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Table 6. Posterior source profiles: estimated factor loadings (SEs)

Element �λλλRD (SE) �λλλPP (SE) �λλλOC (SE) �λλλMV (SE)

Si 1† (—) 0† (—) 0.05 (0.0019) 0.26 (0.0035)
S 0† (—) 1† (—) 0.02 (0.0009) 0.04 (0.0019)
Ni 0† (—) 0.03 (0.0016) 1† (—) 0† (—)
OC 0.04 (0.0024) 0† (—) 0† (—) 1.48 (0.0098)
Al 1.00 (0.0018) 0.01 (0.0006) 0† (—) 0† (—)
Ti 0.96 (0.0029) 0.02 (0.0017) 0.18 (0.0036) 0.51 (0.0065)
Ca 0.95 (0.0035) 0.02 (0.0011) 0.21 (0.0042) 0.32 (0.0071)
SULF 0.01 (0.0004) 0.99 (0.0013) 0† (—) 0† (—)
Se 0.02 (0.0011) 0.66 (0.0048) 0.04 (0.0026) 0.38 (0.0079)
V 0.09 (0.0026) 0† (—) 1.04 (0.0044) 0.04 (0.0031)
Br 0.10 (0.0032) 0.54 (0.0051) 0.18 (0.0040) 0.81 (0.0089)
BC 0.04 (0.0019) 0.44 (0.0039) 0.42 (0.0029) 1† (—)
EC 0† (—) 0.29 (0.0045) 0.42 (0.0034) 1.28 (0.0084)

†Denotes constrained parameters. RD, road dust; PP, power plants; OC, oil combustion; MV, motor vehicles;
SE, standard error.

Fig. 1. Posterior correlations in λλλ from a Bayesian factor analysis of the historical exposure data.

and posterior covariances from the Bayesian factor analysis of the historical data. Here again, we trun-

cated the normal distribution for the factor loadings, λλλ ∼ Nk(p−k)(�λλλ
(hist)

, �Var(�λλλ
(hist)

))I (λλλ � 0). We set
vague priors on all other parameters, IG(0.01, 0.01) on {			 j j }, {��� i i }, σ 2

Y , and σ 2
b and N (0, 1000) on

{µ j }, α, and {β j }. We ran 25 000 iterations, discarding 20 000 as burn-in and thinning by 5, for a total
of 1000 posterior samples. We examined diagnostic trace and autocorrelaion plots and found satisfactory
convergence.

Table 7 displays the posterior means, standard errors, and 95% credible (confidence) intervals for
the source-specific health effects estimated with the informative Bayesian SEM and the tracer approach.
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Table 7. Comparative data analysis results

Method Pollution Source β̂ SE(β̂) 95% CI
source tracer

Informative Road dust Si 0.154† 0.063 (0.030, 0.276)
Bayesian Power plants S −0.071 0.072 (−0.217, 0.072)
SEM Oil combustion Ni −0.034 0.071 (−0.167, 0.115)

Motor vehicles BC 0.062 0.141 (−0.217, 0.341)

Source Road dust Si 0.137† 0.048 (0.037, 0.237)
tracer Power plants S −0.063 0.079 (−0.227, 0.100)
approach Oil combustion Ni −0.036 0.069 (−0.178, 0.107)

Motor vehicles BC 0.014 0.088 (−0.170, 0.198)

†Denotes significance at α = 0.05. SE, standard error.

In the SEM analysis, for each pollution source, the health effect estimate is on the scale of the element
whose factor loading is constrained to 1. For example, we interpret the health effect estimate of road dust
as the change in log peak ST-segment associated with an increase in the “contribution of road dust” on the
scale of one standard deviation increase in the concentration of silicon. However, in the tracer analysis, we
interpret the health effects estimates as the change in log peak ST-segment associated with one standard
deviation increase in the concentration of corresponding tracer. For instance, here we interpret the health
effect estimate of road dust as the change in log peak ST-segment associated with one standard deviation
increase in the “concentration of silicon.” The tracer estimates provided in Table 7 do not precisely cor-
respond to those reported in Wellenius and others (2003), which were based on ECG recordings from 2
precordial leads. Since readings from the 2 leads were highly correlated (r > 0.8), we restrict our analysis
to log peak ST-segment recorded on a single lead (V5).

In accordance with Wellenius and others (2003), we found a significant effect of resuspended road dust
on myocardial ischemia in dogs. Implementing our informative Bayesian SEM, we estimated an increase
of 0.154 in log peak ST-segment associated with an increase in road dust contribution on the scale of
one standard deviation of silicon, with 95% credible interval (0.030, 0.276). We did not find a significant
change in log peak-ST segment associated with pollution from coal-fired power plants, oil combustion for
home heating, or motor vehicle exhaust.

Thus, the informative Bayesian structural equation results suggest that the conclusions in the original
analysis were not driven by unequal amounts of measurement error associated with the tracer representa-
tions of the 4 pollution sources. Given that the SEM analysis yields an estimate of the road dust coefficient
similar to the silicon coefficient in the tracer analysis, one might wonder whether the more complex anal-
ysis was worth the effort. Then again, the SEM analysis does more than reinforce the significance of the
road dust effect; it also reaffirms the lack of evidence of an association between this cardiac outcome and
pollution from the other sources, in particular motor vehicles. Not surprisingly, given the results of our
simulation study, the estimated health effect estimate for motor vehicles, β̂MV = 0.062, is more than 4
times the corresponding attenuated tracer estimate for BC, β̂BC = 0.014; however, this estimated associa-
tion remains insignificant. Confirmation of a nonsignificant effect of motor vehicles is equally important
in this setting.

To ensure that our conclusions are not sensitive to distributional assumptions, we reran the informative
Bayesian SEM under the specification of lognormal source contributions. We estimated β̂RD = 0.164,
β̂PP = −0.066, β̂OC = −0.030, and β̂MV = 0.026 and detected a significant effect of road dust only.
Thus, both sets of distributional assumptions yield findings that agree with those in Wellenius and others
(2003).
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7. DISCUSSION

In this paper, we considered methods to assess source-specific health effects of complex mixtures of
PM pollution. One objective was to evaluate the statistical properties of estimates obtained with methods
currently used in practice, the tracer approach and the 2-stage approach, for multivariate pollution patterns
typical of Boston aerosol. In a simulation study, we showed that the health effects estimates obtained using
the tracer approach are attenuated, both in small- and large-sample cases, which was expected having
framed the problem from a measurement error perspective. Our results suggest that the common marker
for traffic particles, BC, has a relatively large degree of error associated with it, which may reflect a
regional component of BC in addition to local traffic in the Boston area; as such the tracer approach may
underestimate the effect associated with motor vehicles. The 2-stage approach is similarly susceptible to
bias, although only in the case of small samples. For large samples, the 2-stage estimates appear unbiased
as we would expect of a regression calibration.

As an alternative to the tracer and 2-stage approaches, we proposed a SEM to account for the uncer-
tainty associated with latent source contributions, along with a Bayesian approach to model fitting. This
approach leverages exposure information from previous related concentrator studies. Simulations suggest
that the proposed informative Bayesian SEM is effective in eliminating bias in estimated source-specific
health effects estimates, even when the number of exposures is limited. We demonstrated the flexibility
of the Bayesian approach to accommodate complex study designs and nonnormality in our analysis of
the study of Wellenius and others (2003). As an added advantage, the informative Bayesian SEM may be
implemented in freely available software.

Our findings in this paper have implications for the design of future PM concentrator studies. The
results demonstrate the benefits of using exposure data from existing, relevant exposure studies where
possible. However, not all studies have the benefit of such prior knowledge. When historical data are not
available, investigators should maximize the number of unique exposure days, subject to cost constraints.
A large number of exposure days will allow one to use 2-stage models that employ source apportionment
techniques to address errors in the tracer characterization of the pollution sources. Unfortunately, because
even one run of a concentrator exposure can be costly, such “many-exposure” designs may be prohibitive.
In cases where both historic and current exposure information is limited, the tracer approach is preferable
to the 2-stage analysis, since the latter may be unstable and experience convergence problems; however,
one should take care to choose “good” tracers that minimize the error associated with these surrogates. In
these settings, the tracer approach is still useful in screening for source-specific health effects but is likely
to yield attenuated estimates of effects.

The purpose of this article was to assess the performance of methods for source characterization in
concentrator studies. We therefore focused on a specific form of a factor analysis model in the structural
equations framework and have not addressed all the interesting modeling issues that arise in the develop-
ment of a “good” receptor model. For instance, although the estimation of the number of sources can often
be challenging (Park and others, 2002), we assumed that we have good prior knowledge on the number
of major pollution sources in the Boston area. This assumption is probably reasonable in our setting as
the pollution mixture in this area has been studied for almost 2 decades (Oh and others, 1997). We note
that existing exposure studies suggest that there exists an additional particle source in the Boston aerosol
comprised of sodium and chloride, often referred to as sea salt. However, from a regulatory perspective
this exposure is not of primary importance and hence of less interest in PM health studies. Second, the
majority of the source apportionment literature for exposure assessment of PM (Park and others, 2001) as-
sumes that the sources of exposure are independent. To maintain consistency with existing methodology,
we specified independent priors on the latent source contributions in the implementation of our Bayesian
SEM. However, while source-specific exposures are assumed to be independent a priori, the Bayesian
approach uses data to update the priors, thus allowing for correlation in the posterior distributions of the
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source contributions. Given that we might expect source contributions to be correlated, at least in part
due to meterologic conditions, this is an appealing feature of our approach. Furthermore, the methods
proposed in this paper extend naturally to account for systematic factors, like meteorology, that are likely
to affect pollution levels from different sources similarly by allowing the means of the unobserved sources
to depend on covariates.
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