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Use and Analysis of Exposure Monitoring
Data in Occupational Epidemiology:

An Example of an Epidemiological Study
in the Dutch Animal Food Industry

Dick Heederik,* Jan S.M. Boleij,® Hans Kromhout,® and Tjabe SmidA®
ADepartment of Epidemiology and Public Health, Wageningen University, P.O. Box 238, 6700 AE Wageningen,
The Netherlands; 8BDepartment of Air Pollution, Wageningen University

No general, theoretical framework exists for exposure moni-
toring strategies for epidemiological purposes nor for the analysis
of these data. It is, however, recognized that the variation in
exposure over time and between workers is an important element
of consideration in the design of measurement strategies and the
analysis of exposure data. In this paper, the partitioning of ex-
posure variability is discussed for two types of monitoring strat-
egies. First, a monitoring strategy is considered in which all
members of the study population are monitored on various oc-
casions. In this strategy, the ratio of within and between worker
variance gives information about the magnitude of underesti-
mation of the exposure—response relationship. The second strat-
egy discussed is one based on “homogeneous” exposure cate-
gories. This strategy is illustrated with a study among animal
feed workers in The Netherlands. It is shown that the grouping
which results from this strategy can be applied for epidemio-
logical purposes successfully if the ratio of the within and between
category variance in exposure is relatively small. This implies that
it'is important to optimize the ratio of these variances in a given
study population instead of composing strictly homogeneous ex-
posure categories. In both strategies, the analysis of variance of
repeated exposure measurements on the same individuals plays
a crucial role. It is recommended that repeated measurements
on the same individual should be taken routinely. The analysis
of variance should be used as a tool to analyze such data in order
to optimize a measurement strategy or a categorization of the
population in exposure groups. Heederik, D.; Boleij, J.S.M.; Krom-
hout, H.; Smid, T.. Use and Analysis of Exposure Monitoring Data in
Occupational Epidemiology: An Example of an Epidemiological Study
in the Dutch Animal Food Industry. Appl. Occup. Environ. Hyg. 6:458-
464; 1991.

Introduction

In the past, studies of exposure—response relationships
in the work environment were focused on situations in
which a substantial exposure and a resulting substantial
health risk occurred. Rare monocausal diseases associated
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with a specific agent were easily detected, e.g., pleural
mesothelioma caused by asbestos. Simple approaches of
exposure assessments based on accidentally collected in-
formation generally are not sufficient anymore. However,
when perusing the current literature, one tends to con-
clude that exposure assessment for prospective epidemi-
ologic studies is still in its infancy. Few examples are found
that describe epidemiologic studies with a priori-designed
exposure assessment strategies.

The possibility of correctly identifying associations be-
tween exposure and health effects is partly determined by
the health relevance of the exposure measurement. Ex-
posures and health effects are usually linked through the
concept of dose.

It is obvious that knowledge of the disease process should
influence environmental monitoring strategies. However,
in many situations, a priori information about disease pro-
cesses and, thus, the relevant dose is not present. For
example, very limited information exists for grain dust
about the relevant exposure in relation to the development
of lung function changes. Therefore, one often assumes
that cumulative exposure is the best exposure index to
estimate and temporal patterns in exposure are neglected.
The most useful approach, in such cases, is to compare
different exposure indices in the analysis.

Exposure Assessment Strategies

In occupational epidemiological studies, several meth-
ods are being used to characterize the exposure of the
population under study. Several authors(!?) provide a hi-
erarchy of exposure characterization methods for use in
epidemiological studies. These factoring techniques range
from specific exposure measurements to the semiquanti-
tative estimation of specific exposure (ranking) with such
surrogates as occupational title, occupational status, de-
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partment, or sector of industry. Basically, there are two
approaches to consider measured exposure information.
In the first, all population members are monitored. In the
second, only subgroups, sometimes referred to as ho-
mogeneous exposure groups, are monitored. The com-
position of a homogeneous subgroup can be made on the
basis of information on a subject’s job or by an estimation
technique. Semiquantitative exposure estimation is the
process of estimating a subject’s exposure on the basis of
present knowledge on such items as tasks performed and
processes applied. This second method is often employed
because it is simple, comprehensive, and efficient and be-
cause it leads to a reduction in the measurement effort
when applied in combination with strategies in which the
exposure is actually measured.® In this case, the grouping
takes place before measurements are taken. An alternative
is an a posteriori grouping based on randomly sampled
exposure measurements. For the purpose of this paper,
no distinction will be made between a priori and a pos-
teriori grouping strategies.

Examples in which detailed, quantitative, exposure in-
formation is gathered are given by studies among workers
exposed to ionizing radiation in nuclear power plants and
other nuclear facilities. Personal monitoring is done per-
manently during working hours because personal dosim-
etry is a technically simple method for this particular ex-
posure. The exposures can be expressed as doses from
external sources to various parts of the body or the entire
body, to the skin of the entire body, and to the extremities.

More often, strategies are applied in which exposure is
established for subgroups of workers. Such procedures
reduce the measurement effort considerably because only
a sample of workers needs to be monitored. This is fa-
vorable when sampling techniques are time-consuming
and expensive to apply. An early description of such a
strategy has been given by Oldham and Roach®) and Ash-
ford.(>) These authors describe the statistical background
of the measurement strategy applied in the Pneumoconi-
osis Field Research of the British Coal Board. Colliery pop-
ulations were divided into homogeneous subgroups on
the basis of their occupation, place of work, and shift, or
the so called “man—shift.” This meant that dust exposure
measurements were taken for a random sample of all
workers employed during a certain shift. Time exposed
was measured for all workers based on colliery records.
The cumulative exposure was calculated as the product of
the exposure measured for a certain occupational group
and the time exposed. The sampling effort was allocated
to certain man-shifts based on several factors such as the
standard deviation in exposure for the particular homo-
geneous subgroup, the labor turnover of a group, and the
number of individuals assigned to the group. An under-
lying assumption of this sampling strategy is that the ex-
posure of an individual worker is supposed to be equal
to the shift average of the whole group. Surveys in different
occupationally exposed populations have shown that con-
siderable inhomogeneity may exist between workers.(3:6)
The principal reasons for the lack of homogeneity are an
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inappropriate definition of the subgroup and differences
in work practice and environmental conditions. The latter
may occur, for instance, when a broad definition of a sub-
ject’s function or job is used while workers with the same
title job or function perform different tasks.

Misclassification of Exposure

In epidemiology, nondifferential and differential mis-
classification are distinguished. Both are forms of infor-
mation bias.(”? In the case of nondifferential misclassifi-
cation, misclassification is independent of the health effect.
Differential misclassification of exposure can lead to
underestimation as well as overestimation of the effect of
exposure on health, depending upon the type of study and
the exact form of differential misclassification.”’ Gener-
ally, nondifferential misclassification of exposure leads to
underestimation of the effect of exposure on the health
parameter studied. Large differences in concentrations of
an air pollutant in time and space lead to a large inter-
and intraindividual (or day-to-day) variation in the work-
er’s exposure. This can be regarded as a specific form of
nondifferential misclassification.

First, the influence of the nondifferential exposure es-
timation error will be illustrated for a situation in which
repeated exposure measurements are present for all the
members of the population under study with no control
group present. Consider an epidemiological study in which
the mean personal exposure to some agent has to be re-
lated to a health endpoint. A limited number of measure-
ments per worker is, at best, an approximation of that
worker’s long-term exposure if a considerable within per-
son or day-to-day variation in exposure exists. It has been
shown that this within person variation in exposure can
result in a considerable bias of the exposure—response
relationship.(89) The statistical background has been rec-
ognized in the statistical literature and is referred to as
attenuation.(19.!) The bias that occurs when a dependent
variable measured on a continuous scale is regressed on
an imperfectly measured exposure variable can be de-
scribed by the ratio, A, of the within and between worker
variability in exposure:

b =B + ) (1

where: b = expected value of the empirical regression coeffi-
cient of a dependent variable Y on an independent
variable X which is an imperfect measure of the
independent variable X

B = the true regression coefficient of Y on X

= o'a,/og

within subject variance

between subject variance

Uqf\)i?\) >
1l

If repeated exposure measurements on an individual
are present, it is possible to estimate the within and be-
tween worker components of variance by an analysis of
variance (ANOVA). The structure of an analysis of variance
table, together with the estimated parameters, can be found
in the literature(!2) and is given in the Appendix to this
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paper.

If, for instance, A = 1, which means that the within and
between subject variances in exposure are equal, the em-
pirical regression coefficient underestimates the true coef-
ficient by 50 percent. The equation clearly shows that the
underestimation is a function of both the within and the
between worker variance in exposure. In a situation that
has a high within worker variability in exposure, almost
unbiased regression coefficients are obtained as long as
the between worker variability in exposure (e.g., in the
population) is a multitude of the within worker variability
in exposure. This implies that a strict rule cannot be for-
mulated for an acceptable or required within or between
worker variance. The ratio between the two variance com-
ponents determines the magnitude of the underestimation
rather than the absolute values. Before starting a large
epidemiological study, information about the partitioning
of the exposure variability is necessary for further plan-
ning. Suppose a population with a large A or a relatively
large within worker variance in exposure is the object of
a study. The exposure measurement strategy can then be
modified in three ways to avoid bias of the exposure—
response relationship. First, one can increase the mea-
surement effort to attain a reliable estimate of the personal
exposure with a minimal bias due to within person vari-
ance in exposure. This effect can be calculated according
to the mathematics described by Liu et al.:(13

_ p
(2

where: k = the number of repeated measurements per worker
p = the bias in a regression coefficient

For instance, when A = 6, one needs at least k = 54
measurements per worker in order to reduce the bias in
a regression coefficient to maximally 10 percent (p =
0.90). If this first approach leads to a measurement effort
that is too large, repeated measurements in a subsample
of workers can be performed to obtain a precise estimate
of within and between person variability, after which a
correction for attenuation can be applied.(814) If the first
two approaches prove inadequate, a completely different
study design can be chosen, e.g., by maximizing the con-
trast in exposure by means of an external control group,
which basically means increasing the between worker var-
ifance in exposure.

In a grouping strategy, one assumes that subjects in an
exposure group have a comparable exposure profile and
that the mean exposure can be used to describe the ex-
posure of all group members. However, occupational hy-
giene surveys have shown that considerable differences in
mean exposure may exist between workers. This indicates
that the actual exposures for some members of the ho-
mogeneous exposure group have been under- or over-
estimated. In analogy with the previous section, it seems
clear that the underestimation of an exposure-response
relationship is a function of the within and between group
variation in exposure. A within group variance which is
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larger than the between group variance means that the
exposure distributions of the groups are strongly overlap-
ping and that the grouping did not lead to any distinction
in exposure between groups compared with the whole
population. If the between group variance is larger than
the within group variance, distributions do not or only
partially overlap. An example of the magnitude of under-
estimation of the exposure—response relationship has been
reported by Heederik and Miller!'#) in an epidemiological
study among British coal miners. They estimated that up
to 30 percent of the total variance of the cumulative dust
exposure might be due to inhomogeneity of exposure
groups. Correction for this inhomogeneity showed that the
exposure—response relationship between cumulative coal
dust exposure and eight-year lung function changes was
underestimated by approximately 200 percent.

This suggests that, in general, underestimation of an
exposure—response relationship is a function of two var-
iances, the within and between person or group variance,
and that the underestimation cannot be minimized by an
absolute criterion for one of the two. The two basic mon-
itoring strategies require a specific procedure in the anal-
ysis of the data. In the first strategy, in which all population
members are being monitored, primary emphasis must be
placed on the calculation of within and between worker
variances and the ratio of these two to establish the po-
tential bias in the relationship between exposure and re-
sponse due to attenuation. The second approach, based
on monitoring of homogeneous subsamples of workers,
also requires the calculation of within and between worker
variances; however, in this case, the between worker var-
iance is the primary aim of the analysis of variance because
it gives an impression of inhomogeneity of an exposure
group and can give information about the overlap between
exposure groups. A comparison of the variance ratio, A, of
the whole group with the variance ratio of subsets of work-
ers gives information about the homogeneity of subgroups
relative to the entire population. The calculation is similar
to the calculation of the within and between worker var-
iance (see Appendix). A similar comparison can be based
on the 95 percent confidence limits of the distribution of
worker mean exposures, Rygs, as a measure of homo-
geneity of the group.(1 Partitioning of exposure variability
into between and within exposure group variance can be
derived by a nested type of analysis of variance.

The Animal Food Industry Example

In The Netherlands, approximately 6000 people are em-
ployed in animal feed production. Several raw materials
are used such as grain, pulses, and waste products of the
vegetable oil and starch industry. A large-scale study was
initiated in 1985 and is still in progress. The primary aim
of this project was to study the influence of occupational
dust exposure in animal feed mills on respiratory symp-
toms and lung function. Dust exposure of workers in eight
production and storage facilities was studied for 1 1o 24
days, in most cases, in two seasonal periods (spring and
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TABLE 1.

Characteristics of Personal Dust Concentrations by Job Category

Job Category n i AM GM GSD Range
(mg/m?)  (mg/m?) (mg/m?)
Unloaders 69 29 300 98 46  0.2-450
Crane drivers 23 12 6.1 25 47  02-27
Facility operators 63 20 14 08 27  02-94
Press operators 54 17 42 1.3 32 02-100
Production managers 42 16 38 16 35 02-49
Expedition workers 61 18 21 12 28 02-14
Sackers 20 9 6.6 34 29 11-45
QOther 198 121 1.3 32 49  02-250
Total 530 242 38 24 47  0.2-450
AM = arithmetic mean.
GM geometric mean.
GSD geometric standard deviation.

number of exposure measurements.

autumn). For five facilities, repeated measurements on the
same worker were available. The goals of the exposure
measurements were to study:

o If and how the population could be divided into ho-
mogeneous exposure groups.

o If and how these data could be used to calculate cu-
mulative exposure estimates.

¢ If and how the measurements in 8 facilities could be
used to estimate the exposure of workers in a total of
14 facilities.

The facilities differed in a number of characteristics such
as age, number of employees, and technology applied. All
workers were a priori grouped into eight occupational
categories according to their job title: unloaders, crane
drivers, operators, press operators, production managers,
expedition workers, sackers, and other production work-
ers. The exposure categories consisted of one or more job
titles with similar facility tasks and working environments.
Personal, breathing zone, inspirable dust sampling was
performed on workers from all occupational categories
during full-shift periods of approximately 8 hours. The
endotoxin concentration was determined in all samples
according to methods described in the literature.(1®) Lung
function of 315 workers from 14 animal feed production

number of workers measured at least on ene occasion.

mills was measured according to the European Committee
of Coal and Steel protocol.(1®)

The data were analyzed with SAS statistical software.
Analyses of variance were performed using Proc GLM. The
within and between worker mean squares were recalcu-
lated to within and between worker geometric standard
deviations according to the equations in the Appendix. On
the basis of the between worker variance, a Rgos, as a
measure of homogeneity of the group, was calculated. (1517
The within and between occupational category variances
were calculated with a nested analysis of variance (Proc
NESTED) in which the occupational group was the nesting
variable. The relationship between the current dust ex-
posure, the cumulative dust exposure, and endotoxin ex-
posure and lung function was studied in a multiple regres-
sion analysis after a correction for age, standing height,
and pack-years smoked (Proc REG).

Results

The results for the dust and endotoxin concentration
are presented in Tables I and II. Tabular analysis, as well
as the analyses of variance with the dust and endotoxin
concentration as dependent variables and occupational cat-
egory and feed mill as explanatory variables, showed that

TABLE I). Characteristics of Personal Endotoxin Measurements by Job

Category

Job Category n i AM GM GSD Range

(mg/m3)  (mg/m?) (mg/m?)

Unloaders 69 29 102 285 54 0.2-1150

Crane drivers 23 12 49.6 106 8.7 0.2-420

Facility operators 63 20 39 12 43 0.2-50

Press operators 54 17 94 23 42 0.2-160

Production managers 42 16 15.2 25 5.0 0.3-160

Expedition workers 61 18 297 24 52 0.2-880

Sackers 20 9 93 37 38 05-75

QOther 198 121 40.9 7.0 6.0 0.2-1870
Total 530 242 371 51 6.7 0.2-1870

AM = arithmetic mean.

GM = geometric mean.

GSD = geometric standard deviation.

n = number of exposure measurements.

j = number of workers measured at least on one occassion.
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TABLE Hll. Analysis of Variance of Log-Transformed Personal Dust and
Endotoxin Concentration (n = 530)

Dust Endotoxin
Factor df MS F MS F
Job category 7 282 15.8 372 14.3"
Facility 7 11.6 6.5" 18.8 7.2*
Residual 515 1.8 26

df = Degrees of freedom
MS = Mean squares

F = F-lest

* =p < 0.001

the occupational category explained most of the variance
in dust and endotoxin concentrations (Table II1). In the
eight mills monitored, this meant that 1) more or less the
same pattern of exposure existed for the various occu-
pational categories, 2) differences in mean exposure be-
tween mills were small, despite differences in age and
technology level, and 3) sampling would not necessarily
have to be expanded to all 14 mills. This last point is clearly
illustrated by a breakdown of the exposure to occupational
groups and to facility. The differences in geometric mean
dust and endotoxin exposures between the highest and
lowest exposed occupational group were, respectively, a
factor 12 and 24, while for the facilities, this was maximally
a factor 2 to 4. Because the facilities had a different age
and technology level, the results also indicated that the
current exposure could probably serve as an acceptable
estimate of a previous exposure.

An analysis of variance showed that, for the total pop-
ulation, the between worker variation in exposure, ex-
pressed as a geometric standard deviation, was somewhat
larger than the within worker variation both for dust and
endotoxin (A < 1) (Table IV). A similar analysis of variance
for each occupational group revealed that the within per-
son variation in exposure (or day-to-day variability) was
equal to or considerably greater than the interpersonal
variability in exposure for most occupational groups. Crane
drivers formed a clear exception for both endotoxin and

dust. A more detailed analysis of the exposure of crane
drivers showed that some of them had specific tasks of
short duration which led to a relatively high exposure and,
thus, inhomogeneity within the group of crane drivers.
The group was also very small and exclusion of one outlier
increased the N and reduced the Ry g5 drastically. The oc-
cupational category “Other production workers” showed
large differences in dust exposure within the group, prob-
ably because they were too heterogeneous in personal
mean exposures due to shifting of tasks. However, in most
cases, the Rggs for each occupational group appeared to
be smaller than the Rg o5 for the total group. This indicated
that the differences between workers within an occupa-
tional group were smaller than the differences between
workers in the whole population. This implies that the
occupational group mean exposure was probably an ac-
ceptable exposure estimate for each member of the group,
except for “crane drivers” (dust and endotoxin) and “other
production workers” (dust only). Reduction of the Ry gs
for most occupational groups compared with the overall
Rogs suggests that calculation of a cumulative exposure
based on occupational categories could still be useful. This
was also confirmed by the nested analysis of variance. This
analysis resulted in a ratio of the within and between ex-
posure group variance which was 1.24 for dust and 0.97
for endotoxin. This means that the within exposure group
variance was larger than the between exposure group var-
iance for dust exposure. For endotoxin exposure, the within
exposure group variance was smaller than the between
group variance suggesting that a breakdown to occupa-
tional categories was more informative than in case of dust.
Therefore, the calculation of the cumulative dust and endo-
toxin exposures was based on the different occupational
categories performed, the arithmetic average dust expo-
sure in that particular occupational category, and the time
spent in that occupational category. Differences in mean
exposure for workers with the same occupational category
but working in different mills were neglected.
Statistically significant relationships were found between

TABLE IV. Within and Between Worker Variation, Expressed as a GSD, A, and R, , for
Log-Transformed Personal Dust and Endotoxin Exposure per Occupational Category. Only
Workers with k > 1 Repeated Measurements Have Been Taken into Account

Dust Exposure

Endotoxin Exposure

it GSD,  GSD, A Res GSD, GSD, A Roes

All workers 120 288 308 0.89 82 3.88 4.02 0.95 234
Unloaders 15 405 155 10 6 430 2.46 26 34
Crane drivers 5 307 337 08 17 420 475 08 450
Facility operators 13 239 1.73 25 9 3.26 21 25 19
Press operators 12 250 212 15 20 2.80 267 11 48
Production managers 10 229 2.66 07 47 322 340 09 125
Expedition workers 14 251 130 122 3 4.69 1.83 6.6 1
Packers 3 316 140 114 4 486 101 >100 1.04
Other production 48 304 313 0.95 88 405 329 14 107

J'1

GSD, = within worker geometric standard deviation.
GSD, = between worker geometric standard deviation.
A = variance ratio of within and between worker variance.

number of persons measured more than one occasion (k > 1).

Rygs = ratio of 6 and 95% confidence interval of between worker variance.
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TABLE V. Change in Lung Function Per Unit Cumuiative Dust and
Endotoxin Exposure Among Animal Feed Production Workers Adjusted for
Age, Standing Height, and Pack-Years Smoked with Linear Regression

(n = 263)

Gumulative Cumulative
Dust Exposure Endoxin Exposure
Bt SE B SE
FVC (1) —0.0011 0.0014 —0.0003 0.0006
FEV, (L) —0.0021 0.0013 —0.0009 0.0006
FEV, (L) -0.0012 0.0014 —0.0004 0.0006
PEF (Ls) —0.0206* 0.0049 —0.00844 0.0021
MEF; (Us) —0.0141~ 0.0045 —0.0067~ 0.0019
MEF; (Us) —0.0059 0.0032 -0.00328 0.0014
MEF, (Ls) 0.0005 0.0015 —0.0003 0.0006
MMEF (L/s) —0.0028 0.0026 —0.0019 0.0011
Ap < 0.01.
8p < 0.05.

B = regression coefficient.
SE = standard error.

most of the lung function variables and the cumulative
dust, as well as endotoxin exposure, after correction for
the confounding variables. Such relationships were also
found for the current exposure to dust and endotoxin. The
results of the analysis with cumulative exposure are given
in TableV. The relationship between the endotoxin ex-
posure and lung function appeared to be a statistically
stronger association than that between dust exposure and
lung function.

Discussion and Conclusions

Large variations in exposure in time and between work-
ers are an important source of difficulties in the design
and analysis of exposure—response relationships because
these variations can be responsible for considerable mis-
classification. Theory showed that misclassification of ex-
posure can result in underestimation of the relationship
between an exposure and some health endpoint. The mag-
nitude of this bias is determined by the ratio of the within
and between worker variance in exposure in a study in
which all workers have been monitored. The magnitude
of bias can be calculated on the basis of the variance ratio
of within and between worker variance in exposure. Sev-
eral strategies are recommended to reduce this bias.

For grouping strategies, no strict criteria can be given
for a required level of homogeneity. The inhomogeneity
which is acceptable in a specific situation is an analogy
determined by the magnitude of the variation in exposure
in the whole population and the variation within the ex-
posure groups. It is, therefore, not necessary to define
absolute criteria for homogeneity. Criteria need to be de-
veloped for the acceptable ratio of the within and between
group variances.

Some elements of the theory were illustrated with a
study in the Dutch animal food industry. Clear differences
in exposure existed between some of the a priori-detined
occupational categories. These differences were such that
differences within an occupational category due to differ-
ent mills explained only a limited part of the total variance
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in the exposure. However, the analyses of the exposure
data were performed before the lung function results were
analyzed. The initial analysis of exposure data was meant
to decide on further steps to be taken. It was planned that
additional measurements would be taken if considerable
differences between mills would exist or differences within
occupational groups would exist. Cumulative exposure could
have been calculated in a different way, based on the oc-
cupational categories performed in a certain facility where
the tasks were performed. For the subsample of eight fa-
cilities, cumulative exposure was calculated in this alter-
native way. Similar exposure—response relationships were
found suggesting that the assumptions made were
acceptable.

The between worker variance for the subgroups was
reduced compared to the between worker variance for the
whole group. This showed that the grouping lead to a
reduction of exposure variability. The fact that clear
exposure-—response relationships were found of the dust
and endotoxin exposure with lung function suggests that
an acceptable ratio between these two variance compo-
nents was present.

It is recommended to establish the within and between
group variance in exposure with an analysis of variance
using repeated measurements on the same individual. The
success of different groupings can be judged by comparing
ratios of within and between group variances of the alter-
native groupings. The optimal grouping of the population
can then be selected for the further epidemiologic analysis
of the data.
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APPENDIX

An analysis of variance of between and within worker
variance components using repeated measurements on the
same worker can be performed with various procedures
in SAS such as Proc GLM, Proc NESTED, and Proc VARCOMP.
The results are presented schematically in Table A. The
between and within group variances can be calculated in
a similar way with group and worker as an explanatory
variable in the model depending on the procedure used.

Several variables can be calculated from the outcomes
of an analysis of variance:

GSD,, = exp (02)12 = exp (MS,)'2
GSDy, = exp (02)1/2 = exp [(MS, — MS,)/k]"2
Roos = exp (op X 3.92)

if the number of repeated measurements differs from worker
to worker k is approximated by:

t—(k§ + K8 + ... + k&)t

K= n-1
where: t = total number of observations
k4 = number of observations on day 1

n

maximum number of monitoring days

or can be approximated by:

dfwithin persons

e~ ( s )
dfbetween persons +1

TABLE A. Analysis of Variance (ANOVA) of Repeated Exposure
Measurements on the Same Worker?

Variation Estimated
Source SS df MS Parameter
Between worker SS, (n—-1) SS/in — 1) ol + ko?
Within worker SS, nk — 1) SS,/n(k — 1) o
SS = sum of squares.
MS = mean of squares.
df = degrees of freedom.
o = within subject variance.
of = between subject variance.
k = number of repeated measurements per worker.
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