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Fibrous aerosols are of great importance to industrial hygienists because of the severe health

risks that may be associated with inhaling such particles. Previous studies on measurement

error due to overloading of fibers and nonfibrous particles on the collected sample indicate that

a 100–1300 fiber/mm2 filter area is the best filter loading density to reduce bias in fiber counts.

The present study investigated the upper fiber and particle concentration limits for reliable

counting and identification and the possibility of a procedure for correcting observed fiber

counts to account for fiber masking due to overlapping particles or fibers. A computer-

generated grid was used to simulate the light microscope graticule field. The resolution of 2000

3 2000 was found to accurately represent the shape of the fibers and nonfibrous particles.

Bivariate lognormal distributions were used to describe the length and width distributions of the

fibers. The capability of distinguishing particle-overlapped fibers (defined as the resolution

index), the coverage of the graticule field, the filter surface loading density, size distributions of

fibers and particles, and the fiber-to-particle concentration ratio were the primary parameters in

this study. The counting efficiency was found to consistently decrease with increasing filter

surface loading density and decreasing resolution index. The recommended upper limit of filter

surface fiber density depended not only on the number concentration ratio but also on the filter

surface loading densities and size distributions of fibers and particles. The advantage of using

a thoracic preseparator on counting efficiency was calculated and found to improve counting

efficiency significantly when the count median diameter of nonfibrous particles was close to or

larger than the thoracic 50% cutoff point of 10 mm.
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T
he National Institute for Occupational
Safety and Health (NIOSH) Method
7400(1) is a fiber counting method used
to estimate asbestos exposure in the

workplace and to determine cleanliness after as-
bestos abatement in schools and other build-
ings.(2) Filter collection of the fibers is followed
by phase contrast microscope analysis, in which
fibers are observed and counted on an optically
clear filter. The ability of the analyst to distin-
guish the fibers from the background and other
particles is an important factor in the method’s
accuracy. If nonfibrous background or interfer-
ing material is present to the extent that fibers
are overlapped or covered up, the concentration
of airborne fibers will be underestimated. Cur-
rently, NIOSH Method 7400 addresses this
problem by stating that if more than 50% of the
filter surface area is covered with particles, the

sample is overloaded and should be rejected as
unacceptable for counting. The 50% filter surface
coverage limit was intended as an upper limit and
to a large extent, the decision of when to reject
a sample was left up to the analyst. There is rea-
son to believe that this recommended upper limit
is inadequate for ensuring an accurate counting
of fibers in all cases because factors that may have
influenced the fiber counting efficiency may not
have been taken into account.

Several studies have investigated the effect of
loading on various aspects of fiber counting.
One study calculated the decrease in count due
to fiber-fiber overlap.(3) Another preliminary
study of the effect of loading indicated that the
fiber count can be significantly affected at cov-
erage levels of only 20%.(4) A third study also
indicated that significant undercounting can oc-
cur at relatively high levels of background dust
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TABLE I. Values of Parameters Used in Calculations

CML
(mm)

CMW
(mm)

Fiber
GSD RI CRA

Particle
CMD
(mm)

Particle
GSD

5
8

10

0.125
0.25
1

1.2
2
2.5

0.1
0.5
0.8
0.9

1:10
1:20
1:30

2
5
8

10

1.2
1.5
2
3

ACR: concentration ratio (fiber : particle)

FIGURE 1. Effect of calculation field resolution (number of grid
points per 100 mm) on the error in fiber area for fiber
orientations near several unique angles

concentration.(5) At low background dust concentrations, the op-
posite effect also may occur, namely, that fiber concentration is
overestimated.(6) However, the counting results obtained from
applying the NIOSH Method 7400 ‘‘A’’ and ‘‘B’’ counting rules
to determine fiber density were highly correlated.(7) But essential
information (such as the ratio of fiber number concentration to
particle number concentration, resolution index, surface densi-
ties, and size distributions of fibers and particles) and their im-
pact on the fiber counting efficiency have not been reported in
a systematic and comprehensive manner in these studies.

A survey of analytical laboratories indicated that laboratories
were inconsistent in their application of rejection criteria based on
nonfibrous particle loading.(8) The survey showed that some lab-
oratories used the 50% coverage rule in Method 7400, whereas
others used coverage as low as 20% to reject samples. Some labs
rarely rejected samples for any reason. These survey results indicate
the need for additional guidelines on the rejection of samples due
to overloading. Thus, a computer simulation of the masking effect
on fiber counting efficiency was carried out to examine the effects
caused by various loading and size distribution parameters. Com-
puter simulation was adopted for two reasons: (1) the exposure
to hazardous fibrous particles is avoided, and (2) the ideal fiber
generator capable of producing desired size distributions of fiber
diameter and fiber length is not yet available.

It is likely that the fiber length and width distributions, the
deposited particle density, the resolution of the observation sys-
tem, the concentration ratio of fibrous to nonfibrous particles, and
the counting method all affect the fiber counting efficiency. There-
fore, one of the aims of this study was to estimate the bias intro-
duced by various types of background dust at various dust con-
centrations and fiber concentrations. This information may help
improve on the recommendations provided by NIOSH Method
7400 and deal better with such interferences. The main objectives
of the present study were to establish the upper fiber and particle
concentration limits for reliable counting and identification and to
develop a method for correcting observed fiber counts for fibers
not counted because of overlay or masking by other fibers or non-
fibrous particles. The general approach to simulating fiber masking
followed the technique by Chang et al. used for estimating bac-
terial colony counts affected by colony overlap.(9)

EXPERIMENTAL MATERIALS AND METHODS

Fibrous particles and nonfibrous particles will be referred to as
fibers and particles, respectively. Prior to computer program-

ming, the following assumptions were formed to facilitate com-
puter simulation: (a) the fiber size (length and width) is a bivari-
ate-lognormal distribution; (b) the fiber and particle positions in
the graticule field are random; (c) the nonfibrous particles gen-
erated are spherical; and (d) the fiber shape is a rectangle with an
aspect ratio greater than 5 (B rule of NIOSH method 7400).
Fibers with an aspect ratio less than 5 were treated as nonfibrous
particles. Some of the primary program input parameters were
fiber count median length (CML), fiber count median width
(CMW), geometric standard deviations (GSD) of fiber diameter
and fiber length, resolution index (RI), number concentration ra-
tio (fiber to particle), particle count median diameter (CMD) and
particle GSD. The parameter ranges are shown in Table I.

A program written in Visual Basict 4.0 (Microsoft, Redmond,
Wash.) was used to simulate the fibers and particles on a graticule
field (diameter 100 mm), which also was shown on the computer
monitor to ensure proper execution of the program. The surface

areas of the graticule field, the fibers, and the particles were rep-
resented by regions on a Cartesian coordinate grid system. The
choice of 2000 3 2000 grid resolution was a compromise between
accuracy and computation time, as shown in Figure 1. The dif-
ference between the ‘‘true fiber area’’ and the ‘‘area derived from
the number of coordinate points within the boundaries of the
fiber’’ was affected by the orientation of fiber, especially for the
unique orientations, such as 0, 30, 45, or 908. The fiber orienta-
tion was determined by using a seven-digit random number, so
that the fiber was unlikely to have these unique orientations, which
could have led to greater error. Running the whole list of all com-
binations, as shown in Table I, required 12 days on a Pentium
166 computer.

The difference between the observable area of a fiber under a
phase contrast microscope (length 2 mm, width 0.125 mm) and
the simulated area represented by the coordinate points inside the
same rectangle was shown as a function of the resolution of the
ordinate or abscissa axis (point/100 mm). The smallest diameter,
0.125 mm, was chosen to demonstrate the suitability of using dis-
crete coordinate points to simulate the fiber areas. Figure 1 shows
that the bias was less than 2%, assuming that the orientation of
the fiber was not in any unique direction. Since the orientation
was randomly produced by using a seven-digit fraction, such a
unique orientation was highly unlikely to occur.

The RI is the fraction of a fiber that must be overlapped by
the neighbor compact or fibrous particles before the fiber is count-
ed. The RI was set at levels of 0.1, 0.5, 0.8, or 0.9 to indicate
that the observation system was able to distinguish the fibers only
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FIGURE 2. Image of fibers and particles on a 100-mm graticule
field (fiber number 10, particle number 100, CMD 5 mm). The
coverage is 0.16 and the counting efficiency is 100%. Note that
particles and fibers not inside or touching the graticule area are
not shown.

FIGURE 3. Image of fibers and particles on a 100-mm graticule
field (fiber number 10, particle number 300, CMD 5 mm). The
coverage is 0.42 and the counting efficiency is 60%.

when the overlapped area of a fiber was equal to or less than 10,
50, 80, or 90% of the whole fiber, respectively. The fiber CML
was set at 5, 8, or 10 mm. The CMW was 0.125, 0.25, or 1 mm
from the detection limit of the phase contrast microscope to near
the 50% cutoff size of 4 mm because the aerodynamic diameter of
the fiber was about three times its physical diameter.(10) The size
distribution of fibers was set at GSDs of 1.5, 2.0, or 2.5. Due to
the lack of published information, the simulated fiber-to-particle
number concentration ratios were arbitrarily set at 1:10, 1:20, or
1:30. The CMD of coexisting particles was set at 2, 5, 8, or 10
mm. Unless the particle number concentration was extremely high,
particles smaller than 2 mm were assumed to produce less of a
masking effect on fiber counting because the cross-sectional area
was much smaller. The particle GSD of 1.2 often was regarded by
aerosol scientists as the upper limit for monodispersity.(11) In the
present study GSDs ranging from 1.2 to 3.0 were included to
simulate a wide range of conditions.

The size distribution parameters described above were applied
to a simulated field as follows. The 100-mm diameter graticule
field was placed in the first quadrant of a two-dimensional Car-
tesian coordinate system. The field diameter was divided into 2000
divisions. Therefore, there were 3,141,592 coordinate points rep-
resenting the area of the observation field. Two random numbers
were needed for each particle: one to determine the particle size
and another to determine its location on the target field. For fiber
simulation, four random numbers were needed for each fiber: (1)
fiber length, (2) fiber width, (3) fiber location, and (4) fiber ori-
entation. The coordinate points covered by a specific fiber or par-
ticle were then saved into a file. Once other fibers or particles
overlapped this fiber or particle, the overlapping points were re-
moved from the file. Then the preset resolution criteria were ap-
plied to determine the fiber counting efficiency. In the present
study this process was repeated 20 times for each combination to
increase statistical stability.

To accommodate those particles or fibers with a geometric cen-
ter outside the border of the graticule field (i.e., with part of the
fiber or particle still intruding the graticule field), the size of the
fiber-particle generating field was defined as 1.4 times the diameter
of the fiber counting field. Therefore, the fiber-particle generating
field had a diameter of 140 mm. Assuming that the fiber CML
was 10 mm (longer than the upper range of 8 mm simulated in
the present study) and the GSD was 2, this fiber-particle gener-
ating field was estimated to include 97.5% of the simulated fibers.
Thus, there was less than a 2.5% chance that the very long fibers
located outside this fiber-particle generating field might extend
into the graticule field.

The fibers were chosen to give a bivariate lognormal distribu-
tion:(12)

2 21 A 1 B 2 2tAB
f (l, w) 5 3 exp 2 (1)

22 [ ]2(1 2 t )2pb b Ï(1 2 t )/wW L

where

A 5 (ln w 2 m )/bW W

B 5 (ln l 2 m )/bL L

bLWt 5
b bW L

K M1
b 5 (ln L 2 m )(ln W 2 m )nO Olw i L j W ijN 2 1 i51 j51

mL 5 mean of fiber length, mW 5 mean of fiber width, bW
2 5

variation of fiber width, bL
2 5 variation of fiber length, t 5 cor-

relation coefficient of fiber length and fiber width, N 5 total fiber
number, and nij5 number of fibers with length (Li) and width
(Wj). The correlation coefficient, t, between the fiber length and
fiber width was set at 0.48, as analyzed and reported in a study
characterizing the size distribution of asbestos fiber aerosols.(12)

RESULTS AND DISCUSSION

To obtain a single case of masking, nine variables were specified.
For example, in Figure 2 there were 100 particles (CMD 5 5

mm and GSD 5 1.5) and 10 fibers (CML 5 8 mm, CMW 5 0.25
mm, GSD 5 1.5, and t 5 0.48) generated within the fiber-particle
generating field and counted within the graticule field with the
preset RI of 0.5. For demonstration purposes, all the fibers in
Figures 2–5 were shown whether they were on top or below the
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FIGURE 4. Image of fibers and particles on a 100-mm graticule
field (fiber number 10, particle number 100, CMD 8 mm). The
coverage is 0.36 and the counting efficiency is 90%.

FIGURE 6. Estimation of resolution index of regression curve
by Cherrie et al.(6) assuming that the fiber-to-particle number
concentration ratio is 1:30

FIGURE 5. Image of fibers and particles on a 100-mm graticule
field (fiber number 10, particle number 300, CMD 8 mm). The
coverage is 0.68 and the counting efficiency is 70%.

particles. If a fiber was on top of the particles, it would be count-
ed. These 100 particles and 10 fibers produced a coverage of 16%
and a fiber counting efficiency of 100%. The variation in particle
size was apparent because the GSD of 1.5 was greater than the
limit for monodispersity (i.e., GSD 5 1.2).

As the particle number increased from 100 (Figure 2) to 300
(Figure 3) and the rest of the parameters remained unchanged,
the coverage increased from 0.16 to 0.42 and the counting effi-
ciency decreased from 100 to 60%. Figure 3 explicitly showed that
the higher number of particles caused the coverage to increase and
resulted in a decreased counting efficiency. Notice that the fiber
counting efficiency may not appear to be as high as 60% at first
glance in Figure 3. This is because some of the fibers may sit on
top of larger particle(s) because fibers and particles were generated
in a random order. All fibers were shown to verify the total fiber
number.

If the particle size was increased from 5 to 8 mm, as shown in
Figure 4, 100 particles (CMD 5 8mm) contributed to as much

coverage as 300 smaller particles (CMD 5 5mm), indicating that
particle size was an important factor affecting the fiber counting
efficiency. In the case of Figure 4 the counting efficiency dropped
from 100% (of Figure 2) to 90%, with a coverage of 0.36. The
fiber counting efficiency obtained by the simulation decreased
with increasing coverage.

The heavy loading of a filter sample is demonstrated in Figure
5, in which the number of 8 mm particles increased from 100
(Figure 4) to 300. The coverage was 0.68, and the fiber counting
efficiency dropped to 70%. This severe overlapping problem could
be significantly alleviated if a preseparator such as a thoracic sam-
pling device was used to remove particles larger than 10 mm aero-
dynamic diameter. The advantage of using a size-selective device
is discussed in detail later in this article.

In previous studies(5,6) fiber densities lower than 1000 fibers/
mm2 (equivalent to about 7.8 counts/field) were recommended
to avoid bias due to the superposition of fibers either on other
fibers or on particles. To evaluate the extent of underestimation
as a function of fiber surface density, the published data points(6)

having surface density higher than 1 count/field were estimated
and replotted to show the exponential decay, the best-fit bold solid
line shown in Figure 6. Because of the lack of information on
number concentration ratio of fiber to particle, the fiber-to-par-
ticle number concentration ratio was arbitrarily set at 1:30 to ob-
tain an RI of approximately 0.5 during fiber counting by phase
contrast microscopy. Notice that the counting efficiency curves
derived from the computer simulation have the same general shape
as the actual data. Figure 6 also shows that fiber counting effi-
ciency was strongly dependent on the RI of the observing system,
including the acuity of the counter. For the high RI of 0.9, the
counting efficiency was never lower than 85%, even at the ex-
tremely high fiber density of 100 count/field and high fiber-to-
particle concentration ratio. In contrast, the counting efficiency
dropped from 85 to 20% when the RI decreased from 0.9 to 0.1.
It is worth mentioning that the particle overlap may not be the



AIHAJ (62) May/June 2001 285

T
H

EO
R

ETIC
A

L
&

E
XPER

IM
EN

TA
L

S
TU

D
IES

FIGURE 7. Effect of particle diameter on fiber counting
efficiency

FIGURE 8. Effect of particle GSD diameter on fiber counting
efficiency

only factor influencing the actual counting efficiency, so compar-
ison with actual data is needed.

Because the fiber number concentration was relatively low
when compared with the particle number concentration coexisting
in the atmospheric environment, the change in fiber length and
width did not significantly alter the coverage of the microscopic
field. Therefore, fiber counting efficiency remained approximately
the same. For the same reason, the effect of fiber GSD on fiber
counting efficiency also was negligible. In contrast, the size dis-
tribution of the nonfibrous particles (i.e., CMD and GSD) had a
significant effect on fiber counting efficiency.

The effect of particle size on fiber counting efficiency is clearly
demonstrated in Figure 7. The fiber CMW was set at 0.25 mm,
fiber CML at 8 mm, fiber GSD at 1.5, RI at 0.5, t at 0.48, particle
GSD at 1.5, and fiber-to-particle concentration ratio at 1:30. The
solid lines are the best-fit curves (with exponential terms) pre-
senting the fiber counting efficiency and the coverage as a function
of fiber surface density. As the fiber surface density increased, the
coverage of the graticule field increased and the fiber counting
efficiency exponentially decreased, as expected. Large particles
tended to cover more of the graticule field given that the particle

number concentration and GSD remained the same and, there-
fore, caused the counting efficiency to drop more dramatically. For
example, for the fiber density of 10 count/field, the coverages for
2, 5, 8, and 10 mm CMD particles were 0.14, 0.65, 0.91, and
0.98, respectively. The corresponding fiber counting efficiencies
were 95, 71, 39, and 20%, respectively. The plots of counting
efficiency curve happened to mirror the plots of the coverage
curve, as shown in Figure 7.

The effect of particle GSD on fiber counting efficiency and
graticule field coverage was similar to that of particle size. Figure
8 shows that particles with higher GSDs tended to result in higher
field coverage, and thus lower fiber counting efficiency. This mir-
rored plot of counting efficiency curve versus coverage curve in-
dicates that as the GSD increases more large particles may cover
more of the graticule field, and, thus, the likelihood of fibers to
be counted may be reduced.

Based on the results of the studies by Iles and Johnston(5) and
Cherrie et al.,(5) the NIOSH Method 7400 recommends that the
upper fiber count limit not exceed 1300 count/mm2, which is
equivalent to about 10 counts/field. However, the fiber-to-par-
ticle number concentration ratio and the size distribution of the
particles were not considered in these studies. The widely scattered



286 AIHAJ (62) May/June 2001

TH
EO

R
ET

IC
A

L
&

EX
PE

R
IM

EN
TA

L
ST

U
D

IE
S

FIGURE 9. Effect of fiber-to-particle number concentration ratio
on fiber counting efficiency

FIGURE 10. The improvement in fiber counting efficiency
(upper plot) and the decrease in coverage (lower plot) due to
the use of a thoracic sampler

data points shown in Figure 6 were probably due to the lack of
control in the fiber-to-particle number concentration ratio and the
size distribution of the particles, in addition to the variability of
the counting method. Intuitively, more particles would result in
higher field coverage and, therefore, lower fiber counting efficien-
cy, as shown in Figure 9. Again, the counting efficiency curve was
a mirror of the coverage plot. The fiber-to-particle ratio could vary
solely depending on the nature of the raw materials used or added
during the manufacturing process (e.g., brake lining or asbestos
cement). A pilot survey of a brake lining manufacturing plant
(where chrysotile was used as the major ingredient) showed that
the fiber-to-particle ratio was approximately 1:30 in the raw ma-
terial blending area.

The purpose of air sampling and measurement is to obtain a
representative sample that can be used to evaluate the health haz-
ard of airborne particles in the workplace. To do so, comprehen-
sive definitions of size-selective sampling have been defined be-
cause particles of different aerodynamic diameter are likely to
deposit in different parts of the human respiratory tract.(13,14) As-
bestos fibers affect mainly the lungs, so the thoracic fraction ap-
pears most appropriate for sampling these fibers. However, in the
contemporary practice of fiber sampling and measurement, there

is no device designed specifically to meet the thoracic size-selective
criterion for fibers. The application of the thoracic sampling def-
inition to fiber measurement was proposed in a previous study,
which indicated that the current practice in many countries of
counting only fibers having a diameter smaller than 3 mm diam-
eter(15–17) closely simulates the thoracic sampling definition.(18) In
the computer simulation the fibers and particles were classified
using a thoracic penetration curve before placement on the grat-
icule area. After removing the fibrous and nonfibrous particles
larger than the 50% cutoff size of 10 mm the fiber counting effi-
ciency could be significantly enhanced and field coverage reduced
correspondingly, as shown in Figure 10. The fiber diameter was
0.25 mm with a fiber length of 8 mm and a GSDf of 1.5, and fiber-
to-particle ratio was set at 1:10. Assuming that the particle count
median diameter was 8 mm with a GSDp of 2, using a thoracic
sampler could provide the benefit of an increase in counting effi-
ciency from 62 to 92% because the field coverage would drop from
0.65 to 0.18. The improvement in fiber counting efficiency was
less significant when the particle diameter was 5 mm, that is, 82
to 94%. The improvement increased with increasing fiber density
on the filter.

Kauffer and co-workers compared the data obtained using a
porous-foam thoracic sampler with that from a standard French
sampler.(19) They showed that although significantly less particulate
mass was collected using a thoracic sampler, the fiber count com-
pared quite well with that obtained using the standard sampler.
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This indicates that under optimal sampling conditions, the tho-
racic sampler will remove large particles from the sample, but will
not affect the measured fiber concentration. The thoracic sampler
also produced much better filter sample uniformity than the stan-
dard French asbestos sampler, which had an inlet much smaller (7
mm) than the filter diameter (47 mm). Further experimental work
is needed to demonstrate improved performance using a thoracic
sampler under various conditions of sample loading, especially at
high dust concentrations.

CONCLUSIONS AND RECOMMENDATIONS

This computer simulation study focused largely on the problems
of reduced fiber counting efficiency due to overlapping of fi-

bers by other fibers or particles. The capability of distinguishing
overlapped fibers (RI), the coverage of the graticule field, the fiber
surface densities and size distribution of particles, and the fiber-
to-particle concentration ratio all played significant roles in affect-
ing the fiber counting efficiency. The fiber counting efficiency was
found to decrease consistently with increasing surface density and
decreasing RI. The recommended upper limit of fiber density on
the membrane filter depended not only on the fiber surface den-
sity, as reported in previous studies, but also on the fiber-to-par-
ticle number concentration ratio and the size distributions of fibers
and particles.

When the fiber number concentration in the workplace is lower
than the particle number concentration, then the change in fiber
size distribution (CMW, CML, GSD) will not readily affect the
coverage of the graticule field, and, thus, the fiber counting effi-
ciency will remain unchanged. In contrast, particle size and dis-
tribution are more likely to have a significant impact on the grat-
icule field coverage and thus the fiber counting efficiency.

The advantage of using a thoracic preseparator is significant,
especially when the particle CMD is close to or larger than the
thoracic cutoff size of 10 mm. The improvement in fiber counting
efficiency is expected to become more prominent as the fiber-to-
particle number concentration increases. However, in addition to
the fit to the thoracic convention, the fiber measurement method
further requires that the fiber sample be uniformly deposited on
the membrane filter.
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