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We thank the journal for the opportunity to respond
to the submission by Borak et al. (2011) regarding
our recent papers on the Diesel Exhaust in Miners
Study (DEMS). The primary concern of Borak
et al. (2011) related to the precision of the historical
exposure estimates at the study mines, which they
claimed are unduly susceptible to several sources
of random variability. We agree that imprecision ex-
ists in our estimates, but we disagree with the con-
clusions Borak et al. (2011) drew on this issue.

In epidemiological studies of chronic disease,
some exposure imprecision typically exists. Efforts
to minimize and characterize the imprecision are es-
sential, and we have described these efforts in detail
in our papers on the exposure assessment procedures
(Coble et al., 2010; Stewart et al., 2010; Vermeulen
et al., 2010a,b). Borak et al. (2011) made the fre-
quently seen error of assuming that any imprecision
invalidates the epidemiological findings. Instead, the
most useful scientific approach is to ask whether the
exposure assessment method contributes to scientific
understanding of the issue and whether, with the data
available, a better approach could have been se-
lected. In our study, we believe that the answer to
the first question is clearly ‘yes’. No epidemiological
study to date has attempted to quantitatively charac-
terize historical diesel exposures using such an ex-
tensive body of measurement data. Our answer to
the second question is ‘no’; we believe that given
the available information, an optimal scientifically
sound strategy was devised to reconstruct historical
diesel exhaust (DE) exposures. The following are
specific comments on a number of points raised by
Borak et al. (2011) that we believe are erroneous
and misleading.

Borak et al. (2011) identified several concerns
about the individual respirable elemental carbon
(REC) and carbon monoxide (CO) measurements.
When considering imprecision, it is important to dis-
tinguish between error associated with any single
measurement value and that associated with an aver-

age based on multiple measurements. The former is
important for control and compliance evaluations,
but the latter is more appropriate for epidemiological
exposure assessment. The precision of a summary
statistic increases most quickly with the addition of
the first few measurements; as measurements con-
tinue to be added, the change in precision becomes
increasingly less. Our estimates of average REC ex-
posure level by mine and job were based on an aver-
age of 44, and a minimum of 5 (Coble et al., 2010)
personal measurements. These values served as ‘an-
chor points’ that were adjusted for changes over time
in diesel equipment usage and ventilation rates based
on a regression analysis of the historical CO measure-
ments. The mine-specific regression models were
based on hundreds of CO measurements per mine
(range 248–2361) (Vermeulen et al., 2010a). As such,
except for a few estimates (,1% of the person-years),
no aspect of the DEMS exposure assessment was
based on a single, or even a few, measurements.

Borak et al. (2011) also raised concerns about the
correlation between CO and REC. CO and REC
emissions from individual diesel engines vary de-
pending on engine speed and load. In our study,
however, we were not investigating the emissions
correlations for individual engines. Rather, we were
investigating the correlations in the air concentra-
tions of these contaminants measured in different
areas of the facilities (Vermeulen et al., 2010b),
where multiple diesel engines were operating.
Furthermore, the factor analyses indicated that CO
and other gaseous components of DE and REC
loaded on a presumed ‘diesel exhaust’ factor most
strongly. This finding indicates that CO was a useful
proxy for DE and, because it also was the component
of DE most frequently measured historically in the
study, it was the best DE surrogate for the historical
DE exposure extrapolation.

Borak et al. (2011) indicated that we did not de-
scribe the CO measurements. It is unclear what more
Borak et al. (2011) were expecting beyond what
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was provided in Vermeulen et al. (2010a). In table 1,
we followed the general practice of presenting, by
mining facility, the number of measurements, the
geometric means, and the geometric standard devia-
tions of the CO measurements used in the modeling
and in the evaluation of the models.

Borak et al. (2011) were incorrect in stating that
we used fleet horsepower (HP) to predict CO and
REC emissions. Rather, we used annual changes in
the ratio of HP to ventilation rates to predict annual
changes in DE, as indicated by CO. These ratios
were then used to adjust reference REC means to
derive historical REC estimates. The diesel equip-
ment inventories showed fairly stable use of diesel
equipment, with only incremental changes as new
equipment was brought in or old equipment was
retired. It was not essential, therefore, for inventories
to be available for every year because the annual
estimates could be reasonably interpolated from
the existing inventories. In addition, the HP and ven-
tilation summaries formed the basis for discussions
with long-term workers at the study facilities and
were adjusted if needed, further reducing the impact
of any imprecision in the HP and ventilation esti-
mates. Similar to single measurements, the impreci-
sion in the HP and ventilation rate at a specific
location on a given day will be high, but these esti-
mates were based on expected averages. Thus, we
are confident that we have provided reasonable esti-
mates of the average relative changes in the ratio of
HP and ventilation rate over the years of the study. In
Vermeulen et al. (2010a), we provided estimates of
this imprecision with our beta coefficients of the
regression models. In spite of this imprecision, the
associations between the main indicators of DE
underground (HP and ventilation rates) and histori-
cal CO concentrations were strong and statistically
significant.

Borak et al. (2011) were concerned that many of
the confidence intervals for the REC measurements
included 0. This is, of course, a reflection of the im-
precision in the measurements. In this case, however,
it would seem unlikely that the ‘true’ level of DE
would be 0 in a confined environment where large
diesel engines were running. As such, the most likely
exposure levels would still be a measure of central
tendency, such as the mean.

In conclusion, there is always uncertainty in
estimates based on exposure reconstruction. We
recognized this and provided considerable data
to characterize the degree of uncertainty. We are
confident that our approach is an improvement
over previous efforts to quantify DE exposure in
epidemiological studies.

This conclusion was supported by the evaluation
of our exposure assessment methods. First, we com-
pared our 1976 CO estimates to CO measurements
taken in 1976 that were not used in the modeling
of the historical trends (Vermeulen et al., 2010a).
The relative bias of the estimates was similar to that
reported in other studies that have attempted to val-
idate historical exposure estimates (Hornung et al.,
1994; Burstyn et al., 2002; Stewart et al., 2003;
Astrakianakis et al., 2006). Borak et al. (2011) sug-
gested that if the confidence intervals were taken
into account, these estimates would be different.
Again, this is unlikely, as the variation in the 1976
measurements is independent from the estimated
concentrations. As such, the estimate of the mean
relative bias is unlikely to change. We also evaluated
our methods by conducting three different sensitivity
analyses to investigate the robustness of our estimation
assumptions. We found high correlations between the
three sets of alternative REC estimates and our primary
REC estimates (Spearman rho 5 0.87–0.99) (Stewart
et al., 2010).

The final concern of Borak et al. was that impre-
cision of estimates will lead to false-positive findings
in our etiologic analyses. Borak et al. (2011), how-
ever, appear to have confused sampling variation
with nondifferential misclassification of exposure.
All epidemiological findings are subject to sampling
error, which refers to the fact that we ‘see’ only one
realization of data. A relative risk computed from
data from a single study can, by chance alone, be
greater or less than the true (unknown) relative risk.
This idea is clearly demonstrated in the papers by
Jurek et al. (2005) and Sorahan and Gilthorpe
(1994), which Borak et al. (2011) mistakenly cited
in support of their argument that our etiologic results
could create false-positive findings. These papers,
however, examined the effects of sampling variation,
which is largely captured by confidence limits on the
relative risk estimates, and which is not the same as
nondifferential misclassification. Nondifferential
misclassification of exposure is typically due to the
observed exposures deviating from the true expo-
sures independent of disease status (i.e. exposure
misclassification is operating in the same way in
the cases and the controls). In this case, the conse-
quences of nondifferential misclassification can only
be expressed in terms of its expected effect (i.e. the
‘average’ impact over repeated samplings of study
data). In this, it almost always tends to result in
false-negative, not false-positive, findings (Pearce
et al., 2007; Blair et al., 2009). Borak et al. (2010)
cited Dosemeci et al. (1990), who described how it
is possible to increase an observed disease risk in
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a lower exposure category by nondifferentially mis-
classifying subjects from a higher exposure category
to the lower exposure category. An increase in a
relative risk in the highest exposure category by
nondifferential misclassification, however, cannot oc-
cur because there is no higher exposure category to
serve as a source of misclassified individuals. In con-
trast, if no exposure category has an elevated relative
risk (because there is no exposure–disease associa-
tion), nondifferential misclassification has no effect,
i.e. it cannot create a false-positive association be-
cause no category has an elevated disease risk. If,
on the other hand, there is a true exposure–response
gradient, nondifferential misclassification from
a higher to a lower exposure category can increase
the relative risk in the lower exposure category, but
its effect would tend to distort a true monotonic gra-
dient. This tends to diminish confidence that an asso-
ciation exists and increases the chance of a false-
negative conclusion. Thus, the paper by Dosemeci
et al. (1990) presents a scenario where nondifferen-
tial misclassification actually increases the likeli-
hood of declaring a false-negative effect.

The study and historical monitoring data and de-
scriptive information used for the development of
historical quantitative exposure estimates of REC,
along with the extensive description of the estima-
tion process and the evaluation of the methods, are
major strengths of the DEMS. We do not believe,
nor do we claim, that our approach is without error.
Rather, we believe that the procedure used was
a sound assessment strategy to estimate historical
exposure levels, as indicated by comparison to inde-
pendent data, and is a significant improvement over
earlier procedures and a contribution to the science
of exposure assessment in general.
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