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Abstract

This study examined variation in the levels of biological measures of exposure to
workplace contaminants. Although inira- and inter-individual differences have been characterized
for 2 large number of airbermne exposures across occupational groups, similar variation had not
been investigated extensively for biological measures. A primary objective of this study was to
compile a datebase of repested biclogical msasures so that the within- and betwesn-worker
sources of variability could be partitioned for as wide a range of biomarkers as possible.
Following a review of the world’s published literature, biological monitoring data were abstracted
from 52 studies that examined workers’ exposures to metals, solvents, polycydlic aromatic
hydrocarbons, and pesticides. Forty-four percent of the studies also reporied personal sampling
results, which were compiled as well. Over 4,000 measuremenis collected on 577 worksrs in 55
workplaces are contained in the biological database, which represents a wide range of
biomarkers collected in blood, urine, and exhaled air. In addition, two relatively large databases
of monitoring data collected on workers at a Swedish chloralkali plant from 1988-1997 and at
eight reinforced plastics plants in the Emilia-Romagna region of ltaly during 1985-199% were
compiled. At the chioralkali plant, 325 air mercury measurements, 847 blood mercury
measurements, and 1,165 urinary mercury measuremenis had been collected and inciuded in the
database. For the styrene database, a total of 1,714 measurements of mandelic acid and
phenyyglyoxalic acid were abstracted from Iaboratory reports and compiled. QOccupational
groups of workers were classified on the basis of a common work environment (i.e., on the basis

of plant or facility). When sufficient data were available, workers were further classified by job
title or primary work tasks performed.

To evaluate saurces of variation in the biological monitoring data, random- and mixed-
effects models were applied. Based on our assessment, there was generally more variation
among workers emplayed at the same plant than across shifts. Owing to the effects of intre-
individual variation, we confirmed that estimating warkers’ exposures from relatively few
measurements could atienuate measures of effect should the mionitoring data be used in an
epidemiologic study fo evaluate workers’ exposures. Given the physiclogical and kinetic
parameters thai influence body burdens of contaminants, statistical methods that incorporate the
serial dependence among measures were applied, where possible. Notwithstanding the
advantages that biomarkers offer in assessing exposure, the use of biological indices of exposure
piaces an addilional burden on an exposure assessment strategy since data may be serially
correlated (as evidenced in our study), which could result in biased estimates of the variance
components if autocorrelstion is undetected or ignored in the statistical analyses.

In the application of random- and mixed-effects models, which provide invaluabls
information thiat ¢an be used in the contro! of hazards in the warkplace and in the design of
studies to evaluate health effects associated with occupational exposures, it is advantageous to
pool information across different groups of workers. Yet, the underlying assumption that the
degree of variation over time and among workers is the sams for all groups has yet to be fully
investigated. in our study of four groups of workers exposed to inorganic mercury at a chloralkali
plant, there was no evidence of significant heterogeneity in the levels of variation over time or
between workers for air mercury levels. For the biological monitoring data, however, our findings
indicate that groups did not share commcn levels of varfability and that it was not appropriate to
pool the data and obtain single estimates of the within- and betwsen-worker variancs
components. Our results suggest that additional studies are warranted to evaluate whetherit is
reasonable to assume that the degree to which exposures vary over time and among workers is
the same across occupational groups who share common work environments.



Significant Findings

Study 1: Assessment of Variabilily in Biomonitoring Deta Using a Large Database of Biologica!
Measures of Exposure (Symanski and Greeson, submitted, 2007)

Following a review of the world’s published literature, biological monitoring data were
abstracted from 52 studies that examined workers’ exposures tc meials, solvents, polycyclic
aromatic hydrocarbons, and pesticides. In total, over 4,000 biological measurements collected on
577 workers in 55 workplaces were compiled, which represents a wide range of biomarkers
collected in blood, urine, and exhaled air. The majority of the biological monitoring data arose in
the manufacturing sector (86%) and originated in warkplaces in Western Europe (36%).
Scandinavia (27%), or the United States (26%). Since studies reporiing the biclogical
measurements did not always include personal sampling results, the air-monitoring database
contains fewer measurements (1,847) collecied on a smaller number of warkers (192).
Aliogether, the database contains 6,174 rmeasurements collected on 577 workers.

In evaluating variability in the biclogical manitoring data, nearly two-thirds of the groups
(73/121 data sets) exhibited more variation in exposure among workers than variation from day-
to-day. In comparing the heterogeneity amang workers employed at the same plant, we found
that 26 percent of the groups were homogeneous, with a two-fold range or less in 85% of the
workers' mean exposure levels. However, an almost equal percentage of groups exhibited rather
heterogeneous exposures among workers with 20-fold or higher differenices in 85% of the
workers' mean expaosure levels. Notably, more than 100-fald differences in exposures among
workers were gbserved in five percent of the groups. For biclogical contaminanis with half-lives
of seven days or longer, 70% of the data sets were characterized by more variation among

workers than across shifts compared to 52% of the seis for biomarkers with half-lives of fess than
seven days.

Although only a small number of data sets (n=25) were suitable for analysis of
autocorrelation, the majarily (72%) of the biclogical monitoring data were serially correlated (p <
0.05). Among these data sets, point estimates of the autocorrelation parameter ranged from 0.25
to 0.99, which suggests moderate to substantial levels of serial correlation. In comparing the
results of the random-effects model with compound symmelry to the model with an attiocorrelated
errar structure, the differences suggest that ignoring serial correlation underestimates the within-
worker variance, but overestimates the between-worker variance.

Study 2: Inter- and Intra-Individual Sources of Variation in Levels of Urinary Styrene Mstabolites
(Symariski et al., 2001a)

Given the paucity of studies that have examined variability in biological measures of
exposure to workplace cantaminants, we quantified the intra- and inter-individual sources of
variation in urinary levels of mandelic acid (MA) and phenylglyoxylic acid (PGA) among workers
exposed to styrene. A secondary objective of this study was to examine effects of job task and
the timing of sampling during the workweek on the variation in workers' urinary styrene metabolite
levels. A total of 1,714 measurements of mandelic acid and phenylglyoxalic acid collected on 331
workers from eight reinforced-plastics plants were compiled from laboratory reparis. Six planis
were involved in the production of silos, containers, or tanks, one in the production of carousel
parts, and one in the production of polyester resins. There was wide variability across plants as
to the period of sampling and the number of years during which measurements were collacted,
with some plants contributing data for just a few years campared o others where bialogical
monitoring had been conducted for 10 years or longer. Aliogether, the data spanned from 1985
through 1898. The magjoarity of the workforce was male except at one plant.

Separate analyses were conducted by plant for the pre- and post-shift urine samples, for
raw concenirations of MA, PGA, and the sum of both metabalites, and for concentrations of these
metabolites expressed in units of mg/l and mg/g creatinine. In general, PGA levels were



characterized by less total variation than levels of MA. With relatively few exceptions,
comparisons for each metabolite suggest that the concentrations expressed as a function of
creatinine yielded smaller estimates of the intra-individual source of variation. With one
exception, the inter-individual variance was generally higher than the intra-individual variance for
post-shift urine samples in all of the plants. In contrast, the results for styrene metabolite levels

measured in pre-shift urine samples suggest greater variation, on averags, across work-shifts
than among workers at the same plant. :

In evaluating the effects of work tasks on the variation in urinary metabolite levels in thres
plants, laminators had significantly higher exposure levels (p < 0.05) than workers in assembly,
finishing, maintenance or managerial positions at the plant ('non-laminators’) irrespective of the
metabolite analyzed (MA, PGA, or MA+PGA) or the time of sampling (pre- or post-shift).
Exposures for workers whoss tasks were unknown were also generally higher compared to non-
laminators, but were not significantly different in most cases (p > 0.05). The influence of work
tasks on the variation in metabolite levels was further examined by comparing estimates of the
inter-individual variance component obtained from the one-way random-effects model to the
mixed-effects model with a fixed effect added for job classification (Bryk and Raudenbush, 1982).
The percent reduction in the inter-individua! variance component ranged from 8 to 100%. While
this measure represents the fraction of the variation among workers that is explained by job
classification, careful interpretation is warranted when the point estimate of the inter-individusl
variance component is small. In that instance, the fixed effect may explain a significant
proportion of very little variation. As expected, there were trivial differences in the estimates of
the intra-individual variance component under both models.

Two of the plants had sufficient data collected throughout the week to examine effects
related to the timing of sampling an levels of MA, PGA, and the sum of both metabaolites. We
found that levels of the sum of both metabalites were higher (p < 0.05) for samples collected on
Wednesday or later in the week compared to samples collected on Mondays or Tuesdays. When
analyses were conducted for levels of MA and PGA separately, similar patterns emerged with
statistically significant differences (p < 0.058) detected in all but one case.

Study 3: Variability in Airborne and Biological Measures of Exposure to Mercurjf in the'ChforaIkafi
Industry: Implications for Epidemiclogic Studies (Symanski et al., 2000)

In this study, we examined the intra- and inter-individual sources of variation in exposure
to mercury vapor as measured in air, blood, and urine among four groups of workers during 1880-
97 at 2 Swedish chloratkali plant. in total, 282 air mercury measurements, 646 blood mercury
measurements, and 955 urinary msrcury measurernents were compiled from laboratory reports.
For airborne mercury, the proportion of the total variability attibutable ta the intra-individual
source of variation differed among groups. Cell hall maintenance workers (cell cleaners,
basement flushers, and mercury-pump repairmen) and shift workers were characterized by
extreme day-to-day variability; litile variation was detected between workers. In contrast, there
appeared to be as much ar greater variation among individuals compared to variation across
shifts in both the cell hall production workers (cell hall foremen, voltage regulators of the mercury
cells, and cell switchers) and non-cell hall workers (instrument technicians, mechanical workshop
workers and foremen, staff electricians, operating enginesrs, plastic workshop workers, and
laboratory workers). There was greater variation between, rather than within, workers for the
biomonitoring data when all workers were combined whereas eguivocal results were obtained
when each occupational group was analyzed one at a2 time.

To assess the influence of measurement error in air or biological levels of mercury, we
constructed a hypothetical scengrio in which estimates of average levels of the log-transformed
mereury values in air, blood, or urine for each warker were used to examine the relation with a
continucus health outcome using & simple linear regression madel. Under the standard
assumptions that underlie simple (Unweighted) linear regression analysis, the observed slope
coefficient (under expectation) is smaller than the true coefficient (Thomas et al., 1993). The



extent of the attenuation is a function of the magnitude of the intra- and inter-individual sources of
variation in exposure and of the number of repeated measurerments collected on each individual.
For airborne, blood, or urinary measures, estimates of the number of repeated measurements per
worker needed to minimize the atienuation of an observed slope cosfficient to 80%, 75%, and
60% of its true value were calculated. When workers were evaluated together irrespective of
accupationa! category, the sampling reguirerments were reduced for mercury measured in blood
or urine compared to those in air. Across occupational groups, the sampling demands varied and
in some instances sizeable differences were noted.

' Study 4: Heterogeneily in Sources of Exposure Variability amiong Groups of Workers Exposed to
Inorganic Mercury (Symanski et al., 2001 b)

Although statistical methods that combine exposure data collected on warkers fram
different occupational groups are more efficient, the underlying assumption that the degree of
variation over tirme and among warkers is the same for all groups has yet to be fully investigated.
Given the ulility of different modeling approaches when assessing exposures, we investigated
assumptions of homogeneity of variance within and between workers using both random- and
mixed-effects models. In evaluating sources of variation in four groups of workers exposed to
inorganic mercury (Hg) at a chloralkali plant, there was no evidence of significant heterogensity in
the levels of variation over time or between workers for air Hg levels. For the biological
monitaring data, however, our findings indicate that groups did nat share comman levels of
variability and that it was not appropriate to pool the data and obtain single estimates of the
within- and between-warker variance components. Ciassification of job group as a2 random or

fixed effect had no effect on the results and yielded the same conc!usuons when the models were -
compared

In thls study, trends in exposure levels were evaluated in both the air and biologica!
monitoring data. While frends in exposure were not detected in either the air or blood Hg data,
urinary mercury levels declined slightly (p < 0.05) at a rate of approximately 3% per year.

Given that exposures vary both within and between workers in an occupational group, the
‘exceedance’ (i.e., the probability that a single measurement obtained from a randomly-selscted
worker in the i-th group on a randomly-selected day exceeds an occupational exposure limit) can
be expressed as a functior: of the mean and variance components of the underlying distribution of
the natural log-transformed exposures for the i-if7 job group (Rappaport et /., 1899). Similerly,
the probability that the conditional mean exposure for a randomly sefected worker exceeds an
occupational exposure limit (i.€., the probability of overexposure) can be expressed as a function
of the mean and variance components of the undetlying distribution. The exceedance and the
probability of overexposure were estimated based on the parameter estimates that were
generated under various models with different assumptions regarding the variance components
for air, blood, and urinary mercury. Threshold limit values and biclogical exposure indices
(ACGIH, 1998) of 25 pg/m°, 75 nmol/L and 35 pa/g creatinine were chasen as the exposure limits
for air, blood, and urinary mercury, respectively. The likelihood that a single randomly-collected
air measurement would exceed 25 pg/m3 ranged considerably acrass the four groups with the
highest values observed for maintenance workers (~ 40%) who are involved in activities that give
rise to extremely variable exposures. For this same group of workers, two- and four-fold
differences in the exceedance probabilitites for blood and urinary Hg, respectively, were cbserved
zcross models. As with the exceedance probabilities, there were differences in some casss
when comparing the results for the estimated probabilities of overexposure obtained from
different models.



Usefulniess of findings

Study i: Assessmerit of Variability in Biomonitoring Data Using a Large Database of Biological
Measures of Exposure (Symarniski and Greeson, subritted, 2001)

The database compiled for this study is unique in that it represents a wide range of
repeated biological measures of exposure to workplace contaminants in a broad cross-section of
industries woridwide. As such, the database provided an opportunity to quantify the within- and
between-worker sources of variation in workers’ exposures as assessed by biological monitoring.
Our findings indicate that, in general, there was more variation among workers at the same plant
than across shifts. In contrast, a majority of studies that have examined varizbility in airborne
measures of exposure reported that the variation within workers was greater than that between
workers. Differences in the classification schemes used to group workers may explain, in par,
the equivocal findings. Previous studies which examined airborne contaminants and that
grouped workers by either job title (Heederik et al, 1991; Milion et al., 1998) or production area
{Nieuwenhuijsen et al., 1895) across facilities and those that established groupings by both job
_ title {or work arez) and location (Kromhout et al., 1983; Woskie et al., 1894; Kumagai et al., 1886;
Milton et al,, 1696; Symanski et al., 1996) reported more variation within than betwesn workers.
If workers who share the same job (whether at the same location or not) have more similar
exposures than workers at the sams location but with different jobs, the former classification
would likely result in a larger within- than between-worker source of variation, as reported in the
aforementioned studies, and vice versa for the latter classification, as reported in the current
study. Nonetheless, when the grouping of workers was conducted at the plant level in
investigations that evaluated air-monitoring data, a larger between-worker variance component
relative to the within-worker variance was reported in some (Kromhout et al., 1987; Kromhout and
Heederlk, 1995; Rappaport et al., 1985), but not all (Milion et al., 1996; Peretz et al., 1987;
Symanski et al., 2000; Rappaport, 1991) studies.

Relying on estimates of the within- and between-worker variance components, we found
that a majority of groups were heterogeneous, with approximately three-fourths of the data
exhibiting 2-fold differences or greater among 85% of the workers’ mean exposure levels. The
lack of homogeneity in exposure in a considerable proportion of groups is consistent with resulls
reported previously for the large database of airbome exposure measurements (Kromhout et al.,
1993). Moreover, our findings support the view that cbservational approaches that rely on job
titles or on the tasks that workers perform may not necessarily establish groups of workers with
sirmilar exposures (Rappaport et al., 1993; Burstyn and Kromhout, 2000} and that quantitative
methods are necessary to evaluate the degree of homaogeneity of exposures irrespective of
whether the assessment relies on personal ot biclogical monitoring.

Our results indicate that biological measures, particularly those with long half-lives, may
be superior to airborne measures since, in general, they are characterized by greater variability
among workers than across shifis over time. Notwithstanding the advantages that exposure
measures cffer which are characterized by relatively litile variation over time, the use of biological
indices of exposure places an additiona! burden on the sampling strategy (and on the selection of
the statistical model applied) since data may be serially correlated as evidenced in our study.
Should autocorrelation go undetected or be ignored in the statistica! analyses, the potential for
biased estimates of the variance components raises the possibility of making impoertant emors of
inference abott the relative magnitude of the sources of variation in exposure and thereby could
hinder our ability to accurately assess exposure.

In summary, this study represents the first comprehensive evaluation of the within- and
between-worker sources of variability in biclogical monitoring data. In general, our resulis
suggest that biclogical measures of exposure are characterized by more variability among
workers emplayed at the same facility as compared to variability from day-to-day. However, the
relative magnitude of the within- and between-worker variance components varied considerably
across groups in that variability in some data sets was attributable almost entirely to differences



among workers and, in other sets, the variability was largely due to random fluctuations from ons
time period to the next. Such findings underscore the impartance of quantifying the within- and
between-worker sources of variation in exposure to workplace contaminants, especially given the
implications of variability when designing sampling strategies, the results of which can be used

either for the control of hazards in the workplace or for epidemiologic studies of accupationa!
cohoris.

Study 2: Inter- and Intra-Individual Sources of Variation in Levels of Urinary Styrene Metabolites
(Symanski et al., 2001a)

information on intra- and inter-individua! sources of variation in biomarkers of exposure
is generally lacking in the literature and this was the first study, to our knowledgs, that quantified
the sources of variability of urinary levels of mandelic acid (MA) and phenylglyoxalic acid (PGA).
In our investigation, we found less variability in levels of PGA than MA, and for concentrations
expressed in units of milligrams per gram creatinine. Since the sroothing of variability in
airbarne expostres depends upon the contaminant's half-life in the bady (Rappaport 1985), our
results are consistent with the underlying kinetics of both compounds because of the slower rates
of elimination for PGA compared ta MA (Bond 19828). The greater variation of styrene metabolite
levels expressed in units of milligrams per liter as compared to milligrams per gram creatinine is
likely due to fluctuations in urinary flow rate in spot samples and confirms 2 similar finding
reported in an investigation of biomonitoring data collected on choralkali-plant workers (Symanski
et al., 2000). While expressing metabolite levels in terms of urinary creatinine concentration
typically decreased the intra-individual source of variation, it also tended to increase the inter-
individual source of variation and thereby increased the total variation in some cases. These
results are consistent with Alessio et al. (1985) whao reported differences in urinary creatinine
levels among individuals and may explain, in pan, studies that reported no statistical advantage in
evaluating metabaolite levels as a function of creatinine (Sallenberg et al., 1988; Imbriani et &l,,
19980). On the other hand, expressing metabolite levels in terms of cregtinine concentration
normalizes data not only for urinary fiow, but also for body mass and sex. Although this may
introduce an additiona!l source of measurement error and also increase inter-individual variation, it
is fully justified on pathophysiologic grounds. Since the primary aimn of biplegica! monitoring (of
exposure) is to obtain estimates of internal dose, some components of variation (s.g., errors in
sampling and analysis) should be minimized, whereas others, such as interindividua! differences
in uptake, metabolism, and excretion, must be taken into account to properly interprst the
biomonitoring data for assessing associated health risks (Muiii 1969).

In addition to variation from day-to-day, the intra-day variation in external levels is
fransmitted to variation in biclogica! levels of the contaminant or its metabolite for compounds
with relatively short half-lives. As such, postshift samples are likely to be more sensitive to
peaks in exposures experienced during the day, especially in the latter poriion of the work shift.
We found, however, that the magnitude of the intra-individual source of variation was generally
less for measurements collected at the end, rather than at the beginning, of the workday.
Although the greater variation in pre-shift samples may offer parilal explanations for the weaker
correlation between styrene exposure and urinary metabolite levels observed in moming samples
as compared to end-shift samples (Ong et al., 1994), such results have not been consistent in all
studies (De Rosz et al., 1888). Since the pre- and post-shift measurements in our study were not
collected on consecutive days, it is also possible that the differences that we observed were due
ta discimilarities in the tasks that workers performed from one sampling pericd to another.
Mareover, there are likely other factors unrelated to the external exposure that contribute to the
intra-individual variation in pre-shift urine samples, perhaps due to the greater analvtical variability
assodiated with the very low levels sometimes recorded in such samples. However, more work is
warranted befare a satisfactory explanation can be provided. /

Measurernent error operates to bizs regression coefficients towards zero when a simpls
~ linear model adequately describes an exposure-response relation (Thomas et al., 1893). When
making comparisons, we found that pre-shift urine samples were less efficient than post-shift



urine samples. This finding opens the question whether samples collected prior to the beginning
of a work shift are the most reliable measure of styrene uptake as previously suggested (Droz
and Guillemin,1983; Bartolucci et al., 1986; Guillemin and Berode, 1988; Pekari et al., 1993).
Although our data indicate that a single measurement may be unreliable as & measure of long-
term exposure in epidemiclogic studies, the bias in an observed regression coefficient would be
greatly diminished if a second or third urine sample were callected. The expecied bensfits,
however, lessen thereafter with increasing sample size.

While there were little differences in the total variation of MA+PGA levels (mg/g
creatinine) in two of the plants involved in our study, a similar sampling strategy (in terms of the
number of measurements collected on each worker) would produce inconsistent regression
results should such data be used to evaluate workers’ exposures at both plants. The
inconsistency would arise because of differences in the relative magnitude of the intra- to inter-
individua! sources of variation between the two groups of warkers, thereby making it difiicult to
compare the regression results obtained for each group and suggesting that important errors of
inference can be made as a result of measurement error. This result underscores the importarnce
of not only quantifying the total variation in bicrmarker levels, which is routinely done in most
studies, but also quantifying the sources of variation between and within workers.

To explore the possibility that measurements collected closer together may have been
mere highly correlated than those farther apart in time, we evaluated serial correlation in data
collected at one plant whose workers often provided multiple post-shift urine samples over the
course of several days. Moderaie to substantial levels of serial correlation were detected. Our
findings also suggested that ignoring serial correlation results in an underestimation of the intra-
individua! variance component, which is a well-known conseguence of positively autocomelated
processes (Diggle 1990), and an overestimation of the inter-individua! variance component.
While these differences were modest, the potential for serial correlation in biclogical monitoring

data should be evaluated to avoid problems associated with mis-specified models and possibhua
errors of inference.

Given that the occupational group may distinguish workers based upon what work is
performed and where tasks are carried out, it serves as a surrogate for various determinants of
exposure and can easily be evaluated in mixed models to assess the combined effects of ‘job’
upon exposure (Rappaport et al. 1929). In this study, we classified job tifles or the primary work
tasks of individuals into three broad occupational groups (laminators, non-laminators, and
unknown) to investigate the effect of styrene exposure on levels of urinary metabolites.
Consistent with other studies (Galassi et al. 1893), our findings indicate that there are 51gnxﬁcant
differences based on work tasks, which explained moderate to substantial poriicns of the
variation in styrene metaboalite levels among workers. Our daia also confirm previous findings
(Sollenberg et &l 1988; Imbriani et al. 1990; Marhuenda et al. 1997) of higher styrene meiabolite
levels towards the end of the warkweek. Thus, information about the timing of sampling should
be asceriained when evaluating differences in metabolite levels from one time period to another
or between different groups of workers fo insure that valid comparisons are made.

* While the information provided in this study may prove useful to other investigators when
designing prospedtive sampling strategies fo evaluate exposures to styrene in the reinforced-
plastics industry, estimates of the variance components may be unigue for different worker
populations because the degree of variability in biological measures of exposurs depends on the
magnitude of variation in external levels of the contaminant, physiologic differences among the
workers under investigation, and on sampling and assay variability. Thus, we encourage other
investigators to carry out studies to quantify intra- and inter-individual differences in biomarker
levels among exposed workers. In instances when routine biclogica! measurements do not
provide suitable data for analysis, biological-monitoring strategies should be developed to collect
repeated measurements on representative workers sa that the sources of variation in exposure
can be assessed. Such an assessment would provide useful inforrmation to optimize the design



of prospective studies and sllow for the collection of sufficient data to reliably estimate workers’
exposures when evaluating health risks associated with occupational contaminants.

Study 3: Variability in Airborne and Biofogica]’ Measures of Exposure tc Mercury
i the Chloralkali Industry: implications for Epideriologic Siudies (Symanski et al., 2000)

Effects related to intra-individual variation have long been recognized in the statistical
and epidemiclogic literature (Cochran, 1968; Liu et al., 1978). However, the quantification of the
inter- and intra-individual sources of exposure variability in the occupational arenza has focused
primarily on airborne contaminant levels (Kromhout et 2!., 1993;Rappaport et al., 1923; Kumagsai
et al., 1986; Lagorio et al., 1997) and this study represents one of the few investigations that
examined sources of variation in both airborne and biological monitoring data collected on the
same group of workers. [n assessing airborne mercury levels, our finding that & substantial
percentage of the variability was due to day-to-day variation is in agreement with an investigation
of variability in airborme contaminants across a broad cross-section of workplaces worldwide
(Kromhout et al., 1993). Our results also confirm that fluctuations of daily airbome mercury levels
are smoothed in both the body burdens of mercury in blood, and to a greater extent, to thatin
urine, Given that the damping of varizbility in airborne exposures is highly dependsnt upon the
contaminant’s half-life in the body (Rappaport, 1985), these resulis are consistent with the
underiying kinetics of mercury in blood and int urine, with slow elimination phases of severzl
weeks and two to three months (Sallsten et al,, 1993; Séllsten et al., 1994; Roels et al., 1891),
respectively.

The proportion of the intra-individual variabitity to the total variance generally decreased
in levels of mercury in blood or urine when compared to airborne mercury levels. A notable
exception was the group of shift workers for which the percentage of variation atiributable to Intra-
individual variability was higher in biclogical levels (especially in blood mercury) compared to
airborne levels. [n this group, the geometric mean levels of blood mercury (reflecting both
inorganic and organic mercury exposure) was 18 nmol/l, which is only slightly higher than that
found in ths general Swedish population (Barregard, 1993; Langworth st al., 1991). Itis likely
that the greater infra-individual variation relative to the total variability in blood mercury levels in
shift workers is due to fluctuations in exposures from non-occupational sources {(primarily from
contaminated fish and amalgam fillings) (Langworth et al., 1991), which play a biggerrole in
influencing body burdens of contaminants when workplace exposures are low.

Relying on quantitative estimates of the intra- and inter-individua! sources of variation in
exposure to mercury as measured in the air, blood, and urine among workers at a Swedish
chioralkali plant, we also evaluated effects on regression results should such data be used to
- examine long-term health effects assaciated with mercury exposure. Our results suggest that the
underestimation of the regression coefficient can be substantial when limited numbers of
measurements are collected (although the benefits of collecting additional measurements
diminish with increasing sample size). While requisite sample sizes are not the only factor to
consider when evaluating exposure measures, estimating the distribution of measurement errors

and quantifying differences among measures provides invaluable information that can be used to”
plzn future investigations..

Based on kinetic considerations alone, urinary mercury may be deemed a superior
measure relative to blood mercury since exposures are integrated over longer periods (Rosls et
al., 1981). Yst, our resulis for the entire group of chloralkali plant workers indicate that similar
numbesrs of measurements would be required should blood or uncorrected urinary mercury be
used to estimate individual workers’ mean levels in a regression analysis. Since variations in
urinary flow rate {(e.g., due to variable water intake) increases the variability in urinary mercury
concentrations in spot samples (Droz et al., 1991), creatinine-corrected urinary mercury produced
less varigble results and, thus, yielded the expected benefits when compared to mercury in blood.
Nevertheless, in situations when the primary aim of biclogical monitoring is to detect ternporary
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pezk exposures, rather than assess the long-term body burden of mercury, mercury in blood
would be a superior measure, owing to the damping of such peaks in urinary levels.

Whether biological monitering offers advantages when compered to airbarne monitoring
depends upon kinetic factors, as well as upon the relative magnitude of the inter- and intra-
individual sources of variation in each exposure measure. It is interesting to note that Rappaport
et al. (1995) found that airborne measures of styrene yielded the least biassed measure when
compared to measurements of styrene in exhaled air among beat-manufacturing workers
whereas one of the biclogical measures of exposure perfarmed the most efficiently in our study.
In any case, our investigation demonstrates that quantitative information about intra- and inter- -
individual sources of variation in exposure can be used to select optimal exposure measurss
when eva!uaﬁng heslth risks associated with workplace or environmenta! contaminants.

Study 4: Heterogeneity in Sources of Exposure Variability among Groups of Workers Exposed to
Inorganic Mercury (Symansk: et al., 2001b)

The application of randorm- and mixed-effects models to evaluate sources of variation in
exposure to workplace contaminants is growing in the occupational arena. One of the distinctive
characteristics of random-effects madels is that they accornmodate the comrelation amang
measurements collected on the same individual or in the same location (Symanski et al., 2001c).
Mixed-effects madels provide an additional advantage because they can be used to evaluate

- determinants of expasure (e.qg., effects due to type of work, ventilation controls, or changss in the
procsss), while incarparating the cavariation among certain measuremeants.

In the application of randomt- or mixed-effects madels to datz collested on workers from
several occupational groups, it is statistically advantageous to pool information across groups
because more precise estimates of the variance components are obtzined, which in turn lead to
smaller standard errors associated with the fixed effects (Sullivan et al,, 1999). Decisions to pool
dzata should be based, in part, upon whether it is reasonable to expect that the degree of variation
among measurements is similar across groups. While qualitative evaluations regarding likely
differences in the magnitude of variability between and within workers across groups represent a
useful first step, the statistical methods applied in this study provided a maore rigorous approach in
making such an evaluation. For the biological exposure indices, our findings indicate that groups
did not share common levels of variability. Thus, it would not be appropriate to poo! the urinary or
blood mercury datz to generate single sstimates of the within- and between-worker variances.
Based on these findings, studies should be conducted to determine whether it is reasonable to
assume commaon variances and covariances among measurements collected on different
occupational groups before applying models that make assumptions about homageneity in the
degree of variation within and between all workers.

Valuable information is contained in the variance components, which can be used to
evaluate the utility of different grouping schemes, assess the bias in measures of effect in health
effects studies, and estimate probabilities that exposures exceed occupationa! exposure limits.
However, imporiant erors can be made when assumptions regarding homogeneity in the degres
of variation within and between workers across groups are not met. To illustrate effects related to -
the particular specification of the variance-covariance structure in a mixed-model, we calculated
the probabilities that workers were exposed at levels exceeding occupationa! exposure limits
using the results obtained fram models that assumed common or distinct within- and between-
worker variances. While expasures are generally below acceptable levels for all groups except
for maintenance workers, we detected moderate to large differences in the exceedance and
overexposure probabilities across models in some cases. Such differences are of little
consequence when the probabilities are low (<< 5%j), but could become more impartant when
values begin to fall within the range of unacceptable levels. For airborne mercury, it is interesting
{o note that the estimated probabilities of averexposure compared to the probabilities of
exceedance were lower for shift workers, production workers, and non-cell halt workers, but
considerably higher for maintenance workers. These results confirm previous findings that the
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probability that a randomly-collected measurement exceeds an exposure limit compared to the
probability that the mean exposure for a randomly-selected worker exceeds that same limit may
niot be equal, and that the exceedance probability is not necessarily higher than the probability of
overexposure (Tomero-Velez et al., 1897).

Focusing on maintenance warkers, important questions are raised regerding the
equivocal conclusions that would be drawn based on the three exposure indices. For air
mercury, the probabilities of excesdance (which ranged from 38 to 42% depending on the mode!
that was applied) and overexposure (which ranged from 53 to 75%) were considerably higher
than the corresponding values for blood or urine mercury. Given that air measurements were
commonly collected in 2- or 3-day campaigns, it is possible that worst-case exposures were
targeted and that the air-monitoring data are not representative of the full-range of exposures
experienced by workers. The possible lack of representative data point, once again, to the imiled
utility of biased data in making meaningful statements about exposure (Symanski et al., 1898). In
comparison to the air-monitoring program, however, the blood and urinary samples were
collected routinely on nearly the entire workforce over the 10-year period. Yet, the exceedance
~ and overexposure probabilities in maintenance workers were two to four times greater for urine
mercury than blood mercury. These differences could be partly explained by the fact that the
average ratio between urine mercury and blood mercury in rezlity is higher than the ratio between
limit values given by the ACGIH (1999) (35 pg/g creatinine and 75 nmal/L, respectively). In
establishing the biolagica!l exposure indices (BE!) for inorganic mercury in urine and blood, the
ACGIH BEI committee stated that the recommended level for urinary mercury did not include a
safety factor and that no significant health effects had been obssrved at a level of 75 nmol/L for
blood mercury (BEI Committee, 1980). Moreover, they noted that urins to blood mercury ratios
varied considerably across siudies. Nevertheless, our results open the question as to which
measure might be more suitable to evaluate whether exposure levels fall within an acceptable
range. Owing to kinetic differences, peak airborne exposures are dampened in urinary mercury
but more easily detected using blood mercury. A comparatively higher 'limit of excesdance' for
blood mercury versus urine mercury could therefore be interpreted in light of the emphasis placed
on average rather than peak expasures, in line with differences betwean shifi-long and short-term
exposure limits for air contaminants.
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Explanation of How Fublications Relate to the Aims of the Project

Specific Aim #1 - Develop a database of repeated biologicat measures of eﬁposure. If environmenial
monitoring (personal sampling) had also been conducted, compile airborne measurements as well.

in &l four studies, biclogical monitoring data were compiled. In study #1 (Symanski and
Greeson, submitted), over 4,000 biological measurements collected on 577 workers in 55 workplaces
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were campiled, which represents a wide range of biomarkers collected in blood, urine, and exhaled air.
In this study, personzal sampling data were cornpiled when reporied in the published literature. The air-.
monitoring database contains 1,847 measurements collected on 192 workers. In study #2 (Symanski
et al., 20012), a total of 1,714 measurements of mandelic acid and phenylglyoxalic acid coflected on
331 workers from eight reinforced-plastics plants were compiled. Fersanal samples were not routinely
collected at any of the reinforced plastics plants. Both air and biotogical monitoring had bean
conducted at the chloralkali plant under investigation in studies #3 and #4. In study #3 (Symanski i
al., 2000), 282 air mercury measurements, 646 blood mercury measurements, and 855 urinary mercury
measurements were campiled. In study #4 (Symanski et al., 2001b), the period of investigation was
extended aver a longer time interval and additional daia were added ta the database to inciude & total

of 325 airborne mercury measurements, 847 blood mercury measurements and 1,165 urinary mercury
measurements.

Specific Aim #2 - Characterize the intra- and inter-individual variation of biclogical measures taking
into account serial correlation.

In all faur studies, the intra- and inter-individual sources of variation in the hlo logical monitoring
data were evaluated. In study #1, two different patterns of correlation between measurements
collected on the same individua! were considered. In the first model, it was assumed that the
correlation between measurements collected on the same worker was the same irrespective of the time
interval separating themn (i.e., 2 compound symmetric error structure was assumed). in a second
model, a first-order autoregressive error structure [AR(1)] was assumed, which models the correlation
hetween measurements collected on the same individual as a function of the interval separafing them.
In an AR(1) model, the carrelation function decays exponentially as the interval between
measurements increases. To identily data that were possibly serially correlaled, the average interval
between all pairs of measurements collected on the same worker was calculated for each data set. A
random-effects model with an AR(1) error structure was then applied to data sets which met the
following criteria: 1) biological monitoring of five or mare workers had occurred on & minimum of five
~ accasions and 2) the average interval between measurements (computed first by individual and then
across all workers in the group) was less than the estimated half-life for the biomarker. The resulis
were reported in the manuscript describing this study, which has been submitied for publication.

In study #2, there was likely to be litile serial correlation among repeated measurements
because the majority of the data were separated by intervals of months or longer relative to the short
elimination half-lives of less than 24 hours for both mandelic acid (MA) and phenylglyoxalic acid (PGA).
However, in one of the plants (the plant involved in the manufacture of silos and coniainers) workers
often provided multiple post-shift urine samples over the course of several days. Thus, it was possible
that measurements that were collected closer together were mors highly correlated than those farther
apart in time. To explore this possibility, we applied a mixed-sffects mode! with an AR(1) error
structure. The results from the maode! with an AR(1) error structure for MA, PGA, and the sum of bath
metzbolites were presented in the manuscript describing this study (Symanski et al., 2001a).

In the study investigating inorganic mercury exposures at the chloralkali plant (study £3},
we computed the interval between measurements for each individual and found that only 10
percent of the urinary data were less than four months apart. Likewise, only one percent of the
blaod measurements were collected at intervals of one month or less. Thus, the biclogical
monitoring data were unlikely to be autocorrelated and we chose to apply the more parsimonious
model when evaluating the intra- and inter-individual sources of variation in exposure {Symanski
etal,, 2000). In study #4 (Symanski et al., 2001b), which also relied on the air and biclogical
monitoring data that had been collected on workers at the chloralkali plant, we made the same
assumption that the covariance between measurements collected on the same worker was the
same regardless of the interval separating them.
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Specific Airm #3 - Evaluate the assurmnption of stationarity in the underlying body burden distribution.
Account for the presence of trends, if detected, when evaluating sources of variation in biclogical
measures of exposure.

In study #1 (Symanski and Greeson, submitied, 2001), stationarity in the mean exposure
tevels over the period during which workers were monitored was assessed by visually inspecting
the plots of the conceritration values versus time for sets of datz collected over thres or more time
peoints. In addition, the original studies were reviewed to determine whether evidence was
provided that exposure levels had changed over time. Based on both assessments, the majority
of the data appeared to be stationary. In 17 cases where exposure levels may have changsd

over time, such changss could not be formally evaluated in the models that were applied because
of insufficient data.

In study #2 (Symanski et al., 2001a), one of the plants (ihe plantinvolved in the
manufacture of silos and containers) reported a decrease in production levels from 1992
onwards. Thus, a mixed-effects model was applied to investigate systematic changes in
- metabolite levels between the two monitoring periods (1886-91 and 1992-89). No changss in the

workplace were reported at the other facilities during the periad over which monitoring data had
been collected and inspection of the time plots revealed no discermnible trends or shifis in
metabaolite levels. Thus, we reported on the resulis from the mixed mode! for the plant noted
above and on the results from the one-way random-effects model (which assurmed that the mean
exposure level remained constant aver time) for data collected at the other seven plants.

In study #3 (Symanski et al., 2000), temporal effects were examined by visually
inspecting graphs of the annual mean levels for the airborne and biological monitoring data
callected over the period 1990-87. While the airborne mercury levels appeared to fiuctuste
erratically above and below the mean value for the entire period, a shift in exposure fevels in
1994 was apparent for the biological monitoring data that was likely due to a change in iaboratory
for the biclogical samples that occurred in June of 1984, Thus, a systematic change in the

urinary and blood mercury levels was evaluated when sources of expasure variability were
examined.

In study #4 (Symanski et al., 2001b), scatter plots of the annual mean levels of the
natural logarithms-of the data were inspected. While no trends were apparent in the air
monitaring data, there was a downward shift in urinary and blood mercury levels in 1994 as noted
in Symanski et al., 2000. Because this downward shift in biclogical levels made it difficult to
discarn whsther trends were present over the entire manitoring pericd, time trends were formally
evaluated in the mixed-models that were applied. While trends in exposure were not detected in

sither the air or blood Hg data, urinary mercury levels declined slightly (p < 0.05) at arate of
approximately 3% per year. _

Speciflc Al #4 - Assess the impact of intra- and inter-individual variation on the design of
epidemiological studies using biomarkers as measures of exposure. Make compansons where
possible, to the use of airborne measures of exposure.

To assess the influence of measurement error in biological measures of exposure, a
hypothetical scenario was constructed in studies #2 and #3 (Symanski et al., 2001&; Symanski et
al., 2001b) whereby it was assumed that estimates of average levels of the log-transformed
- biological measurements for each worker would be used to examine the relation with a
continuous health outcome measure. It was further assumed that there were no other
explanatory variables to consider as covariates in the linear medel; as such, a simple linear
regression mode! could be applied to examine the exposure-response relation. In thes fage of
measurement error, the observed slope coefiicient {under expectation) is smaller than the true
cosfficient and is a function of the magnitude of the within- and between worker variance
components and the number of repeated measurements collected on each individual. Thus, itis
possible to estimate samples sizes that would be necessary to minimize the attenuation of an
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observed slope coefficient ta specified levels if information about the sources of variation is
known or can be estimated. In study #2 (Symanski et al., 2001a), an evaluation of the estimated
bias in an observed regression coefficient as a function of the number of measurements collected
on each worker was made using the surn of both vrinary metabolites of styrene in pre-shift
samples as the exposure measure in all eight plants. In study #3 (Symanski et al., 2000),
comparisons were made among all three measures of exposure (airborns, blood, and urinary
mercury measurements). In general, our data indicate that a single measurement would be
unreliable as a measure of long-term exposure in epidemiological studies and that the bias in an
observed regression coefficient would be greatly diminished as the number of measurements
collected on each worker increased. At the chloralkali plant, creatinine-corrected urinary mercury
- performed tne most efficiently when compared to either airborne mercury or blood mercury.

Specific Aim #5 (revised) - Evaluate heterogeneity in the intra- inter-individual sources of
variation in exposure across groups of workers employed at the same plant. fllusirate effects
related to proper specification of the variance-covariance structure when random- or mixed-
effects models are applied.

Preliminary analyses suggested that there was insufficient data to camry out specific aim
#5 as originally proposed (in large part because of issues related to the timing of the persona! and
biclogical monitoring, small sample sizes, and the appropriateness of evaluating exposure-
biomarker relations when the half-life of the biomarker is relatively long). Thus, a decision was
made to take advantage of the large database that had been compiled in study #3 (Symanski et
al., 2000) and evaluate the validity of exposure assessment strategies that combine data across
groups of workers who perform similer job tasks in common locations. Critical to this approzch
have been assumptions that the degree of variation over time and among workers is the same for
all groups. Yet, in only one investigation had this issue been examined, which was restricted to
an assessment of air meonitoring data collected on four groups of construction workers (Rappaport
et al., 1998). Thus, we undertook study #4 to explicitly evaluate whether the within- and between-
worker sources of variation were common among groups of workers exposed to inarganic
mercury at @ chloratkali plant. Our assessment was conducted using both air and biological
monitoring data and relied on differsnt models that specified job group as either a random or fixed
effect. For air mercury levels, there was no evidence of significant heterogensity in the levels of
variation over time or between workers. For the biological monitoring data, howsver, our findings
indicated that groups did net share common levels of variability and that it was not appropriate o
pool the data and obtain single estimates of the within- and between-worker variance
components. Classification of job group as a random or fixed effect yielded the same canclusion
when the models were compared. To illustrate effects related to the proper specification of a
modsl, the likelihaod of exceeding certain levels (which is a function of the parameters of the
underlying distribution of the natural log-fransformed exposures) was evaluated using the resulis
obtained from the different models. Although the probability that workers’ mean exposures
exceeded occupational exposure limits for air, urine and blood mercury was generally low (<
10%) for all groups except maintenance workers, the estimated values somstimes varied
depending upon the paricular model that was applied. While quantification of the infra- and inter-
individual sources of variation in exposure provide valuable information that can be used to
evaluate compliance with occupational exposure limits [or to assess the degree of bias that may
be introduced in measures of effect when health-effects studiss are carried cut (Symanski et &l
2000; Symanski et al., 2001a)], such information is of limited utility if inappropriate models are
applied.
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