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PREFACE

This Note reviews and compares various models for human exposure
to air pollution. The work was undertaken as part of the methodological
research effort of the Rand Statistical Research and Consulting Group.
As such, the research was supported in part by a grant from the U.S.
Department of Health and Human Services, and in part by Rand corporate
research funds.

This Note is also being published in a special issue of Environ-

ment International.






SUMMARY

Four models for human exposure to air pollution are discussed and
compared. Simple microenvironment monitoring measures pollutant con-
centrations at fixed locations, regarded as proxies for similar loca-
tions or microenvironments. This model does not require pollutant
measurements on the individual level, therefore is easy to implement.
However, the model can be used only to estimate the average exposure in
a population and does not provide any estimate of the variability and
distribution of individual exposures. Replicated microenvironment
monitoring provides some estimates of the variability and distribution.
However, because of the possible discrepancy between the microenvironment
concentration distribution and the individual concentration distribution,
some adjustment might be necessary.

Integrated personal monitoring allows direct estimation of the average
exposure as well as the variability and distribution of individual
exposures. Coupled with the appropriate time budget data, a regression
analysis can be applied to estimate the contribution from each microenviron-
ment type. However, possible collinearity problems might result in low
precision in those estimates. Moreover, it might be difficult to adjust for
a possible Hawthorne etfect.

Continuous personal monitoring has the advantage of recording exposure
in each microenviromment type separately, allowing direct estimation of the
average exposure as well as the variability and distribution of exposures in
each microenvironment type. Moreover, it can also be conducted in conjunction

with a two stage sampling scheme, using information from a large data
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base on activity patterns, thereby making more efficient use of the monitoring
data. It is also easier to adjust for a possible Hawthorne effect in

this design.
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1. "INTRODUCTION

In recent years, a substantial amount of field work has been done on
human exposure to air pollution. This Note presents a theoretical
comparison of several models that have been used or proposed in the

literature.

2. MICROENVIRONMENTS AND MICROENVIRONMENT TYPES

During the daily activities of a human subject, he will likely pass
through many different "locations' with different pollutant concentrations.
We define a microenvironment to be a chunk of air space with homogeneous
pollutant concentration. Examples of microenvironments can be "room 106,"
"room 107," "sidewalk along 1700 block of Main Street,'' etc. Since the
pollutant concentration of the same air space might also vary over time, a
more rigorous definition of microenvironment should be a four dimensional
space x time concept, such as ''sidewalk along 1700 block of Main Street
during rush hour,'" "room 106 at night time,' etc.

If we keep track of all microenvironments that a human subject passes
through during his daily activity, we can represent his total (integrated)
exposure (E) during the day (or any other fixed time period) as a linear
combination of concentration in distinct microenvironments (yj, mieroenviron—~
ment concentration), weighted by the time (Tj) the person spent in the
corresponding microenvironment. The relationship can be expressed as the
following formula:

(2.1 E=]v:7
J

where the summation extends over all possible microenvironments.
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Apparently there are far too many microenvironments for us to keep
track of; therefore we have to group them, grouping all microenviromments
of a similar nature together. For example, we might group all the indoor
microenvironments together, and all the outdoor microenviromments together.
We will refer to such groups of microenvironments as microenvivonment types.
Duan (1981, §8) derives a criterion for grouping microenvironments into
microenvironment types.

With the microenvironment types, we can reformulate the earlier

relationship (2.1) as follows:

(2.2) E = % ¢ by

where the individual's time allocation (tk) to the k-th microenvironment

type is the sum of times spent in microenvironments of the k-th type:
t, =) 6. .
(2.3) k Z jk Tj
J
Sjk = 1 if j-th microenvironment belongs to type k

0 otherwise

and the individual's average concentration (Ck, individual concentration)
in the k-th microenvironment type is the average of the microenvironment
concentrations Yj in microenviromments of type k, weighted by the time
spent in the corresponding microenvironment :

c, = .9 W. .
(2.4 k § jk Y5k Y5
where the proportions

Wiy = Tj/tk

are the individual's visit frequencies.



It should be noted that the microenvironment concentrations Yj do not
depend on the individual, whereas the individual concentrations SN might
vary from individual to individual because each individual might have his
own unique visit frequencies.

With the microenvironment types representation (2.2), there are two
possible approaches to study exposure. One is the direct approach: we
are interested in exposure, therefore we simply measure exposure directly.
The other is the indirect approach, in which we measure the time allocations
and concentrations separately and then combine them to reconstruct ex-
posures. It is the goal of this Note to study the various models based

on these two approaches.

3. SIMPLE MICROENVIRONMENT MONITORING

Fugag (1975) proposed a model that follows the indirect approach and
does not require the use of personal monitoring. For each microenvironment
type, a fixed microenvironment is taken as representative of all microenviron-
ments of the same type. Microenvironment concentrations (yj) are measured
at these representative microenvironments and are taken as estimates for
the individual concentrations (Ck):

(3.1) Ek = v., the j-th microenvironment is the representative
of the k-th microenviromment type

While Fugag (1975) did not specify explicitly how the time allocations t

were obtained, presumably we can use either a diary or appropriate

recollection.

The individual's total exposure (E) can be esfimated by the time

weighted average:



(3.2) E= 12< %k Tk

For many goals, we might also be interested in the average exposure
E, averaged over a target population of interest, which can be estimated by
the average-time weighted average:

(3.3) E = % e ty

where Ek is the average time allocation for the k-th microenvironment type
averaged over the target population.

If representative microenvironments are chosen appropriately, (3.2)
and (3.3) provide reasonable estimates of the individual exposure and the
average exposure. For example, if the representative microenvironments are
chosen to be unbiased for the corresponding microenvironment type, the
estimates (3.2) and (3.3) are also unbiased if certain independence
assumptions are met, namely, that the individual concentrations and time
allocations are stochastically independent. If the independence assumption

is not satisfied, the average total exposure can be expressed as

E=)c

s
oS

e

°k Tk

[Ek Ek + Cov (ck,tk)]

!
R R

Ek Ek + % Cov (¢, t)

1§
=~

On the other hand, if Ek is an unbiased estimate for ¢, , the expectation of

average-time weighted average (3.3) is

1o t o,
, k "k



which differs from the average exposure E in that the covariance term

) Cov (c
k

Kk W
has been lost.

Simple microenvironment monitoring does not account for individual
differences in individual concentrations 0 thefefore it cannot be used
to estimate the variability and distribution of individual exposures. (The
model does account for individual differences in time allocations tk’ and
therefore can partially account for individual differences in exposure E.)
While the microenvironments of the same type are similar in nature, the
microenvironment concentrations Yj in distinct microenvironments are likely
to be somewhat different. Moreover, different individuals will likely have
different visit frequencies ij to the various microenviromments of the
same type. As a result, the individual concentrations o in the same
microenviromment type are likely to be different for different individuals.
However, simple microenvironment monitoring represents all microenvironments
of the same type by the same representative microenvironment, which dictates
that individual concentrations e in the same microenvironment type are
estimated to be the same for different individuals.

While the average exposure is important for many research goals,
individual difference is also important for many goals. For example, for
many policy decisions, it is important to know the proportion of the popu-
lation under exposure in excess of a certain threshold. Therefore we need
also estimate the distribution of exposures in the target population of

interest. Apparently the simple microenvironment monitoring model is

insufficient for this goal.



4. REPLICATED MICROENVIRONMENT MONITORING

While simple microenvironment monitoring camnot be used to estimate the
distributions of concentrations =% and exposures E because only one
microenvironment is chosen as representative of all microenvironments of the
same type, a plausible modification is to use more than one representative
microenvironment of the same type. For example, Flachsbart and Ott (1981)
measured the carbon monoxide concentrations in a large number of microenviron-
ments in commercial districts of several California cities and studied the
distribution of microenvironment concentrations Yj‘

The author agrees with the implicit assumption in Flachsbart and
Ott (1981) that distinct microenvironment types can be distinguished by
examining the microenvironment concentrations Yj' However, it should be
noted that the distribution of microenvironment concentrations Yj can be
different from the distribution of individual concentrations Cpt Recall
from section 2 that individual concentration Cp in the k-th microenvironment

type is the weighted average
J
(4.1) C, =) W. v
k j=1 J )
where the summation extends over the .J microenvironments of the k-th type,

Yj is the concentration in the j-th microenvironment, and Wj is the

individual's visit frequency
w. = T./t
i =%

where Tj is the time the individual spent in the j-th microenvironment, and

the t, is the total time spent in microenviromments of the k-th type. Note

k
that for simplicity of expressions, the notations are slightly different

from (2.4).



There is one and only one special case in which the distribution of
microenvironment concentrations (yj) and the distribution of individual
concentrations (Ck) are the same. This special case is that each indi-
vidual chooses to visit only one microenvironment of the k-th type, and
cach microenvironment has the same probability to be chosen. In this
case the individual concentrations (ck) are actually a random sample from
the distribution of microenviromment concentrations (yj).

The conditions for this special case are rarely satisfied. First,
people are likely to pass through more than one microenviromment of the
same type during their daily activities. Second, even if they are
restricted to only one microenviromment, it is unlikely that the microenvi-
ronments are chosen with equal probability.

When the conditions for the special case are not satisfied, the
distribution of individual concentrations (Ck) is different from the
distribution of microenvironment concentrations (yj). The following
theorem shows that the individual concentrations (ck) are usually Zess

variable than the microenvironment concentrations (yj).

Theorem 1
J
Let = Z W. s as in (4.1).
J
Assume (1) E (Yj) =y
Var (yj) = TZ

Cov (Yj,Yﬂ) =0 it



2} E L) = w.
(2) (WJ ) w3
V .) = O..
ar (wa) OJJ
Cov (wj, wz) = sz j#R

(3) Cov (vy, wj) =0

Cov (Yj,wﬂ)=0 it

Then

IA
o

1 — 2

(4.2) E [Var (¢ |v) - 52 Cry - N7
j J
where equality holds if and only if

(4.3) W = 1 with probability 1/J for some j
0 with probability (J-1)/J for all other j's

In theorem 1, we assume that the microenvironment concentrations Yj are
generated for each specific time period and are common to all individuals.
The individual visit frequencies wj are generated for each individual for
specific time periods. For a fixed time period, the distribution of
individual concentrations e is conditioned on the common microenvironment
concentrations Yj'

The first term in (4.2) is the variance of the individual concentrations
C for a fixed realization of microenviromment concentrations Yj' The
second term is the population variance of the realized microenvironment

cmmmmrmimm'ﬁ. The inequality implies that on the average, the individual

concentrations ) are less variable than the microenviromment concentrations

Y-

The conditions (4.3) are the conditions cited earlier for the ''special

case."



As a result of the theorem, knowledge about the visit frequencies Wj
is necessary for estimating the distribution of individual concentrations
Cy» as well as the distribution of exposures E.

If each individual visits only one microenvironment of a specific
type in a specific time period, a possible remedy of the problem is to
count or estimate the number nj of people present at each microenvironment j
sampled for microenviromment monitoring. The counts nj can then be used
as the weights for the corresponding microenvironment concentrations Yj in
the analysis. For example, instead of using the unweighted average and
variance of Yj’ the weighted average and variance of Yj (weighted by the
counts nj) can be used to estimate the average and variance of Cp
Similarly, the weighted sample distribution of Yj can be used to estimate
the distribution of .

The problem is much harder if individuals visit more than one microenvi-
ronment of the same type. If continuous personal monitoring is conducted
together with replicated microenvironment monitoring, it might be possible
to use the directly measured individual concentrations ¢ to adjust the
microenvironment concentration distribution. However, the validity of

such adjustment has to be tested in future field work.

5. INTEGRATED PERSONAL MONITORING

While the adjustment for visit frequencies in replicated microenviron-
ment monitoring is a difficult problem, personal monitoring can be regarded
as an automatic adjustment for visit frequencies. An appropriate sample of
human subjects will sample the microenvironments according to their individ-

ual visit frequencies.
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Recent field works have employed integrated personal dosimeters such
as passive badge samplers to measure the total exposure E directly. If
such direct measurements of exposure are taken on a sample of human subjects
representative of the target population, we can estimate the average
exposure, the variance of exposures, and the distribution of exposures in
the target population by the corresponding sample average, sample variance,
and sample distribution of the exposures measured in the sample.
Furthermore, if a diary is used in conjunction with the integrated measure-
ments to measure the time allocation tk’ Tosteson and Spengler (1981) used
an ingenious regression analysis to estimate the average concentration in

each microenvironment type:

The integrated exposures E are regressed on the time allocations tk to
estimate the unknown coefficients Ek. (Even if our main interest is in the
total exposure, appropriate estimation of the concentrations in each
microenvironment type is very useful for identifying subpopulations at risk.)
While the regression analysis has the potential for estimating the
average concentration in each microenviromment type without measuring it,
it also has the built-in collinearity problem that the sum of explanatory
variables (time allocations) is a constant, namely, the length of the total
measurement period. Moreover, if we restrict to specific subpopulations such
as ﬁrban workers, some of the explanatory variables might be highly
correlated. For example, the amount of time spent at work is likely to be
nearly a constant. Such collinearity problems can result in poor precision

in the estimated regression coefficients.
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A more crucial problem with integrated personal monitoring is that the
inference about exposure based on direct measurements might not be efficient.
We will discuss the efficiency comparison with indirect measurements in
section 6.

Another crucial problem with the integrated personal monitoring model
is that there might be a Hawthorne effect, namely, measuring an individual
might change his behavior (Rossi et al., 1979). In the nine person
pilot CO study (Ziskind et al., 1981), one of the subjects was overly
cooperative in varying his daily activities: on one day, he biked to work;
on another day, he took the bus. On a third day, he drove to work. Such
activity pattern during a field study period might not represent a normal
activity pattern, and as a result, the exposures during the study period
might not represent normal exposures, either.

If the study period is short, i.e., exposure is measured on each
individual for a few times only, there does not seem to be any way to test
for the existence of the Hawthorne effect or to eliminate it. If the study
period is long as is the case with the nine person study,rit is possibly
reasonable to assume that the Hawthorne effect is strongest during a short
initial portion of the study period ('break-in period'), and will likely
drop off after the subject is more accustomed to the measurement. Therefore
a possible way to test for the existence of the Hawthorne effect is to
divide the study period appropriately into two portions (we might want to
choose the cut-off point empirically), and test for any possible difference
in the activity patterns and exposures in the two periods. If a substan-
tial amount of difference is found on some subjects, we might want to re-

ject the data collected during the break-in period as biased and restrict
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the final analysis to the data collected after the break-in period.
However, a substantial amount of monitoring data has to be sacrificed

with such adjustment.
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6. CONTINUOUS PERSONAL MONITORING

Recent development in hardware (Ott, 1981) has made it feasible to
conduct personal monitoring with continuous dosimeters and record the
disaggregated measurements automatically on miniature memory chips. It is
then possible to reconstruct the exposures from each microenvironment type
either using a diary or a built-in timer.

Duan (1981) proposed that such a dosimeter be used in conjunction
with a two stage sampling design, consisting of a diary stage and a monitoring
stage. In the diary stage, extensive measurements of time allocation are
taken on a large sample of subjects using an activity diary. In the
monitoring stage, concentration measurements are taken on a subsample of
subjects or a subsample of subject-days. Tor example, we can continue the
diaries throughout the study period and sample a few days for each individ-
ual for concentration measurements. Duan (1981, §6) describes a convolution
method to combine the two sets of measurements to estimate the distribution
of exposures, as well as the average exposure and the variance of exposures.
(The convolution method also assumes stochastic independence between the
concentrations and time allocations.)

Compared with integrated personal monitoring, continuous personal
monitoring (in conjunction with the two stage sampling scheme) can achieve
better efficiency. The reason for the efficiency gain is that with extended
diary measurements, we can reduce the variation in our estimates that is due
to the variation in time allocation. A formula for the efficiency gain is

given in Duan (1981, §87).
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Further efficiency gain can be achieved by using an optimal sam-
pling design in the monitoring stage. After some diary measurements
have been taken, the subjects in the sample can be stratified according
to their observed activity patterns. If some auxiliary information on the
concentrations in the various microenviromment types like Flachsbart and
Ott (1981) is available, we can estimate the variability of measurements
in each strata. The sample design then should follow the general sampling
theory (e.g., Cochran 1962) that the more variable strata should be
over-sampled.

With the continuous personal monitoring model, we can adjust for any
possible Hawthorne effect without loss in the monitoring data. For example,
if we suspect that the activity patterns during the monitoring stage might
not be representative of the subject's normal activity pattern, we can
restrict the time allocation data to the diary stage and reject the time
allocation data during the monitoring stage. (Therefore we use only the
concentration data from the monitoring stage.) Furthermore, if we
suspect that the activity patterns during the break-in period of the diary
stage might be biased, we can further restrict to the time allocation data
collected after the break-in period. While we lose some of the time
allocation data, we do not lose any monitoring data. Furthermore, we
can also test for the existence of the Hawthorne effect on either the
monitoring stage or the diary stage.

éompared to the integrated personal monitoring, the treatment of the
Hawthorne effect in this model is more efficient in that we retain the use

of all monitoring data.
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