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a b s t r a c t

Permissible exposure limits (PELs) for respirable crystalline silica (RCS) have recently been reduced from
0.10 to 0.05 mg/m3. This raises an important question: do current laboratory practices and standards for
assessing RCS concentrations permit reliable discrimination between workplaces that are in compliance
and workplaces that are not? To find out, this paper examines recent laboratory performance in quan-
tifying RCS amounts on filters sent to them to assess their proficiency. A key finding is that accredited
laboratories do not reliably (e.g., with 95% confidence) estimate RCS quantities to within a factor of 2.
Thus, laboratory findings indicating that RCS levels are above or below a PEL provide little confidence
that this is true. The current accreditation standard only requires laboratories to achieve estimates within
three standard deviations of the correct (reference) value at least two thirds of the time, rather than a
more usual standard such as within 25% of the correct value at least 95% of the time. Laboratory practices
may improve as the new PEL is implemented, but they are presently essentially powerless to discrimi-
nate among RCS levels over most of the range of values that have been tested, leaving employers and
regulators without a reliable means to ascertain when workplace RCS levels are above or below the PEL.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Respirable crystalline silica (RCS), which consists of minute
quartz particles, increases risk of silicosis in people or animals
exposed to sufficiently high concentrations for sufficiently long
durations. To reduce or eliminate risk of silicosis in occupationally
exposed workers, regulators, employers, employees, and labor or-
ganizations have worked together to reduce greatly exposure
concentrations of RCS in the air of many workplaces since the
1960s. Fig. 1 shows that, as hoped, silicosis mortalities in the U.S.
have declined dramatically, by over 90% since the 0.10 mg/m3

Permissible Exposure Limit (PEL) was established decades ago to
protect worker health. Evidence from clinical, toxicological,
epidemiological, and industrial hygiene studies (Cox, 2011), as well
as the historical record in Fig. 1, suggest that it has been effective in
doing so.

Despite this dramatic progress, silica exposures in some work-
places in recent decades have remained far above the current (and
former) PEL levels. As noted by the Centers for Disease Control and
Prevention (CDC) (64 MMWR 23, June 19, 2015):
“Results indicate that despite substantial progress in eliminating
silicosis, silicosis deaths continue to occur. Of particular concern
are silicosis deaths in young adults (aged 15e44 years). These
young deaths likely reflect higher exposures than those causing
chronic silicosis mortality in older persons, some of sufficient
magnitude to cause severe disease and death after relatively
short periods of exposure. A total of 12 such deaths occurred
during 2011e2013, with nine that had silicosis listed as the
underlying cause of death.”

From a risk management perspective, it is natural to wonder
whether it is possible to further reduce silicosis mortalities and
morbidities through improved compliance monitoring and
enforcement and/or by reducing the PEL to its current value
(0.05 mg/m3). Would the lower PEL prevent more deaths, or, to the
contrary, would rigorously complying with and enforcing the
former 0.10 mg/m3 limit achieve all the human health benefits
available? To find out, it is important to consider how accurately
workplace exposures are currently monitored and enforced and the
possibilities for improving compliance with PELs. A regulation that
tells employers “Do not exceed concentration C” can only be
effective if it is possible to determine, with useful reliability, when a
workplace is in compliance. As permitted concentrations become
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Fig. 1. Annual silicosis-associated mortalities have decreased by over 90% since the 0.10 mg/m3 PEL was established. (Source: U.S. Centers for Disease Control and Prevention, 2015).
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lower, determining compliance can become more difficult,
requiring increasingly accurate and precise laboratory measure-
ments. Enjoining employers to comply with standards for which
compliance cannot be determined reliably risks ineffective action,
diverting limited resources to false positives (acting to reduce
workplace exposures based on false findings that they are too high)
or failing to act due to false negatives (i.e., laboratory findings
mistakenly indicating that little or no action is needed). Such errors
and potential for useless activity arise whenever occupational ex-
posures are reduced until they are comparable to the “noise,” or
random measurement error and variability, in laboratory results e
or, conversely, whenever the random variability in laboratory re-
sults is large enough to obscure the effects that they seek to detect.
The science-policy question of how best to set PEL concentrations
to protect worker health then becomes complicated by the practical
reality that compliance with target concentration levels cannot
easily be determined.

The remainder of this paper examines how well today's work-
place RCS concentrations can be determined from the laboratory
results that are currently used in determining and enforcing
compliance. A previous paper described an experiment in which
filters with known loads of RCS in different matrices (and also as
pure crystalline silica samples) were sent to five different com-
mercial laboratories to determine how accurately and reliably they
measured these known loads (Cox et al., 2015). The overall results
were striking: the laboratories did not consistently discriminate
between concentrations that differed by a factor of 2, and even
filters with no crystalline silica load were sometimes misidentified
as containing substantial RCS concentrations. However, these
findings came from an artificial experiment, leaving open the
possibility that laboratories perform better in practice on real
samples. This paper tests that possibility by quantifying the vari-
ability in results from commercial laboratories, including labora-
tories accredited by the American Industrial Hygiene Association
(AIHA) Industrial Hygiene Proficiency Analytical Testing (IH-PAT)
program (www.aihapat.org). These include laboratories used by
numerous employers and other organizations to determine
whether workplace exposures comply with PELs.
1.1. Data and methods

Employers and other organizations often send workplace air
sampling filters to accredited laboratories to determine current
workplace air concentrations of RCS. The laboratories, in turn, may
use several different analytical methods, such as X-ray diffraction,
infrared spectroscopy, and colorimetry to estimate the quantity of
RCS on a received filter; of these, X-ray diffraction is widely
considered one of the most accurate and reliable analytic methods.
All data discussed in this paper were derived by X-ray diffraction.
The laboratory returns to the submitting entity the estimated
quantity of RCS (mg) on the filter from a given volume of air
sampled. If the values (“lab results”) returned are sufficiently high,
interventions to reduce workplace air concentrations of RCS should
be triggered.

To maintain IH-PAT accreditation, laboratories must meet AIHA-
specified criteria for proficiency in estimating quantities of RCS
(and other substances) sent to them for analysis. This is done as
follows. Four times per year (each being called a “round”), AIHA
sends to each participating lab four spiked sample filters, prepared
from continuously agitated homogeneous suspensions with four
different known concentrations; thus the filters received by
different laboratories contain approximately the same known
loadings of RCS, called samples. Fig. 2 shows a photograph of such
samples (front row, clearly identifying the interfering substances)
as well as typical real-world samples (back row) which display only
unique sample numbers. As explained in AIHA methods docu-
mentation, the RCS analytes measured in these accreditation tests
consist of “Free silica (quartz) on four 5.0 mm [pore] 37-mm
[diameter] PVC (polyvinyl chloride) filter samples containing
differing silica concentrations and include a background matrix, on
a rotating basis of coal mine dust, talc, calcite, or a combination”
(https://www.a2la.org/scopepdf/3300-01.pdfAIHA, 2016).

Each laboratory analyzes the IH-PAT-prepared samples and re-
ports the estimated quantities of RCS back to IH-PAT. The reported
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Fig. 2. Real-world (back row) and AIHA-prepared (front row) filters sent to labora-
tories for analysis.
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results from different laboratories for corresponding samples in the
same round should be the same if there are no errors or variability
in the process. In practice, as discussed further in the Results sec-
tion, there is considerable variability in the estimated quantities of
RCS for these matched samples (although less than in earlier de-
cades) consistent with previous literature (Harper et al., 2014;
Stacey, 2007; Shulman et al., 1992; Abell and Doemeny, 1991).
The key statistical criterion for determining a laboratory's profi-
ciency is that its results must fall within three standard deviations
of the IH-PAT “assigned value” (or “reference mean”). A laboratory
is rated proficient if it has passing scores (i.e., within three standard
deviations of the reference value for at least 75% of the analyte
samples) in at least 2 of the last 3 consecutive rounds (http://www.
aihapat.org/Programs/IHPAT/Documents/IHPAT Scheme Plan R2.
pdfAIHA, 2013, p. 16). (Conversely, a laboratory whose estimates
never fell within a six standard deviation range around the refer-
ence value for any of the samples in every third round, and that also
failed to land within this range on up to 25% of samples in the
remaining rounds, would nonetheless be classified as proficient.
Thus, even if such a laboratory could never provide reasonable (e.g.,
95%) confidence that any individual result met any specified ac-
curacy criterion (e.g., being no more that 10 times higher or lower
than the reference value), it could still meet the IH-PAT criteria for
proficiency.) To determine the assigned value for a given sample in
a given round, IH-PAT first identifies a subgroup of the participating
labs, termed reference labs, based on prior analytical performance.
Using the reference labs' reported results, IH-PAT Winsorizes any
outliers (replacing them with less extreme values, see https://cran.
r-project.org/web/packages/robustHD/robustHD.pdf) and calcu-
lates arithmetic means and standard deviations of the reference lab
results.

As described by OSHA (https://www.osha.gov/dsg/etools/silica/
faq/faq.html, accessed 6/30/2016):

The PAT program is designed to help consumers select labora-
tories that are proficient. In the PAT program analyses of quartz, the
“true” values against which a laboratory's results are compared are
based on results from reference laboratories that are a subset of the
participating laboratories. Assuming that the PAT samples were
made from accurately delivered consensus reference material and
that the participants all used the same techniques, instrumentation
andmethodology, and that the samples are not otherwise flawed so
as to introduce bias, the best accuracy that can be achieved by
consensus analyses is limited by the standard error of the precision
of that analysis [SD/(n)½, where SD is the standard deviation in the
results among the n reference labs]. … The current method of PAT
quartz sample generation is by aerosol generation using “5 mm”

Min-U-Sil 5 without cyclones. In addition to any errors in the
generation process, this “total dust” approach introduces a sam-
pling error that may not duplicate the sampling error associated
with the use of a cyclone.

In the PAT program, these generation and sampling errors are
recognized as significant and are evaluated in statistical tests con-
ducted on sub-batches and batches of PAT samples by the contract
laboratory that prepares them. … The results obtained by partici-
pants in the PAT program therefore include both the analytical error
the participating laboratories introduce and an unknown but
potentially large amount of error introduced in the generation and
sampling of the aerosol. These latter errors may vary batch to
batch.”

Multiple years of data on the estimated quantities of RCS
returned by different laboratories in response to the spiked samples
sent out via the AIHA-PAT program are available on-line in pdf
format at www.regulations.gov/#!documentDetail;D¼OSHA-2010-
0034-4188 from an AIHA-PAT program submission to OSHA; they
are also available as Excel files from the present author. Table 1
shows the layout of the data used in all subsequent analyses. The
“Lab #” code is a numerical code that uniquely identifies each
laboratory (based on our re-coding of the original much longer
codes). Data from 26 AIHA-PAT accredited labs (one per row) and
for the most recent 2 rounds for which data are available (one per
column) are shown, since the most recent data are assumed to be
most representative and relevant for current testing conditions.
Round 194 took place in July of 2013. (Including more years of data
reinforces our findings, but risks losing relevance; Harper et el.,
2005, discuss key changes over time in the IH-PAT program.) The
numbers in Table 1 represent estimated quantities (mg) of RCS
returned by each lab (row) for each sample and round (column);
empty cells indicate missing values, e.g., because a lab dropped out
of the AIHA-PAT program.

In analyzing these data, we emphasized exploratory and
descriptive data analysis and non-parametric methods to avoid
introducing potentially erroneous and biased modeling assump-
tions. The following sections present results of statistical plots of
conditional empirical cumulative frequency distributions,
nonparametric (smooth) regression, and Spearman's rank correla-
tions to compare and visualize laboratory-specific results vs.
approximate true values, i.e., the reference values.

2. Results

Fig. 3 shows individual laboratory estimates of RCS amounts for
each reference (estimated true) value. Each small circle represents
one result returned by a laboratory. Reference values are on the x
axis and the laboratory's corresponding estimated values are on the
y axis. If all estimates were perfectly correct and there were no
errors in the process, all data points would fall on the line shown
(the line of perfect calibration), which equates estimated (y axis)
and reference (x axis) values. In practice, individual laboratories
return estimated RCS levels that vary widely around the reference
values, as indicated by the vertical spread of the individual labo-
ratory results around the line. For example, the spiked samples
with a reference value (i.e., estimated true value) of just under
0.14 mg elicited individual laboratory estimates ranging from about
0.06 to over 0.18 mg. Since there are only 26 participating
accredited labs in this study, this wide range implies that an
employer or other entity who receives a laboratory report of, say,
0.06 or 0.09 mg (the two lowest individual laboratory estimated
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Table 1
Data layout for AIHA-PAT data.

Lab # Sample value 193
01

Sample value 193
02

Sample value 193
03

Sample value 193
04

Sample value 194
01

Sample value 194
02

Sample value 194
03

Sample value 194
04

1 0.08 0.06 0.21 0.09 0.08 0.09 0.08 0.14
4 0.08 0.06 0.22 0.12 0.12 0.15 0.08 0.20
5 0.11 0.15 0.08 0.18
7 0.09 0.07 0.21 0.11 0.12 0.12 0.07 0.17
8 0.10 0.07 0.21 0.11 0.10 0.13 0.06 0.18
9 0.11 0.12 0.07 0.18
12 0.10 0.08 0.24 0.13
14 0.07 0.06 0.18 0.11 0.08 0.06 0.18 0.11
15 0.06 0.13 0.13 0.18 0.10 0.14 0.07 0.15
16 0.09 0.07 0.21 0.11 0.05 0.14 0.07 0.17
24 0.07 0.06 0.20 0.09 0.11 0.12 0.10 0.18
25 0.09 0.07 0.24 0.13 0.14 0.18 0.08 0.21
26 0.13 0.05 0.20 0.07 0.11 0.16 0.07 0.20
31 0.09 0.07 0.22 0.11 0.13 0.17 0.07 0.24
32 0.08 0.05 0.16 0.07 0.11 0.13 0.06 0.17
34 0.09 0.07 0.21 0.10 0.13 0.16 0.07 0.20
35 0.08 0.04 0.15 0.11 0.11 0.15 0.09 0.20
36 0.08 0.06 0.17 0.11 0.10 0.15 0.07 0.17
38 0.07 0.05 0.21 0.12 0.10 0.14 0.06 0.18
39 0.07 0.05 0.19 0.08 0.10 0.13 0.06 0.18
40 0.09 0.08 0.17 0.14 0.12 0.14 0.06 0.11
45 0.09 0.07 0.24 0.07 0.11 0.15 0.07 0.19
46 0.13 0.16 0.08 0.21
47 0.09 0.06 0.21 0.12 0.12 0.13 0.07 0.20
48 0.09 0.07 0.22 0.14 0.13 0.13 0.08 0.19
49 0.12 0.15 0.08 0.20

Fig. 3. Individual laboratory values (circles) are widely spread around reference mean
values (line). All values are in mg.
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values for this reference value) cannot be reasonably sure (e.g., 95%
confident) that the true value is less than 0.10 mg. Conversely, the
wide vertical scatter of estimates around the reference values that
are below 0.10 mg implies that receiving a lab result of 0.12, or even
0.18 mg, does not imply that the true value exceeds 0.10 mg.

Fig. 4 provides a different perspective on this variability in
laboratory results by showing laboratory-estimated values
(rounded to the nearest mg) on the x axis and corresponding
reference values on the y axis. A nonlinear regression (nonpara-
metric smoother) curve is fit to this scatter plot. Very high sample
values returned by laboratories tend to over-estimate the reference
values (e.g., a sample value of 0.24 mg returned by a laboratory
corresponds to an average reference value of about 0.20 mg, as
estimated by the regression curve); conversely, very low individual
laboratory values tend to under-estimate corresponding reference
values. There is very substantial variability in the reference values
corresponding to a single estimated sample value, as shown by the
vertical range of results (small circles) for specific sample values on
the x axis.

The small circles in Figs. 3 and 4 show that, collectively, labo-
ratory results are quite variable, despite the care exercised by the
AIHA-PAT program in preparing spiked samples that should all
yield closely similar values in the absence of laboratory error. It is
natural to wonder whether this might be due to a few individual
laboratories that are consistently higher or lower than the rest. To
find out, we used Spearman's rank correlations to test whether
laboratories that gave higher (or lower) estimates than most others
in one quarter also tended to do so over time. The test was carried
out by computing the 28 (¼ (8 � 7)/2) pairs of ordinal correlations
between rankings of labs based on sizes of RCS estimates (for the
same reference value) in each of the 8 columns in Table 1. Six of the
28 pairs of Spearman's rank correlations differed significantly from
zero at the conventional p¼ 0.05 significance level, and all six were
positive (with numerical values between 0.39 and 0.73). This pro-
vides significant evidence that laboratories that give relatively high
or low results compared to others in one quarter are more likely to
do so again in another quarter. However, the effect is relatively
small, and the wide range of variability in sample RCS estimates
shown in Figs. 3 and 4 reflects variability that is more pervasive
than one or a few laboratories.

Finally, Table 2 shows the fraction (column 2) and number
(column 4) of estimated true values (based on means of results
from multiple laboratories) that exceed 0.1 for each sample value
(rounded to the nearest mg), and the number of times each sample
value was returned. This table allows estimation of the rates of false
positives and false negatives that would be generated by different
decision rules and frequency distributions of sample values if the
desired goal is to take action whenever the true value exceeds
0.10mg. For example, suppose that the loads on filters are such that
each sample value from 0.05 to 0.15 is equally likely, and that no
action is taken unless the sample value returned by a laboratory is



Fig. 4. Estimated true values (y axis) are widely spread around sample values (x axis). All values are in mg.
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at least 0.10 mg. If an employer receives a sample value in the range
from 0 to 0.09, then the probability that it is a false negative is the
average of the false negative rates for sample values from 0.05 to
0.09; this is 0.13. If the sample value is in the range from 0.10 to 0.15,
triggering action, then the probability that it is a false positive is
(0.33 þ 0.14)/6 ¼ 0.078, reflecting the false positives at sample
values of 0.10 and 0.13. The false negative rate could be reduced to
zero by always taking action, but then the false-positive rate would
increase to 42% (calculated by averaging the false positive rates for
each sample value from 0.05, 0.06, …, 0.15, namely, 0.80 ¼ 1e0.20
for sample value 0.05, and 0.92, 0.88, 0.82, 0.77, 0.33, 0.00, 0.00,
0.14, 0.00, 0.00 for the rest). An employer who wants to be
reasonably confident (e.g., 95%) that a returned sample value will
be neither a false positive nor a false negative cannot find any de-
cision rule that will deliver such assurance, given the high vari-
ability in sample values around true values. The onlyway to achieve
it is to reduce the variability of laboratory results.
Table 2
Sample values (rounded to nearest mg) vs. estimated true values.

Sample value (rounded) Estimated fraction of true values > 0.1

0.04 0.00
0.05 0.20
0.06 0.08
0.07 0.12
0.08 0.18
0.09 0.23
0.1 0.67
0.11 1.00
0.12 1.00
0.13 0.86
0.14 1.00
0.15 1.00
0.16 1.00
0.17 1.00
0.18 0.90
0.19 1.00
0.2 1.00
0.21 1.00
0.22 1.00
0.24 1.00
3. Discussion

The practical implications of the variability in laboratory esti-
mates of RCS quantities are potentially important to employers,
employees, and regulators who rely on such results to determine
compliance and need for interventions. If a laboratory returns an
estimated value of 0.06 mg for a submitted air sample filter, for
example, then Fig. 4 shows that the corresponding reference values
(and hence the true values that they approximate) range from a low
of about slightly above 0.06 mg to a high of about 0.14mg (based on
the empirically observed range of reference values that generated
estimated values of 0.06 mg when sent to the 26 accredited labo-
ratories). One of the four distinct reference values shown for an
estimated value of 0.06 mg is 0.14 mg, and all are higher than the
estimated value of 0.06 mg. Similarly, a laboratory estimate of 0.13
could correspond to a true value anywhere between about 0.06 mg
and 0.20 mg, while an estimate of 0.18 mg could correspond to a
N ¼ number of cases Estimated number of cases wth true values > 0.1

1 0
5 1
13 1
25 3
17 3
13 3
9 6
16 16
11 11
14 12
8 8
8 8
4 4
7 7
10 9
3 3
8 8
9 9
3 3
4 4
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true value anywhere between about 0.08 and 0.20 mg. Thus, no
laboratory result between 0.06 and 0.18 mg can be relied on by the
employer, employee, or regulator to confidently (e.g., with 95%
confidence) discriminate between true (or reference) values above
and below 0.10 mg. To the contrary, returned values between
0.06 mg and 0.18 mg (spanning most of the design range for spiked
sample values, which run from 0.05 to 0.20 mg) convey very little
information about the probable true value, since any returned value
between 0.06 mg and 0.18 mg is compatible with a wide range of
true values.

That laboratories provide such relatively uninformative esti-
mates for individual samples in no way contradicts or undermines
the fact that, on average, higher sample values do indeed corre-
spond to higher reference values, as shown by the nonparametric
regression curve in Fig. 4. However, individual employers and
employees cannot get the benefits of this useful aggregate relation,
since they receive only the individual results of submitted sample
filters, and these individual results are too variable to provide
trustworthy indications of whether the sampled workplaces are
above or below a given limit. Acting to reduce RCS exposures (e.g.,
by increasing dust controls or administrative controls and use of
respirators), or failing to take such measures, on the basis of
laboratory-measured values does not provide a reliable approach to
taking action when, and only when, appropriate.

4. Conclusions

Various authoritative agencies attribute high value to the in-
formation provided by laboratory analyses of RCS. For example, the
US Occupational Health and Safety Administration states that
“Analytical results on the quartz content of the air samples are
necessary to evaluate whether the OSHA PEL is exceeded” (www.
osha.gov/dsg/etools/silica/faq/faq.html). AIHA states that “The
purpose of proficiency testing is to provide interested parties with
objective evidence of a laboratory's capability to produce data that
is both accurate and repeatable for the activities listed in its scope
of accreditation. A laboratory's competence can be demonstrated
through favorable proficiency testing data. This is important to
clients, potential customers, accreditation bodies, and other
external entities.” Likewise, the International Standards Organiza-
tion (ISO), for which the IH-PAT program provides conformity
assessment, states that “The need for ongoing confidence in labo-
ratory performance is not only essential for laboratories and their
customers but also for other interested parties, such as regulators,
laboratory accreditation bodies and other organizations that
specify requirements for laboratories” (ISO/IEC, 2010). These
statements about the importance of trustworthy laboratory per-
formance, however true, stop short of addressing the fundamental
challenge revealed by the data in this study: the variability in lab-
oratory results is large enough comparedwith a 0.10mg/m3 limit so
that results returned by many laboratories do not reliably indicate
whether workplace RCS concentrations are above or below that
limit. The current (as of October, 2013) AIHA-PAT program con-
siders laboratories proficient as long as their results fall within an
interval of six standard deviations (three in each direction) of the
mean for reference laboratories for at least 75% of the silica samples
at least 2/3 of the time (i.e., in at least 2 of each 3 consecutive
rounds): “IHPAT participant results are rated acceptable or unac-
ceptable for each unique analyte sample number. A passing score is
75% ormore acceptable results for an analyte group. A participant is
rated proficient for the applicable IHPAT analyte group if the
participant has a passing score for the applicable IHPAT analyte
group in two (2) of the last three (3) consecutive PT rounds.” (www.
aihapat.org/Programs/IHPAT/Documents/IHPAT%20Scheme%
20Plan%20R2.pdf, p.16) For the IH-PAT program data in Table 1,
Figs. 3 and 4 show that this is not a sufficiently demanding criterion
to assure usefully accurate and reliable results.

In considering how to improve the current system, it is useful to
distinguish between how laboratories can perform, how they do
perform, and how they should be required to perform. Our analysis
has focused on the second of these three questions. The first
question e what levels of performance are technically feasible e

has been addressed at length by OSHA (2016) as follows:

“[P]art of OSHA's technological feasibility assessment of a new
or revised health standard includes examining whether avail-
able methods for measuring worker exposures have sufficient
sensitivity and precision to ensure that employers can evaluate
compliance with the standard and that workers have accurate
information regarding their exposure to hazardous substances.
Consistent with the Supreme Court's definition of 'feasibility',
OSHA finds that it is feasible to measure worker exposures to a
hazardous substance if achieving a reasonable degree of sensi-
tivity and precision with sampling and analytical methods is
'capable of being done' … NIOSH concluded in its post-hearing
comment that 'current methods of sampling and analysis for
respirable crystalline silica have variability that is acceptable to
demonstrate compliance with the proposed PEL and action
level.' … Based on the record evidence reviewed in this section,
OSHA finds that current methods to sample respirable dust and
analyze samples for respirable crystalline silica by XRD and IR
methods are capable of reliably measuring silica concentrations
in the range of the final rule's PEL and action level. This finding is
based on the following considerations: (1) Several sampling
devices are available that conform to the ISO/CEN specification
for particle-size selective samplers with a level of bias and ac-
curacy deemed acceptable by international convention, and
moving to the ISO/CEN convention will maintain continuity
with past practice, (2) both the XRD and IR methods can mea-
sure respirable crystalline silica with acceptable precision at
amounts that would be collected by samplers when airborne
concentrations are at or around the PEL and action level, and (3)
laboratory proficiency data demonstrate that there is reasonable
agreement between laboratories analyzing comparable samples
most of the time.”

Thus, in OSHA's judgment, technology is sufficient to make
reliable measurement of silica concentrations technically feasible.
However, the results in Figs. 3 and 4 indicate that this potential for
reliable measurement is often not yet achieved in practice, sug-
gesting the possibility that more stringent requirements on labo-
ratory performance might help to close the gap between what is
possible and what is done today.

Previous research has noted that large differences among lab-
oratories contribute to variability in PAT program estimates of the
RCS content in samples (Shulman et al., 1992), although variability
has declined since the introduction of the PAT program in 1972, in
part due to changes in RCS samples and in laboratory procedures
(ibid and Harper et al., 2014). Maciejewska (2006) found that reg-
ular use of quality control methods for free silica determinationwas
positively associated with proficiency of laboratories, suggesting
that the variability of PAT estimates for RCS can potentially be
reduced by such methods. Thus, although Figs. 3 and 4 show that
current (2013) variability in laboratory estimates is too great to
discriminate reliably among reference concentrations in the range
of approximately 0.06 mge0.18 mg (and hence to assess compli-
ance with PELs for workplaces with concentrations between about
half and about double a PEL corresponding to 0.10 mg), it is plau-
sible that this variability could be reduced by stricter quality control
for laboratories making RCS determinations, as OSHA's 2016 final
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rule reducing the PEL from 0.10 to 0.05 mg/m3 requires, but
demonstrating that it has been successfully accomplished appears
to be a prerequisite for obtaining reliable results (Lee et al., 2016).

More stringent statistical quality requirements may also be
essential for obtaining more useful results. For example, instead of
requiring only that laboratories come within three standard de-
viations of the reference value on 75% or more of samples in at least
2 of 3 consecutive rounds, AIHA might adopt the NIOSH criterion
that “the method must provide results that are within ±25% of the
expected (“true”) values at least 95 times out of 100” (Ashley, 2015).
Such accuracy would require greatly reducing the variability shown
in Figs. 3 and 4, where far more than 5% of results lie further than
25% away from the expected values (given by the regression
curves). This might be accomplished either by having individual
laboratories make greater use of quality control measures for RCS
determinations or by modifying compliance determination rules to
make greater use of averages of RCS values assessed by multiple
laboratories, to adjust for the fact that average values are relatively
reliable, but individual sample values are currently too variable to
meet accuracy criteria such as NIOSH's.

Our findings also have potentially important implications for
monitoring and enforcement of the new (2016) OSHA limit of
0.05 mg/m3 and the new action level of 0.025 mg/m3. In general, as
quantified in earlier studies (Cox et al., 2015), current laboratory
procedures do not reliably quantify crystalline silica levels that
differ by a factor of 2 (e.g., 0.10 vs. 0.05 mg/m3). Performance was
not improved at lower exposure levels, suggesting that the infor-
mation obtained from laboratories today is inadequate for moni-
toring and enforcing compliance with the 0.10 mg/m3 PEL (Lee
et al., 2016), and a fortiori for the new, lower PEL (Cox et al., 2015;
Lee et al., 2016). In the current data set, relative variability of
sample values around estimated true values increases at lower RCS
concentrations, as indicated by the fact that the coefficient of
variation decreases significantly with RCS concentration level
(Pearson's correlation coefficient is �0.7; Spearman's rank corre-
lation coefficient is �0.8, both being statistically significantly
different from zero at the conventional 0.05 significance level).

This paper has focused on exposure estimation, rather than on
health effects. However, the observed high variability of exposure
estimates raises the question for risk assessment of how substantial
errors in exposure estimates affect estimated exposure-response
relations used in determining standards to protect human health,
especially for lung diseases with threshold-like nonlinearities in
their exposure concentration-response curves (Cox, 2011).
Rhomberg et al. (2011) study the effects of exposure measurement
errors on such estimated exposure-response curves and note that
“the degree of bias known to apply to actual studies is sufficient to
produce a false linear result … The consequences of this could be
great, as it could lead to a misallocation of resources towards reg-
ulations that do not offer any benefit to public health.” Their
concern is that findings of elevated risks at relatively low exposure
concentrations (e.g., at levels mandated in current or recent stan-
dards) could arise from elevated exposures that were misclassified
or mis-estimated as being much lower than their true values,
leading to the appearance of substantial health risks at exposure
levels that do not actually cause them. Whether this is the case for
RCS remains to be determined, but the substantial rates of false
negatives (i.e., exposures in excess of desired standards that are
mis-estimated as being below them) in this study suggest that
exposure measurement error is highly relevant for determining to
what extent (if any) RCS concentrations that are truly at or below
current and recent standards cause increased risks of disease.
Until laboratory practices and/or statistical protocols for deter-
mining compliance are radically improved to give demonstrably
more accurate results, the current high prevalence of false-positive
and false-negative conclusions about compliance implied by Fig. 4
of this study can be expected to inhibit effective allocation of re-
sources to improve and protect worker health. Compliance with
OSHA's recent 0.10 mg/m3 or the current 0.05 mg/m3 PEL cannot be
determined reliably by all laboratories without substantial
improvement in current analytical and statistical practices. Until
these improvements are made and credibly demonstrated,
enforcement activities that are based largely on random noise or
error in laboratory results will provide neither incentives nor
capability to continue reducing out-of-compliance levels of expo-
sure that could threaten worker health.
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