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Relatively few investigators have estimated quantitative exposure levels in epidemiologic studies, and, for those
that have, few have discussed the strengths and weaknesses of their estimation method with respect to other
methods. This paper reviews the steps for developing quantitative exposure estimates that have been used in
published studies. First, the qualitative considerations to be evaluated in the selection of the agent to be
estimated (ie, the disease mechanism, the effects of exposure mixtures and interactions, the physical state of the
agent, and the routes of exposures) are discussed. Considerations for developing exposure groups are then
presented, including work history and exposure information characteristics, the homogeneity of exposures
within exposure groups, the exposure estimation method, and the disease risk analyses to be performed. The
various exposure estimation approaches are reviewed for their strengths and weaknesses, including the calcula-
tion of the mean exposures from existing exposure measurements, statistical models, measurement data from

surrogate exposures, and professional judgment. Recommendations for future studies are provided.
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One of the key criteria in the establishment of causal
links between occupational hazards and disease in epide-
miologic studies is the existence of a dose-response asso-
ciation (1). Measurements of dose (internal concentra-
tions of an agent) are rarely ever available, so that the
concept of exposure (external concentrations) has been
substituted for that of dose. Exposure measurements are
much more common than dose measurements, but they
are seldom available except for more recent years. Be-
cause occupational exposures are difficult to assess with-
out measurements, surrogate measures, such as ever or
never employed, duration of employment, and qualita-
tive or semi-quantitative estimates, have typically been
used to investigate exposure-response associations. The
limitations of these approaches have been described else-
where (2).

In spite of the crudeness of these approaches and the
inherent exposure misclassification that undoubtedly ac-
companies them, these approaches have been successful
in observing associations and establishing causality. The
environment in which epidemiologic research on chronic
occupational hazards has been conducted has changed,
however, over the last 20 years. First, there is an in-

creased emphasis, both in the private sector and in regu-
latory agencies, on quantitative risk assessment for eval-
uating the potential relationship between exposure and
health effects. A second change is that relative risks
arising from exposures of concern today may be smaller
than the risks from exposures (eg, asbestos) evaluated
historically (3). For diseases with large relative risks,
excesses can be observed even when severe misclassifi-
cation occurs (such as what might occur using ever-
never and duration analyses). However, the impact of
misclassification on investigations of diseases with lower
risks may cause associations to be missed unless the
misclassification is diminished by better exposure esti-
mation. Third, the mechanisms of disease for the expo-
sure being investigated is usually not well understood
and may not be as straightforward as simply accumulat-
ing exposure over subjects’ lifetimes. In such situations,
the exploration of different exposure measures may be
useful (4), but the absence of quantitative exposure esti-
mates makes such an exploration difficult. A fourth
change in the environment of occupational health re-
search in the United States is the increased practice of
monitoring airborne and, to a more limited extent, der-
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mal exposures. Although it is unlikely that there will
ever be enough appropriate monitoring data to develop
personal exposure estimates for each worker for all years
of a disease with a long latency, for recent years there are
often sufficient numbers of monitoring results with which
to estimate exposures. The availability of these data fa-
cilitates the development of exposure estimates and can
increase the likelihood of finding an association over the
more traditional methods (5).

As a result of these changes in the research environ-
ment, interest in, and emphasis on, the development of
quantitative exposure estimates in occupational cohort
studies has increased (6). The procedures to develop
such estimates have not been standardized, however. Al-
though this lack is likely to be due, in part, to the relative
newness of the exposure assessment field, it is also a
reflection of differences in the availability of monitoring
results and other exposure data from study to study. The
goal of this paper is to review the steps of the quantita-
tive exposure assessment process with an occupational
cohort study design. Quantitative assessment is defined
as developing exposure estimates with units of measure-
ment, such as parts per million, and not scores or evalua-
tions such as low, medium and high.

First, some considerations for the identification of
the exposure agent of interest are described. These in-
clude disease mechanisms, the effect of exposure mix-
tures and interactions, the physical state of the agent, and
the routes of exposures. Considerations for forming ex-
posure groups are then discussed, including work history
and exposure information characteristics, the homoge-
neity of exposures within exposure groups, the estima-
tion method and the disease risk analyses to be per-
formed. Finally, quantitative assessment methods used
to develop historical exposure estimates in the occupa-
tional cohort study design are reviewed. These methods
include the use of measurement data of the agent of
interest, statistical models, measurement data from sur-
rogate exposure agents, and professional judgment. Rec-
ommendations for future studies are provided.

Some qualitative considerations

Identifying the exposure of interest in some studies may
be straightforward. In others, however, it may be diffi-
cult, because it is not always immediately obvious what
exposure agent should be assessed; choice of the wrong
agent can result in an association remaining unobserved.
First the agent assessed should be one for which a bio-
logically plausible mechanism is expected from toxico-
logic studies. For example, the investigation of laryngeal
and lung cancer led investigators to evaluate the size of
machining fluid aerosols (7) and man-made mineral
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fibers (8), respectively. Mixtures of agents can increase
the complexity of the exposure assessment (9) because it
may not be clear which agent in the mixture is the causa-
tive agent or, alternatively, there may be several causa-
tive agents in the mixture. Complicating this issue is the
fact that the agent of interest may be difficult or impossi-
ble to analyze. Therefore evaluating a surrogate expo-
sure agent may be more feasible. For example, hexava-
lent chromium is generally used as the marker for a
variety of chromium compounds even though they have
widely varying toxicities.

Second, the exposure agent can be present in several
physical states. If the agent is in the gaseous or vapor
state, particulates are not present and dermal and inges-
tion routes are not important, an evaluation of the gas or
vapor is sufficient. If particulates are also present, how-
ever, the gas or vapor can be adsorbed onto the particu-
late or it may off gas from the particulate. For example,
in a study of formaldehyde workers, formaldehyde, form-
aldehyde-releasing particulates, and other particulates
were present simultaneously in several of the companies
under study (10). The authors did not find a risk for
nasopharyngeal cancer from exposure to formaldehyde
except when it was associated with particulates (11).
Finally, it is important to evaluate exposure from all
routes of exposure to determine their importance to total
dose. In the case of pesticides, for example, dermal ex-
posure, not airborne exposure, is usually the primary
route of exposure.

Formation of exposure groups

The underlying goal of exposure assessment is to devel-
op estimates of exposure for each agent of interest. We
use the term “exposure estimation class” to describe the
administrative or environmental class for which investi-
gators develop exposure estimates. Historically, in co-
hort studies, a plant or department was used as the expo-
sure estimation class. More recently, the job has become
the typical exposure estimation class. Ideally, however,
the exposure estimation would have made for the indi-
vidual study subject. Because measurement data are not
usually available for most persons over the study period,
however, and because it is usually not practical to de-
velop exposure estimates for individual subjects even if
they are available, investigators develop exposure groups
of persons with similar exposures.

The term homogeneous exposure group has been
recently popularized to identify groups of persons who
experience exposures similar enough that monitoring of
any worker in the group provides data useful for pre-
dicting the exposure of the remaining workers (12). This
definition is often interpreted to mean that workers



holding the same job are in the same homogeneous
exposure group (13). The variability of exposures
within a job, however, may be greater than traditionally
recognized (14), and so for this reason the term expo-
sure group rather than homogeneous exposure group
has been used in this report to describe the estimation
class.

The exposure estimation class selected depends on
the particular characteristics of the data. The detail of the
records by which study subjects are linked with task
assignments (eg, personnel records) and by which tasks
are related to exposure (eg, industrial hygiene records)
influence how specific the exposure estimation class can
be. In many cohort studies employer personnel records
are used to identify subjects by job title, department, and
year, and exposure levels are calculated or inferred for
job-department-year combinations. Where the records
lack information on job tasks, however, it may be neces-
sary to select a different exposure estimation class (ta-
ble 1). For example, in a study of miners, the personnel
records did not identify the section of the mine in which
study subjects worked and some records did not identify
the job title or the mine (15). Mine section was therefore
ignored, and the subjects were grouped by occupational
group and mine, mine where the job title information
was missing, and year where both job title and mine
information were missing.

The second consideration in selecting the exposure
estimation class is the availability of exposure informa-
tion. Exposure information may be quantitative (eg, mea-
surement data) or descriptive (eg, job descriptions). In
general, if only measurement data are used for estimat-
ing exposures, the exposure estimation class is likely to
be less homogeneous with regard to the exposure level
than if other data are also used. In a study of man-made
mineral fiber workers, for example, measurement data
were so limited that all jobs within a facility were
grouped and given the same exposure mean (16), and
therefore distinction could not be made between higher
and lower exposed workers.

The exposure estimation method can also affect the
selection of the class of estimation. The class must gen-

Tahle 1. Examples of exposure estimation classes.

Stewart et al

erally be based on broader categories if sole reliance is
placed on exposure measurement data because the
number of measurements is usually limited. For exam-
ple, only eight job categories were developed in a study
that used regression analysis to predict exposure levels
of ethylene oxide workers (17). Alternatively, if qualita-
tive information is used to supplement measurement data,
a more specific level of estimation may be possible, and,
potentially, the homogeneity of the exposure within each
group is increased.

An evaluation of the homogeneity of exposures for
persons within an exposure group can be examined when
sufficient measurement data are available. For example,
in a study of styrene users, investigators conducted a
variance components analysis and determined that the
variation of the exposure measurements could be at-
tributed to the sampling date and to company and indi-
vidual variation (18). Little exposure variation among
job titles was found, however, after product, process and
type of exposure (direct or indirect) were accounted for.
Consequently, job title was ignored and risk estimates
were developed for combinations of product, process
and exposure type. Where measurement data are not
available, a careful examination of the tasks, locations,
and time spent at the tasks and locations can help to
determine if these characteristics are likely to result in
different exposures. If it is found that the members of a
presumed exposure group are actually not homogene-
ously exposed, that is, that the exposure means are very
different, formation of different exposure groups may be
necessary. For example, in a study of acrylonitrile work-
ers, variation in exposures was considerable among engi-
neers in several of the plants in the study because the
time the engineers spent in the acrylonitrile unit varied
from 0% to 100%. Assigning the same exposure estimate
to all engineers in these plants would introduce substan-
tial misclassification to the exposure estimates. One of
the authors (PAS) therefore created several exposure
groups of engineers based on the differences of time in
the acrylonitrile unit. Another consideration when devel-
oping exposure groups is that persons within an exposure
group must be affected similarly by changes in the work-

Reference Exposure estimation class

Influencing factors

Rice et al (27) Task-product

Hornung et al (17) Job-location

Seixas et al (15) Occupational group-mine-year

Mine-year, year

Lemasters et al (18)
Dement et alf (29)
Dodgson et al (16)

Product-process-exposure type
Uniform task-expostre zones
Facility-year

Large number of facilities
Few measurements relative to number of facilities and tasks monitored

Limited measurement data
Method of estimation

Section of mine not identified in personnel records or
measurement data
Job title, mine often missing

Limited measurement data
Short-term task and area measurement data
Limited measurement data
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Tahle 2. Quantitative exposure estimation approaches described
in accupational epidemiolagic papers published in 1985—1995.

Approaches Number Percent
Calculation of means 25 35
Calculation of time-weighted averages 5 7
Interpolation 2 3
Statistical models 4 5
Surrogate exposures 2 3
Professional judgment 34 47
Total 72 100

place so that the homogeneity of exposures is maintained
over time.

Individuals within an exposure group must also be
similar for all exposure measures being evaluated. Thus,
if disease risks are to be evaluated for both peak and 8-h
time-weighted average (TWA) exposures, either all peo-
ple assigned to an exposure group must have the same
peak levels and the same TWA levels or two sets of
exposure groups will be necessary. The latter situation
may be more typical because different exposure meas-
ures are not necessarily correlated. In a study of formal-
dehyde workers, for example, the correlation between
different measures of exposure was evaluated and found
to vary widely from plant to plant (19). For peaks and
8-h TWA values the overall correlation for all the plants
was 0.5, but it ranged from 0.1 to 0.8 across the 10 plants
in the study. Thus developing exposure groups for one
exposure measure and using them for a second could
cause enough misclassification to obscure an association
with the disease of interest. As interest in other exposure
measures increases, more precise exposure groups or
more sets of exposure groups become necessary. Control
for confounding occupational exposures or evaluating
disease risks for several exposures increases the com-
plexity of developing exposure groups, as persons within
each exposure group must be homogeneous with respect
to these exposures also.

Development of quantitative exposure estimates

After exposure groups are developed, the next step is to
set up exposure estimates. We reviewed occupational
cohort studies published over the last 11 years (1985—
1995) in six journals that focus on occupational expo-
sures and disease to determine what estimation tech-
niques have been used (American Industrial Hygiene
Association Journal, American Journal of Industrial
Medicine, Annals of Occupational Hygiene, Applied Oc-
cupational and Environmental Hygiene, British Journal
of Industrial Medicine, and Scandinavian Journal of
Work, Environment & Health). The use of quantitative
exposure estimates was indicated in 72 epidemiologic
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studies or methods papers. In general, three approaches
to the estimation of exposure levels were used (table 2).
One-third of the papers (N = 25) indicated that the pri-
mary estimation technique was the calculation of mean
exposures from monitoring results, and almost half
(N = 34) described a professional judgment approach. In
the remaining studies the primary estimation technique
was the calculation of TWA values from area or short
duration measurements weighted by time, the interpola-
tion of exposure from measurement data, or the use of
statistical models or surrogate exposure measurements to
predict exposures.

For the purposes of this review, these estimation ap-
proaches can be grouped into arithmetic calculations,
prediction models, and professional judgment.

Arithmetic approaches

Arithmetic calculations include (i) the calculation of
means directly from measurements, (ii) the calculation
of TWA values using short duration or area measure-
ments weighted by time, and (iii) interpolation of mea-
surement data.

Calculation of means from measurement data. Full-shift,
personal measurement data are the best resource for de-
veloping quantitative exposure estimates of 8-h TWA
values. When such measurements are available over most
of the jobs and years of the study, arithmetic or geomet-
ric means can be used as the estimates of exposure.
Arithmetic means have been suggested as being prefera-
ble when cumulative exposure is being estimated be-
cause cumulative exposure assumes a linear exposure-
response model (ie, that every molecule counts equally)
(20). Simple means or means of means have been used
as estimates of exposure. Calculating means is attractive
because it is simple, reproducible, and requires few as-
sumptions. This approach requires, however, sufficient
monitoring results across jobs and over the study period
to complete all or most of the exposure group-year com-
binations, or “cells,” needing estimation. Because this
abundance of data does not usually occur in studies of
diseases with long latency, total reliance on means calcu-
lated from full-shift, personal monitoring data is usually
not possible.

The monitoring results used to estimate historical
exposures can be current, historical, or both, but mea-
surements made during the period being estimated are
obviously preferable. If historical changes in the opera-
tion were likely to have had a minor effect on expo-
sures, the use of current data to develop historical expo-
sure estimates is probably acceptable. Current moni-
toring data can also provide information on jobs that
have never been monitored to facilitate the assignment
of their relative exposure ranking among the study jobs.
In addition, current data can be used as the reference




standard for comparing measurement data across many
work sites.

The primary concern with sole reliance on measure-
ment data is the question of representativeness of the
data to the true long-term exposure. (Long-term is used
in this respect to represent the period of time represented
by an exposure estimate. Typically, this is a year.) Much
monitoring has been conducted for purposes of compli-
ance or control evaluation (21, 22) and popular belief is
that these types of data may be biased, because the focus
of such measurements is on highly exposed people or
conditions (23). How this type of monitoring affects the
magnitude of the mean and whether it also affects the
relative ranking of jobs is unclear at this time.

Another reason measurement data may be unrepre-
sentative of long-term exposures is that they have usual-
ly been collected under nonrandom sampling conditions
(eg, measurements may have been made during unex-
pected occurrences, eg, a spill) or under planned condi-
tions that occur periodically (eg, an operating unit shut
down for annual maintenance). If the fraction of the
monitoring results for these conditions is disproportionate
to the actual frequency of occurrence, the calculated
mean estimate would be distorted toward the unusual
conditions. For example, if only two measurements are
available for a given job, one taken under normal pro-
duction conditions and the other when the process was
down, a situation that occurs one day per month, the
mean of these two results will be biased towards the
shutdown exposure, even though each represents a nor-
mal and true exposure condition.

If the measurement data identify the conditions of
sampling, investigators may be able to estimate the fre-
quency of the condition and thereby weight the measure-
ments of each condition accordingly to develop an over-
all annual weighted mean exposure. This has been the
approach taken for shutdowns (24) and season or tem-
perature differences (7, 25, 26). Another cause of unrep-
resentativeness to long-term means is the use of a sam-
pling or analytic method that produces biased results.
Some investigators have adjusted results of biased meth-
ods (27), while others have excluded them (17). If the
variability of the differences between the biased and
unbiased method is high, it may be best to exclude them.
A low variability, however, suggests that the bias may be
systematic, and therefore adjusting the results would be
acceptable.

Calculations using area or short-duration measurement
data weighted by time. Many historical data are area
measurements or personal measurements of short dura-
tion. The use of these data as surrogates for full-shift
personal samples can be problematic if they are not rep-
resentative of full-shift personal exposures (28). To make
them more representative, some investigators have
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weighted area and short-term monitoring results by time.
For example, in a study of workers in an asbestos textile
company, the authors had area and short-term task mea-
surements of asbestos (29). Eight-hour TWA values were
calculated for each job by multiplying the area measure-
ments by the time spent in each area, adding an incre-
ment from the task measurements where appropriate,
and summing the products. If area or short-duration mea-
surements are used, their validity can be assessed by
comparing them with full-shift, personal monitoring data,
such as was done in a study of aluminum workers (30),
in which the authors found differences among the mea-
surements and therefore made adjustments.

When estimates of time are used to weight the expo-
sure concentrations, error arises from the estimates of
time in addition to the measurement data. Little informa-
tion is available on this latter type of error or even on the
variability of time spent performing tasks. Recently, in a
study of telephone linemen, the mean observed work-
time (in hours) was found to have standard deviations of
13% to 31% for five job groups (31).

Interpolation. Interpolating exposure estimates from mea-
surement data has been used to estimate exposures for
years where data are nonexistent. This approach is sim-
ple and reproducible, but its validity is less apparent. The
implicit assumption of such an approach is that exposure
levels change gradually over time, for example, from a
gradual increasing awareness of health hazards over time
or a gradual decline in the efficiency of a ventilation
system. In many cases, however, changes in exposure
are more abrupt because they result from a change in the
process or installation of engineering controls. Another
disadvantage of interpolation is that it requires data in
the early years of a study, although this is often the
period when data are very sparse or missing.

Prediction methods

Predictions using statistical models. When monitoring
data are available for some exposure group-year cells but
are missing for others, statistical models can sometimes
be used to develop exposure estimates. An analysis of
variance (ANOVA) was used, for example, to complete
missing cells in a granite shed study of silica-exposed
workers (25), and regression analysis was used in an-
other study to predict exposure levels to ethylene oxide
(17). In this latter study, several production variables,
such as various engineering controls, size of the sterilant
chamber and pounds of ethylene oxide used per year,
were examined for their significance in a regression mod-
el using measurement means as the dependent variable.
Seven variables and two interaction terms were identi-
fied as significant. These nine terms, which explained
90% of the variation, were then used in a prediction
model.
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The approach used by Hornung et al (17) is deter-
ministic in that the authors identified a priori parameters
based on physical and chemical principles to predict
exposures. Yu et al (32) recommended that the exposure
assessment process be deterministic in approach and sug-
gested that changes in the workplace can produce either
incremental (additive, eg, start up of a new process) or
ratio (multiplicative, eg, installation of local exhaust ven-
tilation) changes in exposure concentrations. They eval-
nated the advantages and disadvantages of a determinis-
tic statistical model using a simple linear regression
model, a multiple linear regression model, and a weighted
least squares model with step functions. The estimates of
exposure derived from the least squares method were
closest to the reference monitoring results.

Statistical modeling has the advantage of developing
unbiased estimates in a fairly reproducible way, but,
although powerful, it has its limitations. First, models
need a small number of variables (eg, exposure groups
and engineering controls) relative to the number of means
calculated from the measurement data (table 3). Typical-
ly, however, a large employer will have several hundreds
to thousands of job titles (33), of which few have been
monitored. Grouping of jobs into a relatively small
number of exposure groups may be necessary before a
statistical model can be used, but it may be inappropriate
due to the heterogeneity of exposures within the expo-
sure groups. A second problem of such models is that
they require some measurement data for all conditions
and situations being predicted. For example, measure-
ments are necessary for years both before and after the
installation of controls. If monitoring data are not availa-
ble for particular environmental conditions (either in time
or for a process or department), a statistical model can-
not be used to predict the exposures.

Prediction of surrogate exposures from monitoring data.
Esmen (34) suggested that when historical monitoring
data exist for one agent, the data can be used to predict
the exposures of the second agent if the two agents are
present in the same relative concentrations throughout
the process. This approach was used to estimate the
benzo[a]pyrene exposures of aluminum smelting work-
ers simultaneously exposed to benzene-soluble materials
(30). In that study, although there were measurements
for both benzene-soluble material and benzo[a]pyrene
exposures after 1976, prior to 1976 there were only ben-
zene-soluble material measurements. The authors there-
fore derived a ratio of benzo[a]pyrene:benzene-soluble
material measurements from 1976 to 1983 for occupa-
tional groups and, assuming the ratio remained the same,
applied this ratio to pre-1976 benzene soluble material
levels. This is a simple and reproducible method of pre-
dicting exposure. A careful evaluation must be made,
however, to ensure that process or control changes did
not differentially affect the exposures to the two agents
of interest, either within a job or across jobs over time.
This evaluation would be done by identifying the tasks
of the jobs and determining how these tasks interact with
the source being changed, and it would include consider-
ation of the distance to and time spent in contact with the
agents of interest as they changed. Local changes, for
example, installation of a sampling cabinet, would be
likely to have more of a differential effect than area
changes, for example, installation of a general dilution fan.

Professional judgment

The approaches described may not be possible in many
studies, but quantitative exposure estimation may still be
desired. As a result, investigators frequently indicate that
“professional judgment” was used to develop quantita-

Tahle 3. Examples of statistical models used to estimate exposures. (NP = not provided)

Reference Technique

Number of
measurements

Number of Variables
exposure

groups

Woskie et al (26) Analysis of variance

Hornung et al (17)

Dement et al (29)

Hallock et al (7) Analysis of covariance

Eisen et al (25)

Multiple linear regression 2350

Multiple linear regression 5952

Analysis of variance 1153

5 Climate
Facility
Distribution of workers

8 Product type
Age of product
Calendar year
Type of exhaust
Agration procedure
Sterilizer volume

Process, control changes
Time periods

NP Facility

Machining fluid
Operation

Date

25 Facitity
Season
Year

9 zones
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tive estimates (ie, incorporating qualitative information
into the exposure estimate). This approach is usually
deterministic in nature. A study of formaldehyde work-
ers can serve as an example of this approach (35). First, a
limited number of arithmetic mean exposures were cal-
culated from the monitoring results (33). To develop
exposure estimates for jobs that had not been monitored,
the investigators modified the exposure concentrations
of jobs with similar tasks that had been monitored. His-
torical exposures were estimated by modifying more re-
cent exposure estimates by amounts that reflected the
effect that changes in the workplace were likely to have
had on the exposure levels.

The limitation of studies using this approach is that
the methods used to develop the exposure estimates are
usually not explicitly described. This lack of explicitness
makes the evaluation of the exposure estimates difficult
for readers, and it reduces the reproducibility of the esti-
mates. Some investigators have, however, provided de-
tailed descriptions of the assessment procedures. A study
of workers in 10 rock wool insulation production facili-
ties used an approach similar to that used in a formalde-
hyde study (33) to estimate historical exposure levels,
but the effects resulting from the changes were explicitly
described (16). The effects of two of the most significant
process changes, the addition of oil to the fiber, and a
change in the diameter of the fiber were estimated after
fiber concentrations were generated in an experimental
chamber under varying conditions. Other changes in the
workplace were also described, and multipliers estimat-
ing their effect were reported. To develop the historical
estimates, the appropriate multiplier for each change was
applied to the mean of the monitoring results to derive
the estimated exposure level for years when monitoring
results were nonexistent.

In another study several estimation methods were
used (24). Because the exposure measurement data and
qualitative information varied from job to job and year to
year, no single estimation method could be used for all
the missing cells without increasing misclassification.
The approach was therefore to use the best method possi-
ble for each exposure group-year cell, to have defined
criteria and a hierarchy for using each method, and to
retain a description of the assumptions made with each
estimate. Means of monitoring results and TWA values
based on time-weighted area, short duration, or personal
measurements of other jobs were calculated. Historical
exposures were estimated by identifying changes that
affected exposure levels. An estimate of the effect of
these changes and an estimate of the percentage that the
source being changed contributed to the overall emis-
sions were applied to the exposure estimates already
developed for an adjacent time period. Using profes-
sional judgment in combination with the measurements,
qualitative information and defined criteria gave the in-
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vestigators the flexibility to maximize the use of the
available data while developing reproducible and rea-
sonable estimates.

Discussion and recommendations

Investigators have taken a variety of approaches to de-
velop quantitative retrospective occupational exposure
estimates for epidemiologic studies, and enough reports
are now in the literature to compare the estimation ap-
proaches and to make recommendations.

The first step in the development of estimates is to
identify the appropriate agent of exposure. Historically,
investigators have taken a simplistic approach to this
step, but it is increasingly recognized that such an ap-
proach may be undesirable since it can result in either the
investigation being left without sufficient information to
comment on the true exposure-response relationship or
speculation about the true relationship after the study is
completed. Neither option is preferable. We recommend
that considerations be made as to the sizes of particu-
lates, the presence of mixtures and interactions, and the
effect of physical state and routes of exposures in each
study. In addition the manner in which the exposure
assessment process reflects these variables should re-
ceive attention, where appropriate.

Development of exposure groups is a critical step in
most studies. Work history records may be insufficient
to distinguish among varying exposure environments of
the jobs. In other studies there may be insufficient moni-
toring data. When confronted with missing information,
investigators have the option to group jobs into very
broad exposure categories (whether within a facility or
across facilities) to allow sole reliance on measurement
data or they can incorporate qualitative data if they wish
to keep jobs separate and distinct. In the first case, pro-
fessional judgment is required to group a larger number
of jobs into a smaller number of exposure groups, be-
cause an exposure level is implicitly being assigned to
the jobs without data. Although this approach makes the
assessment effort more manageable, it could result in
jobs being inappropriately categorized together (ie, jobs
that have different mean exposures, different variability
of exposures, or different confounding exposures can be
grouped).

In the second approach, maintaining a large number
of jobs probably means that professional judgment will
be necessary to estimate exposure levels for many jobs.
This process is more tedious and resource intensive than
the first. If the exposure environment is well charac-
terized and rigorous assessment procedures are made
explicit and followed, it may result in more accurate
exposure estimates than developing relatively few expo-
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sure groups does because categorical analyses have lower
power than continuous data analyses (36). Without rigor-
ous procedures and careful evaluation, however, the ap-
proach may be more subjective and, therefore, less accu-
rate and also more open to criticism.

Rarely have study investigators described their ap-
proach or justification for developing exposure groups.
An exception to this lack of information was a study of
electrical workers (37), in which a detailed description
was provided as to how the investigators developed their
exposure groups. We recommend that the exposure esti-
mation class used in studies be identified and documented
in a similar manner.

All of the exposure estimation approaches described
are dependent on the existence of at least some measure-
ment data. Without measurement data either from the
workplace under study or from similar workplaces, quan-
titative exposure estimates should probably not be at-
tempted (38). The studies cited generally provided some
detail as to what measurement data were available for
exposure assessment, but, in most cases, more informa-
tion would have been helpful for understanding the data.
For example, in some reports, the number of results, the
type (personal or area), and the duration of the measure-
ments was not provided. A description of the distribution
of monitoring results over the study years and over the
jobs, departments, or facilities would be useful.

Historical monitoring data are usually sparse. Even
where available, they often do not represent full-shift
personal exposures because the data were collected to
evaluate compliance with regulatory standards, to evalu-
ate controls, or to assess exposure levels during unusual
conditions or because the sampling technology did not
permit such evaluations. If the measurements were taken
for expediency, however, they may be comparable to
full-shift exposures (39). For other purposes, the indus-
trial hygiene community has not yet developed a satis-
factory method for adjusting such measurements to long-
term TWA values, and more research needs to be done in
this area. At a minimum, it would be helpful to under-
stand the conditions that exist when such measurements
are and are not representative of full-shift personal expo-
sures and how they can be handled (22). For example,
when exposure concentrations are homogeneous in an
area (ie, there are multiple small sources of a gas or
vapor or well-mixed air in a room), area measurements
may be an acceptable alternative to personal measure-
ments. If an exposure arises primarily from a task, how-
ever, area measurements are less likely to be representa-
tive of personal exposures (28). Investigators may also
delete or weight differentially the measurement data.
When this is the case, the conditions when area or short-
term measurements were used should be characterized,
and the criteria for deleting or weighing any measure-
ment should be identified.
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As has already been indicated, the use of professional
judgment, although perhaps the weakest of the estima-
tion approaches with regard to statistical validity and
reliability, is, nonetheless, the second most common ap-
proach in developing quantitative estimates. In a sense,
however, professional judgment is used in all the estima-
tion approaches. Developing exposure groups without
measurement data requires professional judgment be-
cause exposure levels are implicitly estimated. Profes-
sional judgment is also required to determine what, if
any, measurement data are to be discarded for lack of
representativeness or due to a poor sampling and analytic
method; what adjustments are required to ensure compa-
rability among different exposure information sources,
for example, measurement data from different monitor-
ing and analytic techniques (27); and how and which
data are to be weighted. Use of statistical models also
requires professional judgment to develop the best
model (17).

The use of professional judgment as an estimation
approach has generally been characterized, however, as
having vague descriptions of what and how information
was used to develop the exposure estimates. This is un-
derstandable because retrospective exposure assessment
is still fairly new, and quantitative information on how
exposure variables affect exposure levels has not been
generated. The professional judgment approach to expo-
sure estimation is often justly criticized, however, as
being the industrial hygienist’s “black box,” where the
accuracy and reliability of such estimates are not known.
More careful and detailed documentation is needed.

In an attempt to provide such detail in a study of
acrylonitrile workers, an interactive computerized pro-
gram was developed that documented what information
was known about each job (eg, process description, tasks,
location, etc) and what was assumed (40). Several esti-
mation methods were used, and criteria for using the
methods were identified (24). The estimation method
and the data used to develop each estimate were also
retained, and they provided a detailed description of how
each exposure estimate was derived (41). Thus, even
when professional judgment is used, rigorous procedures
with extensive documentation can be provided. Without
such documentation, the credibility of the study is dimin-
ished.

In addition to documentation of the exposure estima-
tion process, the accuracy and reliability of the estimates
should be evaluated, where possible, to quantify the like-
ly degree of misclassification and its effect on disease
risk estimates. This procedure has been carried out only
in a few studies using air monitoring results as the refer-
ence standard. Estimates of ethylene oxide exposures
developed by industry raters and estimates derived from
a regression model were compared with a subset of the
monitoring data reserved for this purpose (17). Several



of the methods used in the study of acrylonitrile workers
were also evaluated using a subset of the monitoring data
(24). In the man-made mineral fibers study, exposure
estimates were compared with air measurements gener-
ated from the reconstruction of historical conditions (16).
Thus, currently, it may be possible to quantify the accu-
racy of each approach. Presumably, direct use of mea-
surements and statistical approaches is better than the
professional judgment techniques, but more data are
needed to determine to what degree.

Although all of the approaches described for estimat-
ing historical exposures have limitations, it is important
to emphasize that investigators conducting exposure as-
sessments may be forced to develop estimates using less
than desirable methods because of the lack of data and
limited resources. It is likely that this need to “make do”
increases misclassification. If nondifferential, this type
of misclassification usually decreases the likelihood of
finding an association if it exists (42). The likelihood of
finding a false positive association is much lower. As
long as the degree of misclassification is less than that
observed for cruder measures of exposure (eg, duration
of employment) quantitative estimates of exposure are
preferable.

Concluding remarks

Historical exposure assessment requires an opportunistic
approach, taking advantage of what information is avail-
able and developing creative and innovative approaches
to exploit that information. It is important that details be
provided as to the quality and quantity of the available
data and that an explicit description of the estimation
methods used be provided. In addition, an attempt should
be made to validate the estimates wherever possible.
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