on surfaces in
farmworker homes. Measuring dust levels of
pesticides is important, because dust appears to
be one of the most important sources of pesti-
cide exposure, given the small contribution of
water and air. Future work should focus both on
better understanding of how the dust and hand-
wipe collection methods compare and on col-
lecting repeated measurements to ascertain the
temporal and spatial variation in pesticide levels
in farmworker homes. One area that is poorly
studied among farmworkers, as well as the gen-
eral population, is the level of pesticides in food
and the potential exposures associated with food
consumption. Because direct measurement of
pesticides in food is time consuming and diffi-
cult, modeling strategies that incorporate food
consumption habits should be employed to
assess this potentially important source of pesti-
cide exposure. As the field matures, and the sur-
veillance studies are applied to health effects
studies, understanding the exposure assessment
methodologies and their comparability will be
critical to conducting risk assessments and to
determining mitigation strategies.

REFERENCES

Agricultural Health Study. 2006. Agricultural Health Study.
Available: http://www.aghealth.org [1 May 2006]. 

Alavanja MC, Hoppin JA, Kamel F. 2004. Health effects of chronic
pesticide exposure: cancer and neurotoxicity. Annu Rev
Public Health 25:155–197.

Alavanja MC, Sandler DP, McMaster SB, Zahm SH, McDonnell
CJ, Lynch CF, et al. 1996. The Agricultural Health Study.
104:362–369.

Arcury TA, Quandt SA, Barr DB, Hoppin JA, McCauley L,
Grzywacz JG, et al. 2006. Farmworker exposure to pesticides:
methodologic issues for the collection of comparable data.
Environ Health Perspect 114:923–928.

ASTM. 1993. Standard practice for collection of dust from
carpeted floors for chemical analysis. Standard Practice
d 5438-93. In: Annual Book of ASTM Standards. Philadelphia:
American Society for Testing Materials Standards.

Barr DB, Thomas K, Curwin B, Landsittel D, Raymer J, Lu C, et al.
2006. Biomonitoring of exposure in farmworker studies.
Environ Health Perspect 114:936–942.

Bradman MA, Harnly ME, Draper W, Seidel S, Teran S, Wakeham
D, et al. 1997. Pesticide exposures to children from
California’s central valley: results of a pilot study. J Expo Anal
Environ Epidemiol 7:217–234.

Bradman MA, Harnly ME, Goldman LR, Marty MA, Dawson SV,
Dibartolomeis MJ. 1994. Malathion and maloxon environmen-
tal levels used for exposure assessment and risk characteri-
zation of aerial applications to residential areas of Southern
California, 1989-1990. J Expo Anal Environ Epidemiol 4:49–63.

Butte W, Heinzow B. 2002. Pollutants in house dust as indicators of
indoor contamination. Rev Environ Contam Toxicol 175:1–46.

Byrne SL, Shurdut BA, Saunders DG. 1998. Potential chlorpyrifos
exposure to residents following standard crack and crevice
treatment. Environ Health Perspect 106:725–731.

Castorina R, Bradman A, McKone TE, Barr DB, Harnly ME,
Eskenazi B. 2003. Cumulative organophosphate pesticide
exposure and risk assessment among pregnant women living
in an agricultural community: a case study from the chama-
cos cohort. Environ Health Perspect 111:1640–1648.

Clayton AC, Pellizzari ED, Whitmore RW, Quackenboss JJ, Adgate
JL, Sexton K. 2003. Distributions, associations, and partial
aggregate exposure of pesticides and polynuclear aromatic
hydrocarbons in the Minnesota Children’s Pesticide
Exposure Study (MNCPES). J Expo Anal Environ Epidemiol
13:100–111.

Colt JS, Zahm SH, Camann DE, Hartge P. 1998. Comparison of pesti-
cides and other compounds in carpet dust samples collected
from used vacuum cleaner bags and from a high–volume sur-
face sampler. Environ Health Perspect 106:721–724.

Curwin BD, Hein MJ, Sanderson WT, Nishioka M, Buhler W. 2003.
Acephate exposure and decontamination on tobacco har-
vesters’ hands. J Expo Anal Environ Epidemiol 13:203–210.

Edwards RD, Lioy PJ. 1999. The el sampler: a press sampler for the
quantitative estimation of dermal exposure to pesticides in
house dust. J Expo Anal Environ Epidemiol 9:521–529.

Fenske RA. 1997. Pesticide exposure assessment of workers and
their families. Occup Med State Art Rev 12:221–237.

Fenske RA, Curry PB, Wandelmaier F, Ritter L. 1991. Development
of dermal and respiratory sampling procedures for human
exposure to pesticides in indoor environments. J Expo Anal
Environ Epidemiol 1:11–30.

Fenske RA, Lu C. 1994. Determination of handwash removal effi-
ciency: incomplete removal of the pesticide chlorpyrifos from
skin by standard handwash techniques. Am Ind Hyg Assoc J
55:425–432.

Fenske RA, Lu C, Barr D, Needham L. 2002. Children’s exposure to
chlorpyrifos and parathion in an agricultural community in
central Washington State. Environ Health Perspect
110:549–553.

Freeman NC, Jimenez M, Reed KJ, Gurunathan S, Edwards RD,
Roy A, et al. 2001. Quantitative analysis of children’s microac-
tivity patterns: the Minnesota Children’s Pesticide Exposure
Study. J Expo Anal Environ Epidemiol 11:501–509.

Fuller R, Klonne D, Rosenheck L, Eberhart D, Worgan J, Ross J.
2001. Modified California roller for measuring transferable
residues on treated turfgrass. Bull Environ Contam Toxicol
67:787–794.

Geno PW, Camann DE, Harding HF, Villalobos K, Lewis RG. 1996.
Handwipe sampling and analysis procedure for the measure-
ment of dermal contact with pesticides. Arch Environ Contam
Toxicol 30:132–138.

Gurunathan S, Robson M, Freeman N, Buckley B, Roy A, Meyer R,
et al. 1998. Accumulation of chlorpyrifos on residential sur-
faces and toys accessible to children. Environ Health
Perspect 106:9–16.

Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Switzer
P, et al. 2001. The National Human Activity Pattern Survey
(NHAPS): a resource for assessing exposure to environmen-
tal pollutants. J Expo Anal Environ Epidemiol 11:231–252.

Klonne D, Cowell J, Mueth M, Eberhart D, Rosenheck L, Ross J,
et al. 2001. Comparative study of five transferable turf residue
methods. Bull Environ Contam Toxicol 67:771–779.

Krieger RI, Rosenheck LA, Schuester LL. 1997. Adult and infant
abamectin exposures following avert 310 and pressurized
gel. Bull Environ Contam Toxicol 58:681–687.

Kromhout H, Heederik D. 2005. Effects of errors in the measure-
ment of agricultural exposures. Scand J Work Environ Health
31(suppl 1):33–38.

Lewis R, Gordon S. 1996. Sampling for organic chemicals in air. In:
Principles of Environmental Sampling (Keith L, ed).
Washington, DC:American Chemical Society, 401–470.

Lewis RG, Fortmann RC, Camann DE. 1994. Evaluation of methods
for monitoring the potential exposure of small children to pes-
ticides in the residential environment. Arch Environ Contamin
Tox 26:37–46.

Lewis RG, Fortune CR, Blanchard FT, Camann DE. 2001. Movement
and deposition of two organophosphorus pesticides within a
residence after interior and exterior applications. J Air Waste
Manag Assoc 51:339–351.

Lewis RG, Roberts JW, Chuang JC, Camann DE, Ruby MG. 1995.
Measuring and reducing exposure to the pollutants in house
dust. Am J Public Health 85:1168.

Lu C, Fenske R. 1999. Dermal transfer of chlorpyrifos residues from
residential surfaces: comparison of hand press, hand drag,
wipe, and polyurethane foam roller measurements after
broadcast and aerosol pesticide applications. Environ Health
Perspect 107:463–467.

MacIntosh D, Hammerstrom K, Ryan P. 1999a. Longitudinal expo-
sure to selected pesticides in drinking water. Hum Ecol Risk
Assess 5:575–588.

MacIntosh DL, Kabiru CW, Ryan PB. 2001. Longitudinal investiga-
tion of dietary exposure to selected pesticides. Environ
Health Perspect 109:145–150.

MacIntosh DL, Needham LL, Hammerstrom KA, Ryan PB. 1999b. A
longitudinal investigation of selected pesticide metabolites in
urine. J Expo Anal Environ Epidemiol 9:494–501.

MacIntosh DL, Spengler JD, Ozkaynak H, Tsai L, Ryan PB. 1996.
Dietary exposures to selected metals and pesticides. Environ
Health Perspect 104:202–209.

Moate TF, Furia M, Curl C, Muniz JF, Yu J, Fenske RA. 2002. Size
exclusion chromatographic cleanup for GC/MS determination

of organophosphorus pesticide residues in household and
vehicle dust. J AOAC Int 85:36–43.

Nishioka MG, Burkholder HM, Brinkman MC, Gordon SM, Lewis
RG. 1996. Measuring transport of lawn-applied herbicide
acids from turf to home: correlation of dislodgeable 2,4-D turf
residues with carpet dust and carpet surface residues.
Environ Sci Technol 30:3313–3320.

Nishioka MG, Burkholder HM, Brinkman MC, Lewis RG. 1999.
Distribution of 2,4-dichlorophenoxyacetic acid in floor dust
througout homes following homeowner and commercial
lawn applications: quantitative effects of children, pets, and
shoes. Environ Sci Technol 33:1359–1365.

Nishioka MG, Lewis RG, Brinkman MC, Burkholder HM, Hines CE,
Menkedick JR. 2001. Distribution of 2,4-D in air and on sur-
faces inside residences after lawn applications: comparing
exposure estimates from various media for young children.
Environ Health Perspect 109:1185–1191.

Ott WR. 1985. Total human exposure. Environ Sci Technol
10:880–886.

Quackenboss JJ, Pellizzari ED, Shubat P, Whitmore RW, Adgate
JL, Thomas KW, et al. 2000. Design strategy for assessing
multipathway exposure for children: the Minnesota
Children’s Pesticide Exposure Study (MNCPES). J Expo Anal
Environ Epidemiol 10:145–158.

Quandt SA, Arcury TA, Rao P, Snively BM, Camann DE, Doran AM,
et al. 2004a. Agricultural and residential pesticides in wipe
samples from farmworker family residences in North Carolina
and Virginia. Environ Health Perspect 112:382–387.

Quandt SA, Doran AM, Rao P, Hoppin JA, Snively BM, Arcury TA.
2004b. Reporting pesticide assessment results to farmworker
families: development, implementation, and evaluation of a
risk communication strategy. Environ Health Perspect
112:636–642.

Quandt SA, Hernández-Valero MA, Grzywacz JG, Hovey JD,
Gonzales M, Arcury TA. 2006. Workplace, household, and
personal predictors of pesticide exposure for farmworkers.
Environ Health Perspect 114:943–952.

Reed KJ, Jimenez M, Freeman NC, Lioy PJ. 1999. Quantification of
children’s hand and mouthing activities through a videotap-
ing methodology. J Expo Anal Environ Epidemiol 9:513–520.

Rosenheck L, Cowell J, Mueth M, Eberhart D, Klonne D,
Norman C, et al. 2001. Determination of a standardized sam-
pling technique for pesticide transferable turf residues. Bull
Environ Contam Toxicol 67:780–786.

Ross J, Fong HR, Thongsinthusak T, Margetich S, Krieger R. 1991.
Measuring potential dermal transfer of surface pesticide
residue generated from indoor fogger use: using the CDFA
roller method. Interim report II. Chemosphere 22:975–984.

Sexton K, Callahan MA, Bryan EF. 1995. Estimating exposure and
dose to characterize health risks: the role of human tissue
monitoring in exposure assessment. Environ Health Perspect
103:13–29.

Simcox NJ, Fenske RA, Wolz SA, Lee IC, Kalman DA. 1995.
Pesticides in household dust and soil: exposure pathways for
children of agricultural families. Environ Health Perspect
103:1126–1134.

U.S. EPA. 1997. Exposure Factors Handbook. EPA/600/P-95/002Fa-
Fc. Washington, DC:U.S. Environmental Protection Agency,
Office of Research and Development. Available: http://cfpub.
epa. gov/ncea/cfm/efprog.cfm [accessed 12 October 2005].

U.S. EPA. 2002. Pesticide Industry Sales and Usage: 1998 and 1999
Market Estimates. Washington, DC:U.S. Environmental
Protection Agency, Office of Pesticide Programs. Available:
http://www.epa.gov/oppbead1/pestsales/99pestsales/
table_of_contents1999.html [accessed 12 October 2005].

Vaccaro J, Nolan R, Murphy P, Berbrich D. 1996. The use of a
unique study design to estimate exposure to adults and chil-
dren to surface and airborne chemicals. In: Characterizing
Sources of Indoor Air Pollution and Related Sink Effects
(Tichenor BA, ed). Phildelphia:American Society for Testing
and Materials, 166–183.

Ware GW. 1994. The Pesticide Book. 4th ed. Fresno, CA:Thomson
Publications.

Weaver VM, Buckley TJ, Groopman JD. 1998. Approaches to envi-
ronmental exposure assessment in children. Environ Health
Perspect 106(suppl 3):827–832.

Whitmore RW, Immerman FW, Camann DE, Bond AE, Lewis RG,
Schaum JL. 1994. Nonoccupational exposures to pesticides
for residents of two U.S. cities. Arch Environ Contam Toxicol
26:47–59.

Zartarian V, Bahadori T, McKone T. 2005. Adoption of an official
ISEA glossary. J Expo Anal Environ Epidemiol 15:1–5.

Zartarian VG, Streicker J, Rivera A, Cornejo CS, Molina S, Valadez
OF, et al. 1995. A pilot study to collect micro-activity data of
two- to four-year-old farm labor children in Salinas Valley,
California. J Expo Anal Environ Epidemiol 5:21–34.

Environmental exposure assessment

Environmental Health Perspectives • VOLUME 114 | NUMBER 6 | June 2006 935




