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Remrotpective eXposure assessiment in epidemiologic studies is depen-
dent on the availabilivy of bastorical monitoring ceaudrs, yet rarcly are
there sufficient resnlts to rely upon them exclusively. An approach is
descobed that has a formal sgucture for developing exposure esd-
mates for an epiderniologic study using a varicty of methods depend-
ing on the mfonmaton available. The approach identifies criveria for
determining what data are needed for each method and the hierarchy
for using the methods, The esdmadon methods include: (1) calculur-
ing a mcan from the monitoring resales of a job; (2) idendfying ho-
mogeneocusly exposed jobs and osing the moexn of the measurermenty
for the jobs as the estirsate; (3) applying a rato of the measurement
means of two jobs in one operation to a third job in another operstion
to cstimate a foveth; (4) weighting by tme various arcas or personal
(short or full-shift) measurements representing maks or Jocadons; {5)
taking a dererministic approach that modifies a more recent cxposure
by cstimates of exposure modifiers to reflect how changes in the
workplace affected exposwes; and (6) ndng professional judgment.
The homogeneous exposuce group, rato, dme-weighted, and decer-
omistic approaches were evainaced for bias, precision, accuracy, and
cornelation, Firar, a subser of the monitoring results was removed
from the entire data set for use as referent values. Estimates were
developed using the four methods without the removed dara and
compared with the referent value, On aversage, the estimates
ended to overcstimate the measurements in the ratio method (bi-
as % 77/%) and underestimate them in the tme-weighted mechod
{—24%). The average difference berween the means and che esi-
mates viing the homogencous exposure gronp method and the
deterministic method was zexo. The imprecision was threefold
fouefold for the ratio and detervainistic mechods and 1.5fold for the
trme=weighted and homogeneous expomre group merhads. Cor-
relations between the estimates and the measursment means
ranged between 0.60 and 0.75 and weve satistically significant.
When the methods were evaluated using only the same ¢elly, the
homogencous exposure group method performed best, followed
by the deterministic method and then the ratdio method. The dme-
weighted average method could not be evaluated because of the
lack of measurement data for these cells. © 1996 AIH. Srewarr, P.A;
Zev, LN Horwund, R, Hemex, RF.; Dosemedr, M, Zagest, D.; Pormen,
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UANEENVE FErospeciive eXposure assessment i< 3 difficule

task 1 occupational epidemiclogic studies, because rarely
are sufficient monitoring results available for all jobs over all the
vears 1 the study, Vanous approaches have been wken to
estimate exposures, but only two, to our knowledge, have
compared quantitative oXposuré estitiates 0 measurenment
data !"? The fiilure to conduct such an cvaluation in other
studies s not surpnsing, however, because if sufficient daa
were available o tully validace the exposure esumares. the
extimates chemiselves would be unnecessary. Nonetheless, val-
idation of estunates i ¢rucial o the field,

We are engaed in 2 cohort mortality study of workers
exposed o acrylonitrile {AN).® The ¢ohore has been em-
ployed i eighe planes that starred manufacturing AN, acryl-
amide, and acrvhe fibers or resiny between 1932 and 1965,
Each of the companies conducred air monitoring since the late
19705, but anlv one monitored before chis time. Even after
1977, a large numbser of jobs were not momtored {about 3200)
compared with the number of jobs in the scudy (3500). Thus,
wwas necesary 10 develop a large number of estimares both for
the unmonitored jobs and the.unmomtored time penods 1o
allow the inclusion of all study subjects in the morality anal-
ysis. Tha report describes the methods used to estimate his-
toncal exposures and an evaluation of their performance,

Methods
All compamesin the study started conducnng personal mon-
1oy 1 the lare 1970s. Accompanying documentation main-
wined by the plant gencerally included job tide, deparunent,
date, duration of the sample, an evaluation of the sample's
representaaveness of typical exposures, and type of sample
{(area or personal and ume-weighted average or short-term),
but not all plants retained the same information, All data were
computenized (either by the company or by the study inves-
ngators) and put into a standard format.

There were abour 18,000 monitoring results. The quancdcy
of momtonng, data available on the jobs in the study varied
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considerably over nme and ameng plants. For some of the jobs
directly involved in making the product, there were over 100
full-shuft, personal monitonng results berween 1977 and 1983
(che close of the eollection of work history records). In con-
wast, 3 few jobs supporting the producton operations (e.g.
maintemance, quality control, the marerials handlers for the
AN monomer, environmenwl conmol, utilites, engincening,
and rescarch and development) had 2 varable nomber of
results, depending on the job, the plant, and the exposure level.
Administracive, non-AN-cxposed, and other support opera-
tions (¢.g., the materials handling deparoment not handhng che
monomer) were rarely monitored. Avea measurements were
available in three planes, but in only one of these (a fiber plant)
had they been collected prior to 1977, The approxsmartcly
4000 area measurcments in this plant were shosm-duradgon
samples and cxisted back to 1963 (starv-up of the plant was in
1958), The area measurements collected in the other owo
plants included both short-duradon and full-shift results,

Prior 10 derermining what cstimation procedure should be
used, a review of the published exposure assessment literature
was conducted. Because 50 many jobs were mussing mcasure-
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 cxposures could be
calculaced for all groups,™ dedvanions of estimartes using arca
measurements weighted by dme,“® or use of statistical mod-
<ls''® wax not possible prior to 1977 in seven of the plants
because processes and eontrols had changed over the yean and
measurements for these condirtions were nonexdstent. In addi-
tion, the fiber plant that had collected cazlier arca measure-
ments was substantially differenc from the other tweo fiber
operations. It was a continuows wet operation, whereas the
other two dried the polymer before making the fiber. Thus,
extrapolation o the other two plants was inappropriate. There
were also no other parallel chemicals used in the processes that
had been measured and could be uted w esumare exposure
levels.® Moreover, no single cstimation approach could be-
idennificd that would produce estimates for all cells. As a resuly,
it was decided to use a variery of methods, the selecton of the
method for any particular job/year combimation being deter-
mincd by the available information, by defined criteria, and by
how well cach method performed in che validauon exercise
where the predicted exposures were compared with the actual
messurements (described below),

The onginal mrent of the investgrtors was to develop an
estimate for cach job/department/plant combinadon for every
year, Many of the years, however, had so few monitoring
results that 1t was decided to combine years, where appropn-
ate, to form ume period cells. Informagon was collected from
interviews with long—ternm employees ac each of the planss on
when major changes oceurred that were likely to have affected
exposure levels in the workplace. The dates of these changes
provided boundaries around 6me periods, which were made
up of years in which exposure levels were likely ro have been
similar. The periods may have been composed of a single year
or may have included several years, and they escablished che
unit of ume for which the exposure estimates were developed.

Performing a retrospective exposure assessment usually hay
two components duc to the availabilicy of monitonng data and
supportng documentation, First, becanse it is rare that all the
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Jobs have been monitored in a company, the indusorial hy-
gienise 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 w0 develop bascline cxposure
estmates for all cells ffrom menitoring results wherever possi-
ble, Cells for which mecans could not be calculated were
cvaluared to determine if they could be estimated using the
homogeneous exposure group (HEG). rato, or time-weighted
average (TWA) method. For all remaining jobs thar sall had no
estimate, professional judgment was used  assign an estimate
for a single ccll, The second component in exXposure assessmens
is to develop estimares through tme for the remaining empty
cells. In this study this was done by modifying the baseline
CERMALCS, uHng cstmates of exposure modifiens to complete all
remaining empey cells. This was called the derermimstic
method. All estmates in this study were plant/deparment/
Jjob/uime period specific.

Development of Baseline Estimates

Meoan of the Monitoring Measurements

The best estimates of the wue exposures expenenced by the
study subjects when cumuladve exposure is the primary ex-
posure measure of interest arc the anthmetic means of the
measurements. " Anghinetic means were therefore calculated
in this study, Means based on small numbers, however, can be
easily affected by a few oudiers that weigh more heavily in the
caleulation of the mean than appropriate. Critena were there-
fore necded that ensurcd, to the extent possible, thae che means
reflected true exposures. Three variables were evaluated that
could have influenced the accuracy of the mean estimates: the
duration of the monitoning result, the representativeness of the
monitoring tesult o typical exposures (as mdicated in the
company records), and the number of moenitonng resuls used
m the calenlagon of the mean,

Sample duradon was identified in the documentacon of the
measurement data in five plants. Decumentation from two
other plants indicared whether the result represented an 8-hour
TWA, a certling, or a peak sample. Personnel from the eighch
company indicated to the study investigators that generally
full-shift samples were taken; thercfore, all results obtained
from tus company were assumed o be full-shift in duracon,

Over 80 percent of all measurements were greater than 6
houry in duration. Because the less than 4-hour samples were
generally task oriented vather than full-shift onenced, these
measurements were excluded. The 4- to 6-hour measurements
appeared to be a mixture of both full-shift and task measure-
ments. These resulis were also excladed, however, because
they contribured only slightly to the database (8%). A muni-
mum 6-hour duration was therefore selected to ensure that the
menwurements were representaive of full-shift exposures.
(Shomer duration measurements were available using other
methods; see below.)

Many of the companies designated the measurements 25
typical or artypical of normal operating conditions. Exclusion of
che arypical measurements was not considered approprate
because they were actual measured exposures. Including them
with measurements taken under typical conditions was also
troublesome, because in calculating 2 mean, they might be
given more weight than appropriate. For example, if a job was
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monitored cvery day during a shurdown operation lasung 2
weeks, and was otherwise monitored monthly, the measare-
ment taken over the 14 days of the thutdown would contib-
ute 54 percent of the total (14/14+12) measurements in 2
year, which is considerably more than the true contabution of
these measurcments (14/365 days or 4%) 1 an annual average.

An examinagon of the measuxements found thac fewer than
20 percent of the measurements were taken wnder unusual
conditions, Of these, 60 parcent were taken during shutdowns,
start-ups, or major repar of the operating units, cvents that
usually occurred once 3 year or less. The frequency of some of
these cvens could be estimared, so chat they were weighted in
the calculation of the mean according to their frequency of
QCCUITENCE OVET 3 year (0.g.. 4% in the above example). When
frequency could nor be determined (c.g. spills, upsets, no
information), the results were given the same weight as che
typical measurements. Although not the perfect selution, chis
was considered acceptable because cthese other measuremenss
comprised only about 5 percent of the measuremens used i
the analysis.

Finally, the minimorm number of measurcmens necessary ro
develop a cell mean was cvaluated by looking at the coefficient
of variadon (CV). CVs were calculared for all cells wich at least
five measurements and then pooled to derive an average CV.
This calenlacon was also done for cells with ar least six, seven,
cight, nine, and ten measuremenrs. The mean CVs changed
very himde (less than 30% from the lowest to the highest CV)
regardless of the number of measurerments. Six was thercfore
arbitrarily selecred as the minimom number of measurements
recuaired for a eell, (Shorter duradon measurements were avail-
able for other methods; see below.)

Ratio Method

In this method, the assumption was made that similar jobs in
similar environments in different planes are likely to have
sumilar exposure levels relative 1o other jobs in the same
environment. This assumption appears to have validity based
on work by Eiser: er al."V) In their report on granite workers
they presented exposure daa from seven gramite sheds. For
each shed, the exposure csdmares of six jobs were presented.
Although the partcular environmental condiuons were not
presented in the report, it appears from those data thae the
reladonship of exposure levels berween two jobs in one shed
approximated that of the same jobs in anocher shed, despite che
wide range of exposure Ievels among sheds. That study pro-
vides che anderlying assurnption that

(EMOM;') (EMONI")
EMONi)

(1)

RTO =

where:
Ewyony ™ the exposure estimate derived from the
ratio method for job i'j"
Enon ™ the estimate derived from the mean of the
rmonitoring meosyrements mathod
i w jobs
j = operations or plonts

The erteria for sclecung the jobs for this method were as
follows: (1) che tasks being performed by job, in planes § and §'
were similar, a5 were thase by job;.: (2) the amounts of tme
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spent by job, performing those tasks were similar in plans j and
¥’y a5 were those of job,: (3) the sources of exposure for the
two jobs (i and i’} in plants § and j* were similar; and (4) the
controls influencing those sources were similar, Because of the
requirement of similar controls, the estimare for job, and job,
in plane, wete from rhe same time period, and those of job, and
Job, in plant, were from the same cme period, buc che
estimates for plants j and j° did not have to be from the same
time periad.

HEG Mathod

Another approach used o estimare exposure was based on the
concept of HEGs."' Jobs identified as being similar were
grouped, and the measurements for those jobs were wed w
caleulate 3 mean value. The critena for grouping these jobs
were that: (1) they had to have the same sources of exposure
{i.e., they were in the same operating v and plang): (2) the
tasks being performed were similar; (3) the ume spent per-
forming those tasks was similar; (4) the conuols influencing
those sources were the same (resultng i all the messurements
being in the same time period); and (5) there had to be ac Jeast
six measurernents of at least 6 hours in duration on the jobs
within the group.

Time-Weighted Average [TWA)

In this method, a TWA was calewlared from short-duration or
AT micasurements or from other job estimates and weighted
by the time spent at those concentrations by

E _ C,t. + C:(z L. F c,,tn »
WA T t1+tz...t“ <)
where:
Erwa = the estimate derived from the TWA method
C, = the concentration at location; or performing

task,
1, = the minutes the job spent ot location, or rask,

Three different sources of exposure concentrations (C) were
available: (1) a concencration entered by the induscrial hygen-
ist based on professional judgment, which was usually 0.00,
designating the exposure level experienced when working in a
nonexposed office; (2) 3 mean of area samples or 2 mean based
on less than six personal samples or on samples thar were lesy
than 6 hours in duration {These dara had been excluded from
the mean of the monitoring measurements method): and (3) a
previously developed estimace for another job or 3 mean of
other jobs' estimares. For example, an engincer whe spent 1
hour a dsy m an operadng urit was given the same coneen-
tration for thar hour as an engineer who spent 8 hours a day in
the unit. The time estimates were either specifically idendfied
from interviews or they were estimated by the study investi-
garors based on an undemstanding of the tasks,

Esumates derived from these four merhods were considered
to be of higher confidence, and these methods were used o
develop the estimates wherever possible. For the jobs to which
these methods could nor be applied, a sinple estimate was
developed, usually the most recent, using one of two profes-
sional judgment techniques:

[P —



Jun 02 08 N4:11p

P.4
APPLOCCUP. ENVIRON. HYG. Srudy of Work: ; T
TH11) NOVEMBER, 1996 Y o Bxpored 1o Acylontorle 1315
TABLE 1, Exomples of Significant Changes and Estimates of Thair Size and Effect
Mant Eogr Estimage® IH Estomate®
Type Change SizeC Effect® Size Effvet
Fiber Installed vents on reactors M 1-1.5 30 13
Fiber Quulity control sample points enclosed in ventilated sample boxes M 10~-100 30 55
Fiber Pilar plant closed: quality canerol samples no longer analyzed L 0.9-0.9 30 0.9
Monomer Began closed dome loading of cank cars M -1 30 6
Monomer Single seals replaced by double seals/tandem seals M/L -3 4 35
Moanomer Flaating roofs installed at tank farm S 1-1.1 3 1.1
Monomer Qil added o senling ponds to reduce evaporaton g 1.1-3 5 3
Resin Increased preventatve masntenancs M 1-1.3 20 1.1
All AN ¢onunuous analyzer installed M 1.1-2 1 15
;A]} MNew (OSHA standard became effective M 2.5 14 35
All Hoods added to haborarory M/L 2-10 20 6
Al Air condidoning added to conrrol room M =5 30 3

AThese represent the esnmates developed by the engineer of the study. They were used a5 yondehines for the mdusernal hygnenis.
“These represent the eximates anigned by the industrial hypiems of the sudy. They generally represented the nudpoin of the engneer’s esimate,
“Pereent of a job's rowl £xposure that the source bomg afccred contnbured 10 prior 1o the change: $ = sall {1 o H0%): M medwm (11 1o 393, L = large

{50 to 100%),

DA comection factor dengnanng the reducdon or increae that the change had on the emumons bewng released from the source. For example, 1 would indicare
no effect and 1.5 would indicate that emisdons Som a source were 1.5 mmes higher before the change was 1 place.

Departmen-Wide Mathod

This method allowed the industrial hygicnist to cnter one
¢xposure estimate for all jobs m a department. It was genexally
used for nonexposed departmenes, such a8 administration, for
example, where 0.00 was entered.

Professional Judgment

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

Development of Estimates Over Time

After all jobs had ar least one bascline estimate, all remaning
cells were estmaced wsing the detenministic method, which
modified baseline estimartes based on estimares of the effect thar
the major changes that oceurred in the workplace, or exposure
modifiers. '™ had on exposure levels. Three variables were
identified as having an important effect on AN exposure levels:
changes m producdon raes,''™ changes in the frequency of
exposure, and changes in the operanon and in engineernmg
conwols, Annual production rates were received from the
companies in the study, but because daa were missing, for
several years, production races were not included in the muodel,
The frequency of exposure was obruned from the interviews
or estmated. For example, production emplovees usually were
given daily exposure, whereas an enganeer may have been
expoyed only 1 day a week.

Estimating che effect of the changes in the operation or in
enginecring controls was a more difficule task. For many
changes there were no monitonng data available pnor 0 and
after ymplementation of the change. A chemical engineer with
experience in these types of plants, therefore, compiled mon-

iroring data, information from the interviews. mformation
from other plants m the study, and data from the published
lireratwre, Using these sources and his own experience, he
estimared the effect the changes had on exposure levels for two
variables; size and efiect. Size was defuned as the pereent of the
Jjob’s.rotal exposure that the source being affected contribured
o prior to the ehange, and was indicated as small (1 1o 10%),
medium (11 1o 49%), or Jarge (50 o 100%). Efficct was a
correction factor indicaung the reduction or increase chae the
change had on the emissions being released from the souree,
and was generally indicaced as a range. Unless information was
available that suggesced otherwise, the midpoint of the anges
tor both uze and effect was wed, Table 1 identifies exarnples of
several chanyes and cheir estimated size and effece.

To develop an estimate, the basehine value for an adjacent
(generally mwore recent) ume period was used o denve an
estumate for an earhier ame period as follows:

Eprrasn = BV ~ £ 5, 4 X 5,/CF ) KFy. y/F) {3

where:
Eper = the estimate being derived from the
deterministic method
B = the bassline estimate
§ = the size of the source being offected by
change,
CF, = the correction factor or effect of change,
F = the fraguency of exposure (1.0 = 410 5
days/week, 0.4 = 2 to 3 days/week, and
0.1 = <2 doys/week]
y = the time period for the boseline value
y — 1 = the time period for the estimate

{See Appendix for a dertvation of the equation,) Thus, suppose
in 1977 the cxposure estinuace waw 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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onc change and 20 and 1.2 for the other, respectively. The
frequency of exposurc was daily i1n both years:

Eper = [2/(1 ~ 0.10+0.10/3.5 — 0.20 + 0.20/1.2)]
-(1/1)
= (2/0.90)(1)
= 2 22 pprm

‘The Eppy then became the bascline estmare for the next
adjacent time period. In additon to rhis estimare, maximum
and munimum esdmaces were caloulated wsing the extremes of
the size and effcer vadues developed by the chemical engineer,
These additional estmates provided an estimate of uncertamey
about the esdmates.

COther Esfimates

The esdmates described rhos far were estimares of air concen-
mrations. These are typically the principal cstimates used in
epidemiologic analyses. In some instances, however, these may
not be the bast esimates to evaluate discasc risks, For example,
in some jobs respirator use was mandarory, suggestung that an
air concentration may not be the best exposure esumare,
Exposure estimares were therefore derived thar accounted for
respicatory protection when respimtor use was mandavory for 8
hours a day (Ey pg). For these jobs, a protecron factor (PF) was
applied ro the air concentration ¢stimate (E) based on the tvpe
of respirator wom (half-mask: PF = 10; full-facepiece: PF =
50: supplicd ai: PF = 2000) and multiplicd by 0.65%% ta
allow for imperfect protection, that is,

Epps = E/PF(0.65) %)

Because the amount of an airborne chemical reccived by the
body depends on the amount jnhaled, 2 third estimace was
derived that took into account respiratory rates based on low,
medium, and high levels of physical activity, These level were
defined to correspond o vendlation volumes of 750, 1450,
and 2150 cmn®/breath, respecrively, assuming 15 breaths per
minute at all levels.!’™ An adjusted cxposure esimarce for a job
was therefore caleulated by multiplying the estinmare of the ar
concentration derived for the job by the appropriate ventila-
tion volume and the number of breaths tken in 8 hours,

Finally, AN can be absorbed dermally,'”) Because the ab-
sorption rate i humans was not found in the literature, a
dermal exposure score was calculated by muldiplying the fre-
gueney of dermal exposure, arbitranly selcceed a3 5 for fre-
quent {(more than once 3 day) and 1 for infrequent {less chan
once a day) by the concentration of AN in the Lignd.

Method Evaluation

Evaluation as to how well the estimadon methods performed
i crucial for the interpretation of an epidenologic scudy. In
this study, however, there were no full-shift, personal mom-
toring dawa prior to 1977 with which to evaluate how well the
assessment methods performed during the carier years of in-
terest, There were, however, monitoring datx available after
1983, the last year for which estimates were developed. In
some plans, up to 10 years of monitoring data were available.
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fr was decided to test the estimation methods using these daw
where posable.

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

In the rario method all sers of four jobs in the ratio that met
the criteria listed for this method were identfied. One of te
four jobs was selected randomly to be the esumated job, The
mcans of the measurements for the remainny three jobs were
used to calculate the estimare for the fourth, using Equanon 1.
The estimate was compared with the mean of the meawure-
ments of chat job. All possiible combinanom of four jobs were
used (i.e., a single job may have been used in comparison with
several different jobs),

In the HEQ method, at least three jobs, cach with measure-
ments, were idencdfied as being in an HEG using the criteria
desenibed eather for this method. One job was mmdomily
wlected from che jobs in the HEG and removed, The mean of
the remaming measurements was the esamuare and che mean
value of the measurements of the removed job was the referent
value.

For the TWA method, jobs with mean of the menitoring
mcasurements estimates were identified. Wherever possible,
estimates were developed for these cells using arca measure-
ments, shor-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 calevlated from the mean of the monitoring mea~
surernents method were identified. Frequency of exposure was
not relevant bere because it designated number of days exposed
per week, which w not relevane o a full<hift measurement.
The esrimate of the job in the most recent thme period (c.g.,
1987) was modified uung the ecstmates of size and cffect
genenated by the chemical engineer to denve an estmare for
cach ume penod back to 1977, The estimates were compared
with the referent vajues {i.c., the mecans of the measarements)
when they existed.

Statistical Methods

Bias, precivion, and accuracy were calculated for cach meth-
od.t"™ Bias 15 the average difference beeween the measurement
means and the cstimates. Precision (a2 more mncuitdve word
would be imprecision, and therefore thiy term 13 used here) &
the standard deviation of those differences. Accuracy is the
square root of the sum of the baas squared and the vnprecision
squared. The closer these three values are wo zero, the better
the esomates are. Relative o, unpreciaon, and aceuraey
were calculaced by dividing each of these values by the mea-
surgment means, 7o determine how well the ranking of the
estimares compared with the ranking of the referent values,
Spearman rank comelation cocfiicients were calevlated. Al
possible estimates for cach 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, Avcuracy, ond Correlation of Three Exposune Assessmant Methods
B* Se® #£, Bias Rl Bigs
L] - 1
8 GEm  (EPm)  GPM)  Pm) (k) oy Dec Rel Acc
™, (V) =
Rano 51 0.93 0.14 1.64 0.71 77 1.82 A
HEG 86 0.72 0.14 0.73 0,01 0 1.08 149 ?ﬁi 419 0765
TWA 3z 0.62 0.02 047 =015 —24 1.03 166 . >04 149 0.65"
Deerminisnic 177 1.34 0.25 1.33 .01 1 3,17 246 3’ 7 L'f‘:; 0.59¢
= . — ().SSE
AArithmedc mean of the mewsurements.

Borandard error.

CMean of the syamates.

USpearman rank correlation cosfliciene.
£p < 0.001.

p < 0005,

establish which of the three methods wes preferable when the
data allowed selection of more than one mechod. only celh for
which cstiznates were derived for the rado, HEG, and deter-
ministe methods were inchaded in the caleuvlation of the
staristics, None of these cells could be denived from the TWA
method, so this method was not evaluated.

Resulis
A random sample of one job from cach of 51 sews of four jobs
was used for evaluadng the rario method (Table 2), The overall
mean of the ¢clls based on the mean of monitoring revults was
0.93 ppm, whereas the overall mean of the estimates for those
ame ccls was 1.64 ppm. The csdmares therefore overesti-
mazed the messurements by 0.71 ppm or about 80 percent.
The relative imprecision was about 400 percent. Overall, the
estimates were accurare to within about four times che mea-
surerment means. The Spearman correlation was 0.76, which
was saatistcally significane (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 mecan of the esumates being 0.73 ppm,
The relative bias was 2ero. The imprecision was 130 percent
and overall accuracy was 150 percent, The Spearman coefi-
cient was statsacally signifieant ae 0.65 (p < 0.001). The TWA
method had overall bias of 25 percent, the relagive imprecision
was abour 165 percent, and the relagve accuracy was sbour
170 pexcent. The corrclation was 0.59 (p < 0.001), The
determinisne method had low bias (mean of the measure-
ments = 134 ppm; mean of the estimates = 1.33 ppm; relanve
bias = 1%). The imprecision and overall accuracy were both
about 240 percent and the correlation was (.58 (p < 0.001).
The methods were examined by type of operauon. The
mean of the escrmates using che ratio method (Table 3) wa

higher than the mean qf the monitoring results {2.96 versus
1.48 ppm. respecrively) in the fiber operations, This resuled in
a relavive bias of 100 percent and a relabive imprecision of 380
percent. Overall accuracy was about 400 percent and the
correlanon coefficient was (L87 (p < 0,001). The estimares for
the monomer operations were only slightly huigher than the
monitoring results (means = (.56 and 048 ppm, respectively).
The relative bias was 1% percent, relxive imprecision 139
percent, and reladive accuracy 140 percens, The corrcladon
was Jower than for the fiber operations (monomer r = (,48),
although sull sipmificant (p << 0.01). Estimates could not be
developed using this method for the resin operation because
there was no comparsble operation to use in the mtio.

The results of the HEG method by type of operation arc
found 1n Table 4, The means of the esomates for the fiber,
monomer, and resin plants were fairly close to the means of the
measurements {relative biases of —9, 25, and 12%, respective-
Iv). The imprecision and accuracy were 220 percent or less.
The correladon between the measurements and the estimates
way excellent 1o moderate for the fiber and monomer plants
(r = QR0 and 047, p < 0.01, respecuvely), but poor for the
rean plant (L3, p 2 0.03). This low correlation may be due
to the narmow range of exposures in this plant {mean = (.23,
SE = 0,003,

The TWA method underestimated the measurements by 20
and by 36 percent when it was evaluated for the fiber and
monomer operations, respecavely (Table 5). There were wo
few meaurements (n @ 2) for the revin plant to evaluate the
method, Relatve imprecion and accuracy for the two oper-
anons wis about 75 and 125 percent for the two operations,
respectively, The correlations were (0L.37 {p << 0.01) and 0.43
{p > (LO5),

TABLE 3. Bios, Impracision, and Accuracy of he Rotio Methad by Type of Occupation

£ SE z, Bins Rel Biax Imp Rel Imp Acc Rel Acc
n (ppm) {ppm) (ppm)  (ppm) 473 (ppm) (%) {ppm) (Vo) r
Fiber 2 148 0.26 2.96 1,48 100 5.61 380 5.80 393 0.874
Monomer 28 0.48 0.07 0.56 0am 14 0.66 139 (h67 140 (.48°

Abbreviations are explamed in Table 2.
Ap < 0.005.
Hp < 001,
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TABLE 4, Bia, Imprecision, Accuracy, end Comelation of the HEG Methad by Type of Opsration

Z,., SE £, Bias Rel Bias Imp Rel Imp Ace Rel Acc
Plant n (ppm) (ppmm)  (ppm)  (ppm) (*) {(ppm) (%) {pprn) (%) r
Fiber 36 1.22 0.30 1.11 —0.11 -9 1.38 114 1.39 114 0.80A
Monormer 33 0.44 0.12 0.55 0.11 st 0.97 219 0.97 2 G478
Roesin 17 0.23 0.06 026 0,03 12 0.30 128 0.30 129 0.31
Abbreviaaons are explaned m Table 2.
Ay < 0,001,
B, < 0.01.

The estimates for the deterministic mechod were, on aver-
age. higher than the measurements in the fiber and resin
opértions, whereas rhey 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 fibar and
monomer plants (18 and —32%, respecrively), bur lacge for the
resin plant (170%), Redatve imprecision and relative accuracy
were over twice as high for the monormer and resin plant a
compared with the fiber plants. The ¢orclation in all opera-
dons was moderate (r = 0.38 ro 0.58),

To evaluate whar hierarchy should be used when more than
one method was possible, only the cells for which estimares
were developed using all methods were evaluated (Table 7).
There were 32 estimates chat the ratio, the HEG, and che
deterministic methods had in common, bue nonc of these
could be developed using the TWA method The mdo
method developed astimates thar were much higher than the
messurements (2.70 versus 1.57 ppm., respectively). The rela-
tive bias was 71 percent, the relauve imprecision was 322
percent, and the relanve accuracy was 330 percent. The cor-
relation coefficient was 0,63 (p < 0.001). The HEG and the
deterministic methods 2ko overestimated the measurements,
but by much less, with relative biases of 6 and 32 percent,
respectively. The relarive imprecitions and accuracies of these
two methods were about and 90 and 120 percent, respectively,
and the correlations were moderace (0.65, p < 0,001, and 0.3+,
p < 0.01, respectively),

Dizcussion

Thas report describes the exposure assessrnent methods used in
an cpidemiologic study to assess historical exposures when
measurement dats were not available. Beeause measurement
datz varied in quandty by job and by year. several methods
were developed o allow the best use of the data, The methods
were then evaluated to ensure that they developed reasonable
esnTnates.

Most of the methods performed acceprably, Relative bias
was 77 percent for the matio method, 24 percenc for the TWA
method, and almost zero for the HEG and the deterministic
methods, Relative imprecision was reasonable for the lateer
three mechods (150, 165, and 240%, respecrively), bur high for
the rade method (400%). Correladon berween the measure-
ments and the estmates was moderate (for the HEG, TWA,
and deterministic methods, r = 0.5Y to 0.65) to excellent (ratio
method, r = (.76). These statistics were generared using every
possible cell for each method.

In many cases, however, the study 1nvestisiton were able o
develop csnmates using more than one method, so that the
methods were also evaluated using the same subset of job/time
perods. (The TWA methed could not be evaluated because
1o cstimates could be developed for any of the cells that were
developed for the other three micthods.) Biss and imprecision
were found to be lowest for the HEG mcthod (6 and 88%,
respectively), and jr had a correlation equal to or higher than
the other vwo methods (r = 0.65). The HEG method, there-
fore, was the method of choice when the criteria described
carlier for using means of the measurements were not met. The
deternunistic mechod performed berter thau the ratio method,
50 it was the pexe preferable mechod.

The results of the evaluation were examined by type of
operanon to determune where the estimation methods per-
formed poorly. OFf the en method/operation evalvatdons, six
estmates overestunated che measurements and four underesti-
mated the measurements, There was no ¢onsistency by cype of
operation, although the estmates averaged higher than the
measurements for both sers of resin operation comparisons,
The monomer operation generally had o lower bias, impreci-
sion, and accuracy than did the fiber operations, buc the
average differences were slight. The miethods did much worse
for the rewin operanon. The fiber operanon had, on average,
higher correlanons than-the monomer or resin operations, but
all were moderate.

TABLE 5. Bias, Imprecision, Accuroty, and Corvelation of the TWA Method by Type of Operefion

£ SE . Bias Rel Bias Irag Rel Imip Acc Rel Ace
n {(rpm)  (ppin) (ppm) (ppm) (%) (ppm) (=) (ppm} (%) T
Fiber el 0.80 0.65 {1.64 -0.16 w20 0.58 73 0,61 76 057
Monomer 8§ 0.27 Q.25 Q.13 -0.15 —56 0.4 126 0.37 137 {143

Abbreviztions ane explained in Table 2. Resin plane resulty are not presented because n = 2.

*» > 0,01,
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TABLE &, Bios, lvpeacision, Acouracy, and Carslation of the Detsrministic Mathod by Type of Operation

t- SE £, Bias Rel Bias Imp Rel Imp Acc Re! Ace
Plant a  (ppm) (ppm) {ppm)  (ppm) (") {ppm) (%) {ppm) (7o) ¥
Fiber 74 148 0.18 175 0.26 18 1.8 122 183 123 0.38%
Monomer 69 172 061 1.18 —0.54 -3 4.66 271 4.69 273 0.5+
Rusin 34 0.28 0.04 0.75 0.7 170 083 301 095 330 0.58%

Abbrevianons are expluined in Table 2.
*p = 0.001.

Where large differences occurred between the estimates and
the rmcasurements, admose all (88%, n = 14) accurred when the
mgasurement 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 cxample, in one job the mean
of the measurernents in 1978 was 1.83 ppmu in 1979, K.04
ppm; in 1980, 0.41 ppm; and m 1981, 0.56 ppm. (Al chese
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 ravo examare
was 1.61 ppm; the HEG estimate, 4.06 ppmi and the deter-
ministic estmmate, 2.28 ppm). These values are more 1 line
with the measurement means of the other years. In one <ense
this is reassuring, in char the methods produced esumaees chat
appeared reasonable, even when the referent value appeared
unregsonable. In another sense, however, this difference
wroublesome, becanse it points ont the problem of using mea-
surernent data as the referent value.

Measurements are generally considered to represent truth,
but because they are generally few in number, they can be
mfluenced by a few unrepresentative values, An attempe was
tade to reduce such an influence by requiring at leaw ax
§-hour or more measurements, with noprepresentative nea-
surements generally weighing less in che calculaton of the
mean than the sample resules taken under typical condinans, Iy
may be that this approach was not totally succenful. however.
One explanadon for these oudying data is that the measure-
menes may have been taken on days that were typical, but on
the high end of the typical seale (i.c., day-to-day vanabihry),
There was, however, no way to determine chis possibilicy from
the dara, The dara could also represent undocumented anvpical
conditions,

There are few studies evaluating historical exposure awess-
ment methads with which to compare these resules. Homung
o ol compared the results of 3 regression model with mea-

surement data in a stdy of ethylene oxide workers and found
a relative bias of 32 percent, a relanve preeision of 1035 percent,
and a relative accuracy of 109 percent (Homunge, R.. personal
communication), Investigirors of 2 man-made mineral fiber
study simulated historical environmenul conditions and found
thac cheir esomaces were abour fourfold the measwurements
tken under simulation. ™ Two studies evalugted assessments
made of cutrent exposures using professional judgment. One
found approxmate relative biases of 200 and —4 percenc
{calculared from published daw) when the raters csimared
exposures without and with monitoning data. respectively ™
A second study found comrelations of (L67 to (.73 berween
exposure estimates and meaturements of methylene chlonde
and 0.12 vo 0.29 for sevrepe. & Ovenall, our results compare
favorably with these other studics,

In conclunion, methods were described thar were used to
estimate historical darx when measurcments wers nonexiseent.
Four methods were svaluared by comparning estimates derived
from these methods with measurements, All performed satis-
factonly, alchough three (the HEG, TWA, and deterministe
methods) gave more acgurste results than the fourth {the ratio
method),

Recommendotions

When developing historical exposures, the estimation proce-
dures dewnbed mothis report should be considered when
megsurements are nonexistent of hrmited and more rigorous
methods, such 3y regression models. arc nov possible, These
procedures regquire fewer monitonng data than more rigorous
methods and can be used wath descriptive informanion. At-
rempts should be made, however, o evaluate their pesfor-
MIngey,
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TABLE 7. Bias, Imprecision, Accuracy, ond Correlonon of the Rotio, HEG, ond Deterministic Mathads Using the Some Esrimotas

£ SE X, Bias Rel Bias Imp Rel Toap Ace Rel Acc
Method n  (ppem)  (ppm)  {(ppm)  (ppm) (%) (ppm) (%) (ppm) (o) r
Raoo 32 1.57 0.29 2,70 1.13 rA! 5.07 322 5.9 330 0.63*
HEG 32 1.37 0.29 1.67 4,10 [ 1.39 &8 1.39 89 0.65~
Determunistce 32 1.57 0.29 2.08 0.3) 32 1.88 119 194 123 Q.547

Abbreviations are explaned in Table 2.
Ap << 0,001,
By < 0.01.
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Appendix

The determimsric model was based on the assumpuon that two
important modifiers of exposure levels arc changes in the
process or in engincenng controls or work practices, and
changes in frequency of exposure.

In most of the sitvatians in which the determinisae method
will be used, measuremient data will be available in 2 more
recent time period and the more historical ume period 1 the
period being estmated. Ie s casier 10 conceptualize the den-
vation, however, taking the opposite case (1,¢.. assummg mea-
surement data exist for an earlier time peviod. and that it is the
exposute of the current time penod bemg esnmared). The
hiscorical expesure v designated as the baseline  estunate
(B~ e, the csumare that will be modified), and the
exposure for the current vear {y) is designared a4 the estimarce
derived from this merthod (Gaper )

An exposure (Whether a mean (M) or an estimate (E)) is a
result of numerous sources generating ctmssions, and can be

measurcd by summing the individual sources of emissions (e,).
Thus,

Bu-n = S‘-'u(\- ) )

1 the voul exposure (E or M) is equal to the sum of the
emissions of all the sources. size, as a percent, ¢an be used o
quaniify the contobution of each source. The percent of
enisions contributed by any source (8,) s equal to the antount
of emissions divided by the tota) enissions or the mean:

Suv 10 @ Cupmty By (2

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

VS =1 &)

If & change affeces che level of emissions from a source, the
amount of canaieny will decrease by a quanniey or 3 correction
fagtor {CF)., Thiy term 15 defined as

CE, =¢,. /¢, ()
Svbstututing ¢, -y, in Equarion 4 with Equation 2. we have
CF = (8, o HB, /e, {5)

and
= (Se- By )/ CF, ()

and the esumate i therefore equal o che sum of the new
CNSKONS:

Epery = 2oy 7

Where no change occurs at a particular source, CF = 1. Thus,
the estimate for the more recent ome peniod equals the sum of
the emnsions that were changed (e,,) and the sum of the

emissions that were unchanged (8- 1))
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