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Retrospective exposure assessment in epidemiologic studies is depen- 
dent on the availability of historical monitoring results, yet rarely are 
there sufficient results to rely upon them exclusively. An approach is 
described that has a formal structure for developing exposure esti- 
mates for an epidemiologic study using a variety of methods depend- 
ing on the information available. The approach identifies criteria for 
determining what data are needed for each method and the hierarchy 
for using the methods. The estimation methods include: (1) calculat- 
ing a mean &om the monitoring results of a job; (2) identifying ho- 
mogeneously exposed jobs and using the mean of the measurements 
for the jobs as the estimate; (3) applying a ratio of the measurement 
means of two jobs in one operation to a third job in another operation 
to estimate a fourth, (4) weighting by time various areas or personal 
(short or fdl-shift) measurements representing tasks or locations; (5) 
taking a deterministic approach that modifies a more recent exposure 
by estimates of exposure modifiers to reflect how changes in the 
workplace affected exposures; and (6) using professional judgment. 
The homogeneous exposure group, ratio, time-weighted, and deter- 
ministic approaches were evaluated for bias, precision, accuracy, and 
correlation. First, a subset of the monitoring results was removed 
&om the entire data set for use as referent values. Estimates were 
developed using the four methods without the removed data and 
compared with the referent value. On average, the estimates 
tended to overestimate the measurements in the ratio method (bi- 
as = 77%) and underestimate them in the time-weighted method 
(-24%). The average difference between the means and the esti- 
mates using the homogeneous exposure group method and the 
deterministic method was zero. The imprecision was threefold to 
fourfold for the ratio and deterministic methods and 1 .Sfold for the 
time-weighted and homogeneous exposure group methods. Cor- 
relations between the estimates and the measurement means 
ranged between 0.60 and 0.75 and were statistically significant. 
When the methods were evaluated using only the same cells, the 
homogeneous exposure group method performed best, followed 
by the deterministic method and then the ratio method. The time- 
weighted average method could not be evaluated because of the 
lack ofmeasurement data for these cells. 0 1996AIH. STEWART, P.A.; 
ZEY, J.N.; HORNUNG, R.; HERRICK, R.F.; DOSEMECI, M.; ZAEBST, 13.; POTIERN, 

L.M.: EXPOSURE ASSESSMENT FOR A STUDY OF WORKERS EXPOSED TO ACRYLONITRILE. 
111. EVALUATION OF EXPOSURE ASSESSMENT METHODS. APPL. OCCUP. ENVIRON. HYG. 
1 1(11):1312-1321; 1996. 

uantitative retrospective exposure assessment is a difficult 
task in occupational epidemiologic studies, because rarely 

are sufficient monitoring results available for all jobs over all the 
years in the study. Various approaches have been taken to 
estimate exposures, but only two, to our knowledge, have 
compared quantitative exposure estimates to measurement 

The failure to conduct such an evaluation in other 
studies is not surprising, however, because if sufficient data 
were available to fully validate the exposure estimates, the 
estimates themselves would be unnecessary. Nonetheless, val- 
idation of estimates is crucial to the field. 

We are engaged in a cohort mortality study of workers 
exposed to acrylonitrile (AN).(3,4) The cohort has been em- 
ployed in eight plants that started manufacturing AN, acryl- 
amide, and acrylic fibers or resins between 1952 and 1965. 
Each of the companies conducted air monitoring since the late 
1970s, but only one monitored before ths  time. Even after 
1977, a large number ofjobs were not monitored (about 3200) 
compared with the number ofjobs in the study (3500). Thus, 
it was necessary to develop a large number of estimates both for 
the unmonitored jobs and the unmonitored time periods to 
allow the inclusion of all study subjects in the mortaltty anal- 
ysis. This report describes the methods used to estimate his- 
torical exposures and an evaluation of their performance. 

Methods 
All companies in the study started conducting personal mon- 
itoring in the late 1970s. Accompanying documentation main- 
tained by the plant generally included job title, department, 
date, duration of the sample, an evaluation of the sample's 
representativeness of typical exposures, and type of sample 
(area or personal and time-weighted average or short-term), 
but not all plants retained the same information. All data were 
computerized (either by the company or by the study inves- 
tigators) and put into a standard format. 

There were about 18,000 monitoring results. The quantity 
of monitoring data available on the jobs in the study vaned 
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considerably over time and among plants. For some of the jobs 
directly involved in malung the product, there were over 100 
full-shift, personal monitoring results between 1977 and 1983 
(the close of the collection of work history records). In con- 
trast, a few jobs supporting the production operations (e.g., 
maintenance, quality control, the materials handlers for the 
AN monomer, environmental control, utilities, engineering, 
and research and development) had a variable number of 
results, dependmg on the job, the plant, and the exposure level. 
Administrative, non-AN-exposed, and other support opera- 
tions (e.g., the materials handhng department not handling the 
monomer) were rarely monitored. Area measurements were 
available in three plants, but in only one of these (a fiber plant) 
had they been collected prior to 1977. The approximately 
4000 area measurements in this plant were short-duration 
samples and existed back to 1963 (start-up of the plant was in 
1958). The area measurements collected in the other two 
plants included both short-duration and full-shift results. 

Prior to determining what estimation procedure should be 
used, a review of the published exposure assessment literature 
was conducted. Because so many jobs were missing measure- 
ments, calculation of mean exposures for all jobs was not 
possible (e.g., Reference 5). Grouping jobs into a small num- 
ber of occupational groups so that mean exposures could be 
calculated for all groups,@) derivations of estimates using area 
measurements weighted by or use of statistical mod- 

was not possible prior to 1977 in seven of the plants 
because processes and controls had changed over the years and 
measurements for these conditions were nonexistent. In addi- 
tion, the fiber plant that had collected earlier area measure- 
ments was substantially different from the other two fiber 
operations. It was a continuous wet operation, whereas the 
other two dried the polymer before malung the fiber. Thus, 
extrapolation to the other two plants was inappropriate. There 
were also no other parallel chemicals used in the processes that 
had been measured and could be used to estimate exposure 
levels.(') Moreover, no single estimation approach could be 
identified that would produce estimates for all cells. As a result, 
it was decided to use a variety of methods, the selection of the 
method for any particular job/year combination being deter- 
mined by the available information, by defined criteria, and by 
how well each method performed in the validation exercise 
where the predicted exposures were compared with the actual 
measurements (described below). 

The original intent of the investigators was to develop an 
estimate for each job/department/plant combination for every 
year. Many of the years, however, had so few monitoring 
results that it was decided to combine years, where appropri- 
ate, to form time period cells. Information was collected from 
interviews with long-term employees at each of the plants on 
when major changes occurred that were likely to have affected 
exposure levels in the workplace. The dates of these changes 
provided boundaries around time periods, which were made 
up of years in which exposure levels were likely to have been 
similar. The periods may have been composed of a single year 
or may have included several years, and they established the 
unit of time for which the exposure estimates were developed. 

Performing a retrospective exposure assessment usually has 
two components due to the availability of monitoring data and 
supporting documentation. First, because it is rare that all the 

jobs have been monitored in a company, the industrial hy- 
gienist must develop at least one exposure estimate (generally 
the most recent) for each of the jobs in the study. The first step 
in this study, therefore, was to develop baseline exposure 
estimates for all cells from monitoring results wherever possi- 
ble. Cells for which means could not be calculated were 
evaluated to determine if they could be estimated using the 
homogeneous exposure group (HEG), ratio, or time-weighted 
average (TWA) method. For all remaining jobs that s t d  had no 
estimate, professional judgment was used to assign an estimate 
for a single cell. The second component in exposure assessment 
is to develop estimates through time for the remaining empty 
cells. In this study this was done by modifying the baseline 
estimates, using estimates of exposure modifiers to complete all 
remaining empty cells. This was called the deterministic 
method. All estimates in this study were plant/department/ 
job/time period specific. 

Development of Baseline Estimates 

Mean of the Monitoring Measurements 

The best estimates of the true exposures experienced by the 
study subjects when cumulative exposure is the primary ex- 
posure measure of interest are the arithmetic means of the 
measurements.(") Arithmetic means were therefore calculated 
in this study. Means based on small numbers, however, can be 
easily affected by a few outliers that weigh more heavily in the 
calculation of the mean than appropriate. Criteria were there- 
fore needed that ensured, to the extent possible, that the means 
reflected true exposures. Three variables were evaluated that 
could have influenced the accuracy of the mean estimates: the 
duration of the monitoring result, the representativeness of the 
monitoring result to typical exposures (as indicated in the 
company records), and the number of monitoring results used 
in the calculation of the mean. 

Sample duration was identified in the documentation of the 
measurement data in five plants. Documentation from two 
other plants indicated whether the result represented an 8-hour 
TWA, a ceiling, or a peak sample. Personnel from the eighth 
company inhcated to the study investigators that generally 
full-shfi samples were taken; therefore, all results obtained 
from this company were assumed to be fU-shift in duration. 

Over 80 percent of all measurements were greater than 6 
hours in duration. Because the less than 4-hour samples were 
generally task oriented rather than fU-shift oriented, these 
measurements were excluded. The 4- to 6-hour measurements 
appeared to be a mixture of both full-shift and task measure- 
ments. These results were also excluded, however, because 
they contributed only slightly to the database (8%). A mini- 
mum 6-hour duration was therefore selected to ensure that the 
measurements were representative of full-shift exposures. 
(Shorter duration measurements were available using other 
methods; see below.) 

Many of the companies designated the measurements as 
typical or atypical of normal operating conditions. Exclusion of 
the atypical measurements was not considered appropriate 
because they were actual measured exposures. Includmg them 
with measurements taken under typical conditions was also 
troublesome, because in calculating a mean, they might be 
given more weight than appropriate. For example, if a job was 
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monitored every day during a shutdown operation lasting 2 
weeks, and was otherwise monitored monthly, the measure- 
ments taken over the 14 days of the shutdown would contrib- 
ute 54 percent of the total (14/14+12) measurements in a 
year, which is considerably more than the true contribution of 
these measurements (14/365 days or 4%) to an annual average. 

An examination of the measurements found that fewer than 
20 percent of the measurements were taken under unusual 
conditions. Of these, 60 percent were taken during shutdowns, 
start-ups, or major repair of the operating units, events that 
usually occurred once a year or less. The frequency of some of 
these events could be estimated, so that they were weighted in 
the calculation of the mean according to their frequency of 
occurrence over a year (e.g., 4% in the above example). When 
frequency could not be determined (e.g., spdls, upsets, no 
information), the results were given the same weight as the 
typical measurements. Although not the perfect solution, this 
was considered acceptable because these other measurements 
comprised only about 5 percent of the measurements used in 
the analysis. 

Finally, the minimum number of measurements necessary to 
develop a cell mean was evaluated by looking at the coefficient 
of variation (CV). CVs were calculated for all cells with at least 
five measurements and then pooled to derive an average CV. 
This calculation was also done for cells with at least s ix ,  seven, 
eight, nine, and ten measurements. The mean CVs changed 
very little (less than 30% from the lowest to the highest CV) 
regardless of the number of measurements. S i x  was therefore 
arbitrady selected as the minimum number of measurements 
required for a cell. (Shorter duration measurements were avad- 
able for other methods; see below.) 

Ratio Method 

In this method, the assumption was made that similar jobs in 
similar environments in different plants are likely to have 
similar exposure levels relative to other jobs in the same 
environment. This assumption appears to have validity based 
on work by Eisen et af.(”) In their report on granite workers 
they presented exposure data from seven granite sheds. For 
each shed, the exposure estimates of six jobs were presented. 
Although the particular environmental conditions were not 
presented in the report, it appears from those data that the 
relationship of exposure levels between two jobs in one shed 
approximated that of the same jobs in another shed, despite the 
wide range of exposure levels among sheds. That study pro- 
vides the underlying assumption that 

where: 
ERTOigi, = the exposure estimate derived from the 

ratio method for iob i’i’ 

monitoring measurements method 
EMON = the estimate derived From the mean of the 

i = iobs 
i = operations or plants 

The criteria for selecting the jobs for this method were as 
follows: (1) the tasks being performed by job, in plants j and j’  
were similar, as were those by job,.; (2)  the amounts of time 

spent by jobi performing those tasks were simdar in plants j and 
j’, as were those ofjobip; (3) the sources of exposure for the 
two jobs (i and i’) in plants j and j’  were similar; and (4) the 
controls influencing those sources were similar. Because of the 
requirement of similar controls, the estimate for jobi and jobir 
in plantj were from the same time period, and those ofjob; and 
job,, in plantjj were from the same time period, but the 
estimates for plants j and j’ did not have to be from the same 
time period. 

HEG Method 

Another approach used to estimate exposure was based on the 
concept of HEGs.(12) Jobs identified as being similar were 
grouped, and the measurements for those jobs were used to 
calculate a mean value. The criteria for grouping these jobs 
were that: (1) they had to have the same sources of exposure 
(i.e., they were in the same operating unit and plant); (2) the 
tasks being performed were similar; (3) the time spent per- 
forming those tasks was similar; (4) the controls influencing 
those sources were the same (resulting in all the measurements 
being in the same time period); and ( 5 )  there had to be at least 
s ix  measurements of at least 6 hours in duration on the jobs 
within the group. 

Jirne- Weighted Average (JWAJ 
In this method, a TWA was calculated from short-duration or 
area measurements or &om other job estimates and weighted 
by the time spent at those concentrations by 

C1t* + C&. . . + C,t, 
t, + t2 . .  .t, ETWA = 

where: 
Ewn = the estimate derived from the TWA method 

C, = the concentration at location, or performing 
task, 

ti = the minutes the iob spent at location, or taski 

Three different sources of exposure concentrations (Ci) were 
available: (1) a concentration entered by the industrial hygien- 
ist based on professional judgment, which was usually 0.00, 
designating the exposure level experienced when working in a 
nonexposed office; (2) a mean of area samples or a mean based 
on less than six personal samples or on samples that were less 
than 6 hours in duration (These data had been excluded from 
the mean of the monitoring measurements method); and (3) a 
previously developed estimate for another job or a mean of 
other jobs’ estimates. For example, an engineer who spent 1 
hour a day in an operating unit was given the same concen- 
tration for that hour as an engineer who spent 8 hours a day in 
the unit. The time estimates were either specifically identified 
from interviews or they were estimated by the study investi- 
gators based on an understanding of the tasks. 

Estimates derived from these four methods were considered 
to be of higher confidence, and these methods were used to 
develop the estimates wherever possible. For the jobs to which 
these methods could not be applied, a single estimate was 
developed, usually the most recent, using one of two profes- 
sional judgment techniques: 
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TABLE 1. Examples of Significant Changes and Estimates of Their Size and Effect 

Plant 
Type  Change 

Engr EstimateA IH EstimateB 

SizeC EffectD Size Effect 

Fiber 
Fiber 
Fiber 
Monomer 
Monomer 
Monomer 
Mono m e r 
Resin 
All 
Au 
All 
All 

~ ~ ~~ ~ 

Installed vents on reactors 
Quality control sample points enclosed in ventilated sample boxes 
Pilot plant closed, quality control samples no longer analyzed 
Began closed dome loading of tank cars 
Single seals replaced by double sealdtandem seals 
Floating roofs installed at tank farm 
Oil added to settling ponds to reduce evaporation 
Increased preventative maintenance 
AN continuous analyzer installed 
New OSHA standard became effective 
Hoods added to laboratory 
Air conditioning added to control room 

M 
M 
L 
M 

M/L 
S 
S 
M 
M 
M 

M/L 
M 

1-1.5 
10-100 

0.9-0.9 
2-10 
2-5 
1-1.1 

1-1.3 
1.1-3 

1.1-2 
2-5 
2-10 
1-5 

30 
30 
30 
30 
40 
5 
5 

20 
10 
10 
20 
30 

1.3 
55 
0.9 
6 
3.5 
1.1 
2 
1.1 
1.5 
3.5 
6 
3 

*These represent the estimates developed by the engineer of the study. They were used as guidelines for the industrial hygienist. 
BThese represent the estimates assigned by the industrial hygienist of the study. They generally represented the midpoint of the engineer's estimate. 
CPercent of a job's total exposure that the source being affected contributed to prior to the change: S = small (1 to 10%); M = medium (11 to 49%); L = large 
(50 to 100%). 
"A correction factor designating the reduction or increase that the change had on the emissions being released from the source. For example, 1 would indicate 
no effect and 1.5 would indicate that emissions from a source were 1.5 times higher before the change was in place. 

Department- Wide Method 

This method allowed the industrial hygienist to enter one 
exposure estimate for all jobs in a department. It was generally 
used for nonexposed departments, such as administration, for 
example, where 0.00 was entered. 

Professional Judgment 

In this method the industrial hygienist developed an estimate 
based on: (1) a mean of personal measurements where fewer 
than six existed or where the duration of the samples was less 
than 6 hours; (2)  a mean of area measurements; (3) a mean of 
measurements after 1983; and/or (4) anecdotal information, 
such as frequency of health effects, odor, task descriptions, etc. 

Development of Estimates Over Time 
After all jobs had at least one baseline estimate, all remaining 
cells were estimated using the deterministic method, which 
modified baseline estimates based on estimates of the effect that 
the major changes that occurred in the workplace, or exposure 
modifiers,('3) had on exposure levels. Three variables were 
identified as having an important effect on AN exposure levels: 
changes in production rates,(I4) changes in the frequency of 
exposure, and changes in the operation and in engineering 
controls. Annual production rates were received from the 
companies in the study, but because data were missing for 
several years, production rates were not included in the model. 
The frequency of exposure was obtained from the interviews 
or estimated. For example, production employees usually were 
given daily exposure, whereas an engineer may have been 
exposed only 1 day a week. 

Estimating the effect of the changes in the operation or in 
engineering controls was a more difficult task. For many 
changes there were no monitoring data available prior to and 
after implementation of the change. A chemical engineer with 
experience in these types of plants, therefore, compiled mon- 

itoring data, information from the interviews, information 
from other plants in the study, and data from the published 
literature. Using these sources and his own experience, he 
estimated the effect the changes had on exposure levels for two 
variables: size and effect. Size was defined as the percent of the 
job's total exposure that the source being affected contributed 
to prior to the change, and was indicated as small (1 to lo%), 
medium (11 to 49%), or large (50 to 100%). Effect was a 
correction factor indicating the reduction or increase that the 
change had on the emissions being released from the source, 
and was generally indicated as a range. Unless information was 
available that suggested otherwise, the midpoint of the ranges 
for both size and effect was used. Table 1 identifies examples of 
several changes and their estimated size and effect. 

To develop an estimate, the baseline value for an adjacent 
(generally more recent) time period was used to derive an 
estimate for an earlier time period as follows: 

E D B T ( ~ - ~ )  = [BJO - s n  + C. sn /C~n)~(~(y -* ) /~y)  (3) 

where: 
ED,, = 

B =  
S =  

CF, = 
F =  

Y =  
y - 1  = 

the estimate being derived from the 
deterministic method 
the baseline estimate 
the size of the source being affected by 
change, 
the correction factor or effect of changei 
the frequency of exposure ( 1  .O = 4 to 5 
days/week, 0.4 = 2 to 3 days/week, and 
0.1 = <2 days/week) 
the time period for the baseline value 
the time period for the estimate 

(See Appendix for a derivation of the equation.) Thus, suppose 
in 1977 the exposure estimate was 2 ppm, and two changes 
took place that reduced the exposure between 1977 and 1976. 
The size and effect of these two changes were 10 and 3.5 for 
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one change and 20 and 1.2 for the other, respectively. The 
frequency of exposure was daily in both years: 

EDET = [2/(1 - 0.10 + 0.10/3.5 - 0.20 + 0.20/1.2)] 

* (1/1) 

= (2/0.90)(1) 

= 2.22 ppm 

The ED,, then became the baseline estimate for the next 
adjacent time period. In addition to this estimate, maximum 
and minimum estimates were calculated using the extremes of 
the size and effect values developed by the chemical engineer. 
These additional estimates provided an estimate of uncertainty 
about the estimates. 

Other Estimates 
The estimates described thus far were estimates of air concen- 
trations. These are typically the principal estimates used in 
epidemiologic analyses. In some instances, however, these may 
not be the best estimates to evaluate disease risks. For example, 
in some jobs respirator use was mandatory, suggesting that an 
air concentration may not be the best exposure estimate. 
Exposure estimates were therefore derived that accounted for 
respiratory protection when respirator use was mandatory for 8 
hours a day (Ems). For these jobs, a protection factor (PF) was 
applied to the air concentration estimate (E) based on the type 
of respirator worn (half-mask PF = 10; full-facepiece: PF = 
50; supplied air: PF = 2000) and multiplied by 0.65(15) to 
allow for imperfect protection, that is, 

Ems = E/PF(0.65) (4) 

Because the amount of an airborne chemical received by the 
body depends on the amount inhaled, a third estimate was 
derived that took into account respiratory rates based on low, 
medium, and high levels of physical activity. These levels were 
defined to correspond to ventilation volumes of 750, 1450, 
and 2150 cm3/breath, respectively, assuming 15 breaths per 
minute at all levels.('6) An adjusted exposure estimate for a job 
was therefore calculated by multiplying the estimate of the air 
concentration derived for the job by the appropriate ventila- 
tion volume and the number of breaths taken in 8 hours. 

Finally, AN can be absorbed dermally.('') Because the ab- 
sorption rate in humans was not found in the literature, a 
dermal exposure score was calculated by multiplying the fre- 
quency of dermal exposure, arbitrarily selected as 5 for fre- 
quent (more than once a day) and 1 for infrequent (less than 
once a day) by the concentration of AN in the liquid. 

Method Evaluation 
Evaluation as to how well the estimation methods performed 
is crucial for the interpretation of an epidemiologic study. In 
this study, however, there were no full-shift, personal moni- 
toring data prior to 1977 with which to evaluate how well the 
assessment methods performed during the earlier years of in- 
terest. There were, however, monitoring data available after 
1983, the last year for which estimates were developed. In 
some plants, up to 10 years of monitoring data were available. 

It was decided to test the estimation methods using these data 
where possible. 

Four methods could be tested: the ratio, the HEG, the 
TWA, and the deterministic methods. To test these methods, 
a subset of the cells for which there were monitoring results 
was removed from the estimation process. The assessment 
methods were then applied to the remaining cells to develop 
estimates, which were compared with the corresponding mea- 
surement means. All possible job/time period cells were used 
for all estimates combined and for type of operation (fiber, 
monomer, and resin). 

In the ratio method all sets of four jobs in the ratio that met 
the criteria listed for this method were identified. One of the 
four jobs was selected randomly to be the estimated job. The 
means of the measurements for the remaining three jobs were 
used to calculate the estimate for the fourth, using Equation 1. 
The estimate was compared with the mean of the measure- 
ments of that job. All possible combinations of four jobs were 
used (i.e., a single job may have been used in comparison with 
several different jobs). 

In the HEG method, at least three jobs, each with measure- 
ments, were identified as being in an HEG using the criteria 
described earlier for this method. One job was randomly 
selected from the jobs in the HEG and removed. The mean of 
the remaining measurements was the estimate and the mean 
value of the measurements of the removed job was the referent 
value. 

For the TWA method, jobs with mean of the monitoring 
measurements estimates were identified. Wherever possible, 
estimates were developed for these cells using area measure- 
ments, short-duration measurements, or estimates from other 
jobs, weighted by time. These estimates were compared with 
the mean of the monitoring measurements values. 

In the deterministic method, all jobs with at least two 
estimates calculated from the mean of the monitoring mea- 
surements method were identified. Frequency of exposure was 
not relevant here because it designated number of days exposed 
per week, which is not relevant to a full-shift measurement. 
The estimate of the job in the most recent time period (e.g., 
1987) was modified using the estimates of size and effect 
generated by the chemical engineer to derive an estimate for 
each time period back to 1977. The estimates were compared 
with the referent values (i.e., the means of the measurements) 
when they existed. 

Statistical Methods 
Bias, precision, and accuracy were calculated for each meth- 
od.(l*) Bias is the average difference between the measurement 
means and the estimates. Precision (a more intuitive word 
would be imprecision, and therefore this term is used here) is 
the standard deviation of those differences. Accuracy is the 
square root of the sum of the bias squared and the imprecision 
squared. The closer these three values are to zero, the better 
the estimates are. Relative bias, imprecision, and accuracy 
were calculated by dividing each of these values by the mea- 
surement means. To determine how well the ranking of the 
estimates compared with the ranking of the referent values, 
Spearman rank correlation coefficients were calculated. All 
possible estimates for each of the methods were included in the 
analysis to see how well the methods performed overall. To 
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TABLE 2. Bias, imprecision, Accuracy, and Correlation of Three Exposure Assessment Methods 

zm* SEE zec Bias RelBias Imp R e l I m p  Acc Re1 Acc 
n (PPmI (PPmI (PPm) (PPW ("/I (PPW ("/I (PPmI ("/I rD 

Ratio 51 0.93 0.14 1.64 0.71 77 3.82 412 3.88 419 0.76E 
HEG 86 0.72 0.14 0.73 <0.01 0 1.08 149 1.08 149 0.65E 
TWA 32 0.62 0.02 0.47 -0.15 - 24 1.03 166 1.04 168 0.59F 
Deterministic 177 1.34 0.25 1.33 0.01 1 3.17 236 3.17 236 0.58E 

*Arithmetic mean of the measurements. 
BStandard error. 
CMean of the estimates. 
DSpearman rank correlation coeficient. 

Fp < 0.005. 
Ep < 0.001. 

establish which of the three methods was preferable when the 
data allowed selection of more than one method, only cells for 
which estimates were derived for the ratio, HEG, and deter- 
ministic methods were included in the calculation of the 
statistics. None of these cells could be derived from the TWA 
method, so this method was not evaluated. 

Results 
A random sample of one job &om each of 51 sets of four jobs 
was used for evaluating the ratio method (Table 2) .  The overall 
mean of the cells based on the mean of monitoring results was 
0.93 ppm, whereas the overall mean of the estimates for those 
same cells was 1.64 ppm. The estimates therefore overesti- 
mated the measurements by 0.71 ppm or about 80 percent. 
The relative imprecision was about 400 percent. Overall, the 
estimates were accurate to within about four times the mea- 
surement means. The Spearman correlation was 0.76, which 
was statistically significant (p < 0.001). The average of the 
mean of the measurements in the 86 cells in the HEG method 
was 0.72 ppm, with the mean of the estimates being 0.73 ppm. 
The relative bias was zero. The imprecision was 150 percent 
and overall accuracy was 150 percent. The Spearman coeffi- 
cient was statistically significant at 0.65 (p < 0,001). The TWA 
method had overall bias of 25 percent, the relative imprecision 
was about 165 percent, and the relative accuracy was about 
170 percent. The correlation was 0.59 (p < 0.001). The 
deterministic method had low bias (mean of the measure- 
ments = 1.34 ppm; mean of the estimates = 1.33 ppm; relative 
bias = 1%). The imprecision and overall accuracy were both 
about 240 percent and the correlation was 0.58 (p < 0.001). 

The methods were examined by type of operation. The 
mean of the estimates using the ratio method (Table 3) was 

higher than the mean of the monitoring results (2.96 versus 
1.48 ppm, respectively) in the fiber operations. This resulted in 
a relative bias of 100 percent and a relative imprecision of 380 
percent. Overall accuracy was about 400 percent and the 
correlation coefficient was 0.87 (p < 0.001). The estimates for 
the monomer operations were only slightly higher than the 
monitoring results (means = 0.56 and 0.48 ppm, respectively). 
The relative bias was 18 percent, relative imprecision 139 
percent, and relative accuracy 140 percent. The correlation 
was lower than for the fiber operations (monomer r = 0.48), 
although still significant (p < 0.01). Estimates could not be 
developed using this method for the resin operation because 
there was no comparable operation to use in the ratio. 

The results of the HEG method by type of operation are 
found in Table 4. The means of the estimates for the fiber, 
monomer, and resin plants were fairly close to the means of the 
measurements (relative biases of -9, 25, and 12%, respective- 
ly). The imprecision and accuracy were 220 percent or less. 
The correlation between the measurements and the estimates 
was excellent to moderate for the fiber and monomer plants 
(r = 0.80 and 0.47, p < 0.01, respectively), but poor for the 
resin plant (0.31, p > 0.05). This low correlation may be due 
to the narrow range of exposures in this plant (mean = 0.23, 
SE = 0.06). 

The TWA method underestimated the measurements by 20 
and by 56 percent when it was evaluated for the fiber and 
monomer operations, respectively (Table 5). There were too 
few measurements (n = 2) for the resin plant to evaluate the 
method. Relative imprecision and accuracy for the two oper- 
ations was about 75 and 125 percent for the two operations, 
respectively. The correlations were 0.57 (p < 0.01) and 0.43 
(p > 0.05). 

TABLE 3. Bias, Imprecision, and Accuracy of the Ratio Method by Type of Occupation 

%I SE ze Bias RelBias Imp Re1 Imp Acc Re1 Acc 
n (PPmI (PPW ( P P 4  (PPm) ("/I (PPmI ("/.I (PPm) ("/I r 

Fiber 23 1.48 0.26 2.96 1.48 100 5.61 380 5.80 393 0.87* 
Monomer 28 0.48 0.07 0.56 0.09 18 0.66 139 0.67 140 0.48B 

Abbreviations are explained in Table 2. 
< 0.001. 
< 0.01. 
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TABLE 4. Bias, Imprecision, Accuracy, and Correlation of the HEG Method by Type of Operation 

grn SE ge Bias Re1 Bias Imp Re1 Imp Acc Re1 Acc 
Plant n (PPm) (PPm) ( P P 4  ( P P 4  (%) (PPm) (%I (PPW r 

Fiber 36 1.22 0.30 1.11 -0.11 -9 1.38 114 1.39 114 0.80A 
Monomer 33 0.44 0.12 0.55 0.11 25 0.97 219 0.97 22 1 0.47B 
Resin 17 0.23 0.06 0.26 0.03 12 0.30 128 0.30 129 0.31 

Abbreviations are explained in Table 2 .  
"p < 0.001. 
Bp c 0.01. 

The estimates for the deterministic method were, on aver- 
age, higher than the measurements in the fiber and resin 
operations, whereas they were lower than the measurements 
for the monomer plants (Table 6). The magnitude of the 
relative bias, on the other hand, was similar for the fiber and 
monomer plants (18 and -32%, respectively), but large for the 
resin plant (1 70%). Relative imprecision and relative accuracy 
were over twice as high for the monomer and resin plants as 
compared with the fiber plants. The correlation in all opera- 
tions was moderate (r = 0.38 to 0.58). 

To evaluate what hierarchy should be used when more than 
one method was possible, only the cells for which estimates 
were developed using all methods were evaluated (Table 7). 
There were 32 estimates that the ratio, the HEG, and the 
deterministic methods had in common, but none of these 
could be developed using the TWA method. The ratio 
method developed estimates that were much higher than the 
measurements (2.70 versus 1.57 ppm, respectively). The rela- 
tive bias was 71 percent, the relative imprecision was 322 
percent, and the relative accuracy was 330 percent. The cor- 
relation coefficient was 0.63 (p < 0.001). The HEG and the 
deterministic methods also overestimated the measurements, 
but by much less, with relative biases of 6 and 32 percent, 
respectively. The relative imprecisions and accuracies of these 
two methods were about and 90 and 120 percent, respectively, 
and the correlations were moderate (0.65, p < 0.001, and 0.54, 
p < 0.01, respectively). 

Discussion 
This report describes the exposure assessment methods used in 
an epidemiologic study to assess historical exposures when 
measurement data were not available. Because measurement 
data varied in quantity by job and by year, several methods 
were developed to allow the best use of the data. The methods 
were then evaluated to ensure that they developed reasonable 
estimates. 

Most of the methods performed acceptably. Relative bias 
was 77 percent for the ratio method, 24 percent for the TWA 
method, and almost zero for the HEG and the deterministic 
methods. Relative imprecision was reasonable for the latter 
three methods (150, 165, and 240%, respectively), but high for 
the ratio method (400%). Correlation between the measure- 
ments and the estimates was moderate (for the HEG, TWA, 
and deterministic methods, r = 0.58 to 0.65) to excellent (ratio 
method, r = 0.76). These statistics were generated using every 
possible cell for each method. 

In many cases, however, the study investigators were able to 
develop estimates using more than one method, so that the 
methods were also evaluated using the same subset ofjob/time 
periods. (The TWA method could not be evaluated because 
no estimates could be developed for any of the cells that were 
developed for the other three methods.) Bias and imprecision 
were found to be lowest for the HEG method (6 and 88%, 
respectively), and it had a correlation equal to or higher than 
the other two methods (r = 0.65). The HEG method, there- 
fore, was the method of choice when the criteria described 
earlier for using means of the measurements were not met. The 
deterministic method performed better than the ratio method, 
so it was the next preferable method. 

The results of the evaluation were examined by type of 
operation to determine where the estimation methods per- 
formed poorly. Of the ten method/operation evaluations, six 
estimates overestimated the measurements and four underesti- 
mated the measurements. There was no consistency by type of 
operation, although the estimates averaged higher than the 
measurements for both sets of resin operation comparisons. 
The monomer operation generally had a lower bias, impreci- 
sion, and accuracy than did the fiber operations, but the 
average differences were slight. The methods did much worse 
for the resin operation. The fiber operation had, on average, 
higher correlations than the monomer or resin operations, but 
all were moderate. 

TABLE 5. Bias, imprecision, Accuracy, and Correlation of the TWA Method by Type of Operation 

~ ~~ 

Fiber 22 0.80 0.65 0.64 -0.16 - 20 0.58 73 0.61 76 0.57* 
Monomer 8 0.27 0.25 0.13 -0.15 - 56 0.34 126 0.37 137 0.43 

~ ~~ 

Abbreviations are explamed in Table 2 .  Resin plant results are not presented because n = 2. 
*p > 0.01. 
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TABLE 6. Bias, Imprecision, Accuracy, and Correlation of the Deterministic Method by Type of Operation 
- SE Xe Bias Re1 Bias Imp RelImp Acc Re1 Acc 

Plant n (PPm) (PPm) (PPm) (PPm) (%.) (PPm) W) (PPm) r 

Fiber 74 1.48 0.18 1.75 0.26 18 1.81 122 1.83 123 0.38" 
Monomer 69 1.72 0.61 1.18 -0.54 -32 4.66 27 1 4.69 273 0.55* 
Resin 34 0.28 0.04 0.75 0.47 170 0.83 30 1 0.95 346 0.58* 

Abbreviations are explained in Table 2. 
*p < 0.001. 

Where large differences occurred between the estimates and 
the measurements, almost all (88%, n = 14) occurred when the 
measurement data appeared to be unusually low or high when 
compared with means in other years or with means of other 
similar jobs in the same year. For example, in one job the mean 
of the measurements in 1978 was 1.83 ppm; in 1979, 8.04 
ppm; in 1980, 0.41 ppm; and in 1981, 0.56 ppm. (All these 
means were based on more than ten measurements.) The three 
methods for which estimates were developed for this job 
underestimated the 8.04 ppm measurement (the ratio estimate 
was 1.61 ppm; the HEG estimate, 4.06 ppm; and the deter- 
ministic estimate, 2.28 ppm). These values are more in line 
with the measurement means of the other years. In one sense 
this is reassuring, in that the methods produced estimates that 
appeared reasonable, even when the referent value appeared 
unreasonable. In another sense, however, this difference is 
troublesome, because it points out the problem of using mea- 
surement data as the referent value. 

Measurements are generally considered to represent truth, 
but because they are generally few in number, they can be 
influenced by a few unrepresentative values. An attempt was 
made to reduce such an influence by requiring at least six 
6-hour or more measurements, with nonrepresentative mea- 
surements generally weighing less in the calculation of the 
mean than the sample results taken under typical conditions. It 
may be that this approach was not totally successful, however. 
One explanation for these outlying data is that the measure- 
ments may have been taken on days that were typical, but on 
the high end of the typical scale (i.e., day-to-day variability). 
There was, however, no way to determine this possibility from 
the data. The data could also represent undocumented atypical 
conditions. 

There are few studies evaluating historical exposure assess- 
ment methods with which to compare these results. Hornung 
et d.(') compared the results of a regression model with mea- 

surement data in a study of ethylene oxide workers and found 
a relative bias of 32 percent, a relative precision of 105 percent, 
and a relative accuracy of 109 percent (Homung, R., personal 
communication). Investigators of a man-made mineral fiber 
study simulated historical environmental conditions and found 
that their estimates were about fourfold the measurements 
taken under simulation.(2) Two studies evaluated assessments 
made of current exposures using professional judgment. One 
found approximate relative biases of 200 and -4 percent 
(calculated from published data) when the raters estimated 
exposures without and with monitoring data, respectively.(") 
A second study found correlations of 0.67 to 0.73 between 
exposure estimates and measurements of methylene chloride 
and 0.12 to 0.29 for styrene.(20) Overall, our results compare 
favorably with these other studies. 

In conclusion, methods were described that were used to 
estimate historical data when measurements were nonexistent. 
Four methods were evaluated by comparing estimates derived 
from these methods with measurements. All performed satis- 
factorily, although three (the HEG, TWA, and deterministic 
methods) gave more accurate results than the fourth (the ratio 
method). 

Recommendations 
When developing historical exposures, the estimation proce- 
dures described in this report should be considered when 
measurements are nonexistent or limited and more rigorous 
methods, such as regression models, are not possible. These 
procedures require fewer monitoring data than more rigorous 
methods and can be used with descriptive information. At- 
tempts should be made, however, to evaluate their perfor- 
mance. 
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TABLE 7. Bias, Imprecision, Accuracy, and Correlation of the Ratio, HEG, and Deterministic Methods Usina the Same Estimates 

~ ~~ ~ ~~ ~ ~ ~ 

Ratio 32 1.57 0.29 2.70 1.13 71 5.07 322 5.19 330 0.63* 
HEG 32 1.57 0.29 1.67 0.10 6 1.39 88 1.39 89 0.65* 
Detemnistic 32 1.57 0.29 2.08 0.51 32 1.88 119 1.94 123 0.54B 

Abbreviations are explained in Table 2. 
"p < 0.001. 
Bp < 0.01. 
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Appendix 
The deterministic model was based on the assumption that two 
important modifiers of exposure levels are changes in the 
process or in engineering controls or work practices, and 
changes in frequency of exposure. 

In most of the situations in which the deterministic method 
will be used, measurement data will be available in a more 
recent time period and the more historical time period is the 
period being estimated. It is easier to conceptualize the deri- 
vation, however, taking the opposite case (i.e., assuming mea- 
surement data exist for an earlier time period, and that it is the 
exposure of the current time period being estimated). The 
historical exposure is designated as the baseline estimate 
(B(y-l)) (i.e., the estimate that will be modified), and the 
exposure for the current year (y) is designated as the estimate 
derived from this method (EDETY). 

An exposure (whether a mean (M) or an estimate (E)) is a 
result of numerous sources generating emissions, and can be 
measured by summing the individual sources of emissions (ei). 
Thus, 

If the total exposure (E or M) is equal to the sum of the 
emissions of all the sources, size, as a percent, can be used to 
quantify the contribution of each source. The percent of 
emissions contributed by any source (Si) is equal to the amount 
of emissions divided by the total emissions or the mean: 

and because the source sizes are percentages, they must equal 
1: 

(3) 

If a change affects the level of emissions from a source, the 
amount of emissions will decrease by a quantity or a correction 
factor (CF). This term is defined as 

(4) 

Substituting ei(y-l) in Equation 4 with Equation 2, we have 

and 

(5) 

and the estimate is therefore equal to the sum of the new 
emissions: 

(7) 

Where no change occurs at a particular source, CF = 1. Thus, 
the estimate for the more recent time period equals the sum of 
the emissions that were changed (eiyc) and the sum of the 
emissions that were unchanged (e,(y- I)u): 
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If S, is designated as the size of only those sources changed, the 
equation becomes 

However, because the mean is generally for the most recent 
time period and the estimate is for the earlier time period, the 
inverse occurs, so that the equation becomes 

Frequency of exposure is directly proportional to exposure 
level, so that 
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