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Studying the Determinants of
Exposure: A Review of Methods

To better understand where, when, and how to control occupational exposures, it is vital that
hygienists understand the factors that contribute to elevated or reduced exposure levels. Over
the last two decades a burgeoning literature examining the determinants of exposure has
developed, yet to date the methods used in this regard have rarely been summarized in texts
or elsewhere. The purpose of this article is to provide an overview of the techniques used to
study the predictors of workplace exposures. Both experimental and observational studies are
examined, and the advantages and limitations of each are discussed. Fundamental study
design features are reviewed. These include the selection and measurement of factors
potentially related to exposure, as well as the measurement of exposure itself. Decisions
reached by investigators in selecting the number of sites and workers, the number of repeated
observations per worker, and the duration of sampling are discussed. Also examined are issues
that commonly arise in the course of data analysis of exposure determinants. These include
transformation of exposure variables, correlation of predictor variables, empirical model building,
and interpretation of results. Finally, methods employed to evaluate the validity of findings are
summarized.

Keywords: determinants of exposure, evaluation of control measures, occupational

exposure, sampling strategy, statistical models, study design

he identification of determinants of ex-

posure is at the heart of a hygienist’s prac-

tice, since it focuses on describing factors

in the workplace that are associated with
elevated or reduced exposure levels. Understand-
ing these factors is essential to guide the rational
design and location of control measures. For ex-
ample, if' a hygienist performing an exposure
monitoring study records factors such as work
tasks, equipment used, environmental condi-
tions, existing controls, etc., subsequent data
analysis should identify which are sources of ex-
posure or effective controls. Studies lacking such
documentation and analysis would indicate only
the presence or absence of clevated exposures,
and may promote anecdotal suggestions as to
their causes.

While an extensive methodological literature
has been devoted to exposure assessment for as-
sessment of compliance and epidemiological
studies, less attention so far has been paid to the
wealth of experience being accumulated by hy-
gienists studying determinants of exposure.

The objective of this article is to present an
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overview of current methodologies used to
identify and quantify determinants of occupa-
tional exposure. For the purpose of this review,
exposure determinants were defined as those
factors that directly increase (e.g., processes
producing airborne contaminants) or decrease
(e.g., local exhaust) exposures, as well as factors
more indirectly related to exposure (e.g., work
location). Although the latter ‘‘determinants”
may not be fundamental causes of reduced or
elevated exposures, exploring reasons for their
association with exposure levels may lead to the
discovery of previously unidentified direct
sources or controls.

This article describes the objectives of deter-
minants of exposure studies, the diverse factors
examined as potential exposure determinants,
the sampling strategies used to measure both de-
terminants and exposures, data analysis methods,
and validation techniques. The authors do not
attempt a review of the methods of every study,
but seek to illustrate the breadth of approaches
used.
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METHODS

number of methods were used to retrieve relevant literature

for review. The following electronic databases were used: HIS-
LINE CD-ROM 1987-1995 (Health and Safety Executive Li-
brary and Information Service, U.K.), CISDOC CD-ROM 1985-
1995 (International Occupational Safety and Health Information
Centre, International Labour Office, Geneva), NIOSHTIC CD-
ROM 1987-1995 (National Institute for Occupational Safety and
Health Technical Information Center, Cincinnati, Ohio) and
Medline 1992-1996. Search words included determinants of ex-
posure, design of control measures, and evaluation of control mea-
sures. The authors also searched every issue of the Annals of Oc-
cupational Hygiene, Amervican Industrial Hygiene Association
Journal, and Applied Occupational and Environmental Hygiene
published from January 1993 to January 1997. Finally, Stewart
and Dosemeci’s (V' bibliography on exposure assessment for epi-
demiology, Boleij et al.’s ) chapter on exposure modeling, as well
as the other literature gathered, were examined for references re-
lated to determinants of exposure.

The selected articles were chosen to illustrate the breadth of
methods that have been described in the literature. There were
some specific exclusions. Many articles did not describe the meth-
odology used to measure or ascertain potential determinants. Oth-
er articles, especially those conducted for epidemiological studies,
examined job alone as an exposure determinant. Except where
they illustrated issues not shown elsewhere, these articles were not
included. Where the same study was described in several articles,
the article with the best description of methods relevant to deter-
minants of exposure was selected. It is probable that some relevant
studies were missed, in part because there is no standardized vo-
cabulary to describe this type of study for retrieval in literature
searches. It is hoped that subsequent articles on this topic will
expand this overview.

This review is divided into the following sections: overview of
determinants of exposure studies, experimental studies, observa-
tional studies, and data analyses to ascertain determinants of ex-
posure.

OVERVIEW OF DETERMINANTS OF
EXPOSURE STUDIES

Study Designs

Determinants of exposure have been studied using both experi-
mental and observational designs (Tables I and II).34% In exper-
imental designs, factors expected to influence exposure usually are
selected using theoretical models or prior evidence from the hy-
giene literature,57°1% though production personnel and work site
surveys may also provide vital clues.® In many cases the main
study question is not the identification of exposure determinants,
but quantification of the magnitude of effect or development of
controls for known high-exposure conditions. Study conditions
are altered in a controlled way under the direction of the investi-
gator, often in a laboratory setting. An example is the study of
Garrison and Erig,®® which aimed to optimize ventilation of a
confined space. They designed three differently shaped spaces and
tested the effect of high and low ventilation outlet positions and
exhaust versus supplied air on contaminant clearance.
Quasi-experiments take place in real work settings.(3406:8:%,10.14)
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The main effects under study are altered under investigator con-
trol, while other factors vary as usual in the occupational environ-
ment. This type of design is exemplified by Hornung et al.’s®
study of formaldehyde exposures in embalming. Although solu-
tion concentration, air exchange rate, and cadaver condition were
under experimental control, potential determinants such as spills,
humidity, and temperature varied as in any workplace.

Observational studies are conducted in actual employment set-
tings without investigator control.’54_ Although there may be
some effect due to the presence of a study team, the intent is to
examine the workplace under usual operating conditions. Walk-
through surveys, process documentation, and discussions with
plant personnel may provide the basis for selecting study factors,
though theoretical models and existing literature also contribute.
In any case, the potential determinants identified then must be
observed and documented throughout the study. Investigator
control of the variety of determinants studied exists only through
the selection of varied work sites, times, workers, etc. The study
of asphalt particulate by Hicks? is an example of an observational
design. It included more than 30 sites in several different asphalt
industries. Potential exposure determinants, including site char-
acteristics, exposure controls, personal hygiene practices, weather
conditions, and the asphalt temperature, were observed and re-
corded.

Study Objectives

While most studies of determinants of exposure are conducted
with an explicit focus on identifying major sources of exposures
or better means of control, many are performed as components
of epidemiological research, to provide a basis for assigning ex-
posure levels to employees for whom measurements are not avail-
able but determinants information exists (Tables I and II).

The purpose of the study may play a role in the choice of study
design. Experimental designs have been used most frequently for
studies developing new methods to control exposures.(57:9-14
However, the study by Hornung et al.,® described above, and
that by Cherrie et al.® used experimental setups to develop an
understanding of exposure determinants for epidemiological stud-
ies. In the latter, historical rock wool manufacturing processes
were simulated to reconstruct exposures retrospectively.

Observational designs have been used widely in investigations
aimed at either exposure control or epidemiological exposure as-
sessment. Although many studies conducted for epidemiological
purposes have collected new data in a way similar to studies for
exposure control, 363739424445 measurements of past exposures
may be more valuable for retrospective epidemiology. A number
of investigators have been able to retrieve data on historical ex-
posures and determinants for modeling.(15:17:20:2326.30) The study of
crysotile textile workers by Dement et al.,'”) for example, used
data collected between 1930 and 1975.

Studies conducted for exposure control may also differ from
those for epidemiological purposes in the type of determinants
studied. Jobs and departments may provide a sufficient predictive
model of exposure for an epidemiological study using job histories
to assign exposure,17:22:3244 but these ‘“determinants’ do not in-
dicate how to control exposures. For example, in the study of
exposures in animal feed production by Smid et al.,®® job cate-
gories were effective at defining exposures, but the level of detail
was insufficient to suggest control measures. Studies for exposure
control, such as Scheeper et al.’s® investigation of inhalable wood
dust, are likely to document factors that can more directly influ-
ence exposures, e.g., machine, task, raw materials, ventilation.



A number of investigations for epidemiological studies have
provided detailed information on exposure determinants that
could be used to direct controls.23:26:30.34.36.41:424%) For example,
Hornung et al.?% studied the impact of 17 different process, en-
gineering, and administrative controls on ethylene oxide exposures
in sterilization facilities as part of an exercise to model retrospec-
tive exposures. This is an especially useful combination of study
purposes, since if adverse health effects are observed in the epi-
demiological study, the exposure assessment data can be used to
identify where and how to control exposures.

EXPERIMENTAL STUDIES

Overview

Table I summarizes the exposures of interest, numbers of samples,
potential determinants tested under experimental conditions, sam-
pling design, data analysis methods, and proportions of variance
explained in the studies that used experimental methods to ex-
amine factors influencing exposure®-14

The experimental methods used tended to be simple. Most
investigators appear to have used a factorial design, though only
a few were explicit about this.(»® Full factorial designs include all
combinations of each level of every factor being tested in the ex-
periment and are usually balanced; i.e., they include the same
number of observations for each treatment. The greenhouse study
of Methner and Fenske? illustrates a simple experiment testing
three ventilation configurations, two pesticide application pres-
sures, and six applicators, for a total of 36 possible combinations.
In a more elaborate design, Plinke et al.®V tested three or four
levels of each of five factors thought to affect powder handling
(types of raw material, acrodynamic diameters, moisture contents,
dropping heights, and mass flow rates) resulting in over 300 dif-
ferent experimental combinations.

Potential Determinants Tested

Experimental studies tended to focus on likely direct sources of
exposure such as equipment,*>'* raw material characteristics,®!V
process characteristics,*¢51%1D or tasks.2Z) In addition, many
specifically aimed to test the effectiveness of particular control
measures, such as protective clothing, ventilation, dust filters, and
germicidal lamps.(3-10.12)

The main determinants being tested in experimental studies are
defined by the research design, and documentation of the study
setup is the basis for recording these factors. However, there may
be opportunities for factors outside the investigators’ control to
vary. Several investigators reported that their experimental trials
were randomly ordered, an important means to minimize the like-
lihood that unrecorded confounders affect results.*!% In some
studies, particularly quasi-experiments, factors that were not part
of the study design were recorded so that they could be checked
for systematic differences between experimental treatments and
adjusted for in statistical analyses.®” Measurement of these factors
can proceed in the same way as in observational studies, described
below.

Sampling Design

Among experimental studies using laboratory settings to test ef-
fects of potential exposure modifiers,®7-11-19 most conducted area
monitoring since workers tended not to be included in the ex-
periment. Measurements were usually gathered over very short

durations (i.e., seconds, minutes), often using direct-reading in-
struments.

As in laboratory experiments, investigators conducting quasi-
experiments in real workplaces®¢8-1%149 most often used measure-
ment periods considerably shorter than a full workday. However,
most used workers to perform or simulate work activities, and
measurements included personal and/or biological monitoring.
All, except the study by Archibald et al.® in five greenhouses, used
only one work site for their test environments, perhaps as a means
of limiting the number of experimental factors requiring control
or workplace factors requiring documentation.

The study of wood dust exposure control in hand sanding op-
erations by Topmiller et al.'* used both laboratory and work site
settings, and illustrates the usefulness of progression from labo-
ratory-based experiments in the initial design of control measures,
to field validation using quasi-experiments in a real workplace. In
the laboratory a sander, with and without a local exhaust plenum
attached, was moved by motors across a flat wood surface, while
20-second air samples were taken at nine adjacent locations using
a light-scattering photometer. In the field study chair factory
workers used sanders in normal work operations with and without
the plenum. The setting was controlled by placing the operation
within an enclosed room that isolated it from air movements and
dust from the rest of the plant. Short-term air samples were taken
using photometers. In addition, personal and area half-shift filter
samples were taken to help understand the overall impact of the
exhaust system on dust levels throughout a work period.

Almost all of the experimental studies reported fewer than 100
exposure measurements,36-1012149 jllustrating both the simplicity
and potential efficiency of experimental methods in which the
number of predictor variables studied are limited to a manageable
number.

Advantages and Disadvantages

Experimental studies may be the method of choice to study the
efficacy of proposed control methods where a task or a piece of
equipment has been identified as a principal source of exposure.
They may also be the only way to reconstruct past exposures that
no longer exist in industry.® An advantage of experimental studies
is the control a researcher has over the conditions under which
exposure is measured. This allows the investigator to vary condi-
tions that ordinarily may be constant in existing work sites, and
isolate other characteristics that might influence exposure.

On the other hand, experimental designs may miss many of the
diverse variables affecting exposure present in real work sites under
usual operating conditions. For example, where a worker was not
included in an exposure scenario, the influence of human char-
acteristics could not be determined.®¢11-13 The small number of
working environments studied may also lead to a lack of gener-
alizability. Observational studies can complement experimental de-
signs by providing opportunities to overcome some of the latter
limitations.

OBSERVATIONAL STUDIES

Overview

Table IT summarizes the exposures of interest, number of samples,
types of determinants documented during exposure measure-
ments, sampling strategies, data analysis methods, and proportions
of variance explained in the studies that used observational meth-
ods to examine factors influencing exposure.15-46
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The design of observational studies usually presents more dif-
ficulties to the investigator, because of the multiplicity of factors
in the workplace that may affect exposure. Since these factors are
not under experimental control, nor likely to occur randomly with
respect to each other, the ideal study design would document all
potential determinants of interest so that associations with expo-
sure are not mistakenly attributed. The problem then becomes
identifying a priori the majority of likely exposure modifiers so
they can be documented, then mounting a study of sufficient size
to permit data analysis accounting for all documented factors re-
lated to exposure. Where possible, random selection of sites, days,
and workers is an important strategy to increase the representa-
tiveness of the sample and to reduce the potential for systematic
biases in the resulting data, but observational designs cannot
achieve either the randomization of exposure determinants or the
factorial structure possible in experimental studies. In most cases
the organization of the work site means that certain determinants
are nested within others, rather than varying across all levels. A
related problem is that observational designs are less likely to be
balanced.

The resulting designs can still be simple if the study aims to
identify the determinants of exposure in one facility where the
number of processes, types of equipment, and tasks are limited.
For example, Hansen and Whitehead®® studied solvent exposures
in a single print shop. They monitored all seven press operators
on 3 consecutive days and looked for the relationship between
personal solvent exposures and ventilation, location, and the num-
ber of printing plate changes made in a day. However, such studies
cannot account for the effects of factors that do not vary within
a single job or plant. The larger study of Kromhout et al.,® con-
ducted in 10 rubber-manufacturing plants, was able to examine
the impact of differing production process characteristics, as well
as tasks, work location, ventilation, enclosure, and protective
equipment.

Potential Determinants Documented

Observational studies must document in detail those worker and
work site characteristics with a potential to influence exposure dur-
ing the measurement period. Table II indicates the breadth of
variables that have been documented in such studies: plant; age
of facility; work site construction materials; process; automation;
number of processes in operation; process conditions; raw mate-
rials; machinery; location; seniority of employees; number of em-
ployees; jobs; tasks; work practices; skin contact; training; indoor
versus outdoor work; ambient environmental conditions; day of
week; season; calendar year; ventilation; enclosure; and personal
protective equipment.

Some of these characteristics, e.g., long-term features of the
work site, are stable and can be documented at any time during
walk-throughs or by interviews with company personnel. This
kind of information may be all that is available in historical studies,
yet still may include very useful details on job, location, season,
calendar year, raw materials, product type, process conditions, en-
gineering and administrative controls, etc.17:2023.26.30) Qther char-
acteristics, such as process and ambient temperatures, require
physical measurements during each exposure monitoring period.

Characteristics associated with the workers’ daily operations,
such as tasks, locations, and equipment used, may change fre-
quently within work shifts and thus present their own special mea-
surement challenges. To collect information on these variables,
several approaches have been used, each associated with a different
type of exposure monitoring.
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Documenting Determinants during Full-Shift Personal
Sampling

When full-shift personal exposure is measured, the most obvious
method to describe frequently changing conditions of work is to
observe workers during exposure measurement. Information can
be recorded on tasks performed, machinery operated, raw mate-
rials used, and existing exposure control measures.(162%:27:4243) Eor
example, in the flour dust study of Burstyn et al.,(1® all monitored
bakers were observed for the entire duration of exposure mea-
surement, and information on tasks, machinery used, raw mate-
rials, personal protective equipment, and engineering controls was
recorded in 15-minute intervals.

The above approach is very labor-intensive; consequently task
profile diaries,(18:333¢) worker interviews,?7-?®) or questionnaires at
the end of sampling®*#® have been used as alternatives. Demer et
al.®® studied carbon monoxide exposures of custodians operating
propane-powered floor burnishers. The investigators attached log
sheets to the burnishers and instructed the custodians to complete
questions about schedule of use and locations where burnishers
were operated. In a study of the rubber-manufacturing industry,
Kromhout et al.?® interviewed subjects about tasks performed,
time spent on each task, the use of personal protective equipment,
ventilation, and process characteristics. While investigating the
causes of wood dust exposure in woodworking processes, Scheeper
et al.®® assessed potential determinants of exposure by having
monitored workers fill out a questionnaire designed to ascertain
the type of machine operated, type of wood used, use of local
exhaust ventilation, use of personal protective equipment, general
ventilation, cleaning methods, and use of compressed air.

Studies using questionnaires or interviews to collect information
on task duration may need to validate the methods of collecting
these surrogate measures. Kalliokoski?” found no significant difter-
ences in time estimates between direct observations and postsam-
pling interviews for 32 of the 34 tasks examined. However, in sim-
ilar comparisons, others have found that workers tend to overesti-
mate tool operation times*” and duration of chemical exposure,“®
often assigning half- or full-shift durations to dominant tasks, even
when their actual duration was considerably shorter.

Source-Oriented Sampling

Another approach to identifying factors contributing to exposure
is to measure contaminant concentrations close to and far away
from machinery, tasks, or processes considered to be potential
sources, using stationary samplers.(3>3843 Area sampling, however,
usually underestimates personal exposures and ignores worker-ma-
chine interactions.®® Thus, McDevitt et al.®» were unable to
identify specific tasks associated with exposure to antineoplastic
agents among nurses, because they took source-oriented samples
but did not collect information on worker behavior.

A combination of area monitoring and estimates of task dura-
tion at various locations may overcome this problem.12:27:38:43) Ka]-
liokoski®”) collected stationary exposure measurements at task lo-
cations where workers spent most of their work time. The inves-
tigator found a linear correlation between measured personal full-
shift toluene exposure and toluene exposure predicted on the basis
of area samples and self-reported time spent in each area. Thus,
using area sampling to identify locations at which high exposures
occur can be an important clue to understanding the determinants
of full-shift exposures.

Task-Specific Sampling

If exposure is suspected to occur in a series of peaks associated
with certain activities, a task-specific sampling strategy can be ap-
plied 22243449 provided that the duration of the task is sufficiently
long to collect a detectable contaminant mass.(3#2)



Hansen and Whitehead®® estimated the proportion of time
spent by printing plant workers on different tasks by observing
them over short, sequential time intervals. To ensure a represen-
tative sample of worker activities, they first observed production
cycles and found that the duration of tasks in the plant varied from
6 to 60 minutes. Therefore, to capture all tasks performed by an
individual, instantaneous solvent exposure was measured in the
breathing zone every 5 minutes, giving a surrogate of the real-
time exposure profile for every worker in the plant, task-specific
exposure levels, and an estimate of the workers” time-weighted
average exposure.

Thus, either short-term or long-term sampling can be used in
studies of tasks determining exposure, depending on measurement
techniques and the nature of exposure. It is worth noting that
short-duration tasks, even if highly exposed, might not be asso-
ciated with a full-shift average exposure. Where a relationship ex-
ists, it may not be detected in statistical modeling unless the task’s
duration is estimated and included in the model.?®

Videotaping Worker Activities Combined with Real-Time
Exposure Measurements

Establishing a relationship between exposure and tasks of very
short duration poses a considerable challenge. Since 1985, ad-
vances in technology have allowed researchers to combine real-
time exposure measurements for some agents with videotaping of
workers.5%5 Such techniques can be useful for studying tasks or
emissions of very short duration, yielding new insights into deter-
minants of exposure. They also allow investigators to analyze an
individual’s interaction with machines and equipment and observe
the influence of individual differences in working practices.

There are a number limitations to such an approach. The most
important is that it assumes that the influence on exposure of tasks
being videotaped will be instantaneous and therefore easily iden-
tifiable. Bennett et al.? used deterministic modeling of formal-
dehyde generation rates in combination with real-time measure-
ments to isolate tasks with the greatest impact on embalming ex-
posures. They illustrated that prior emissions or inefficient control
processes may obscure relationships between specific tasks and
continuously measured concentrations. A related problem is that
measurements taken over short intervals within a sampling day are
likely to be autocorrelated, requiring special procedures in data
analysis.5%) In addition, direct-reading instruments suitable for
real-time exposure measurement may not be chemical-specific,
problematic where multiple exposures exist.

Finally, since these techniques are newly emerging and are
equipment- and labor-intensive, studies using them may include
only small samples of time and workers, likely underestimating the
variance of exposures and the number of potential determinants.
The videotaping technique may work best as a follow-up to a more
traditional observational study of exposure determinants, as a
means of understanding within-shift sources of exposure among
specific workers, jobs, or locations previously identified as exposed.

Sampling Strategy

The strategies used to collect data in observational studies were
not always reported in detail, but it is clear that distinctly different
choices were made about the number of sites, the period of sam-
pling, and the number of workers and repeated measurements per
individual.

Sites Studied

Many studies investigated determinants in a single plant or facili-
ty.(15:17,19.21.22.24.29.37.40) For example, Amandus et al."® studied mor-
bidity and mortality in vermiculite miners and millers from one

company, and Elias et al.?V studied the impact of design changes
on ethylene oxide exposures in one hospital sterilizing area. While
these data may serve as models for potential exposures and their
determinants in similar workplaces, studies of multiple sites have
the advantage that their results are more likely to be generaliz-
able.(lﬁ 18,20,25,26,28,30,31,35,36,39,42.43) For example, Preller et al.<36) ex-
amined endotoxin exposure in almost 200 pig farms, and Eisen et
al.®"” investigated respirable dust exposures in 69 granite sheds.
Assuming the sites were selected in an unbiased manner, the po-
tential determinants observed in such studies should be represen-
tative of those found in the industry. Hicks’s study®® of 31 asphalt
industry sites stratified site selection to ensure representation from
five sectors of the industry.

Time Period Studied

Most investigators measured exposures and determinants on con-
secutive or randomly selected days over periods of weeks or
months within a single year.(10:1822.27.28,31,32.36-39,41,42,44:46) A few,
where outdoor ambient conditions were suspected to influence
exposure levels, stratified measurements by season.(#14) Some
studies included historical measurements collected over periods
ranging from 2 to 29 years.15:17,20:2326.30) Since the purpose of these
studies was to estimate historical exposures of workers for epide-
miological analyses, understanding exposure determinants over a
long period was particularly relevant. Unique to studies for ex-
posure control, Kumagai et al.?* collected cobalt samples in the
Japanese hard metal industry prospectively over a 5-year period.
In studies examining autocorrelation of exposure measure-
ments, relatively little correlation has been found between mea-
surements taken on consecutive days;®3%% however, estimates of
exposure variability have been shown to increase with the interval
between measurements.®+%¢ Measurements taken over periods
longer than a year appear to exhibit systematic changes (lack of
stationarity).(” Therefore, except for exposure studies used in as-
sessing chronic disease risks, an approach using several sampling
campaigns covering conditions representative of an industry with-
in a year would appear to be a reasonable one. Selecting measure-
ment periods at random should maximize the likelihood that the
data are representative, ensure that they meet the assumptions of
data analysis methods, and facilitate interpretation of results.5+5

Workers Studied

Almost all the observational studies used personal exposure mon-
itoring.(18-17:12:20,22.23.25-29,31.33.34.36-46)  Among those reporting the
method of selecting study subjects, some included all willing par-
ticipants on site,(1622:2438:39:42) apnd others took random samples of
the work force within job categories. (28241

Although a few investigators reported sampling each study sub-
ject once,1:22:25.3L.334%) most monitored each participant on several
occasions, usually with 2 to 5 repeat measurements per work-
er,(24:28.36,38-4042,43:45) though Kumagai et al.?* had up to 10 repli-
cates per subject.

Repeated measurements of workers allows researchers to dis-
tinguish the within- and between-worker components of variance
(22:36.38.4040) and allows modeling of the separate determinants of
each.®® Several recent studies have provided limited data sug-
gesting that certain types of exposure determinants are more likely
to affect variability within-day (e.g., short-term changes in tasks
or processes), day-to-day (e.g., daily changes in tasks, processes,
production, ventilation, and ambient conditions), and person-to-
person (e.g., work station and equipment assignment, work prac-
tices).22:5859) An understanding of such variance components
(within workers, between workers, and between groups) has also
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been shown to be valuable for optimizing exposure groups in ep-
idemiological research.(©®

Given limited resources, a rescarcher must decide how best to
ensure that the most important exposure determinants are includ-
ed in a study by considering the balance of multiple work sites,
number of workers, and number of replicates per worker. As few
as two replicates per subject for a random subset of subjects may
be sufficient for distinguishing within-worker exposure variabil-
ity.?%%%) Some investigators have chosen sampling strategies with
a single measurement per individual in favor of maximizing the
number of workers and sites sampled and thus the number of
hypothesized determinants captured in their studies.(16-33:45) Exist-
ing measurement data and observations of the work process before
monitoring may suggest to investigators how potential determi-
nants vary, and aid decision making in this element of sampling
strategy.

Most observational studies included more than 100 samples of
cach agent,(2325:2829.33-42:44-40) ipcluding five historical studies each
of which retrieved more than 1000 measurements.(1%:17:20:26.30) Sey-
eral studies had fewer than 50 measurements; these usually did

not use empirical modeling or inferential analyses to interpret re-
sults.(18:19,21,22,31,43)

Advantages and Disadvantages

Although observational studies can vary greatly in the sophistica-
tion of their aims and resulting designs, they offer the potential
for industrial hygienists to identify a multitude of exposure deter-
minants that arise in the complex circumstances of occupational
environments. However, as a direct consequence, the investigator
must deal with much greater complexities in determinant docu-
mentation, decision making about sampling strategies, and sub-
sequent data analyses.

DATA ANALYSES TO ASCERTAIN
DETERMINANTS OF EXPOSURE

Analysis of data gathered in experimental and observational
studies of determinants of exposure does not differ fundamen-
tally from the drawing of inferences from any other data set. To
illustrate common issues faced in modeling exposure determi-
nants, the authors address certain features of the analyses per-
formed in the studies reviewed: transformation of the exposure
variable, correlation of predictor variables, empirical model build-
ing, interpretation of results, and validation of results.

Transformation of the Exposure Variable

In almost all of the studies included in this review, the exposure
variable was log-transformed (Tables I and II). Several reasons
were given, including evidence from statistical tests that the ex-
posure distribution was log-normal ,(1:25:33:38.45) skewness of the un-
transformed data,®?6#? and stabilization of the variance.®® Hor-
nung et al.?® noted that the assumption of normality of the de-
pendent variable is not critical in model building, but preferred to
transform the exposure data to provide assurance that no negative
exposure estimates would be produced since the ensuing model is
multiplicative. Although this is an advantage of log transforma-
tion, the multiplicative nature of the model also means that inter-
pretation of the coefficients derived for each factor is not as
straightforward as with an additive model (i.e., with exposure un-
transformed).

Several investigators used their exposure data in other forms.
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Methner and Fenske’s data'® describing air and dermal exposure
to a fluorescent marker approximated a normal distribution, so
was left untransformed. Lemasters et al.3%¢D dealt with residual
skewness in styrene data after an initial log-transformation by add-
ing 1 to the exposure measurements prior to log-transformation.
This method can also be used to handle zero values (which cannot
be log-transformed), but interpretation is somewhat complicated
because the resulting models are no longer simply multiplicative.
Nieuwenhuijsen et al.®® used a gamma distribution to model de-
terminants of exposure to rat urinary aeroallergen. Hicks?® and
Nieuwenhuijsen et al.®® found that some of their data were not
normally distributed with or without transformation, so used non-
parametric statistics.

Exposures Below Detection Limits

The exposure variable may also be fully or partially transformed
to handle observations where there is no exposure or where ex-
posures are less than the detection limit. Some investigators have
dichotomized the exposure variable and used logistic regression as
the analysis method. In a study using farmers’ self-reported du-
ration of exposure to dust, noise, and pesticides, Nieuwenhuijsen
et al.®® used this method to manage large numbers of subjects
reporting no exposure. Teschke et al.*?) used this treatment as one
method to deal with a large proportion of cobalt and chromium
measurements below detection limits. Other authors reported
more traditional methods for handling data below detection limits,
including division of the detection limit by 2 or the square root
of 2,164 and random selection of a value between 0 and the
detection limit from the underlying data distribution.“® Some in-
vestigators have recommended that analytical laboratories provide
whatever quantitative data is available for observations below the
detection limit for use in modeling, since it is likely to be of better
quality than fill-in values for left-censored data.®*?

Correlation of Predictor Variables

Independence between predictor variables is an important issue in
modeling exposure, since there are many opportunities for poten-
tial determinants to be related. Examples include relationships be-
tween times devoted by a worker to different tasks, between lo-
cation and job, and between season and ambient environmental
conditions. The assumptions of regression analysis require that
predictor variables be independent, and a regression model can be
difficult to interpret in the presence of multicollinearity. A number
of authors reported checking for correlation between variables pri-
or to modeling.(16:26:3¢)

To prevent problems from modeling with correlated variables,
several approaches have been used. Burstyn et al.1® chose to offer
in the model single variables among those correlated, selecting
variables whose effects were most likely to be easily interpreted.
Nieuwenhuijsen et al.®® developed three separate models after di-
viding tasks into distinct groups. Lemasters et al.?%¢D used a hi-
erarchical structure for analysis of independent variables that were
correlated because they were nested. Teschke et al.“? restricted
analysis to tasks that directly increased exposure, since tasks that
passively reduced exposures (e.g., attending meetings) were con-
sidered less important to model, but were strong negative corre-
lates of exposed tasks. Hornung et al.?® chose to create a new
variable from the combination of job and location, which were
highly correlated.

This last strategy can also be performed objectively using prin-
cipal component analysis in which correlated variables are com-
bined to create “factors” that are independent of all other factors



and represent components shared by several of the original pre-
dictor variables. There can be problems if the factors created are
difficult to interpret, e.g., if variables with no known theoretical
relationship are combined. This method was not reported in any
of the studies reviewed.

Empirical Model Building

Some investigators tested the association with exposure of only a
single independent variable using simple regression for continuous
predictor variables®132427) or one-way analysis of variance (one-
way ANOVA), Kruskal-Wallis, or t-tests for categorical vari-
ables.22% Such analyses indicate whether a variable is associated
with exposure, but usually do not provide useful predictions be-
cause they oversimplify the description of the work environment.
Since more than one potential predictor of exposure was experi-
mentally altered or observed to vary in virtually all the studies,
most investigators developed models using techniques that accom-
modate more than one predictor variable: ANOVA, analysis of

covariance (ANCOVA), multiple linear regression, or logistic re-
gr68810n.(6 8.9,11,16,17,20,23,26,28,30,33,35,39,41,42 44-46)

Because of the control inherent in experiments, these designs
were likely to be balanced, allowing analysis using classical statis-
tical methods. (81014 In quasi-experiments, work ite characteristics
other than the main effects being tested may vary during the study
period and require inclusion in the analysis. Hornung et al.®® in-
cluded uncontrolled covariates in their model of embalming ex-
posures using ANCOVA. Unbalanced data, with different num-
bers of exposure measurements for each combination of indepen-
dent variables, was much more common in observational studies.
Several investigators performed ANOVA, ANCOVA, or regression
using more general algebraic formulae (general linear modeling)
that handle data in this form.(:20:26.28.30.33.41)

Many of the observational studies included repeated exposure
measurements on individual workers, requiring analytical methods
that account for potential within-subject correlation beyond that
explained by the independent variables. Several methods can be
used in this situation. Kumagai et al.,?® Scheeper et al.,®® and
Zock et al.#® used an ANOVA model with random effects nested
within a worker. Teschke et al.#» used generalized estimating
equations with robust variance estimates. Preller et al.®® tested
the correlation between the repeated measures, found it to be low,
then treated each measurement as independent. It is interesting
to note that none of the studies using historical measurements
reported the number of replicates per subject, possibly because
data identifying individuals was missing or withheld to maintain
confidentiality.(15:17:20.2326.30) Syuch studies would be unable to ac-
count for possible correlation between replicates. Given Preller et
al.’s result,*® and those of investigations that have found little
autocorrelation in exposure time-series, 3% this may not be a
problem.

Decisions about the designation of variables as fixed or random
effects and nesting variables within a hierarchical structure have
importance beyond the issue of replicate measurements of sub-
jects. As an example, Lemasters et al.?%¢D used hierarchical mixed-
effect ANOVA to estimate sources of variability in styrene levels.
In the analysis process/route-of-exposure categories were treated
as fixed effects, since they were defined by the study protocol rath-
er than selected from a pool. The remaining variables, company,
date, and person, were considered random effects nested within a
hierarchical structure. The authors noted that ignoring the hier-
archical nature of data can result in underestimation of variance.
The same would be true of wrongly designating a variable as a

fixed effect, since it does not then contribute to the total variance
estimate.

Interpretation of Results

Among both experimental and observational studies reporting
proportions of variance explained by the determinants measured,
many included models accounting for more than 50% of the ex-
posure variability, indicating that for many scenarios, occupational
hygienists would be able to understand factors associated with ex-
posure VCI‘y \Vell.(i,ﬁ,s,‘),l1,16,24,26728,33,44746)

Whether the determinants identified will direct the researchers
to methods of exposure control depends on the character of and
relationship between factors included in the model. Such factors
as facility, job, and day may simply identify high exposure condi-
tions that then require further study. Difficulties in interpretation
may also occur with task or control variables. Some examples of
interpreting regression coefficients and data with missing combi-
nations of variables follow.

Regression Coefficients

In many cases, regression coefficients simply reflect the direct ef-
fects of exposure sources or control measures. Scheeper et al.®
and Kromhout et al.®® found negative associations between the
presence of local exhaust and wood dust exposure in a joinery, and
fume exposure in curing rubber, respectively, indicating that ven-
tilation was effective in reducing the exposures. However, a neg-
ative coefficient can also represent tasks, conditions or equipment
for which exposures are lower than the reference level represented
by the intercept in the model, but which are passively, not actively,
reducing exposure. For example, in the study by Scheeper et al.,®%
time spent finishing wood was negatively associated with dust ex-
posure due to the fact that ““no activities with exposure to wood
dust took place” in finishing. A negative regression coefficient can
also represent exposed tasks, conditions or equipment that are cor-
related with more highly exposed activities in such a way that they
take time away from greater exposure opportunities. The latter
situation was encountered in a study of bakeries by Burstyn et
al..19 A mixing task was performed in combination with pouring
(which entailed higher exposures); consequently, time spent mix-
ing had a negative regression coefficient when time spent pouring
was included in the model, but a positive coefficient in univariate
analysis.

Missing Combinations of Variables

In experimental studies with full factorial designs, all possible com-
binations of variables are used, so interactions between determi-
nants can easily be tested in the ensuing models.® In observa-
tional studies it is likely that certain combinations of determinants
of exposure may not be observed. In such circumstances it is not
possible to examine interactions for the missing combination of
predictor variables. For example, in their study of flour dust ex-
posure in bakeries, Burstyn et al.’® were not able to establish
whether substitution of dough-brakers with reversible sheeters in
puff-pastry making would reduce exposure, because this combi-
nation of factors was not observed in the study. In this case the
combination was missed by chance, therefore, additional sampling
might be scheduled. If the combination of determinants simply
never occurs in industry, it may be necessary to subdivide the data
set in analysis. For example, Kromhout et al.?® constructed sep-
arate exposure models for different production functions in the
rubber manufacturing industry, prior to constructing a model for
the entire industry.

A related difficulty with observational studies is that only those
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determinants that vary in the studied population can be examined.
Thus, in the study of the rubber manufacturing industry by Krom-
hout et al.®® it was not possible to examine the effect of some
tasks on exposure, since they were performed for the same dura-
tion by all workers. Similarly, Hansen and Whitehead®® were not
able to comment on the effect of ventilation on solvent exposure,
since there was no variation in measured air velocities in workers’
breathing zones.

Validation of Results

A number of studies examined the validity of their results. Hei-
nonen et al.” and Plinke et al.*® compared their laboratory-based
empirical models to deterministic models based on physical prin-
ciples. Topmiller et al.0® first tested a new local exhaust system
for a handheld sanding machine in a laboratory setting, then re-
evaluated its performance in field conditions in a chair factory.
Evaluation of exposure before and after interventions can verify
whether sources of exposure have been correctly identified in prior
observational studies. To investigate the importance of sources of
hospital sterilizer ethylene oxide exposures identified in the liter-
ature, Elias et al.?Y conducted source-oriented sampling for the
duration of specific tasks before and after the implementation of
control measures designed to reduce emissions from these sources.

Repeated analyses using subsets of the data, analyses using dif-
ferent methods, or sensitivity analyses can also be used to test
validity.®® Plinke et al.'» constructed a model of exposure deter-
minants on a random subset of 75% of their dust exposure data
and compared this with a second model built using the remaining
25% of the data. Hornung et al.®® used a similar approach in their
observational study of ethylene oxide exposures. The validation
exercise was conducted using data withheld from six randomly
selected plants (20% of the data). This was a more severe test,
more clearly examining the generalizability of the original mod-
el.(e»

Validity testing with data subsets demands large data sets, so
other methods may be used where this is not available. Teschke
et al.#? evaluated their model of cobalt and chromium exposure
determinants in several ways: sensitivity analyses for different fill-
in values for concentrations below detection limits; comparison of
a logistic regression model to the multiple regression model; and
comparison with the results of the exposure-response analysis. In
Hallock et al.’s study of printers’ exposures to solvents,?® sensi-
tivity analyses were conducted with and without outliers.

An empirical model of exposure can also be evaluated by solic-
iting expert opinion or examining published data. Preller et al.3®
interviewed specialists in pig farming to ascertain whether the
identified causes of exposures in Dutch pig-farming were reason-
able. In the quasi-experimental study of formaldehyde exposure in
embalming, Hornung et al.® tested their results by examining
agreement with exposures assessed subjectively by industrial hy-
gienists and with results in the published literature. Hallock et
al.,®¥ in their study of machining fluids, also used comparisons
with the published literature.

CONCLUSIONS

his review illustrates the wide variety of approaches that have
been developed to elucidate determinants of exposure, reflect-
ing the diversity of the industrial settings under which exposures
occur, the different goals of the investigations, and the available
study designs. There appears to be an interplay between exposure
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determinants studies, creating a continuum of study types. Ob-
servational studies are usually used to identify sources of exposure
requiring attenuation. Control measures may then be developed
and tested in experimental studies, and reevaluated in the work-
place. Determinants of exposure studies may also form compo-
nents of epidemiological investigations. These studies can identify
subsets of the work force in whom health effects are occurring
and suggest means to minimize etiologic exposures.

The complexity of factors with the potential to influence ex-
posures demands careful choices for optimal study design. The
often sophisticated measurement strategies, in turn, give rise to
complex data sets, making modern statistical packages an essential
tool in the practice of industrial hygiene. Many occupational hy-
gienists may feel more comfortable seeking statistical consultation
for the sampling design and data analysis aspects of these studies,
but this should not dissuade them from investigating determinants
of exposure. The documentation of potential exposure sources and
controls is a relatively simple addition to exposure measurement
studies, one that promises to enrich our understanding of work
sites and provide vital information for controlling occupational ex-
posures.
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