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ABSTRACT

Fiber counting of asbestos using light microscopy
has traditionally been performed using phase contrast
microscopy (PCM) techniques. The use of phase con-
trast for counting has several weaknesses, including
difficulties with fiber detection and overlapping dif-
fraction patterns causing the appearance of “false” fi-
bers or masking fibers. It is, however, a significant
improvement over  ordinary brightfield microscopy.
The purpose of this study was to assess the use of two
other contrast techniques, Hoffman modulation con-
trast (HMC) and Nomarski differential interference
contrast (DIC). Samples of three fiber types, chrysotile,
amosite, and man-made mineral fibers (MMMF) were
used for this evaluation. DIC faired poorly in general
and HMC faired reasonably well. The differences can
be explained by the general aspects of contrast pro-
duction in reference to phase detection and imaging of
each method.

INTRODUCTION

Fiber counting of asbestos using the light micro-
scope has traditionally been performed using phase

contrast microscopy (PCM) techniques (1-5). The pur-
pose of using phase contrast as opposed to ordinary
light microscopy is the additional contrast, and there-
fore the de facto resolution or opportunity to detect fi-
bers. This study was carried out to evaluate two other
techniques to enhance visibility of fibers, namely
Hoffmann modulation contrast (HMC) and Nomarski
differential interference contrast (DIC), both of which
are also “contrast enhancement” techniques.

MICROSCOPY TECHNIQUES UTILIZED

The three microscopy techniques of PCM, HMC
and DIC use increased contrast to enhance visibility.
PCM was introduced by Frits Zernike in 1934 (6, 7).
PCM uses a phase shifting element in combination
with proper illumination through a phase annulus
and specimen light-wave deviation to create contrast.
As shown in Figure 1 illustrating PCM, the light is
restricted to a narrowed (usually) annular pathway
in the substage condenser. The light then is directed
to the specimen where it is acted upon by the speci-
men causing a phase deviation on the order of one-
quarter of a wavelength [(1/4)λ] between direct and
indirect light waves. The light is then collected and
directed by the objective lenses through the back fo-
cal plane where a phase ring is situated. The size of
the annular opening matches the size of the phase ring
in the back focal plane of the phase objective. Here, the
direct and indirect light waves are further separated
by another (1/4)λ shift as the one passes through the
phase ring. Upon recombining, the direct and indirect
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light waves are approximately (1/2)λ out of phase, re-
sulting in destructive interference that cancels out
both waves and consequently creates a dark (black)
image of the specimen. In the case of asbestos, a thin
fibrous structure is revealed. For total deviation dif-
ferences of nλ/2 [n= 1, 2, 3...] darkness will be displayed,
and for total deviation differences of nλ [n= 0, 1, 2, 3...]
brightness will be displayed.

The technique of HMC, first invented by Robert
Hoffman (8, 9), involves using an off-axis slit placed in
front of the focal plane of the condenser (Figure 2A).
This effectively illuminates the specimen with oblique
illumination. At the back of the focal plane of the ob-
jective there is a plate (the Hoffman modulator) with
three different size neutral-density regions — trans-
parent (100% light transmission), gray (15% transmis-
sion) and dark gray (1% transmission). This is placed
so that the slit aperture is aligned with the 15% trans-
mission region. When light passes through various
regions of the sample, light is refracted to different de-
grees passing either through the transparent, gray or

Figure 1. Phase Contrast Microscopy (PCM) showing exagger-
ated paths of direct and indirect light waves.

From Polarized Light Microscopy (McRI, 1984)

Figure 2A. Components and light paths of Hoffman Modulation
Contrast (HMC).

Courtesy of Dr. Robert Hoffman

Figure 2B. HMC transmission characteristics reveal the effect of
accentuating differences in contrast by superposition.

Courtesy of Dr. Robert Hoffman

dark gray regions of the modulator. This has the effect
of accentuating differences in contrast by superposi-
tion (Figure 2B).

Polarizing filters may also be used in Hoffman
modulation contrast systems to further enhance con-
trast. Images may appear similar to those obtained in
Nomarski DIC imaging. Unlike DIC, however, Hoffman
Modulation Contrast does not use beam-splitting
prisms. It can also be used with specimens not suit-
able for DIC (crystalline substances or living specimens
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in plastic culture dishes). Hoffman modulation con-
trast imaging also avoids halos that are sometimes
observed in phase contrast imaging. Modulation con-
trast was not invented by Hoffman but he refined it in
a specific way (10). In addition, the contrast is direc-
tional relative to the gradient.

Nomarski DIC was invented by Georges Nomarski
in the mid 1950s (11). It is used to image specimens
that contain little or no optical contrast when viewed
using ordinary brightfield illumination. In transmit-
ted light DIC (used in this study), light passes through
a polarizer located beneath the condenser in a manner
similar to polarized light microscopy (PLM), therefore
becoming plane polarized light. The polarized light
then passes though a Wollaston prism located in the
front focal plane of the condenser (Figure 3). The prism
splits the beam of light into two beams traveling in
slightly different directions but vibrating at 90 degrees
to each other. Because they are perpendicular they are
unable to recombine (and cause interference).

The distance between the two beams is called the
“shear” distance and is always less than the resolving
ability of the objective to prevent the appearance of
double images. The split beams enter and pass through
the specimen. At this point their paths are altered by
the specimen’s varying thickness, geometry and re-
fractive index(es). When the parallel beams enter the
objective, they are focused above the back focal plane
where they enter a second modified Wollaston prism
that recombines the two beams at a defined distance
outside of the prism. This removes the shear and the
original path difference between the beam pairs. How-
ever, the parallel beams are no longer the same length
because of path changes induced by passing through
the specimen.

In order for the parallel beams to interfere with
each other, the vibrations of the beams of different
path length must be brought into the same plane and
axis. This is accomplished by placing a second polar-
izer (analyzer) above the upper modified Wollaston
beam-combining prism. The light then proceeds to-
ward the eyepiece where it can be observed as differ-
ences in intensity and color. DIC microscopy causes
one side of an object to appear bright (or colored) while
the other side appears dark (or a different color). This
shadow effect gives a pseudo three-dimensional ap-
pearance to the specimen, but it is not a true represen-
tation of the geometry of the specimen because it is
based on optical thickness not just physical thickness.
The pseudo-3D appearance of the specimen can also
be significantly affected by its orientation, that is, the
rotation of the specimen by 180 degrees can change a

convex surface into a concave one.
These are some advantages in DIC microscopy as

compared particularly to phase microscopy. Using DIC
microscopy, it is possible to make more use of the nu-
merical aperture of the system because, unlike phase
contrast microscopy, there is no substage annulus to
restrict the aperture, therefore, Köhler illumination is
properly achieved. Images can be seen in striking color
(optical contrast) with a three-dimensional shadow-

Figure 3. Nomarski Differential Interference Contrast (DIC)
Microscopy showing exaggerated paths of light waves.

From Polarized Light Microscopy (McRI, 1984)
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like appearance. DIC does not produce halos like those
encountered in phase images. There are, however, sev-
eral disadvantages in DIC microscopy; the equipment
for DIC is quite expensive due to the many prisms that
are required. Birefringent specimens, such as those
found in many kinds of crystals, may not be suitable
because of their effect upon polarized light. Similarly,
specimen carriers made of plastic, such as culture ves-
sels, Petri dishes, etc., may not be suitable. For very
thin or scattered specimens, better images may be
achieved using phase contrast methods, as was seen in
this study with thin chrysotile fibers.

EXPERIMENTAL DESIGN PART 1:
SAMPLES AND EQUIPMENT

A total of 18 samples from the National Institute
for Occupational Safety & Health (NIOSH) Precision
Analytical Testing (PAT) with known reference values
from more than 1,200 laboratories were utilized (3, 12-
14). Six samples, each from three types of fibers were
selected for analysis. These types were amosite asbes-
tos, chrysotile asbestos and man-made mineral fibers
(MMMF). Samples consist of 0.8 mm pore-size mixed
cellulose ester (MCE) filters mounted in 25 mm diam-
eter cassettes. On (and in) the filters are fibers presumed
to be randomly oriented in the plane of the filter, al-
though some increase in spatial frequency has been
noted for air samples by a great as 150% (15). Because
the PAT round samples are created using a slower-
moving fluid (such as water or toluene) as opposed to
air (16, 17), less-significant differences in deposition
frequency result from the flow regime having a much
lower Reynolds number. Thus, the usual decline in fi-
ber density along a radial path between the center of
the filter and the perimeter of the filter is observed. The
filters are rendered transparent (referred to as
“cleared”) by means of vaporized acetone (3, 18, 19)

that dissolves and then redeposits a thin film contain-
ing the fibers onto a microscope slide. The cleared fil-
ter is then fixed with triacetin (3). The triacetin slides
may last for several years but can degrade more rap-
idly than that (20-22). At the time, the samples that
were analyzed in this study were less than four years
old, although one sample filter (115-1) was newly
mounted from a 13-year-old filter.

The development of fiber counting of airborne
samples using PCM has developed over the years. PCM
is performed at a nominal 400-450X magnification
which allows the detection of fibers as thin as 0.43 μm
diameter, depending on the fiber type. The industry
standard NIOSH 7400 method does not detect all fi-
bers because of the limitations of microscopy, so that
the method is only an index of exposure (23, 24). A test
slide has been developed to allow a check of proper
alignment and phase detection in the microscope (19),
together with an eyepiece graticule to standardize the
counting field as a circle of 100 μm diameter (25), and
rules have been formulated for the identification and
enumeration of fibers (24). The general format of the
test slide is shown in Figure 4. An analyst in combina-
tion with a microscope is required to be able to detect
down to at most a 0.45 μm wide ridges that are in-
tended to represent phase specimens. Photomicro-
graphs for the third set of grooves (0.64 μm wide) us-
ing PCM and HMC are shown in Figures 5 and 6.

The setup also includes the use of a Walton-Beckett
Graticule (Figure 7) along with examples of suspect
fibers as presented in the NIOSH 7400 Method (24).
The standard counting method is the NIOSH 7400
Method with the A counting rules (24), which is used
for both the PAT rounds and for personal sample
analysis per the Occupational Safety and Health Ad-
ministration (OSHA) regulations (26). The key aspects
of the A counting rules are:

• Count only fibers > 5 μm in length.
• Count only fibers with > 3:1 length-to-width (as-

pect) ratio.
• Count a minimum of 20 fields and a maximum of

100 fields.
• Stop counting fields after 100 fibers are counted.
• Count one fiber if it is completely inside the

Walton Becket Graticule.
• Count half fiber if crosses graticule perimeter

only once.
• Count zero if crosses graticule line more than

once or if is outside the graticule.
The significant variability in the counting of as-

bestos fibers is well recognized (24, 27, 28) and is gen-
erally modeled using the Poisson distribution statis-

Figure 4. HSE/NPL Test Side with seven sets of approximately 20
grooves per set in descended order of width and visibility from 1.08
μm to 0.25 μm. Set 3 (0.64 μm) must be completely resolved and
parts of sets 4 and 5 (0.53-0.44 μm) must be visible.
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tics (3). The variability in sample counting generally
ranges from a minimum coefficient of variation (CV)
of 0.10 to a high of 0.80, including interindividual vari-
ability revealed by CVs of as great as 0.40 (3, 27).
Therefore, in order to determine differences with any
modicum of statistical validity, the study was re-
stricted to one analyst (the author) and a single micro-
scope. The microscope used was a modified Olympus
BH-2 using diffuse lighting. In the asbestos industry,
PCM scopes almost exclusively use diffuse lighting as
opposed to the more uniform Köhler illumination, the
choice of illumination in this study. The microscope
included a universal condenser to house all the optical
elements for each technique (phase annulus for PCM,
polarizing modulator for HMC and the prism for DIC).

In order to accommodate the DIC slider above the
specimen and objectives, a turret with a 1.25X nomi-
nal magnification increase was necessarily added.
This brought the overall magnification to 400X for
both PCM and HMC, and 500X for DIC. The DIC mag-
nification is slightly outside the NIOSH stated range
of 400-450X (24). In accordance with the NIOSH 7400
A counting rules (24), a Walton Becket G-22 graticule
was inserted into a 10X ocular for use in counting and
field area determination. The standard graticule area
for the PCM and HMC setups were 0.00785 mm2 and
0.00503 mm2 for DIC due to 1.25X slider magnifica-
tion enhancement. Although graticule field area is rec-
ognized as a parameter that affects counting results
(29), the difference between 80 and 100 mm diameter
graticules is expected to be less than 10% and, there-
fore, insignificant in this study relative to other fac-
tors affecting visibility.

Objectives with nominal 40X magnification (phase

or strain-free) were used with a numerical aperture
(NA) of 0.65 for the phase objective and an NA of 0.70
for both HMC and DIC; the NIOSH 7400 method allows
a range of 0.65-0.75 NA. The phase element in the objec-
tive and the phase annulus in the condenser were both
circular (annular) in geometry for the PCM setup. A
dichroic filter centered around a wavelength of 560 nm
(green) was also used in all cases. The wavelength of
560 nm is recognized as being optimal for contrast de-
tection under certain lighting conditions (30). The PCM
technique applied positive phase contrast (black fibers
on a light background) in accordance with the NIOSH
7400 method, although negative phase contrast (white
fibers on a dark background) is recognized as superior
for detection of particles (31).

EXPERIMENTAL DESIGN PART 2:
DATA COLLECTION PROCESSING

Each of the samples was analyzed in random order
once by PCM, HMC and DIC. The analyst was blind to
the actual sample number but the morphologies of each
are sufficiently distinct to allow determination of fiber
type without foreknowledge. Asbestos fiber counts are
recognized as following a Poisson distribution, and
therefore, in order to normalize the fiber counts, the
fiber density values were adjusted to make them more
towards a normal distribution (12-13). The fiber den-
sity E in fibers per millimeter of filter area (f/mm2) is
define as:

E = 
(FCS/FLS) – (FCB/FLB) Eq 1

RFA

Figure 5. Photomicrograph of set 3 of the HSE/NPL test side using
PCM. Ridge thickness of grooves is 0.64 μm.

Figure 6. Photomicrograph of set 3 of the HSE/NPL test side using
HCM. Ridge thickness of grooves is 0.64 μm.
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Where

E = Fiber Density (f/mm2)
FCS = Fibers Counted in the Sample
FLS = Fields Counted in the Sample
FCB = Fibers Counted in the Blank
FLB = Fields Counted in the Blank

The data was transformed using

E’ = (E)0.5 Eq 2

Where

E = Fiber Density (f/mm2) from Equation 1
E’ = Transformed Fiber Density

In order to evaluate nominal differences between
each of the techniques, PCM-HMC-DIC, the trans-
formed fiber density values (E’) were compared to the
NIOSH Reported PCM reference values as

Ratio (RPCM) =
 E’PCM Eq 3

    E’Ref PCM

Ratio (RHMC) =
 E’HMC Eq 4

    E’Ref PCM

Ratio (RDIC) =
 E’DIC Eq 5

    E’Ref PCM

In this way, normalized ratios were obtained to
mean values (E’Ref PCM) as reported by PCM for more
than 1,200 laboratories. Ratios were also determined
for HMC (RHMC-PCM) and DIC (RDIC-PCM) where ratios
PCM analysis from the same analyst in data set were
calculated using Equations 6 and 7.

Ratio (RHMC-PCM) = 
E’HMC Eq 6

            E’PCM

Ratio (RDIC-PCM)  =  
E’DIC Eq 7

            E’PCM

Ratios relative to the standard deviation of the
transformed PAT round PCM reference data were also
calculated and reviewed for all three methods as rep-
resented by RS-PCM, RS-HMC and RS-DIC per equations 8, 9
and 10, respectively. The NIOSH PAT round pass-fail
criteria is based on whether a particular sample re-
sult is within plus or minus three standard deviations
of the transformed mean (for all, 3S) (12). The results
were compared also with this criteria. And finally,
ratios were evaluated with respect to reported coeffi-
cients of variation (CVs) for each sample as determined
from the NIOSH PAT round reference values reported
and their respective one-, two- and three-standard de-
viation ranges.

Ratio (RS-PCM) = 
E’PMC – E’Ref PMC Eq 8

             S’Ref PCM

Where S’Ref PCM = standard deviation of square root
transformed data from PAT round.

Ratio (RS-HCM) = 
E’HMC – E’Ref PMC Eq 9

             S’Ref PCM

Ratio (RS-DIC) = 
E’DIC – E’Ref PMC Eq 10

             S’Ref PCM

RESULTS

The raw fiber density results are presented for
chrysotile, amosite and MMMF samples in bar Graphs
1, 2 and 3, respectively. The averages of each technique
by fiber type are provided in Table 1. Fiber density
ratios for each method compared to the reference PCM
(RPCM, RHMC, RDIC) are displayed in bar Graph 4 by fi-
ber type (chrysotile, amosite and MMMF) along with
error bars about the means. Fiber density ratios for
HMC and DIC methods compared to the PCM (RHMC-

PCM, RDIC-PCM) are displayed in bar Graph 5 by fiber

Figure 7. A Walton-Beckett Graticule with example fibers.
National Institute for Occupational Safety and Health
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type (chrysotile, amosite and MMMF) along with er-
ror bars about the means. Ratios compared to the stan-
dard deviation from the reference samples are shown
in Graph 6 by contrast and fiber type. Ratios com-
pared to the coefficient of variation (CV) for the refer-
ence samples are shown in Graph 7 by contrast type.

Ratios compared to the standard deviation from
the reference samples are shown in Graph 6 by con-
trast and fiber type. Ratios compared to the coefficient
of variation (CV) for the reference samples are shown
in Graph 7 by contrast type. Examples of DIC, HMC
and PCM for amosite are provided as Figures 8-10 (note
the slight scale difference for DIC). Examples of chryso-
tile are provided as Figures 11 and 12. A DIC example

is not provided for chrysotile as the image quality was
too poor to discern the chrysotile.

DISCUSSION

The first observation is that the analyst’s PCM
counts are consistently higher than the reference PCM
values from the more than 1,200 laboratories. The au-
thor normally has fiber counts slightly above, to one
standard deviation above, the reported mean refer-
ence value, and therefore this is expected in this case.
The NIOSH 7400 method indicates an acceptable range
of fiber densities in from 100-1,200 f/mm2. Some of the
MMMF are below this range, which is common for
MMMF samples. The results do not appear to be af-
fected by fiber type for MMMF, except that there is per-
haps slightly lowered DIC results in the MMMF due to
a smaller graticule field area. This results in fibers be-
ing more likely to cross over the graticule edges where
they are counted as half a fiber instead of single fibers,
therefore lowering the overall counts (29).

 The graphic results reveal that the DIC results are
significantly below both the referenced PCM values and
the PCM count values for the chrysotile fiber and the
MMMF samples by this one analyst. A standard t-test
of paired counts for HMC paired to PCM, and DIC paired
to PCM for all fiber types demonstrated no statistical
significant differences between HMC and PCM (p =
0.166) but a significant difference between DIC and PCM
(p = 0.008). Further analysis by fiber type indicated that
the only statistically significant measure affecting the
DIC to PCM ratio were the chrysotile fiber samples (p <
0.005). This difference is not completely unexpected can

ANTHONY A. HAVICS

Graph 3. Raw fiber density of man-made mineral fiber (MMMF)
samples by contrast method.

Graph 1. Raw fiber density of chrysotile samples by contrast method. Graph 2. Raw fiber density of amosite samples by contrast method.



58 THE MICROSCOPE  58 (2010)

be explained by looking at the optical aspects of the
intensities of light transmitted through fibers in a
sample and consequently the contrast differences.

It has been suggested that PCM is useful up to 1/2λ
and best at <1/10λ, whereas DIC is useful from >1/10λ to
1λ and best above 1/2λ (32). Chrysotile asbestos has
refractive indexes in the range of 1.53-1.56 (birefrin-
gent) and amosite in the range of 1.63-1.73 (birefrin-
gent) (33). MMMF depends upon the type, where min-
eral wool generally falls in 1.52-1.56 range (isotropic)
but may be as high as 1.70, ceramic fibers are in the
neighborhood 1.51-1.70 (isotropic), and fiber glass is in
the range of 1.47-1.57+ (33). The maximum phase change

through a fiber can be calculated using equation 11:

      ϕ = ⏐n1 – n2⏐t Eq 11

Where

ϕ = phase Change
n1 = refractive index of medium at approximately

1.48 (NIOSH, 1994)
n2 = refractive index of fiber
t = thickness of a fiber
λ = 560 nm (green light)

Chrysotile Amosite MMMF All
Technique (f/mm2) (f/mm2) (f/mm2) (f/mm2)

Phase Contrast 325 218 81 208(PCM)

Hoffman Modulation 452 252 89 264Contrast (HMC)

Nomarski Differential 323 19 78 140
Contrast (DIC)

Mean of all 367 163 83 204

Table 1. Raw Fiber Density Data Means by Contrast Technique and Fiber Type

Graph 4. Ratio of transformed fiber density to the transformed
referenced PAT round PCM values by contrast method and by
fiber type.

Graph 5. Ratio of transformed fiber density to the transformed
PCM values from this study differentiated by contrast method and
by fiber type.
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For chrysotile, one finds thin fibers at the limit of
detection common in PAT rounds with a fiber diam-
eter approximately 0.5 μm. Using 1.55 for the greatest
difference in refractive index, results in a phase change
on the order of 35 μm or 1/16 λ. For amosite, one finds
thin fibers common in PAT rounds with a fiber diam-
eter > 1 μm. Using the value 1.68 for the refractive in-
dex results in a phase change on the order of 200 μm or
about 4/10 λ. For MMMF, the refractive index range
varies considerably but the visibility of the fibers is
primarily due to the much larger diameters, 5-40 μm
in the case of most PAT rounds.

To evaluate the phase change effects as they relate
to intensity, contrast, and subsequently the ability to
distinguish fibers, one first must determine the rela-
tionship for each method in terms of intensity.

For PCM if one considers

ψ(x) = eiχ(x) Eq 12

Where

eiϕ(x) = 1 + iϕ1(x) – [ϕ2(x)/2!] – [i ϕ3(x)/3!]

For small changes
eiϕ(x) = 1 + iϕ1(x) Eq 13
ψ(u) = ∫-∞

∞ψ(x) e(-ikxu/f) dx with k = 2π Eq 14
ψ(u) = ψ0 + ψ1 Eq 15

Graph 7. Ratio of transformed fiber density to the transformed
referenced PAT round PCM values represented as fractions of the
reference standard deviation of counts by PCM. Presented by
contrast method and by fiber type.

Graph 8. Coefficient of variation (CV) (data from more than 1,200
labs) versus the ratio of transformed fiber density to the transformed
referenced PAT round PCM values. Presented by contrast
method.

Where 0 indicates the zero order frequency component.

For a phase change of p/2 then

ψ(x’) = eiπ/2 + eiϕ(x’) – 1 (for the image plane)    Eq 16

The irradiance [I(x’)] is then determined from

I(x’) = ψ(x’) ψ*(x’) Eq 17

where * is the conjugate.

Therefore,

I(x’) = 3 + 2sin ϕ(x’) – 2cos ϕ(x’) Eq 18

For small changes

I(x’) = 1 – 2ϕ(x’) Eq 19
And the gradient can be approximated as

ΔI(x’) = – 2ϕ Eq 20

Therefore, the intensity changes linearly with phase
change.

For HMC, Hoffman (8) has shown that

I(x’) = Tg[PA(x’)]2 + TB[Pa(x’)]2 + TG[PA(x’)]2 –
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2TG PA(x’)Pa(x’) + 2(TG TB)1/2PA(x’)Pa(x’) cosϕ(x’) –
2 (TG TB)1/2[Pa(x’)]2cosϕ(x’) Eq 21

Where

TB = Transmittance in bright region
TG = Transmittance in gray region

Thus the change in intensity can be represented by
ΔI = I0f Δϕ(TB – TG)2 cos(β/w) Eq 22

Where

f = focal length of the objective
w = width of slit
β = angle away from perpendicular slit

For DIC, one can consider two light rays mutually
perpendicular as split when entering the Wollaston
prism in the substage condenser:

ψ1(x) = a1eiθ(x) Eq 23a
ψ2(x) = a2eiθ(x) Eq 23b

Upon passing through a specimen at orthogonal posi-
tions, the light waves may be considered as:

ψ =1(x) = a’1ei(θ1 - ϕ)(x) Eq 24a
ψ =2(x) = a’2ei(θ2 - ϕ)(x) Eq 24b

Upon recombining and considering the intensity (I)
result is

I(x) = a’1
2  – a’2

2 + 2a’1 a’2 cos(θ1 – θ2 + 2ϕ)          Eq 25

Where

2ϕ is the bias of the prisms.

For almost pure phase objects with little or no am-
plitude absorption differences, equation 24 reduces to

I(x) = ACos(θ1 – θ2 + 2ϕ) Eq 26

Where

A = 2a’1 a’2

Thus the change in intensity can be represented by

ΔI(x) = ASin(θ1 – θ2 + 2ϕ) Eq 27

Figure 8. Example field with amosite fibers from Sample 148-1 by
Nomarski DIC.

Figure 9. Example field with amosite fibers from Sample 148-1 by
Hoffman Modulation Contrast.

Figure 10.Example field with amosite fibers from Sample 148-1 by
Phase Contrast Microscopy.
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In summary, the techniques produce changes in
intensity as follows:

PCM:   ΔI(x’) = – 2ϕ Eq 20
HMC:   ΔI = I0f Δϕ(TB – TG)2 cos(β/w) Eq 22
DIC:   ΔI(x) = ASin(θ1 – θ2 + 2ϕ) Eq 27

Therefore, PCM provides contrast directly propor-
tional to the phase of the object, HMC directly propor-
tional to the gradient of the phase and DIC propor-
tional to the sine of the phase. With typical bias (è1 – è2)
in DIC, the contrast does not change appreciably com-
pared to either PCM or HMC, therefore the inability to
discern the thin chrysotile fibers that approach the
shearing distance. The intensity change directly pro-
portional to the phase provides the choppiness to PCM,
whereas the intensity change in HMC is smoothed by
being proportional to the gradient of the phase change.

CONCLUSIONS

It is clear from the photomicrographs and statis-
tical evaluation of the counting data that Nomarski
differential interference contrast performed satisfac-
torily for MMMF, poorly for amosite and very poorly
for chrysotile. On the other hand, Hoffman modula-
tion contrast performed comparable to phase contrast
microscopy for MMMFs, amosite and chrysotile. Sub-
jectively, Hoffman modulation contrast demonstrated
less interference in the form of artifacts like halos and
light scattering, and was also qualitatively less fatigu-
ing than PCM. Therefore, HMC would be a suitable
alternative to PCM for asbestos fiber counting; DIC
would not.

Figure 11. Example field with chrysotile fibers from Sample 151-3
by Hoffman Modulation Contrast.

Figure 12. Example field with chrysotile fibers from Sample 151-3
by Phase Contrast Microscopy.
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