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The Quality of Fiber Count Data 
Martin T. Abell, Stanley A. Shulman, and Paul A. Baron 
National Institute for Occupational Safety and Health, 4676 Columbia Parkway, Cincinnati, Ohio 45226 

Optical fiber counts are used to determine asbestos exposure, so 
it is important to assess, control, and document the quality of 
those counts. These functions are the responsibility of the quality 
assurance (QA) coordinator in each laboratory. The QA coordi- 
nator must recognize that, compared to the analytical results for 
other substances, fiber count data are much more variable and 
have different statistical properties. These data, therefore, war- 
rant special treatment. This article discusses the need to recount 
some samples, the procedures for determining bias and variability 
from these recount data, and the use of these statistics to test 
analytical results or assign confidence limits to them. Three kinds 
of bias and variability must be considered: intracounter, intra- 
laboratory, and interlaboratory. As data pairs (count and recount) 
are obtained, the first consideration is whether bias is present. 
If bias is detected in a set of data, that data should not be used 
for any purpose until the source of bias is investigated. Bias can 
be difficult to detect, and when not detected, the differences in 
the data are assumed to be variability. The procedures recom- 
mended in this article for determining variability are based on 
the relatively simple calculations of NIOSH Method 7400, but 
alternative calculations are also discussed. Variability is expressed 
as s,, which is an estimate of relative standard deviation. 

An example calculation of intracounter s, is given, along with 
an example of how to use this s, to test the quality of a fiber 
count for an individual sample. This test, which does not have 
great power, is meant to detect differences between a counter’s 
historically established s, and the s, for the test sample. Such a 
difference indicates a problem with the sample or the analytical 
procedure, and as a guideline, fiber counts that fail the test should 
not be used to evaluate exposure. In an extension of the test 
given in NIOSH Method 7400, a guideline is given for deciding 
whether an entire sample set should be rejected based on the 
number of individual fiber counts rejected. Intralaboratory s, is 
an indicator of differences among counters within a laboratory, 
but these differences should be investigated for identifiable biases 
due to differences in training, visual acuity, or equipment. In- 
terlaboratory s, can be calculated if samples are exchanged be- 
tween laboratories. Interlaboratory s, is used to calculate a con- 
fidence interval about each analytical result, and that confidence 
interval should be reported as the analytical result. Analytical 
results reported for other substances do not include a confidence 
interval, but the analytical methods for other substances can be 
calibrated with readily available reference materials, thereby re- 
ducing the differences among laboratories. The nature of the 
fiber counting method and the lack of reference materials means 
that biases between laboratories are not easily corrected, or even 
identified. The confidence interval informs the person reading 
an analytical report about the differences among laboratories. 

Abell, M. T.; Shulman, S. A.; Baron, P. A.: The Qualily of Fiber Count Data. Appl. 
Ind. Hyg. 4:273-285; 1989. 

Definitions 
The following acronyms are defined here and are not defined 
again in the text. 

AAR 

ACGIH 

AIHA 
HSE/NPL 

NIOSH 
OSHA 
PAT 

PEL 
E L  
TLV 

Asbestos Analysts Registry program (a quality assur- 
ance program for individuals who count fibers) 

American Conference of Governmental Industrial 
Hygienists 

American Industrial Hygiene Association 
IJK Health and Safety ExecutiveNK National Physical 

National Institute for Occupational Safety and Health 
Occupational Safety and Health Administration 
Proficiency Analytical Testing program (a laboratory 

Permissible Exposure Limit (issued by OSHA) 
Recommended Exposure Limit (NIOSH) 
Threshold Limit Value (ACGIH) 

Laboratory 

quality audit program) 

The following words and symbols are defined as used in this 
article. Most are more thoroughly described in the text. 

bias: systematic difference between two sets o f  measurements. 
confidence intmlul: an interval which contains the parameter 

under study with high probability; a range 
of  fibers/mm2 values (or fiberskc) that 
includes the true mean for the sample 
with high probability. 

component of uuriunce: one o f  several sources of  total vari- 

count: (verb) t o  determine the number of fiberslmml on a 
filter by phase contrast microscopy and by following 
the counting rules of a specific method such as NIOSH 
Method 7400. 

count @her count): (noun) the datum produced as a result 
of counting the fibers on a single filter 
sample. 

h t u  puzr: two numbers; the count and recount data for a 

fiber: for the purpose o f  this paper, any particle counted ac- 
cording t o  the rules of NIOSH Method 7400.(’) 

interlubomtoly RSD: the true RSD pertaining to  meawre- 
ments made by a randomly chosen 
laboratory. 

ability of  a measurement. 

sample. 
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interluhoratory s,: statistic that describes the variability be- 
tweedamong laboratories (see s,.); an es- 
timate o f  interlaboratory RSIl 

intracounterRSD: the true RSD pertaining to counts by a given 
counter. 

intrucounter s,: statistic that describes the variability of  data 
pairs obtained by a single counter (see s,.); 
an estimate of intracounter KSD. 

intruluhoruto y KSD: the true RSD pertaining t o  measure- 
ments made by a randomly chosen 
counter in a given laboratory. 

intruluhorutory s,: statistic that describes the variability be- 
tweedamong counters in a kaboratory (see 
s,); an estimate of intrakaboratory KSD. 

lognormal: refers t o  data that, after transformation to  the k g  

Poison component: that part o f  the variability of count data 
due t o  the random distribution of  fibers 
on a filter surface. 

pooled: data that are combined into one set because they can 
be considered to  measure the same thing. 

poue~:  the ability of  a statistical test to  detect differences be- 
tween two groups of data; the probability o f  rejecting 
the null hypothesis o f  a statistical test, as a function of  
the value assumed by the parameter under study. 

QA Coordinator: person in each laboratory responsible for 
assessing, controlling, and documenting the 
quality of fiber count data. 

recount: (verb) to  count the fibers on a sample filter for the 

recount; (noun) the datum produced as a result o f  performing 

refc?rc?nce sample: samples that have already been prepared 
and counted more than once and are re- 
counted for the purpose o f  calculating o r  
testing a statistic. 

reference d u e :  statistic based on the best available data for 
reference samples. 

RSD: the true value of  the relative standard deviation, also 
known as coefficient o f  variation, o r  CV, the true standard 
deviation divided by the true mean. 

s,: estimate o f  relative standard deviation‘l) (see KSD); a sta- 

s,.,~ subjective component o f  s,, that is, s, with the Poisson 
component of variability removed. Applied only t o  inter- 
laboratory variability in this article. 

sample categories: groups o f  samples judged by the counter 
t o  be similar for quality control purposes 
( i e ,  the count data are expected to exhibit 
homogeneous variability). A sample, o r  the 
data pair for it, is usually assigned t o  a cat- 
egory on the basis o f  fiber loading (fibers/ 
mm2), but other characteristics should be 
considered. 

sample set: incoming samples grouped together for quality 
control purposes. Samples are usually assigned t o  
a set based on the fact that they came from a simikar 
source and will be analyzed by one counter. 

stopping rule: A rule for counting fibers, stated in NIOSH Method 
7400 as follows: “Count enough graticule fields 
t o  yield 100 fibers. Count a minimum of 20 fields. 
Stop at 100 graticule fields regardless of count.” 

trunsfonn: a mathematical operation (e.g., taking a k g  or square 

scale, conforms t o  the normal distribution. 

second ( o r  third, etc.) time. 

a recount. 

tistic that indicates the variability o f  a set o f  data. 

root) performed on all the elements o f  a set o f  data. 
zunhbilip: random differences among numbers in a set, where 

all the numbers in the set are presumed to  measure 
the same quantity (such as the fibers/mm2 on a 
filter.) It is measured by the variance. 

Introduction 
Many decisions regarding worker exposure to asbestos or other 
fibrous materials are made on the basis o f  fiber count data. There- 
fore, it is important to know the quality o f  these data. Each lab- 
oratory should have a Quality Assurance (QA) Coordinator who 
is responsible for assessing, controlling, and reporting the quality 
of the laboratory’s fiber count data. This means that the variability 
and bias of count data should be determined and reduced when 
possible and that the data should be reported with some indi- 
cation of  its variability. 

NIOSH Method 7400(’) outlines procedures for determining 
variability and reporting it. Methods for other analytes“) do  not 
discuss such procedures, and the procedures are not necessarily 
the same as would be used for those other methods. However, 
optical fiber counting is sufficiently different to warrant special 
treatment.(*) It is more subjective than other methods, involving 
complex decisions by the analyst, as well as depending on the 
visual acuity, training, motivation, and experience of the analyst. 

The primary objective o f  this article is to  explain in greater 
detail the quality control procedures and calculations outlined 
in NIOSH Method 7400. These recommended procedures are 
summarized in the “Conclusions and Kecommendations.” The 
authors believe that widespread use of the practices described 
will ultimately improve the quality o f  fiber count data being 
reported. However, the simple procedures o f  NIOSH Method 
7400 will not be appropriate for all situations, and some alter- 
native statistical procedures are discussed briefly in the appendix. 
The investigation o f  the procedures described in the appendix, 
and several others, failed t o  find any for general use that were 
clearly superior t o  those presented in the text and in NIOSH 
Method 7400. Although this article is meant as a practical guide, 
it concerns research questions still open for discussion. 

Variability and Bias 

The quality of  fiber count data is measured by the variability and 
bias o f  that data. There are many elements in the procedure used 
for determining a fiber count that can contribute to variability 
and bias. For example, the samples brought into the laboratory 
for analysis may be o f  ptxx quality (poor filter quality, poor 
sampling conditions, etc.) without anyone being aware of it, caus- 
ing the variability o f  the fiber counts to increase. This section 
discusses some of the sources of variability and bias, particularly 
those which may be quantified. 

One source o f  variability is the random distribution of fibers 
over the filter surface, only part of  which is analyzed. Random 
distribution affects even high quality samples. It means that if a 
filter surface is divided into small, equal areas, there is equal 
probability o f  a fiber depositing on any given area, but areas 
selected at random will not necessarily have the same number 
of fibers. This distribution o f  fibers on the filter surface can be 
described by Poisson  statistic^.'^) However, it has also been shown 
that the distribution can be more variable than Poisson, being 
better described by a negative binomial(6) or lognormal(7) dis- 
tribution. In NIOSH Method 7400 and in this article, the variability 
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of a fiber count due t o  this random distribution is called the 
Poisson component of variance. 

Another source o f  variability is dependent on the actions of 
the individual counter. hs a counter gains experience, that person 
will usually adopt routin& that decrease variability.(H) On the 
other hand, counting is still somewhat subjective, and each result 
is influenced by the “mind-set” of the counter at the time. A 
statistic that indicates a single counter’s ability to reproduce pre- 
vious results is the intracounter s,, which is an estimate of intra- 
counter RSD. This is obtained from repeat counts o f  samples by 
a counter; the procedure for calculating this statistic is given 
below. 

Repeat counts produced by one counter usually match each 
other more closely than they match those produced by some 
other counter for the same sample. This additional source of 
variation, the difference among counters in a single kaboratory, 
is included in the intralaboratory s,, an estimate of  intralaboratory 
RSD. Finally, laboratories differ from each other, a source of  
variation included in interlaboratory RSD. A laboratory is defined 
in this context as a group of  counters who participate in a single 
QA program. N o t e  that in this discussion, each kind o f  variability 
includes those previously mentioned. That is, the Poisson com- 
ponent of variance is included in the intracounter RSD, which is 
included in intralaboratory KSD, which is included in interlab- 

Bias means systematic difference, but the word is used in dif- 
ferent ways. Usually, bias is thought of as the difference between 
a measured result and some “true” value. However, there is no 
reference method for counting fibers that gives the true value, 
so this is not the meaning o f  bias that will be used here. Fiber 
counting can be “cab-ated" only t o  the extent o f  using a test 
slide (HSWNPL Phase Contrast Test Slide, YTK Optics, Waltham, 
Massachusetts) to  check the microscope o r  counting reference 
samples, as discussed below, t o  compare results with those ob- 
tained in the past (usually by other laboratories). While these 
steps are highly recommended, they are not comparable t o  the 
calibration that can be achieved in methods for other analytes. 

Bias is used in another way which deserves brief mention here 
and is discussed at length elsewhere.(9) This use of  the word has 
to do with the linearity o f  the method over the range for which 
it is used. NIOSH Method 7400 recommends that loadings be in 
the range of  100 t o  1300 tibers/mm2 of  filter surface area s o  that 
reported fiber counts will be proportional t o  loading. It has been 
found that loadings below this range often result in concentration 
estimates that are positively biased, while loadings above this 
range result in concentration estimates that are negatively biased.(’”) 
It is recognized that measurements are often made at low con- 
centrations in order t o  document compliance with established 
exposure limits (e.g., a PEL, KEL or  TLV). Even if the results of 
these measurements are positively biased, they are useful indi- 
cators of compliance if their upper confidence limits are below 
these exposure limits. 

In the rest of this article, the word bias means consistent dif- 
ferences between the results Obtained by a single counter or 
laboratory and the reference values for those samples. A refer- 
ence value is usually based on the average result obtained by a 
group of competent counters. The use o f  reference samples and 
reference values for various purposes is discussed throughout 
the remainder of this article. 

In practice, bias may not be easy to distinguish from variability. 
If one counter always reports much higher counts than the other 
counters in a laboratory, there is clearly a bias and something 

Oratory KSD. 

should be done about it. But if a consistent difference is smaller, 
it may not be noticed so easily and becomes a component of the 
intralaboratory RSD. Each of the three components of variability 
mentioned above, along with a related kind of bias, is covered 
in a separate subsection of the “Calculations and Discussion” 
section below. 

The different types of variability, or RSD, are listed in the center 
column of Figure 1. To the left, some possible sources of vari- 
ability o r  bias that contribute to each type are shown. To the 
right, the uses of  each type of RSD are listed. In the “Use” column, 
an “Indicator” is a statistic that can be included in an analytical 
report. A better use for these indicators is to identify problems 
to  be corrected, linking the “Use” column back t o  the “Source” 
column. 

Quality Assurance Program 

Determining the different kinds o f  variability and bias defined 
above can help document the quality o f  fiber counts and is the 
first step t o  identifying the source of poor quality fiber counts. 
It is recommended that the QA Coordinator in each laboratory 
assume the responsibility of determining and tracking these mea- 
sures of  variability and bias. To accomplish this, the QA Coor- 
dinator supplies each counter with Q A  samples in addition to 
the routine workhad. These additional samples are provided 
blind t o  the analysts t o  ensure that they have no idea of  the 
expected answers for the samples. As illustrated in Figure 2, QA 
samples are of  two types: recount samples and reference samples. 

Recount samples are the most frequently counted QA samples 
introduced into the sample stream. These are samples from a set 
that are counted a second time and constitute at least 10 percent 
o f  each set. They provide a check on both sample quality and 
analyst performance. The count and recount data for the samples 
are called data pairs and are used to calculate various statistics. 
Further discussions of recounts are given under the “Intracounter 
Bias and s,” and “Sample Quality Test” sections below. 

Reference samples should constitute an additional 5 percent 
o f  the workload o f  each counter. These samples come from a 
previously prepared bank of samples for which the mean and 
variability have been historically established. These samples are 
taken from the normal workload and are selected to  uniformly 
cover the range of  concentrations normally encountered by the 
laboratory. N o t e  that samples mounted by the recommended 
acetone-triacetin technique are not permanent and have been 
observed t o  degrade in time periods ranging from six months 
to several years.‘ Reference samples should therefore be checked 
for filter integrity and replaced at least every two years. 

Reference sample data are used to determine several statistics. 
First, the data for reference samples already counted by the same 
counter can be used for determining intracounter bias. This is 
mentioned in the “Intracounter Bias and sr” section, although 
that section is primarily concerned with recount samples and 
variability. Next, the data for reference samples counted by other 
counters in the same laboratory can be used t o  determine the 
statistics discussed in the “Intralaboratory Bias and s,” section. 
Finally, samples that have been counted by analysts from other 
laboratories in an exchange program can be used to estimate 
biases between laboratories and interlaboratory s,. If sufficient 
data are collected to provide a good estimate of interlaboratory 
s,, this value can be used by the kdboratorieS in the exchange 
group to calculate confidence limits on reported results. The 
calculation of these statistics is described under the “Interlabo- 
ratory Bias and s,” section. 
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Jnter-lab Excha nge P 2  times/vea r) 
Evaluate performance relative to other labs 

R SamDles (4 times/vea 
Evaluate performance relative to other labs 

0 Individual Sample Result 
0 Estimate of Confidence Range 

Data 
Laboratorv Performance 

Record 

0 Individual Counter s, 

0 Intra-laboratory s, 
0 PAT/AAR Performance 
0 Inter-laboratory Performance 

FIGURE 2. The total asbestos sample workload includes quality assurance samples so that data quality can be determined. 

gories needed will depend on the variety of samples received 
by the laboratory, but a good starting point is to differentiate 
samples into three categories based on loading (total fiber count): 

tO 2o fibers, 20,5 to 50 fibers, and , 50,5 fibers, A laboratory 
may decide to split these three categories into six, based on 
whether the particulate loading is considered low or high, or 
differentiate categories by fiber 

The above descriptions of set and category point up several 
differences. Samples are assigned to the same set only if they are 
judged to be similar ba5ed on sampling conditions; samples are 
assigned to a category based on what the analyst observes about 
them through a microscope. Samples are assigned to sets as they 
arrive, and the set is usually of little interest to the laboratory 
after the data from the set have been reported; sample data are 
assigned to categories and may be the basis of statistical calcu- 
lations. Sample sets may be divided into smaller sets, usually to 
accommodate other than quality considerations; sample cate- 
gories are subdivided primarily in the interest of refining quality 
control calculations. 

Calculations and Discussion 
In this section, the terms “sample set” and “sample category” are 
used frequently. A sample set is any number of  samples arriving 
in a laboratory which are grouped together for quality control 
purposes. The quality control elements o f  concern are the as- 
signment of  blank and recount samples and some of the calcu- 
lations discussed in the rest o f  this article. Ordinarily, the as- 
signment of  samples t o  a set is based on the Fact that they came 
from a similar source and will be analyzed by one counter. For 
example, samples collected in one building, where there is only 
one source o f  fibers, could constitute a set. However, if a labo- 
ratory must report results on a daily basis, the samples analyzed 
in a day may be taken as a set, even if they represent only a 
subset of the samples from a source. 

etc, 

A sample category refers to  samples with similar characteristics 
as judged by the person counting them. The data pairs obtained 
from the recounted samples in each category are used to calculate 
an intracounter s, for the category; a counter will achieve different .. . 
s,’s for different categories of  samples. The characteristics that 
can affect variability are primarily fiber loading, as well a5 fiber lntracounter Bias and RSD 

type and nonfibrous-particulate loading. The number of cate- This section is primarily concerned with the variability in the 
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fiber count data of individual counters, as estimated by intra- 
counter s,. However, if fiber count data include some differences 
due to bias, those differences should not be incorporated into 
s,. Bias for a single counter means bias over time. That is, intra- 
counter bias is the difference in the true fiber counts produced 
by one counter when counting the same sample at two different 
times. Of course, bias cannot be distinguished from variability 
for a single sample, but if enough data are available, bias can be 
detected. 

It is even possible to detect intracounter bias within a single 
sample set if enough filters are recounted and the bias is great 
enough. When these conditions apply, bias can be tested using 
a two-tailed t-test that compares an average difference t o  a true 
mean of  zero. The procedure is described in the “Bias” section 
of the Appendix. If bias is detected, its cause should be deter- 
mined and eliminated before the data are used in any other way. 

Intracounter bias may also occur over a longer period of time, 
analogous to “drift” in an instrumental result. Such bias can be 
detected from recounts of past reference samples introduced into 
the sample stream by the QA Coordinator. It is possible t o  do  a 
t-test, as before, o r  to simply plot the count differences for ref- 
erence samples as a function of time (date). If the differences 
are calculated by subtracting the original count from the recount, 
positive differences indicate a drift toward higher counts and 
negative differences toward lower counts. If a plot indicates that 
drift is occurring, it may be more instructive to simply proceed 
with an investigation of the possible causes for such a drift instead 
of testing for significant bias. This is particularly true if the count- 
er’s results are diverging from reference values established ex- 
ternally, e.g., in the PAT program. 

If bias is not detected in the fiber count data produced by an 
individual counter, the remaining differences in the data are 
considered to be variability, specifically, intracounter KSD, or  its 
estimate, intracounter s,. Theoretically, the minimum intracoun- 
ter RSD for optimally loaded samples is approximately 0.1, based 
solely on the distribution of fibers on the filter.(6J2) In practice, 
other sources of variability increase this minimum. The intra- 
counter s, statistic should be calculated by the QA Coordinator 
for each counter in a laboratory so that the quality of sample 
data can be determined by the “Sample Quality Test” below. 

The following is a suggested scheme for initially determining 
an analyst’s intracounter s,. If available, field samples should be 
used to determine intracounter s, since they will match the sam- 
ples analyzed in the future better than laboratory generated sam- 
ples would. Otherwise, samples from another source, such as the 
PAT program, can be used. Based on the initial fiber count, ran- 
domly select 15 or  more representative field samples in each of 
three ranges of total fiber count: 5 to 20 fibers, 20.5 t o  50 fibers, 
and X 0 . 5  fibers. (The procedures described here may not be 
applicable for counts less than 10, but they are recommended 
unless the applicability of an alternative can be established. The 
appendix describes some alternative procedures.) Recount each 
of these (already mounted) samples and record the result as 
fiber/mm2 and total fibers. Use the average o f  the total fibers 
counted to make the final assignment to a category. Use the fibers/ 
mm2 value for the calculation of intracounter s, and in the “Sam- 
ple Quality Test” below. The calculation of  intracounter s, can 
only be done in terms of fibers counted if all the counts were 
done on the same number of fields, a condition that may not be 
met because of the stopping rule given under “Definitions” above. 
Calculate the average and standard deviation for each sample. In 
this case, where there are only two measurements: 

- x=- + ”) and s = 0.707 . Ixl-xpl 
2 

where: 
x, ,  x2  = independent counts by 1 counter (fiber/mm2) 

X = average fiber count (fibers/mm2) 
s = estimate of standard deviation (fibers/mm2) 

Divide the estimate o f  the standard deviation, s, by the average, 
%, t o  obtain s, for each sample: 

S 
s, = 1 

X 

Square the s, values. The square root o f  the average o f  these 
squared s, values is the pooled intracounter s,: 

J”: + : + ”’  

s, (pooled) = (3) 

where: 
n = the number of s, values pooled 

Values are pooled within each category. The more values that 
are pooled, the better the pooled s, estimates the true KSD value 
for that category. The final step is t o  convert the pooled s, value 
t o  a pooled s, value on the square root scale for use in the 
“Sample Quality Test” (Equation 5) below. This is accomplished 
by simply dividing it in half: 

(4) 
s, (pooled, original scale) 

2 
s, (pooled, sq root scale) = 

If the true KSD o f  a measurement is less than 0.3, dividing by 2 
gives a good approximation t o  the true KSD on the square root 
scale. Thus, Equation 4 is a good approximation for the estimate 
o f  KSD, s,, if enough values o f  s, are pooled together. 

Table 1 shows a sample calculation o f  intracounter s, using 
artificial data. The data are in two categories, differentiated by 

TABLE 1. Determination of lntracounter s, 

Low Range Example: 5 to 20.5 Total Fibers Counted 

Orig. Count Recount Average Average* Std. Dev. 
(f/mmz) (f/mmz) (f/mmz) (total) (f/mmz) s, 

18 32 25 20 9.90 0.396 
10 5 7.5 6 3.54 0.471 
18 9 13.5 11 6.36 0.471 
9 21 15.0 12 8.48 0.566 

S, = d m  = 0.48 
s, (pooled, square root scale) = 0.48/2 = 0.24 

High Range Example: P 50.5 Total Fibers Counted 

Orig. Count Recount Average Average’ Std. Dev. 
(f/mmz) (f/mmz) (f/mmz) (total) (f/mm) S. 

318 253 285.5 100 46.0 0.161 
90 118 104.0 82 19.8 0.190 
68 97 82.5 65 20.5 0.249 

108 84 96.0 75 17.0 0.177 
83 61 72.0 57 15.6 0.216 

- 
s, (pooled) = dZ ( ~ $ 5  = 0.20 

s, (pooled, square root scale) = 0.20/2 = 0.10 

*Data are assigned to ranges based on the average of total fibers counted 

278 APPL. IND. HYG. VDL. 4, NO. 7 1  . NOVEMBER 1989 



loading range. There are four data pairs given under “Low Kange” 
and five pairs under “High Kange.” Actual calculations should be  
based on about 15 or  more pairs o f  counts since values of s, 
based on t o o  few counts may be  quite biased.(’3) The third col- 
umn o f  Table I lists the averages o f  the pairs o f  results in fibers/ 
mmL. The fourth column gives the averages in terms of total 
fibers, which is the basis for assigning the data to the loading 
categories. The fifth column lists the standard deviations for the 
count pair. The sixth column gives an s, for each filter, the result 
of dividing the average into the standard deviation. When the 
values in this last column are squared, averaged, and the square 
root o f  that result calculated, the result is the pooled relative 
standard deviation (0.48 for the low-range example). On the 
square root scale, the pooled s, is approximately 0.48/2, or  0.24. 
The calculations for the high range are the same. The first sample 
in the high range differs from the rest in that only 40 fields were 
counted instead o f  100, which is why the ratio o f  total fibers 
counted to fibers/mm2 is not the same. 

The initial estimate o f  pooled, intracounter s, may be  based 
on  a limited amount o f  data. However, the “Sample Quality Test” 
given below requires that 10 percent o f  the field samples in each 
set be recounted, s o  the number o f  data pairs availdbk for the 
s, calculation constantly increases. IJsing this data t o  frequently 
recalculate s, for each counter in the laboratory is a valuable 
quality assessment tool in itself. The pooled s, value Obtained 
from Equation 3 should have immediate meaning t o  most analysts 
since it is a relative standard deviation on  the original scale. 

There are only three reasons for not including all o f  these new 
data pairs in a recalculation of the intracounter s,. The first reason 
is that there are s o  many new data pairs (more than one-fifth o f  
all the available data pairs) that the value o f  s, will depend pri- 
marily on that data. I n  that case, a randomly selected subset o f  
the data may be chosen. The second reason applies when there 
are definite reasons for suspecting that the samples actually be- 
long in a new category. In that case, a new category could be  
created. The third reason is that individual values o f  s, differ 
greatly from the others in a category even though the samples 
seem to  fit in that category. An s, that differs greatly from the 
others is sufficient reason t o  exclude it from the pooled data. 
There are formal tests for poolability o f  standard deviations‘ 1 4 )  

(which are approximately applicable for relative standard devia- 
tions), but they will not be  discussed here. 

As additional data pairs from the “Sample Quality Test” become 
avdilabk, that data can be used either to increase the amount o f  
data in each sampk category or  to  create more sample categories. 
Several decisions need t o  be made. A first consideration is that, 
since data generated by a counter in the past may not represent 
the current capability o f  that counter, a balance should be struck 
between eliminating older data and having enough data t o  de- 
termine s, accurately. When there are 100 data pairs for a sample 
category, they should be assigned to  smaller ranges (5  t o  15, 15.5 
t o  25 fibers counted, etc.). The top range should be  80 t o  100 
fibers, even if the 100 fibers are counted in less than 100 fields, 
since the s, values throughout this range are approximately equal. 
And when the number o f  ranges for a given sample type exceeds 
5, it is advisable t o  establish a curve of s, as a function of sample 
loading and t o  estimate s, values from this curve. 

Sample Quality Test 

dl samples and the procedures used t o  collect, transport, store, 
mount, and analyze them should be examined often to detect 
any problems. If there is reason to suspect a problem for any 
sample, the data for that sample should not be reported or  used 

in any further calculations. Otherwise, sample data should only 
be rejected if they fail the test given here. 

The intracounter s, is needed to test the quality of the results 
obtained for a sample set. Also needed are data pairs for some 
of the samples in the set. NIOSH Method 7400 states that 10 
percent o f  the samples in every set should be  randomly selected 
for recounting. The Q A  Coordinator, o r  someone designated by 
the coordinator, should select and relabel the samples. The sam- 
ples may then be  combined with other relabeled samples, eg . ,  
those from other counters for determining intrakdboratory s,, and 
given t o  the counter (or  counters) for recounting. The data for 
each o f  the samples that have been counted twice by the same 
counter are then tested as follows: 

If Iy, -y2( > 2.8 y . s, (pooled, sq root scale), 
reject sample 

where: 
y1 = Voriginal count 
y, = V a  

- Y l  + Y2 

2 

This test differs from that given in earlier versions o f  NIOSH 
Method 7400 primarily in that the data are converted to the square 
root scale first. Kevision 3 of NIOSH Method 7400 gives the test 
in the form given here. The derivation of Equation 5 is explained 
in “Kemarks on  Equation 5” in the appendix, and alternative tests 
are also described in the appendix. Table I1 gives two examples 
o f  how to evaluate data pairs using the values o f  s, from Table 
I. Since the test is done on the square root scale, the intracounter 
s, [pooled, square root scale] from Equation 4 is used. 

The justification for converting t o  the square root scale is given 
in the “Distribution o f  Fiber Count Data” section of the Appendix. 
The conclusion given there is that Equation 5,  which assumes 
normality, will be  more appropriate on  the square root scale for 
most loadings. If the data are left on the original scale, as in 
Kevisions 1 and 2 o f  NIOSH Method 7400, the test results will 
only be different when the samples are lightly loaded and the 
counts differ widely. Even if the data are better described as 
lognormally distributed, as long as the intracounter KSD is less 
than 0.3, there is little difference in the power o f  the test in 
Equation 5 and an analogous test based on  log-normality as de- 
scribed under “Test on  the Log Scale” in the Appendix. 

TABLE II. Evaluating Recounts Using lntracounter s, 

Low Range 

Square Root of First Count: (10 fibers = 13 f/mm2) 
Square Root of Second Count (29 fibers = 37 f/rnrn2) 
Average (y) 
Difference: 
Historical s, (low range): 

Difference < 3.24: 
2.8 . y . S, 

3.57 
6.08 
4.82 
2.51 
0.24 
3.24 

accept 

High Range 

Square Root of First Count: (65 fibers = 83 f/mm2) 

Average (5): 8.38 

Historical s, (low range): 0.10 

9.10 
Square Root of Second Count (46 fibers = 59 f/mm2) 7.65 

Difference: 1.44 

2.8 . y . s, 2.35 
Difference < 2.35: accept 
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TABLE 111. Determining the Need for 100% Recounts 

Number of Rejected Samples 
(Equation 5) that Indicate 
Need for 100% Recount 

Number of Samples 
in 10% Recount 

2- 7 2 2  
8-16 2 3  

17-28 2 4  
29-40 2 5  

If 15 samples are recounted. there is an 80% chance of deciding that the RSD 
for the set is greater than the established (historical) intracounter RSD. when the 
true set RSD is 75% greater than the established intracounter RSD. 

The factor 2.8 in Equation 5 provides an upper limit for 
bl - y21 that will be exceeded not more than 5 percent of the 
time when the actual RSD for the sample set equals the counter’s 
established KSD. When that limit is exceeded, the sample is re- 
jected. About 5 percent of the samples recounted will be rejected 
even when all the samples are of  good quality. However, when 
too many of the recounted samples are rejected by Equation 5, 
then the RSD for this sample set may be higher than the estab- 
lished intracounter RSD. That conclusion can be drawn when the 
number of  rejected samples match that listed in Table 111. This 
test, based on all the count-recount data pairs that have been 
determined for a sample set, is an extension o f  the test in NIOSH 
Method 7400, which is performed for each recounted sample. 

It should be noted that this test does not have high power to 
detect differences between the sample set RSD and the estab- 
lished intracounter RSD when the number of recounted samples 
is small. For example, even if as many as 15 samples are recounted 
from a sample set that has an actual RSD that is 75 percent greater 
than the established intracounter RSD, there is only an 80 percent 
chance that this test will detect a difference. The chance o f  de- 
tecting a difference drops for fewer recounts, becoming 40 per- 
cent when five samples in a set are recounted. Although the 
Appendix gives some alternatives to Equation 5, the alternative 
tests have similar power. Equation 5 is simple to apply, once the 
recounts have been performed, and it will confirm that there is 
a problem with the worst data. 

When a sample set has high variability as indicated by Equation 
5 and Table 111, there are several courses of action, which depend 
primarily on how the data are to be used. In some cases, it is 
desirable to identify and eliminate the source of variation. If the 
microscope is functioning properly and the counter has not 
changed procedures, then it may be necessary to obtain new 
samples. The samples may have been collected under unusual 
circumstances, for example, with a highly charged cassette, or 
they may have a matrix that is very difficult to  count, o r  they may 
have been improperly mounted. In other cases, it may be suffi- 
cient to report that the variability was high. Often, it is advisable 
to recount all the samples and perform the ”sample quality test” 
for each. When a data pair is rejected by Equation 5, both numbers 
should be reported with the note that the data are more variable 
than normal for that kind of sample. The reason for reporting 
the data is that the data may still be useful for decision making. 
For example, when the count and recount differ greatly but both 
are below the exposure limit, a decision may still be made using 
these data. 

lntralaboratory Bias and RSD 

A laboratory is defined here as a number of  analysts grouped 
together for quality assurance purposes. In a laboratory with only 
one counter, intralaboratory bias and intrakaboratory s, are the 
same as intracounter bias and intracounter s,, so the following 

discussion assumes that the laboratory has two or more counters. 
Intrdkdboratory bias can be detected by having all the counters 

in the laboratory count the same reference samples. As men- 
tioned, these reference samples can be already mounted and 
counted samples from the laboratory’s sample stream. If the av- 
erage result obtained by one counter for the samples in one or 
more categories is somewhat higher o r  lower than the average 
for the other counters, then there may be bias. Instead of deter- 
mining if the difference is significant, it may be just as simple, 
and much more informative, t o  investigate the possible causes. 
There may be one counter who is doing something obviously 
different, such as using a different graticule or misadjusting the 
microscope. At other times, the problem will be more subtle, 
and it may be necessary t o  statistically design an experiment to 
determine the cause. 

Intrakaboratory s, must be calculated based on reference sam- 
ples that have been counted by all the counters in the ldbOratory. 
The calculation is the same as for intracounter s, except that the 
formula for standard deviation given in Equation 1 cannot be 
used when there are more than two counters. For three or more 
counters, use the standard formula: 

s = p i: (x,--x)* 
n-1  , - I  

Then s, for each sample is calculated as in Equation 2 and pooled 
as in Equation 3. 

The expected level o f  performance by a competent laboratory 
may depend on the types o f  samples. For occupational samples 
in the range 100-1300 fibers/nim2, intrakaboratory s, values of 
0.17-0.22 have been achieved by laboratories with good quality 
assurance programs.(I2.l5) If all the samples evaluated by a lab- 
oratory are from low concentration levels, then the s, estimate 
may be larger simply due t o  the higher intrinsic (relative) vari- 
ability o f  the samples. 

The IntralabOratOry s, is used t o  track the differences between 
the counters in the laboratory. If intrdkibOrdtOry s, changes sig- 
nificantly, the cause should be investigated. Although increases 
in intrdlabOrdtOry s, are of most concern, the reasons for de- 
creases are also o f  interest. Increased intrdkibOrdtOry s, may in- 
dicate the presence o f  bias. 

lnterlaboratory Bias and RSD 

Most analytical methods, including those in the NIOSH Manual 
of Analytical do not address differences between 
kaboratories. Such differences are considered t o  be interlabo- 
ratory biases, and it is assumed that they are negligible because 
of the ready availability and widespread use o f  highly accurate 
calibration standards and reference materials. Such is not the 
case for fiber counting. As mentioned in “Variability and Bias” 
above, calibration standards for fiber counting are not readily 
available, and the results for fiber counting as performed by 
human counters are not easily adjusted. 

In theory, it should be possible to eliminate fiber count dif- 
ferences among laboratories. In practice, these differences are 
difficult t o  eliminate and the reasons for them difficult to  identify. 
Ideally, a reference sample counted by the OSHA laboratory in 
Salt Lake City, Utah, would be available since that laboratory 
determines regulatory compliance. In practice, one way a labo- 
ratory can approach this ideal is by participating in the PAT pro- 
gram; the OSHA laboratory consistently reports PAT asbestos re- 
sults close t o  the reference value. However, PAT samples are 
laboratory-generated, are not identical, and are not, therefore, 
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ideal reference samples. 
Another way t o  approach this ideal would be t o  exchange slides 

containing mounted field samples among labOrdtOrieS. This is 
less than ideal because the OSHA labOrdtOry cannot participate 
in each o f  these round robins, and it is logistically difficult for 
more than six laboratories t o  participate in such a round robin. 
Nevertheless, OSHA now requires laboratories counting fibers 
for compliance purposes t o  exchange samples from their work- 
load with other laboratories and t o  analyze and post the re- 
sults.' 1 6 )  Each laboratory is required t o  exchange samples at least 
twice a year with at least two other labOrdtOrieS. 

A quality assurance program for fiber counting should use both 
types o f  reference sample: mounted samples exchanged with 
other laboratories and the audit samples set quarterly t o  partic- 
ipants in either the AAK or the PAT program. These samples 
provide a means o f  detecting biases. In the case o f  the PAT pro- 
gram, a laboratory can compare its result with the average result 
of the reference laboratories, a group o f  approximately 80 highly 
qualified laboratories. N o t e  that the analysis o f  PAT or  AAR sam- 
ples does not till the OSHA requirement t o  exchange field sam- 
ples with other laboratories. 

Although these procedures bring laboratories into closer 
agreement, differences can persist, and NIOSH Method 7400 re- 
fers t o  these differences as interlaboratory s,. These differences 
may be considered as residual biases by some, but the differences 
may not be constant, and finding an assignable cause is difficult. 
This is not meant t o  imply that these differences should be ac- 
cepted; the purpose o f  the interlabOrdtOry s, is t o  quantify dif- 
ferences and t o  make them known by using them t o  assign con- 
fidence limits t o  reported fiber counts. 

The determination o f  interhbOrdtory s, is based on recounts 
done by persons in different laboratories. To obtain sufficient 
data t o  calculate interlaboratory s,, a group o f  laboratories will 
want to  exchange samples at ;I greater rate than that required by 
OSHA. A simple plan calls for approximately 20 samples t o  be 
counted in each laboratory in the group. The samples will already 
have been mounted and counted in one o f  the labOrdtOrieS. Each 
laboratory can contribute equally t o  the number o f  samples, say 
five from each o f  four laboratories. The samples contributed 
should be representative o f  the laboratory's workload as Far as 
loading and other characteristics. h s  the already-mounted sam- 
ples arrive in a khoratory, each is counted by a different (ran- 
domly chosen) counter for that laboratory. The samples are then 
sent to the next laboratory and the count data sent t o  the coor- 
dinating laboratory. 

The calculation o f  interlaboratory s, is performed by the co- 
ordinating laboratory as follows. For each sample, the results of  
the participating ldbOrdtOrieS should be averaged, and a standard 
deviation (Equation 6 )  and s, (Equation 2 )  calculated. N o t e  that, 
to be consistent with NIOSH Method 7400, the calculations are 
done in total fibers, not fibers/mm2. Before pooling these inter- 
laboratory s, (total) values, the Poisson component o f  variability 
is removed to  obtain the subjective interlabOrdtOry component, 
s,,,, as follows: 

sr,s = d s ~  (total) - s? (Poisson) 

= VsF (total) - (lkount) 

where: 

count = the average of the counts reported by the labora- 
tories for the sample. 

These sr,, values are then pooled in the same way as was done 

for intracounter s, in Table I, but the result does not need to be 
converted t o  the square root scale. Note that the removal of the 
Poisson component in Equation 7 means that the samples used 
for determining interlaboratory s, need not be put into categories 
based on fiber loading. Some groups of laboratories may wish 
to put especially difficult samples, e.g., asbestos cement dust, into 
a separate category and calculate an interlaboratory s,,~ just for 
use with that kind of sample. 

The simple plan just given for arriving at interlaboratory s,,~ 
should serve the needs of  most groups. There may be questions 
about how t o  pick samples, how to assign counters, o r  whether 
the data from samples mounted in different laboratories are pool- 
able. If these are a concern, the advice of a statistician should be 
sought before data are collected or  analyzed. Note that it is worth- 
while to reduce differences among laboratories(17) since data that 
are biased will increase the interlaboratory s, ,~ and negate the 
advantage of determining it. If a laboratory is not required to 
exchange samples under the OSHA rule, or if not enough data 
have been collected since forming the laboratory group, or if 
there appear t o  be unresolved problems with the data collected, 
the conservatively high estimate o f  variability given in NIOSH 
Method 7400 can be used, as discussed below. 

For most purposes, the interlaboratory s,,,, not the intracounter 
or  intralaboratory s,, is used to calculate confidence limit5 on 
reported data. Intracounter s, may be used for special studies 
where the purpose is to measure relatively small differences in 
fiber counts and for which all analyses are performed by one 
counter. Similarly, when counts for a study are all produced by 
one laboratory, but not necessarily one counter, it is appropriate 
t o  use the intralaboratory s,. When comparisons are being made 
between laboratories or  when results are to be compared to the 
PEL or other criterion (REL, TLP) ,  the interlaboratory s,,~ should 
be used. In general, when comparing a fiber count to the OSHA 
PEL, one needs to be confident that a fiber count made by any 
other laboratory, including the OSHA laboratory, will produce a 
similar result. The following discussion uses interlaboratory sr,, 
t o  estimate confidence limits. 

When the interlaboratory s,,~ ha5 been established in a sample 
exchange program, it is appropriate to use it to calculate confi- 
dence limits for each sample instead of using the graph in NIOSH 
Method 7400. The following formulae recombine the Poisson 
component of variability with s,,~ to give the 90 percent confi- 
dence limits: 

2x + 2.25 + d(2 .25  + 2 ~ ) ~  - 4 (1 -2.25~:~) X' 

2( 1 - 2 . 2 5 ~ 3  
UCL = 

2 X  + 4 - d ( 4  + 2 ~ ) '  - 4(1 - 4~ :~ )  X' 
LCL = 

2(1 -4s:s) 
(9) 

where: 
s ~ , ~  = subjective interlaboratory s, 

x = total fibers counted on sample 
UCL = upper confidence limit 
LCL = lower confidence limit 

These formulae were derived from the work of Ogden(*2) by 
extrapolating to higher sr,, and to different values of x. The IJCL 
formula is not valid for values of s , ,~  greater than 0.67, and the 
LCL formula is not valid for values of s , ,~  greater than 0.5. The 
confidence limits calculated for a fiber count provide a range of 
values within which the mean count of a group of competent 
laboratories is expected to fall 90 percent of the time. 
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These confidence limits are in units of total fibers to be con- 
sistent with NIOSH Method 7400. Any conversions to concentra- 
tion units are performed on the confidence limits in the same 
way as would be done for x, the original fiber count. As an 
example, if the interlaboratory s ~ , ~  is 0.25 and 24 fibers have been 
counted on a sample, the above equations give 13.8 fibers and 
42.8 fibers as the confidence limits. If these fibers were counted 
in 100 fields of 0.00785 mm2 on a 25-mm filter and the air volume 
of the sample was 500 liters, then the confidence limits on the 
air concentration are 0.014 and 0.042 fiberdcc. Since the primary 
use of a fiber count is to compare with an exposure limit such 
as the OSHA PEL, the upper confidence limit is of most interest. 
For this example, the upper confidence limit on the air concen- 
tration is 0.042 fiberskc. 

NIOSH Method 7400 gives an example calculation of confi- 
dence limits when 24 fibers, the same as in the example just 
given, have been counted. Based on the graph in the method, 
the resulting confidence limits are 0.01 1 and 0.077 fiberskc. We 
can no longer be confident that the fiber concentration, nomi- 
nally 0.024 fiberskc, is less than 0.05, 0.06, or even 0.07 fibers/ 
cc. The confidence band is wider because the graph is based on 
an s,,~ of 0.45.(’J5) The graph was produced by substituting 0.45 
for s,,~ and substituting various values for x in Equations 8 and 
9, then plotting UCL and LCL as a percentage of the substituted 
x. The graph, or  the conservatively high estimate of s,,~ (0.45), 
can be used when the data for calculating interlaboratory s ~ , ~  are 
not available. When using the graph in NIOSH Method 7400, note 
that it gives the percent differences to be added to and subtracted 
from the original fiber count. These percent differences are rel- 
atively constant ( + 213% and - 49%) for fiber counts above 30 
because the Poisson component of variability becomes less im- 
portant. Thus, the confidence limits for 50 fibers counted are 25 
and 157 fibers. 

A group of laboratories exchanging samples may achieve an 
interlaboratory less than the estimate given in NIOSH Method 
7400. It is then reasonable for each laboratory in the group to 
use confidence limits based on that s,,~ when reporting their 
sample results. The lower s,,~ indicates that these laboratories 
have successfully lowered their variability. The laboratories with 
smaller values can report results with tighter confidence limits, 
thereby increasing the number of definitive results (those defi- 
nitely above or  below a given level). It is possible that all the 
laboratories in a given exchange group, especially a small group, 
agree well with each other, but that they are all biased. However, 
participation of laboratories and counters in audit programs such 
as the PAT program and the AAR reduces the likelihood of that. 

IJsually, intracounter s, is about one-half of the interlaboratory 
s,.(l5) If the intracounter s, for a given set of samples is a little 
higher than the historically established s,, the effect on interlab- 
oratory s, and sample confidence limits is negligible, particularly 
if the graph in NIOSH Method 7400 is being used. However, if 
many of the samples in a set fail the criterion in Equation 5,  the 
confidence limits given by Equations 8 and 9 are not applicable. 

Samples are taken from an environment in order to provide 
an estimate of the airborne concentration in that environment. 
The above discussion has treated the analytical variability of in- 
dividual samples at length. Since the environmental variability 
can often overshadow the analytical variability, strategies have 
been developed by others to improve the estimates of environ- 
mental concentrations.‘lH) One important strategy is to take mul- 
tiple samples. If K samples are taken, the relative standard de- 
viation due to environmental variability is reduced by the factor 
l.\/iT. Multiple samples taken from the same environment and 

analyzed by a laboratory can also reduce the intralaboratory s, 
by the same 1/& factor. However, the largest component of the 
analytical Variability is the between laboratory variability, which 
is not reduced by the use of multiple samples. Therefore, multiple 
samples are useful for improving the estimate of airborne con- 
centration from an environment but are not generally useful for 
reducing the analytical variability. This emphasizes that reducing 
the interlaboratory s, through sample exchanges is of primary 
importance in improving the confidence limits that a laboratory 
can report for any given sample. 

Conclusions and Recommendations 
Each laboratory should have a Quality Assurance Coordinator 
responsible for assessing the quality of fiber count data. The 
coordinator will include blind reference samples into the labo- 
ratory’s sample stream, obtain the recount data, and use it to 
calculate intracounter s, and intralaboratory s,. Interlaboratory s, 
can also be calculated based on sample exchanges with other 
laboratories. There are several ways t o  determine these com- 
ponents of  variance, but the simple calculations discussed in this 
article and outlined in the current version o f  NIOSH Method 
7400 will suffice for most labOrdtOrieS. 

To summarize: 
Calculate a Student’s t-statistic for (recount-count) differ- 
ences in the sample set in order t o  detect statistically signif- 
icant bias. If bias exists, determine its cause and correct it. 
Calculate an intracounter s, (Equations 1-4, Table I) for each 
counter and each sample category ( i t . ,  loading range, type 
o f  interference, etc.) based on recounts by the same counter 
o n  recently counted sample slides. Plot s, as a function of 
loading if enough data are available. Recounting older sam- 
ples provides a method o f  detecting drift in a counter’s 
performance. 
Apply the “Sample Quality Test” (Equation 5,  Table 11) t o  
data pairs obtained by recounting 10 percent o f  the samples 
in each set. The recount is performed by the same counter 
o n  slides counted within the last day. If the number o f  sam- 
ples “rejected” exceeds the number in Table 111, reject the 
sample set o r  recount all the samples and apply the test to 
each sample individually. - Calculate intralaboratory s, based o n  recounts by all counters. 
Check for changes in s, and for biases between counters. - Calculate interlaboratory s,,~ based o n  recounts o f  mounted 
field samples already counted in two o r  more other labo- 
ratories (Equation 7) .  H e  alert t o  bias and, if detected, correct 
it and recalculate interlaboratory s,,~. If recount data are not 
yet available, an s ~ , ~  o f  0.45 is assumed. 
IJse the interlaboratory s, ,~  and the total number o f  fibers 
counted o n  a sample t o  calculate confidence limits (Equa- 
tions 8 and 9) for that fiber count. If the s, ,~  o f  0.45 has been 
assumed, use the graph in NIOSH Method 7400. Report these 
confidence limits with the fiber count. 

Intracounter s, for properly loaded samples that have low back- 
ground can theoretically approximate a value as low as 0.1. An 
intralaboratory s, o f  0.17 - 0.22 has been achieved by competent 
laboratories. NIOSI i Method 7400 gives a conservatively high 
estimate o f  0.45 for the subjective component o f  interlabora- 
tory s,. 

Appendix 
In this appendix, some topics mentioned in the main text are 
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further explained. The topics are: how to test for bias; background 
on Equation 5 (the “Sample Quality Test”); the distribution of 
fiber count data and justification for the square root transform; 
and mention of several alternatives to the use of intracounter s, 
and Equation 5 for testing data. 

Bias 

The Student’s t distribution can be used to test for bias in count 
data. Specifically, we are interested in seeing if the true average 
difference (recount-count) is equal to zero. If there are k data 
pairs, the first step is to compute the k differences: 

d = * - f i  

where: 
x p  = the recount 
x1 = the original count 

The reason for using the square root is discussed in the “Dis- 
tribution of Fiber Count Data” section below. The next step is 
to calculate 

where: 
d = the average of the differences 
sd = the estimated standard deviation of the differences 

The value obtained for the t statistic should be compared with 
the value that is located in the row and column of a Student’s t 
table corresponding to k -  1 degrees of freedom and the 0.05 
significance level (for the typical two-tailed table). If the value 
obtained in Equation 10 is greater than the table value, then bias 
can be assumed to be responsible. 

- 

Remarks on Equation 5 

For a normal random sample of size n, the probability density 
function has been given for s/X,(I9) where s denotes the sample 
standard deviation and X is the sample mean. Although the func- 
tion was based on a sample standard deviation defined as: 

s = J‘ i: (X1-X)2  
n 1 = 1  

it is easy to modify the result for s defined as: 

1 ”  

I .’ 
- c (xi-x)2 
n-1 i = l  

s = J  

If Prob (X < 0) is very small, the noncentral t distribution 
describes the distribution of 6 . 9 s .  To arrive at Equation 5 
in the text, the 95 percent upper confidence limit on the sample 
s, was determined as a multiple of the true s, v a l ~ e . ( ~ ~ ~ * ~ )  This 
multiplier depends somewhat on the value of the true s,. How- 
ever, for s, < 0.3 on the original scale, the multiplier is less than 
or equal to 2.8, the value used in Equation 5. That is: 

5 0.95 
s, (pooled, sqrt scale) 

< 

Distribution of Fiber Count Data 

Equation 5 assumes that, for fibers/mm2 data, 6-6 data 
are approximately normally distributed and have an RSD cor- 

responding to that computed for the category in which the av- 
erage for the two fiber counts falls. The facts associated with 
Poisson deposition of the fibers and Poisson distribution of the 
actual counted fibers are as follows: 1)if the actual count is at 
least 15 fibers in 100 fields, the counts are approximately normal 
on both the original and square root scales and 2) the absolute 
standard deviation of the counts is approximately constant on 
the square root scale. Thus, even if the counts themselves (which 
reflect both deposition of fibers on the filter and the counting 
process) are Poisson distributed, square root transformation of 
those counts does not assure constant RSD. Also, the data used 
in the test are in fibers/mm2, and these do not, in general, follow 
a Poisson distribution, even if the deposition itself is Poisson. 
Furthermore, even if the deposition is Poisson, the fact that a 
particular person counts fibers and uses a particular microscope, 
introduces variability beyond that expected from the Poisson. 
These concerns are discussed next: first with regard to normality, 
then with regard to constant RSD. 

The first issue is normality. Assuming Poisson deposition of 
fibers and Poisson counts of these fibers, what is the degree of 
non-normality of the fibers/mm2 data on the original, square root, 
and log scales? Application of the stopping rule to samples with 
different loadings results in variable numbers of  fields being 
counted as well as variable numbers of fibers being counted. 
When loadings are low, a variable number of fibers in a constant 
area of the filter (100 fields) is counted. Likewise, when loadings 
are high, a variable number of fibers in a constant area of the 
filter (20 fields) is counted. When loadings are intermediate, 
approximately 100 fibers are counted in a variable area (20-100 
fields) of the filter. A fiber density of SO.8 fiberdfield corre- 
sponds to low loading since the probability is high that fewer 
than 100 fibers will be counted in 100 fields. A fiber density of 
> 8 fibers/field corresponds to high loading since > 100 fibers 
will have been counted in 20 fields or less. Fiber densities in the 
range of 0.8 to 8 fibers/field can be taken as the intermediate 
range. 

Thus, in the cases of low and high loadings as just defined, 
the area of the filter examined is constant, and all the variability 
is in the number of fibers counted. Since the fibers counted on 
the filter are asumed to be Poisson, the fiber/mm2 measurement 
is also from a Poisson distribution whose mean is 1OO.p (20.p 
for high loadings), where p is the true mean count for one field. 
For sufficiently high Poisson counts (a count of at least 15 fibers 
in 100 fields), as stated above, the square roots and the original 
counts are approximately normally distributed, as are the fiber/ 
mm2 values for the low and high loadings. The logarithms of 
these counts, computer simulations indicate, are not normally 
distributed for low loadings, but are for high loadings. 

For intermediate loadings, the complication of having variable 
numbers of both fibers and fields counted, makes it difficult to 
make any statement about the correct transformation to normality 
of the fiber/mm2 values based on theory alone. Computer sim- 
ulations suggest that the transformation that is best at producing 
a normal distribution in this loading range depends on the load- 
ing. For 1 fibedfield, the untransformed data are not normally 
distributed, the square root transformed data are marginally nor- 
mal, and the log transformed data are nearly normal. At 2 fibers/ 
field, only the log transformed data can be said to be normally 
distributed. At 4 fiberdfield, the log transformed data are normal, 
and the square root transformed data are normal again, but the 
original data are not normal. 

For the entire range under consideration, provided at least 15 
fibers are counted, the square root and log transformations in- 
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duce a normal distribution of the fiber/mm2 data at most loadings. 
Thus, for statistical tests that assume normality, such as Equation 
5, the result will be accurate on the square root scale for most 
loadings. However, for loadings of about 2 fiberslfield, where 
the log transformation is more nearly normal than the square 
root, a test based on the log transform seems more reasonable 
than one based on the square root. Such a test is also discussed 
below. The above remarks assume that the counted fibers are 
approximately Poisson distributed. The authors have not studied 
the sensitivity to non-normality of the test in Equation 5. 

The second issue, after normality, is that of constant RSD within 
each sample category. For Poisson counts, the square root trans- 
form induces approximately constant variance, whatever the load- 
ing. Thus, if the categories cover a relatively wide range of load- 
ings and most of the variability is Poisson variability due to counts, 
a version of Equation 5 based on absolute standard deviation 
rather than s, might be useful. This approach is mentioned below. 
On the other hand, if the sample categories are relatively narrow 
loading ranges, for counts that have considerable variability in 
excess of Poisson variability, the relative standard deviation will 
be slightly more constant than the absolute standard deviation. 
For moderately excessive variability and narrow bands, the two 
measures are about equally variable. 

Test on the Log Scale 

The preceding section argues that fiber count data are normal 
on the square root scale. However, as mentioned in “Variability 
and Bias,” the distribution has also been described as lognormal 
in the literature. Thus, it is reasonable to compare the test in 
Equation 5, which assumes square root normality, with an anal- 
ogous test based on log normality. A test analogous to Equation 
5, but based on the log scale, is: 

If (In (x,) - In (xp)l  > 2.77 . s,, reject the sample (1 4) 

where: 
s, = the established intracounter s, on the original scale 

Table IV provides a comparison of the power of the tests in 
Equations 5 and 14, assuming an historical s, of 0.30 on the 
original scale. In Table IV, the first column is the ratio of the true 
RSD of the count-recount data pairs being tested to the estab- 
lished intracounter RSD. The table shows that neither the square 
root test of Equation 5 (column 2) nor the log test of Equation 
14 (column 3) has great power, even when the test being used 
matches the distribution of the data. For example, when the true 
RSD of the data pairs being tested is 2.92 times the established 
intracounter RSD of 0.30, the tests have a 43 percent (square 
root) and 56 percent (log) chance of accepting the data. The 
aggregate test using Table 111 has more power. 

The fourth column of Table N shows the probability of ac- 
cepting the data when the square root test is used on lognormally 

TABLE IV. Comparison of Outlier Tests Assuming Square Root 
and Loanormal Distributions 

Probability of Acceptins SamDles 
RSD(be)’ Sq Root Test & Log Test & Sq Root Test & 
RSD(hist) Sq Root Dist. Log Dist. Log Dist. 

1 .o 0.95 0.95 0.95 
1.5 0.80 0.83 0.83 
2.92 0.43 0.56 0.57 
3.74 0.29 0.48 0.51 
4.70 0.11 0.42 0.45 

‘RSD(his1) = 0.3 

distributed data, again assuming an historical RSD o f  0.30 on the 
original scale. The table shows, however, that never is there an 
appreciable difference in power from the test based on the logs 
of the data. We conclude that the square root test can be used 
even when the data are lognormally distributed. However, as 
stated above, there could be instances, for example, when the 
true filter deposition is about 2 fibers/tield, that use of Equation 
14 would be more appropriate. 

Test Based on Absolute Standard Deviation 

A test can be based on the historical standard deviation instead 
of the historically established intracounter s,. The data pairs to 
be used for determining the standard deviation should be grouped 
into categories just as was done to  determine intracounter s,. For 
these calculations, the fibers/mm2 data are convened to their 
square roots (yl and yL) immediately since there is no simple 
way t o  convert the standard deviation t o  the square root scale as 
there is for s,. The calculation of standard deviation for each 
sample is similar t o  Equation 1 (s = 0.707 lyl -y21), and the 
standard deviations are p t ~ ~ l e d  as in Equation 3. As an example, 
the low-range data in Table I yield an s[ptx)led, square root scale] 
of 0.929. The data t o  be tested are also converted t o  the square 
root scale: 

(1 5) 
If (yl -y2( > 2.77 . s (pooled, sqrt scale), 

reject sample 

The factor 2.77 provides an upper limit for (yl -yr(  that will be 
exceeded not more than 5 percent of the time. Factors of 3.64 
and 4.65 correspond to 1 percent and 0.1 percent upper limits.(2’) 
This test is more powerful (will correctly reject more samples) 
than the s, test in Equation 5,(22) but for most cases the power 
difference is relatively small. The test based on Equation 15 is 
appropriate when most o f  the variability o f  the counts is due t o  
the Poisson distribution o f  counts 

Test Based on Pooled Sample Set s, 

Another way to use the data when every sample in a set has been 
recounted is t o  calculate a pooled s, for each sample category 
for comparison t o  the established intracounter s, for that cate- 
gory. If it can be established that the RSD corresponding to the 
pooled s, is no greater than the RSD corresponding to the es- 
tablished intracounter s,, then the results can all be reported. If 
the former KSD is appreciably greater than the established in- 
tracounter s,, it may be necessary to widen the reported confi- 
dence limits for the samples. This test has some difficulties. If 
the samples in the set fall into different loading categories there 
will be more than one pair o f  s, values to compare, and for 
categories with only a few samples, there will be little power to 
detect differences in s,. Also, this test is not as simple or flexible 
as the sample-by-sample test given in Equation 5. 

Test Based on Means 

Tests of sample quality could be based on means rather than 
variability. One such test is a chi-square test that seeks to deter- 
mine if means p, and p2 are equivalent, where pI and p2 are 
the true means as estimated by the count and recount, x1 and 
x2. This test also requires that the intracounter s, be determined. 
If a minimum intracounter RSD (Poisson component only) is 
assumed, the true means of a pair of counts with a true average 
of 20 would have to differ by 11 or more for the test to have 95 
percent power t o  reject the data. For an average of 40 counts, 
the difference of the true means would have to be 13. The dif- 
ferences can be decreased to 8.5 and 10 fibers, respectively, if 
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80 percent power is acceptable. These differences would have 
to be even greater for larger, more realistic, intracounter RSD. 
Thus, as with the tests based solely on variability, this test does 
not have great power to detect differences. 

In fact, this is the same test as that given in Equation 15. In 
using this as a test of means, we are assuming a different alter- 
native, namely, that the true means corresponding to the two 
counts may differ. In using it as a test of variances, we are testing 
whether the absolute variances differ. Since the fields counted 
on a slide are a random selection, it may make more sense to 
view the alternative hypothesis for the test in Equation 15 as 
inequality of variances associated with two random samples from 
the same source. 
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