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The US Occupational Safety and Health Administration (OSHA) and Mine Safety and Health
Administration do not regulate cleavage fragments of amphibole and serpentine minerals as as-
bestos, even when particles meet the dimensional criteria for counting under standard phase-
contrast microscopy methods. The OSHA ID-160 method cautions that discriminatory counting
is difficult and should not be attempted unless necessary and no procedure is provided for dif-
ferentiation. A standard published by the American Society for Testing and Materials (ASTM
International D7200-06) includes an attempt to codify a procedure but recognizes that the pro-
cedure should be validated in an inter-laboratory study. The US National Institute for Occupa-
tional Safety and Health has carried out such a study with multiple laboratories using slides
made from riebeckite and crocidolite, grunerite and amosite, tremolite and tremolite asbestos,
and actinolite and actinolite asbestos using two different measurement aids (graticules). The as-
bestos fibers had dimensions consistent with those reported for air samples from actual amphi-
bole asbestos operations, and the cleavage fragments were also dimensionally consistent with
those found in non-asbestos mining and milling operations. The procedure for discriminating
asbestos fibers from other mineral particles in the ASTM Standard calls for the recognition
of characteristics supposedly common to asbestos. For the asbestos fibers created in this study,
these characteristics were found not to be common and generally a function of length. More im-
portantly, different laboratories did not recognize these features consistently. Laboratories were
much more consistent in measuring dimensions, but excessive overlap in the lengths of asbestos
fibers and cleavage fragments rendered length a poor criterion for discrimination. The ASTM
discrimination procedure as written could not be supported on the basis of this study. Width was
a much more consistent parameter for distinguishing the asbestos and non-asbestos fibers in this
study and inclusion of aspect ratio, while considered important by some researchers, did not re-
fine the discrimination further. The ability of the majority of microscopists in this study to dis-
criminate fibers and cleavage fragments through measurement of particle widths was
determined and found to be within limits of uncertainty typical for air sampling measurements.
A width criterion might be a very simple and useful aid where discrimination between asbestos
and non-asbestos fibers in fiber counting by phase-contrast microscopy is required for further
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investigation. Recognition of asbestos features can also be retained as excessive recognition by
some laboratories will lead to a conservative decision for additional investigation.

Keywords: amphibole cleavage fragments; asbestos analysis; fiber measurement; inter-laboratory study; phase-

contrast microscopy

INTRODUCTION

Amphibole minerals are found in many geological en-
vironments. Amphiboles may crystallize in massive,
prismatic, or fibrous habits. One fibrous habit of con-
siderable importance is that which gives rise to asbes-
tos and hence is described as asbestiform. The
asbestiform habit is characterized by parallel growth
of crystals with large aspect ratios, which is to say
widths in the nanometer scale and lengths in micro-
meters or longer. The individual crystals have been
termed fibrils. The parallel growth of fibrils leads to
bundles (fibrillar bundling). The term ‘fiber’ has been
applied at every scale and thus is an awkward term
to define with scientific accuracy. Most asbestos fibers
observed at the magnification of the light microscope
and all that can be seen under the naked eye are such
bundles of fibrils. In regulation, fiber has been given
a more exact definition based on dimensional criteria
only, and the definition of fiber in this paper is based
on the US National Institute for Occupational Safety
and Health (NIOSH) Method 7400 ‘A’ counting rules,
i.e. aspect ratio (length/width) >3:1 and length >5 pm
(NIOSH, 2003a), along with the World Health Organi-
zation (WHO, 1997) counting rule for width (<3 pm),
which is not part of the NIOSH Method 7400 ‘A’ rules
but which is included in the NIOSH ‘B’ counting rules.
Mining, crushing, processing, and using any minerals
generally causes dust to form and rise into the air. Air-
borne mineral dust is subject to occupational and envi-
ronmental regulation, depending on the nature of the
mineral. Asbestos dust regulation is based on counting
the number of fibers that are collected on a membrane
filter, most often under an optical microscope, which
has advantages of portability, speed, and cost over mi-
croscopes with greater magnification.

A problem in distinguishing amphibole asbestos,
especially in airborne dust samples at the magnifica-
tion of the light microscope, is that amphibole crys-
tals developed in other habits may resemble asbestos
in fibrillar bundles or may break by cleavage into
fragments whose size overlaps that of the asbestos fi-
bers visible at the same magnification. Such fine
prismatic crystals and cleavage fragments are not
regulated as asbestos by the US Occupational Safety
and Health Administration (OSHA) or the Mine
Safety and Health Administration (MSHA) (OSHA,

1992; MSHA, 2005). However, the current position
of NIOSH and the Environmental Protection Agency
(EPA, 2003) is that cleavage fragments should be in-
cluded in fiber counts. One of the reasons put for-
ward for the NIOSH position (but not the only
one) is the difficulty of distinguishing amphibole as-
bestos from prismatic crystals or cleavage frag-
ments, especially where they might occur together.
OSHA also admits this difficulty and thus discour-
ages attempts to distinguish these crystalline forms,
‘unless it is legally necessary’ (OSHA, 1988, revised
1997). In recent years, the American Society for
Testing and Materials (ASTM International) has
published a standard, D7200-06 Standard Practice

for Sampling and Counting Airborne Fibers, Includ-

ing Asbestos Fibers, in Mines and Quarries, by
Phase Contrast Microscopy and Transmission Elec-
tron Microscopy (ASTM International, 2006), which
includes a procedure for determining whether the par-
ticles observable under phase-contrast microscopy
meeting the definition of a fiber are likely to be asbes-
tiform fibers or cleavage fragments (or possibly also
fine prismatic crystals, although this is not stated).
The procedure for discrimination involves the appear-
ance of asbestiform features, such as curvature, split
ends or fibrillar bundling (Class 1), and dimensional
criteria (Class 2: length >10 pm or width <1 pm).
Standard D7200-06 includes the statement: ‘16.2.6
The intra-microscopist and inter-microscopist preci-
sion of differential fiber counting has not been estab-
lished, and may be larger than the values encountered
in fiber identification alone. It is the intention of the
ASTM committee responsible for this practice to en-
courage an investigation of this issue at the earliest
possible date, and to ballot to withdraw this practice
from publication if an acceptable precision is not es-
tablished within a reasonable period of time’. Thus,
an ASTM Inter-laboratory study (ILS #0282) was
registered for the purpose providing precision as well
as bias and accuracy. This paper reports on the con-
duct and results of the ILS.

Materials and methods

The selection of standard materials for these tests
has already been described (Harper et al., 2007,
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2008). Riebeckite crystals were collected from a type
locality; grunerite and actinolite from type localities
were purchased from mineral dealers; tremolite
from a prior project was already available. The raw
materials that became the US National Institute for
Standards and Technology (NIST) standards for cro-
cidolite and amosite were already available and ref-
erence tremolite asbestos and actinolite asbestos
were donated from the repository of the Health and
Safety Laboratory (UK). The NIST amosite and cro-
cidolite samples were specially selected in the prep-
aration process to be ‘bundles approaching 6 cm in
length’ and were considered to be “>90%’ asbestos
(NIST, 1991). We believe that the subsequent pro-
cessing of these materials for this study would have
further concentrated asbestos fibers, if further con-
centration was needed, to produce a product so close
to 100% asbestos that it can be so-termed. Each ma-
terial was processed at Research Triangle Institute
(RTI International, Research Triangle Park, NC) to
prepare the maximum number of particles according
to the definition of fiber given above. Preparation of
the non-asbestiform cleavage fragments has been de-
scribed previously (Harper et al., 2007, 2008), but
a more detailed description of the preparation of
the asbestos analogs is given below. Because each
candidate asbestiform material had been previously
milled or otherwise processed, further processing
for the purposes of this study involved only the
amount of additional ball milling necessary to gener-
ate fibers in the general dimensional range described
above. For each asbestiform material, an aliquot of
0.6 g was weighed using a Mettler PG 502 balance
and that aliquot was placed in a Spex tungsten car-
bide ball mill sample holder and mechanically
milled for 5 min. A glass slide mount was prepared
with the mineral and 1.550 refractive index liquid
(to provide maximum relief). The slide was then in-
spected using polarized light microscopy. After each
subsequent 1-min interval, another slide mount was
made and labeled with the asbestos type and the cu-
mulative amount of milling time it had been ground,
until the powder was notably overmilled, i.e. when
the fibrous nature is lost. (The material had been re-
duced to microscopic particles with very low (2:1-
1:1) aspect ratios and agglomerations of non-fibrous
particles). This typically occurred at ~17 min total
milling time. Each slide preparation to this point
was then examined in order to determine the optimal
milling time necessary to render particles best meet-
ing the previously stated study goals. The optimal to-
tal milling time was recorded and four to six aliquots
of 0.6 g were weighed for mass production of the
asbestiform material needed for later phases of

the study. Each different asbestos type was ground
for the appropriate amount of time, and one vial
(2-3 g final weight) of each milled asbestiform ma-
terial was reserved for suspension, filtration, and
eventual characterization by phase-contrast micros-
copy and transmission electron microscopy. Each
milled material was given an initial examination
and imaged by polarized light microscopy, scanning
electron microscopy, and transmission electron mi-
croscopy. For each of the four asbestiform minerals,
~0.6 g of milled material was placed in a 400-ml
beaker with 120 ml of distilled water and 60 ml of
isopropyl alcohol. The suspension was stirred and
sonicated using an ultrasonic dismembrator for
~12 to 15 min. The suspension was then poured into
a 2-1 graduated cylinder (75 mm diameter x 420 mm
deep at the 2 1 mark) with 5 ml of 10% acetic acid as
dispersant, topped off to 2 1, and stirred for 5 min.
When the stirring was stopped and the swirling of
particles ceased, a timer was started. After 30 min
of settling, a 5 ml aliquot was withdrawn from the
600 ml level of the cylinder (126 mm above base)
and diluted to 250 ml This procedure is based on
a standard operating procedure for separating asbestos
fibers from soils (Brattin and Orr, 2004). Subaliquots
in volumes ranging from 0.1 to 5.0 ml were then de-
posited on 25 mm diameter 0.45-pum pore size mixed
cellulose ester filters using a six-station filter mani-
fold. After the filters were dried, quarters of each filter
were placed on glass slides and collapsed using an ac-
etone vaporizer. The preparations were sealed with
cover slips and triacetin. Particle densities from each
subaliquot volume were assessed to ensure that they
were appropriate and then six additional aliquots from
the optimal subaliquot volume were filtered and pre-
pared, as above, for analysis by phase-contrast mi-
croscopy and transmission electron microscopy. The
particle analysis results were published previously
(Harper et al., 2008) and were considered to be con-
sistent with previously published analyses (Gibbs
and Hwang, 1980; Virta et al., 1983) of airborne par-
ticles collected on filters in workplaces.

Suspensions were made and used to prepare refer-
ence slides that contained mixtures of asbestos fibers
and cleavage fragments of the same amphibole. One
set of slides contained 100% asbestos, while another
contained 100% cleavage fragments. Mixtures were
also prepared to give nominal ratios of 60:40 and
20:80 asbestos to cleavage fragments. However,
there is no way to independently confirm the exact-
ness of those ratios. Slides sets were prepared with
both a low and a high total loading. Low loadings
were in the range of 50400 fibers mm 2, and the
high loadings were in the range of 250-1300 fibers
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mm”, as determined by phase-contrast microscopy.
Slides were prepared using the dimethylformamide
solution/Euparal mounting method as this has been
shown to ensure the long-term permanence of fiber
positions and covered with a coverslip containing a re-
locatable grids supplied by Thomas Pang (Ryerson
University, Ontario, Canada). Drawings of the fibers
observable in each field were made and on each slide
~100 fibers meeting the required dimensional criteria
were identified. The slides and accompanying docu-
mentation were sent out to the participating laborato-
ries in the ILS in two parts. The first part involved the
slides of riebeckite/crocidolite and grunerite/amosite
and involved nine laboratories. The laboratories were
asked to examine the slides under phase-contrast mi-
croscopy and determine for each labeled particle
whether it met the definition of Class 1 of the ASTM
procedure, i.e. did it exhibit curvature, split ends, or
fibrillar bundling. Then, they were asked to determine
the length and width to the nearest 0.1 um so that the
procedure for determining Class 2 of the ASTM pro-
cedure could be evaluated. The laboratories were
asked to perform this measurement using the Wal-
ton—Beckett graticule (Fig. 1). For the first part of
the study, they were also asked to examine the slides
using the RIB graticule (Fig. 2) manufactured by Klar-
mann Rulings (Litchfield, NH, USA), which was sup-
plied to each laboratory. Further details concerning
the RIB graticule (RIB is a trade name without partic-
ular meaning as an acronym) may be found in the
ASTM Standard. Each laboratory was asked to ensure
that the same microscopist examined all slides. One
laboratory was unable to do this but results from the
two microscopists did not appear to be different and
so were combined. Telephone interviews were used
to ensure all laboratories properly understood the writ-
ten procedures. In the second part of the project, the
tremolite/tremolite asbestos and actinolite/actinolite
asbestos slides were sent out. One laboratory dropped
out of the study after the first part, but two more were
added in the second to bring the total for that part to 10
(thus, 11 laboratories participated in at least one part).
Since results from the first part of the study indicated
no significant difference between the two graticules,
laboratories were asked only to use the Walton—
Beckett graticule in the second part of the study.

RESULTS

Measurements

With very large numbers of measurements (~100
particles x 32 slides = ~3200 measurements in
each laboratory) and variance about the mean being

small, most laboratories can be shown to be statisti-
cally different in their measurements from each other
for width measurements because of the large propor-
tional difference of even a small deviation. On the
other hand, there was almost no difference between
most laboratories for length measurements, except
for one laboratory which was significantly different
from nearly all other laboratories for nearly all mate-
rials and which was also one that experienced diffi-
culty with width measurements as described below.
The inter-laboratory variance in width would be best
explored if there was a robust true measurement, but
there is not. In this case, it is necessary to compare
the individual laboratories width measurements to
the mean of all laboratories (as for example, is done
in the proficiency test program of the American In-
dustrial Hygiene Association). This is shown in Table
1. Although two of the laboratories (#2 and #9) had
means that deviated by >15% from the group means,
there was no significant difference for any laboratory
against the mean of all laboratories discernable by any
statistical methods we employed, which included
analysis of variances (ANOVAs) using actual width
measurements to test between laboratories; ANOVAs
to look at differences in ratio, as measured by labora-
tory values divided by overall means; #-tests to look
for differences between laboratory measures and the
overall mean of all laboratories combined; Bland—
Altman graphing techniques; and the Tietjen—Moore
test for rejecting outlier pairs. Interestingly, there
was no significant difference in measurements made
using the Walton—Beckett graticule as compared to
the RIB graticule, and Bland-Altman plots showed
no constant trend. However, in the case of the two lab-
oratories that have the most different width measure-
ments from the mean of all laboratories, the mean
ratios were considerably closer to unity with the
RIB graticule than with the Walton—Beckett graticule
(Table 2). This might be anticipated since the RIB
graticule has gradations at 0.5 and 1.0 um specifically
to aid these finer measurements, while the smallest
gradations of the Walton—Beckett graticule are at
3.0 um. Another explanation may simply be the intro-
duction of a novel procedure causing greater attention
to detail in the measurements by these laboratories.
Nevertheless, the overall ability of microscopists to
measure width is good, especially ~1 pm, and the re-
sults from measurements with the Walton—Beckett
graticule from all laboratories were used in the data
interpretation. The accuracy of the measurement of
a single fiber width in any given size range may be
calculated (Appendix 1).

Class 1 detection. The average results for the
100% asbestos slides and the 0% asbestos (100%
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Fig. 2. RIB graticule (RIB is a trade name without particular
meaning as an acronym).

cleavage fragment) slides are shown in Table 3 (the
results for the other slides followed a similar pattern
but have been omitted for clarity). The range of iden-
tification of Class 1 characteristics was from 0 to 96%
for the asbestos-only slides and <1-85% for the non-
asbestos slides. This degree of overlap effectively

ensures that the recognition of Class 1 characteristics
cannot be used across laboratories to distinguish
asbestos fibers from cleavage fragment particles.
Even for crocidolite, which is generally considered
to most embody the ‘asbestiform’ characteristics, rec-
ognition rates varied from 0 to 52% and most partic-
ipants identified <10% of the other types of asbestos
fibers as having Class 1 characteristics. Since it is pos-
sible that the sample preparation may have reduced
the size of bundles or reduced the appearance of split
ends, to the point where the particles are no longer
recognized as bundles, the identification of Class 1
characteristics was further investigated. A regression
line can be plotted between particle length and prob-
ability of recognition of Class 1 features for any slide
containing 100% asbestos and the clearest example of
this relationship is given in Fig. 3. The absence of rec-
ognition of Class 1 characteristics appears to be a re-
flection of the actual absence of those characters,
especially for shorter fibers, i.e. the shorter the fiber
the less likely it is to show bundling, split ends, and
curvature. This may be because curvature and splits
in the ends are present but below the limit of visual
detection or that these features are absent for some
reason of crystal habit. Fibers that are >10 pm would
be recognized as asbestos under Class 2 parameters,
but many of our fibers were in the range 5-10 pm,
which is consistent with published size distributions
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Table 1. Ratio of width measurements to the mean width measurements of all laboratories.

Laboratory # 1 2 3 4 5 6 7 8 9 10 11
CR 1.04 0.67 0.94 0.99 0.97 1.12 1.01 1.01 1.26 — —
AG 1.06 0.66 0.92 1.00 0.95 1.15 1.06 0.96 1.24 — —
TR 1.11 0.82 0.89 0.97 0.96 1.14 — 1.00 1.11 1.05 0.96
AC 1.07 0.84 0.90 0.92 0.96 1.08 — 1.03 1.20 1.08 0.93

Note that the deviations >15% for Laboratories 2 and 9 are not significant, just large. Mean ratio of all particles on all slides for
each different amphibole class (key: CR, crocidolite/riebeckite; AG, amosite/grunerite; TR, tremolite asbestos/tremolite;
AC, actinolite asbestos/actinolite) measured with Walton—Beckett graticule.

Table 2. Ratio of width measurements to the mean width measurements of all laboratories for RIB versus WB graticules.

Laboratory # 1 2 3 4 5 6 7 8 9 10 11
CR (WB) 1.04 0.67 0.94 0.99 0.97 1.12 1.01 1.01 1.26 — —
CR (RIB) 1.08 0.78 0.98 0.92 0.97 1.16 0.94 1.02 1.14 — —
AG (WB) 1.06 0.66 0.92 1.00 0.95 1.15 1.06 0.96 1.24 — —
AG (RIB) 1.07 0.77 0.96 0.91 0.99 1.18 0.99 1.02 1.11 — —

Note the distinct improvement of results for Laboratories 2 and 9 when using the RIB graticule compared to the Walton—Beckett

graticule (WB). Otherwise, key as Table 1.

Table 3. Proportion of Class 1 identification in 100 and 0% asbestos slides.

Laboratory 100% Asbestos fibers 0% Asbestos fibers

CR AG TR AC CR AG TR AC
1 25 6.2 22 0 23 59 6.7 4.5
2 9.9 11 13 8.9 34 34 71 85
3 14 2.0 29 0.4 1.4 0.9 1.3 1.1
4 9.5 3.7 1.7 1.8 0.9 4.1 1.0 1.0
5 52 19 8.2 2.6 11 11 8.1 1.0
6 18 0.5 9.3 1.7 14 1.6 16 23
7 39 13 — — 17 13 — —
8 46 24 15 28 8.8 4.5 20 5.8
9 46 36 29 32 73 57 71 85
10 — — 90 96 — — 11 0.6
11 — — 35 10 — — 7.9 2.4

Each result is the average of the low and high loading slides. Key as in Table 1.

of particles from workplace amphibole asbestos sam-
ples. These fibers would not likely be recognized as
Class 1 or Class 2. The reverse situation is also cause
for concern. Some laboratories correctly identified
<1% Class 1 characteristics in the slides with no as-
bestos fibers but others counted up to 85%. Labora-
tory #2 and laboratory #9 recognized a greater
percentage of Class 1 features in the cleavage frag-
ments slides than in the asbestos slides, and it is likely
that they were classifying cleavage fragments as thick
asbestos fiber bundles. On the other hand, laboratory
#10 identified an improbably high number of objects
in the asbestos slides as having Class 1 characteristics

and it is likely that they were including the narrower
width of these fibers as a characteristic even though
this was not part of the instruction.

Class 2 detection. As noted in a previous publica-
tion (Harper et al., 2007), many of the cleavage frag-
ments in our preparations were >10 pm, which is
nonetheless consistent with dimensions of particles
in air samples from workplaces where cleavage frag-
ments are known to be present (see review in Harper
et al., 2008). Identifying a substantial portion of
cleavage fragments as asbestos fibers defeats the ob-
ject of the procedure. Also, as noted previously, a sig-
nificant portion of asbestos fibers is <10 pm and this
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Fig. 3. Relationship of fiber length to recognition of
asbestiform morphology (Class 1 detection) in one of the
100% crocidolite slides. Points represent individual fibers on
the slide recognized as Class 1 by at least one laboratory.

Table 4. Proportion of fibers selected for measurement in
slides prepared for the ILS meeting the criterion of <1 pm
width.

Nominal CR AG TR AC
percentage % <lpm % <lpm % <1l um % <1 pm
asbestos (%)

0 24 22 23 26
20 32 26 40 42
60 59 58 70 79
100 94 74 93 95

Each result is for the combination of low and high fiber
density slides; all laboratories included. Key as Table 1.

is also consistent with workplace air samples of am-
phibole asbestos (again see review in Harper et al.,
2008 and, particularly, Gibbs and Hwang, 1980;
Virta et al., 1983). Because of these overlaps, no pa-
rameter based on length can be used to effectively
differentiate these particles. On the other hand, the
simple parameter of width does a remarkably effec-
tive job of differentiating the different slides in the
correct order of presumed asbestos content, for all
the laboratories that had no ‘bias’ in making this
measurement. In fact, with the notable exception of
laboratory #2, when 1 pm width is used as the crite-
rion for asbestos, a slide that nominally is expected
to contain <50% asbestos would likely be declared
to contain <50% asbestos, while a slide that nomi-
nally is expected to contain >50% asbestos would
likely be declared to contain at least that much. (It
should be further noted that the use of the RIB grat-
icule brought the results for laboratory #9 for the
amosite/grunerite slides into concordance with those
of the other laboratories.) There exists an overlap in

the size range of cleavage fragments that would
cause ~20% of cleavage fragments in this study
<1 pm to be thought of as asbestos. This drops to
almost zero if a width criterion of <0.5 pm is used.
The percentage of actinolite asbestos and tremolite
asbestos fibers >0.5 pm width for all fibers in
the materials used for this study measured at RTI
International by phase-contrast microscopy with
the Walton—Beckett graticule were 7.3 and 8.5%, re-
spectively. Therefore, the likelihood of reporting
20% of cleavage fragments as asbestos could be re-
placed by a likelihood of reporting a significant frac-
tion of asbestos as cleavage fragments by using
0.5 pm as the cut-off in place of 1 pm. Thus, it seems
likely that a width cut-off in the range 0.5-1 um
would be a rational means of separating likely asbes-
tos fibers from likely cleavage fragments in a screen-
ing method. When the distribution of widths of the
particles selected for this study in the slides contain-
ing only 100% asbestos fibers or 100% cleavage
fragments are graphed, the valley between the distri-
butions occurs at ~0.84 pwm, which is close enough
to 1.0 um to make little difference. The percentage
of fibers classified as asbestos or non-asbestos for
each nominal asbestos proportion, expressed as an
average of the low and high loading slides, is shown
in Table 4 for 1 um width (the nearest whole number).

DISCUSSION

In the ASTM D7200 Standard, an asbestos frac-
tion >50% at an airborne concentration of half the
applicable limit value would result in a requirement
for further analysis by alternative techniques, such as
electron microscopy. From this study, considering
populations whose asbestos fiber content is greater
than ~25%, the magnitude of the bias in discrimina-
tion is minimized, and the accuracy (including vari-
ability as well as bias) is consistent with the ability to
make a research decision regarding concentration of
fibers or fragments with width ~1 pm (Appendix 1)
as per the procedure in ASTM D7200.

A question remains as to whether discrimination
by any specified width can be used for actual air-
borne samples or whether it is an artifact of the lab-
oratory sample preparation process. Schneider et al.
(1998) suggested aspect ratio was important but
found that an aspect ratio of 8:1 excludes most cleav-
age fragments without excluding >10% of the asbes-
tos fibers, but this is no better than the results for
‘100% asbestos’ provided by the width-only criteria
in Table 4. Van Orden et al. (2009) carried out a lab-
oratory study of asbestos and non-asbestos amphi-
bole particle sizes. They reported a three-step
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sample preparation procedure, beginning with the re-
moval of a suspension from shaking samples in wa-
ter (but it is assumed that there must have been
a sample reduction step prior to this to render at least
non-asbestos materials in a state where material
would come loose on shaking with water). They then
added more water to the remaining material and son-
icated it and again removed the suspension. Finally,
they crushed the remainder and sieved it and then
suspended and sonicated again. It appears from the
text of their procedure that each of the three resulting
materials was examined separately under the micro-
scope, but the results were combined for statistical
analyses. With this preparation, the four minerals as-
sumed to be non-asbestiform amphiboles (Gouver-
neur tremolite, West Greenland anthophyllite,
Homestake cummingtonite-grunerite, and Shinness
tremolite) gave fibers as defined above where typically
more than half were <1 pm wide (49-69%). In that
study, a width parameter of 0.5 pm would certainly
have been a better discriminator than 1 pm since
10-38% of fibers from these minerals were also
<0.5 um wide. This is rather thinner than the cleav-
age fragments produced in our study. The authors
justify their size distribution by reference to airborne
samples analyzed by Virta et al. (1983), but the
data in that reference for mine samples are for par-
ticles of any length visible under scanning electron
microscope with an aspect ratio >2:1, which is prob-
ably not the same as if they had only counted fibers
>5 pm long with an aspect ratio >3:1.

Data on transmission electron microscopy meas-
urements of supposed tremolite cleavage fragments
meeting NIOSH ‘A’ rules criteria for counting in
three air samples from different locations within
the RT Vanderbilt talc processing plant in Gouver-
neur, NY, were provided for comparison (J. Kelse,
personal communication). For particles >10 pm,
very few were also <1 pum wide, but for particles
in the range 5-10 pm length, which were the major-
ity, a relatively large proportion (30-36%) were <1
pm wide. Therefore, the overall proportion <1 pm
wide was 22—27%, which is more in line with the re-
sults from this ILS. It was also clear that even fewer
of the shorter cleavage fragments were <0.5 um
wide, which does lend support to the use of this value
to fully exclude cleavage fragments, although it
likely also will exclude some asbestos fibers. Kenny
et al. (1987) had examined amosite fibers under both
electron microscopy and phase-contrast microscopy.
All fibers examined were <1.0 pm wide, even with
lengths up to 20 pm. Interestingly, almost all fibers
>5 pm long were visible under phase-contrast mi-
croscopy, even for width down to 0.0625 pm, which

is consistent with the 0.15 pm width limit for visibil-
ity of chrysotile fibers found by Rooker et al. (1982).
A personal air sample filter, which had been col-
lected during excavation of the tremolite asbestos
used in this study was received by our laboratory
and evaluated according to particle width. Of 127 fi-
bers examined under phase-contrast microscopy,
85% were thinner than 1 pm. A number of personal
air sampling filters were also obtained from work on
the demolition of the Powhatan asbestos mill in
Maryland, USA. The fibers (previously identified
as anthophyllite asbestos) on three filters that had
>25 fibers per 100 fields were found to be 72, 92,
and 99% <1 pm wide. Finally, we can also compare
our data to that from air samples of fibrous amphi-
bole generally considered to be asbestiform in
the air of the vermiculite processing plant in Libby
Montana. Amandus et al. (1987) found only 7% of
particles under phase-contrast microscopy to be
>(0.88 um width.

Van Orden et al. (2009) combined their labora-
tory-generated width data with aspect ratio accord-
ing to a procedure (the ‘Chatfield procedure’) that
has been presented at a conference (Chatfield,
2008) but not yet published in the peer-reviewed lit-
erature. This procedure combines aspect ratio with
width to determine asbestiform from non-asbesti-
form particles. If this procedure is applied to the fi-
bers in our study, a >10:1 aspect ratio (but not
20:1 as Chatfield suggested as this would miss many
asbestos fibers) coupled with a width criterion be-
tween 0.5 and 1 pm would also provide an appropri-
ate discrimination. However, the percentages of
fibers on each slide determined to be asbestos by this
method were found to be almost identical to those
determined using a simpler width-only criterion.

The possibility exists that any value for width se-
lected for the purpose of discrimination may be an
artifact of the sample preparation procedure. It must
further be kept in mind that there are situations
where the determination of asbestos versus non-
asbestos for a single particle cannot be made with
confidence whatever the width since wide asbestos
bundles do occur, as do thin cleavage fragments.
Hence, discrimination should only be based on a
reasonably large population of particles.

CONCLUSIONS

It has been clearly shown that the procedure for
discriminating asbestos from cleavage fragments
and prismatic crystals as currently included in
ASTM Standard D7200 was not effective across all
participating laboratories when applied to the
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amphibole asbestos and cleavage fragments pre-
pared for this ILS. The recognition of Class 1 char-
acteristics of asbestos (fibrillar bundling, split ends,
and curvature) was highly variable among laborato-
ries, and the existence of these characteristics ap-
pears to be anyway dependent on particle length
and type of asbestos. While features specific to as-
bestos may be an important guide to the presence
of asbestos when properly recognized, it does not ap-
pear that such a classification can be applied quanti-
tatively across all laboratories, at least without
additional training. Class 1 characteristics could still
be included in D7200, however, because the exces-
sive recognition of cleavage fragments by some lab-
oratories leads to a conservative decision to require
additional investigation. The procedure in ASTM
D7200 is for further analysis when the concentration
of airborne fibers is greater than an applicable action
level and when >50% of these fibers appear to be as-
bestos by discrimination under the phase-contrast
microscope, and thus, any criteria adopted for dis-
crimination under optical microscopy will be con-
firmed through additional techniques. Class 2
parameters were ineffective in discrimination be-
cause of the excessive overlap in length between as-
bestos fibers and cleavage fragments in our study in
the 5-15 pm length range. Published and unpub-
lished data suggest that this overlap also occurs with
airborne fibers found in occupational environments.
Finally, it has been demonstrated with these labora-
tory samples that a remarkably effective discrimina-
tion is possible using only a single measurement of
width, somewhere between 0.5 and 1.0 um. A crite-
rion of <0.84 pum gives the best overall discrimina-
tion, although <1.0 pm gives the fewest false
negatives for asbestos fibers (Table 4). It has been
further demonstrated that where some laboratories
differ from others in their ability to measure around
this dimension with the Walton—Beckett graticule,
they may improve their ability to do so when using
the RIB graticule, although this may not be sustain-
able if it is only a psychological effect of the novelty
of the new graticule. (Note that the equivalency of fi-
ber ‘counts’ has not been established between the
Walton—Beckett and RIB graticule, but it is unlikely
that they will be radically different). The authors are
simply reporting a finding from the ILS that width
could be used to discriminate amphibole asbestos
fibers from non-asbestos cleavage fragments under
phase-contrast microscopy to support a decision as
to whether further analysis is required. The authors
do not suggest that any width parameter be used as
an indication of toxicity without consensus agree-
ment based on compelling evidence. It is likely that

this same finding would apply also to chrysotile as-
bestos and serpentine mineral cleavage fragments,
but this has not been tested.
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APPENDIX 1: Uncertainty issues

Plan

Calculated here is the uncertainty in estimated fiber
or cleavage fragment concentrations, distinguishing
fiber versus fragment simply by a value for discrimi-
nation by width. The approach taken is to compute the
within-laboratory ‘symmetric accuracy range’ A, de-
fined as the percent range about accepted values con-
taining 95% of estimates. Defined as such, A is
a measure of the measurement error, accounting for
both imprecision and systematic error. The accuracy
range A has been exploited for several decades in
the evaluation of sampling and analytical methods ap-
plied in industrial hygiene (Busch, 1977; NIOSH,
2003). The accuracy range A also has been found to
be a useful auxiliary function in approximating pre-
diction intervals for justifying current worldwide pol-
icy in characterizing uncertainty in measurement
(ISO GUM, 1995; Bartley, 2001, 2008).

The plan for the following sections is to first com-
pute the imprecision in width estimates on the basis
of the round robin described in the text. Second,
the disparate width distributions of fibers and frag-
ments are estimated. The dependence of fiber and
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fragment concentration estimate accuracy range on
the distributions and on the width measurement im-
precision is determined formally. This dependence
leads to an optimal width discrimination value. Fi-
nally, an explicit map of accuracy range A is given
in terms of the (fiber or fragment) object fraction
and mean number. Additionally, the inter-laboratory
imprecision in fiber or fragment width measurement
is estimated by simulation.

Within- and between-laboratory width measurement
imprecision

With width proposed for distinguishing cleavage
fragments from fibers, the accuracy of measurement
by visual comparison to the separation of lines
etched on a graticule is an important characteristic
of the method. The measurement of width smaller
than a few micrometers is below the ‘limit of quan-
tification’, where the (relative) imprecision is not
a constant and indeed may become large with de-
creasing true width. Nevertheless, the imprecision
can be specified for widths near the proposed deci-
sion point, for example, near 1 pm. Naturally, if
the fiber and fragment distributions are widely sepa-
rated, then high width accuracy is not needed for es-
timating object concentration.

A large number N (several thousand) of width
measurements relative to laboratory averages (as
the consensus widths) of several hundred fibers or
fragments within wx0.1 pum, where w is fixed at
0.5 and 1.0 pm, were analyzed [discarding at the
30 level a small number (<0.5%) of measurements
as outliers]. The ratio r; of any width measurement
relative to consensus was modeled as:

ry = 1.00 + (O’bﬁl + GWS[f)/W, (Al)

where [ = 1, ..., L (= 11) designates a laboratory,
and f = 1, F[11] denotes a fiber or fragment,
with F[/] the number analyzed by the /th laboratory.
The quantities ¢; and &y are independent standard
normal random variables, and therefore, o}, and o,
are the between-laboratory and within-laboratory
standard deviations dependent on mean width w.
See Fig. Al for a graphical depiction of the data.

The quantities o, and o, may be estimated
through a ‘one-way’ ANOVA with unbalanced data.
For details, see Sahai and Ojeda (2005). “‘Unbal-
anced’ means that the number F[I] of widths mea-
sured depends on [/, varying greatly from laboratory
to laboratory, from ~1 to 300. It was necessary to ac-
count for imbalance as 10 of 11 laboratories analyzed
actinolite and tremolite objects, whereas only 9 (and
not all overlapping) analyzed amosite/grunerite (AG)
and crocidolite/riebeckite (CR).

The ANOVA is carried out in terms of the follow-
ing sums of squares:

L FlI )
SStotal =) Y (Vﬂ - 7) (df.=N —1)
I=1f=1
=SSy + SS.,
(A2)
where SS,, and SS,, are given by
L Fl )
SSy = Z > (g —ry)” (df.=N - L),
I=1f=1
L 2
SSp = ZF[Z ri—7° (df.=L — 1).
=1
(A.3)

The quantities r; are the laboratory means, and 7 is
the mean over all N measurements (which does not
equal the mean of the laboratory means in the case
of unbalanced data).

The variance estimates s2,and s? are obtained by
solving:

S%V/szssw/(N _ L),
(2 + nos) fr=sse /(L - 1), A

defined so that expected values are correct. The num-
ber ng is peculiar to unbalanced data and is calcu-
lated as:

N — S FI (As)

ETUNL -

Result. The standard deviations were estimated
via equation (A.4) for width measurements near
0.5 pm and also near 1.0 um. The results are as fol-
lows:

From 3220 width measurements near 0.5 pm of
342 fibers or fragments by 11 laboratories,

w = 0.18 pum,

sp = 0.17 pm. (A-6)

From 2546 width measurements near 1.0 pm of
274 fibers or fragments by 11 laboratories,

Sw = 0.26 um,

sp = 0.20 pm. (A7)

Note that the standard deviation depends only
weakly on width, consistent with the width measure-
ments taken here well below the limit of quantification.

Fiber and fragment width distributions

Besides width measurement uncertainty, the width
distributions of both fibers and fragments are needed
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Figure Al. Measured widths of fibers or fragments in (0.4 and 0.6 mm) and in (0.9 and 1.1 mm). Each point represents the ratio of
an individual measurement of a particle to the inter-laboratory mean value for that particle.

in order to make rough estimates of the accuracy
range for fiber concentration estimates. The width
distributions of fibers and fragments are taken from
the AG and CR laboratory consensus data from
100% asbestos fibers or 100% cleavage fragments.
Figure A2 shows log-normal fits to the two distribu-
tions. The fitted median widths, mw, and geometric
standard deviations, gsd, are found to be:

_ [ (1.49 pm, 1.7), fragments
(mw, gsd) = { (0.42 pm, 1.8), fibers

(A.8)

Bias and imprecision of concentration estimates in
terms of distribution overlap and width measurement
uncertainty

Suppose an air sample of volume Vis taken and is
found to contain N fibers or fragments, where the
(Poisson) sampling error is characterized by
Var[N]=N, the mean number to be found in V. Let
oy represents the unknown true (population mean)
fractions and LN the (log-normal) width distribu-
tions of { gla)lgzlents } specified in equation (A.8).
Fibers are denoted by — and fragments by +. Let
N[w — w', gy represents the normal distribution of
measurements w about consensus value w' with stan-
dard deviation o, [evaluated at w' using equations
(A.6 and A.7)]. Let w,. represents the width measure-
ment discrimination value below which a fiber or
a fragment is counted as a fiber.

Then, the probability dr, that the object is a frag-
ment or a fiber arising from within dw’of w' is

dny = as LNz [w']dw’. (A9)

The probability dP_ that this particle will be
counted as a fiber is then

dP_ =/ dw Nlw — w',a,]dn_
e (A.10)
+ / Nw — w',o,]dn .

Summing probabilities corresponding to alterna-
tive width sources w’, then gives the probability P_
for counting a single object (correctly or not) as
a fiber:

P_=a_["_ dw[, dw'Nw — w', 6, ]LN_ [w']
oy [M dw ) dw'Nw — w', 0, JLN | [w']
= [ dw[, dw'Nw — w',ay](x_LN_ [w']
+o LN, [w']).
(A.11a)

The probability P, for counting a single object as
a fragment is then also determined as:

P,=1-P_. (A.11b)

The binomial distribution then gives the number
7+ of the N objects counted (correctly or not) as frag-
ments or fibers with:

E[fis] = PN
* = o A.12
Var[rii] = Pi(l — Pi)N ( )
Therefore,

Ai:Pi]\/i_i_ é Pi(l - Pi)l\/i, (A13)

where E[§]=0, Var[g]=1, and Zand N are uncorre-
lated. Approximating N by the mean N in the second
term gives

i ~ PsN + 8/P+(1 — P:)N, (A.14)

and thus, Var[rix] simplifies to a Poisson distribution
dependence on N as
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Figure A2. Cumulative width distributions for AG and CR fibers (squares) and fragments (circles). Each point represents a bin of
laboratory consensus width measurements within 0.05-um intervals. Also, shown are log-normal fits (solid curves) to the data.

Var[fis] = PIN + P+(1 — P:)N

— P.N. (A.15)

The true relative standard deviation TRSD. is then
given by:

TRSD? = Varliis]/n?

=1+ As)/m, (A10)
with the mean bias 4. defined as:
Now 4 can be expressed as
A_= +1_ + ga:l - 1;1+ -1,
Ay = — 14 — a;' — 1)I_ —1—|—oc;',
(A.17b)

where I, the fiber false positive rate, and /_, com-
plement of the fragment false positive rate, are the
two dimensionless integrals in equation (A.11), eval-
uated numerically:

Iis/ de/ dw'Nlw — w', oy |LN[w'].  (A.18)
0 0

Note that if a laboratory employs multiple coun-
ters whose measurements are significantly biased

relative to each other or if inter-laboratory bias is
to be considered, then an additional contribution of
the form 63 /n? + S? would be added to the expres-
sion of equation (A.16). In addition to a Poisson con-
tribution as in equation (A.16), Ogden (1982) used
a single extra constant S,Z,, a true relative standard de-
viation component squared, to characterize inter-
counter bias on implementing a specific set of asbes-
tos counting rules. Such bias would depend on prac-
tices in place at a given laboratory.

Optimal width discrimination value

An optimal width discrimination value, w., may
be selected by the following argument. The bias in
both fiber and fragment concentrations decreases
with the fiber or fragment fraction. For example,
when a fraction is zero, there exists positive bias if
the complementary width distribution is positive on
both sides of w.. If a fraction is 100%, then similarly
the bias is ‘negative’. Furthermore, at any particular
value for either fraction, the bias in fiber (or frag-
ment) concentration estimates increases (or de-
creases) with w.. Therefore, a balanced and
minimum bias is obtained by choosing w, so that
the two biases are equal. Remarkably, the cut-off
w,. can be chosen so that the two biases can be made
equal over the entire range of their object fractions
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(from O to 100%). Equation (A.17b) directly implies
that the biases are equal if w,. is selected so that

I_+1,=1(=4,=4_). (A.19)

In other words, w. is set so that the false-negative
and positive rates are both equal to 7.

In this case, the (equal) biases 4 can be repre-
sented (equation A.17b) in terms of object fraction
o simply as

A= (o' = 2)I,. (A.20)

Note that 4 is zero when a fraction is 50% and
would vanish for all object fractions from O to
100% if 1, is zero, meaning no overlap in the width
distributions. Analogous to equation (A.20), TRSD
(equation A.16) may be written in terms of the object
number 7 as

TRSD = /(1 + 4)/n, (A.21)

dependent on the sample size or sampled volume V,
unlike the bias 4.

Result. Using the size distributions specified in
equation (A.8), numerical solution of 4, = A, tak-
ing o, as the value at w. by interpolating between
equations (A.6 and A.7), results in optimal width dis-
crimination value and error rate /,:

we = 0.84 um,

100F
so} /
ol 30%
40 | /
40%

20}

50%—

0

Number

Accuracy range

Finally, the combined effect of bias 4 and impre-
cision TRSD may be expressed as the symmetric ac-
curacy range A defined as the percent range
containing 95% of the width measurements about
true values. In normal approximation, A in terms of
4 and TRSD may be determined from the cumula-
tive normal function @ by numerical solution of

®[(A 4+ A)/TRSD] — ®[(A — A)/TRSD] = 95%.
(A.23)

The function A[4, TRSD] may also be deter-
mined in terms of other statistical functions
(Krishnamoorthy and Mathew, 2009) or by approxi-
mation (Bartley, 2001) accurate not only in the limits
A—0or|4|>>TRSD as

A= {1.960 xV A% + TRSD?, if | A|<TRSD/1.645,

|4] + 1.645 x TRSD, otherwise. (A.24)

With the above expressions (equations A.20 and
A.21) for bias and imprecision, the accuracy range
A is a function of the object fraction o and the
sampled object number n. This function is plotted
in Fig. A3 as a contour diagram for width cut-size,
w. = 0.84 (equation A.22).

Note that the accuracy ranges depicted in Fig. A3
are expressed relative to accepted object (fiber or
fragment) fraction. The aim is for interpreting
research results, and as such, this definition differs

40

20 -

Bias (%)

20 60 80 10

Fraction (%)

0 20 40 60 80 100
Fraction (%)

Figure A3. Accuracy range and bias of concentration estimates in terms of object number and fraction for optimal width
discrimination value of 0.84 pm. Note that the same graph applies to the fraction and number of asbestos fibers and fraction and
number of cleavage fragments at the optimal width discrimination value.

2102 ‘8 SNBNY LD JBIUSD UoTRWLIOMU| B ARRIQ1T YIIESH 911and DAD e /B10'Seuno pioxo BAYULE//:dny woi papeojumod


http://annhyg.oxfordjournals.org/

658 M. Harper et al.

0.4
°
03
°
Q
‘g 021
= °
°
® o o ©® ® o
0.1+
0 1 1 1 1 1 1
0 20 40 60 80 100

Fraction (%)

Figure A4. Between-laboratory TRSD in the fiber (or
fragment) concentration estimate versus the unknown fraction
of fiber (or fragment) for optimal width discrimination value of

0.84 um.

from that used in the established (NIOSH, 2003b) tar-
get criterion of 25% for within-laboratory uncertainty,
generally referring to sampling and analytical varia-
tions relative to a ‘standard’. The purpose in this case
is to ensure fairness in decisions. In the case of asbes-
tos, the standard could refer to the consensus number
concentration of fibers or fragments <0.84 um (for ex-
ample). The (within-laboratory) accuracy range would
be expressed relative to this quantity rather than the ac-
cepted object fraction and, in behaving as 1.960/+/n
without bias, would not exhibit the extreme values at
low asbestos concentration as seen in Fig. A3.

Aside from the within-laboratory accuracy range,
the between-laboratory imprecision is also a significant
characteristic of the method. This imprecision cannot
be decreased by increasing the sampling volume.
See also the discussion following equation (A.18).
Following equation (A.7), the between-laboratory
total relative standard deviation TRSD can be esti-
mated. Results obtained by simulation are shown in
Fig. A4.
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