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� Context.—Current approaches for characterizing re-
tained lung dust using pathologists’ qualitative assessment
or scanning electron microscopy with energy-dispersive
spectroscopy (SEM/EDS) have limitations.

Objective.—To explore polarized light microscopy
coupled with image-processing software, termed quantita-
tive microscopy–particulate matter (QM-PM), as a tool to
characterize in situ dust in lung tissue of US coal miners
with progressive massive fibrosis.

Design.—We developed a standardized protocol using
microscopy images to characterize the in situ burden of
birefringent crystalline silica/silicate particles (mineral
density) and carbonaceous particles (pigment fraction).
Mineral density and pigment fraction were compared with

pathologists’ qualitative assessments and SEM/EDS analy-
ses. Particle features were compared between historical
(born before 1930) and contemporary coal miners, who
likely had different exposures following changes in mining
technology.

Results.—Lung tissue samples from 85 coal miners (62
historical and 23 contemporary) and 10 healthy controls
were analyzed using QM-PM. Mineral density and pigment
fraction measurements with QM-PM were comparable to
consensus pathologists’ scoring and SEM/EDS analyses.
Contemporary miners had greater mineral density than
historical miners (186 456 versus 63 727/mm3; P ¼ .02)
and controls (4542/mm3), consistent with higher amounts
of silica/silicate dust. Contemporary and historical miners
had similar particle sizes (median area, 1.00 versus 1.14
lm2; P ¼ .46) and birefringence under polarized light
(median grayscale brightness: 80.9 versus 87.6; P¼ .29).

Conclusions.—QM-PM reliably characterizes in situ
silica/silicate and carbonaceous particles in a reproduc-
ible, automated, accessible, and time/cost/labor-efficient
manner, and shows promise as a tool for understanding
occupational lung pathology and targeting exposure
controls.

(Arch Pathol Lab Med. 2024;148:327–335; doi: 10.5858/
arpa.2022-0427-OA)

Analysis of lung histopathology and retained dust
particulate may improve diagnostic accuracy and

exposure assessment in patients with occupational lung
disease, especially when workplace exposure measurements
are limited. For example, a multimodal approach using
pulmonary pathologist evaluation and scanning electron
microscopy with energy-dispersive spectroscopy (SEM/
EDS) of lung tissue recently implicated respirable crystalline
silica (RCS) exposure in the resurgence of severe coal
workers’ pneumoconiosis in contemporary US coal miners
born after 1930, particularly those working in central
Appalachia.1

Current histopathologic techniques for evaluating lung
tissue particulate matter in work-related lung diseases have
limitations. Specialized training is required for pulmonary
pathologists’ qualitative assessments, and interrater agree-
ment for pathologists’ scoring has been found to vary
widely.2 Efforts to develop consensus interpretations among
multiple pulmonary pathologists are labor-intensive. In-
deed, we found that approximately 2000 hours were
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required to obtain independent assessments from a 7-
member pulmonary pathologist panel and achieve consen-
sus for multiple discordant histopathologic variables char-
acterizing pneumoconiosis in US coal miners.1 SEM/EDS
characterizes dust particle elemental composition but
requires advanced training and specialized equipment and
is also labor-intensive. Tissue digestion is sometimes
required to extract particulate matter for SEM/EDS particle
analyses, adding further complexity and variability.

RCS and other silicates are often the most abundant
minerals in respirable coal mine dust.3 They also exhibit
birefringence under cross-polarized light microscopy (PLM),
allowing for visualization of particles in lung tissue against a
darkly contrasted background.4–6 Modern conventional light
microscopes allow high-resolution digital microscopy im-
ages to be obtained, and automated image postprocessing
algorithms enable identification of histopathologic features
such as fluorescent tissue markers.7 Recent PLM develop-
ments have shown promise for counting and differentiating
dust particles, including coal, carbonates, silica, and silicates
in environmental samples.8 However, to our knowledge,
quantitative techniques for characterizing in situ dust
particles in lung tissue using PLM have not been developed.

In addition to birefringent particles consistent with RCS
and silicates, anthracotic pigment in lung tissue accumulates
from inhalation of carbonaceous particles, such as coal dust,
combustion products, and cigarette smoke.9 Coal macules
and nodules have characteristic darkly pigmented areas
under bright-field microscopy.6 Accurate quantification and
characterization of in situ particulate matter (both birefrin-
gent particles and pigmented materials) has the potential to
inform clinical diagnosis of exposure-related lung diseases,
prognosis, future medical screening, and workplace expo-
sure control regulations.

We explored a novel application of quantitative micros-
copy with automated image-processing algorithms in lung
tissue from coal miners with dust-related disease, termed
quantitative microscopy–particulate matter (QM-PM), to
characterize in situ carbonaceous particles, silica, and
silicates. We assessed the reliability of this technique using
lung tissue samples obtained from US coal miners with
progressive massive fibrosis (PMF), the most severe form of
pneumoconiosis, that previously were demographically and
histopathologically well characterized.1 We sought to
determine if QM-PM measurements could reproduce
previous findings that contemporary miners born after
1930, who most likely worked with mechanized mining
equipment, have greater lung tissue burden of birefringent
particles consistent with RCS and silicates compared with
historical miners. We also hypothesized that our QM-PM
findings would be comparable to pathologists’ qualitative
consensus scores and SEM/EDS results.

METHODS

Tissue Sample Acquisition

We obtained hematoxylin-eosin (H&E)–stained samples (5-lm
thickness) for QM-PM analysis from a recently published study by
Cohen et al1 of US coal miners with PMF.1 PMF was defined in that
study as a dust-related fibrotic lesion measuring greater than 1 cm
in longest dimension with irregular or whorled collagen fibers, with
or without necrotic areas, and presence of dust consistent with coal
mine dust. Sample selection and inclusion methods are described
in Cohen et al.1 This study was approved by the Biomedical
Research Alliance of New York (Lake Success, New York)
institutional review board (#HS-3039-528). Birth year after 1930

was used as a surrogate for contemporary coal miners working
primarily during an era of highly mechanized mining in the United
States, using equipment and practices that are thought to have
indirectly increased exposure to RCS and silicates from rock strata
above, below, and within the coal seam.

We also obtained H&E-stained control lung tissue samples from
deceased individuals without known lung disease banked at
National Jewish Health (Denver, Colorado) at the time of organ
donation. Available demographic information for controls was
reported by next of kin and included age, sex, current/former
cigarette smoking status, and pack-year smoking history.

Tissue Area Measurement

We obtained bright-field microscopy images of H&E-stained
lung tissue slides, scanned at 340 magnification, using Aperio XT
(Software ImageScope v8.2, Leica Biosystems, Buffalo Grove,
Illinois). Images were downloaded at 4.0 3 4.0 lm/pixel resolution
and are referred to as the bright-field reference. We used ImageJ
v1.53 software (National Institutes of Health, Bethesda, Mary-
land)10 and the Bio-Formats plugin to generate a binary image
based on the bright-field reference, such that grayscale pixels
(range, 0 [black]–255 [white]) darker than the background glass
microscope slide were identified as tissue. The binary image was
used to calculate total tissue area (in square micrometers), and total
tissue volume after multiplying by tissue slice thickness (Figure 1, A
and C).

For each tissue specimen, we also analyzed an area of interest
consisting of the PMF lesion(s) and compared it with the
surrounding non-PMF region. An expert pathologist demarcated
the PMF-specific tissue area using the freehand trace tool in ImageJ
(Figure 1, B and D).

Pigmented (Coal/Carbonaceous) Particle Characterization

Automated identification of pigmented regions was performed in
ImageJ by using the bright-field reference image. We optimized a
brightness threshold (pixel brightness under red channel spectrum
,100) and set it to identify brown-black pixels darker than
surrounding tissue as pigmented regions (Figure 2, A through D).
The pigment fraction for the whole tissue sample or for the area of
interest was calculated by dividing the pigmented area by the entire
tissue area or area of interest, respectively.

Birefringent Mineral Particle Characterization

PLM Image Acquisition.—PLM images were obtained at 320
magnification, 1/7.5-second exposure time, and 0.38 3 0.38 lm/
pixel resolution and autofocused along a single horizontal z-plane
using a conventional light microscope, Keyence BZ-X810 (Keyence
Corporation, Osaka, Japan), with a Jigtech N11599 polarizer lens
and filter cube (Daitron Incorporated, Wilsonville, Oregon).
Microscope, polarizer, and camera settings were optimized and
remained consistent for all samples. Edge points were manually
assigned along tissue borders. The number of images obtained per
sample ranged from 1000 to 4000 depending on tissue sample size.

Birefringent Particle Identification and Characterization.—
We used the built-in Keyence BZ-X800 software with the automated
Macro Hybrid Cell Count feature to identify birefringent particles
from PLM images, which were expected to consist primarily of RCS
and silicates.5 Overlay images were created for each sample by
setting a grayscale pixel threshold above which birefringent particles
appeared illuminated under PLM as compared with the background
tissue. We visually inspected approximately 10 selected images per
sample to optimize the threshold that most effectively captured
birefringent particles and excluded collagen fibers that appeared tan-
orange under PLM (Figure 3, A through C).11 An upper size limit for
particles of 50 lm2 was used to exclude regions likely to be artifact.
Individual particle area and long- and short-axis dimensions were
measured. Mean particle grayscale brightness, a value between 0 for
black and 255 for white, was measured and was a surrogate for the
degree of birefringence. Silicates are expected to appear brighter and
be strongly birefringent, whereas RCS appears more weakly
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birefringent.4 We then implemented this protocol across all 1000 to
4000 images per sample in an automated manner. The smallest
identifiable particle was approximately 0.3 lm in short-axis
dimension and 0.4 lm2 in area.

We calculated the total birefringent mineral particle count across
an entire sample. We defined the density of birefringent mineral
particles, referred to as mineral density, as the total birefringent
mineral particle count divided by the tissue volume. The cumulative
birefringent mineral particle area was the sum of the area of all
identified birefringent particles in square micrometers. The Miner-
al:Carbon[QM] ratio was calculated as the ratio of birefringent mineral
particle area to total pigmented area for each sample. These steps
were repeated for the exclusive PMF and non-PMF tissue regions.

Quantitative Microscopy Versus Qualitative Pathologist
Comparison Variables

Pathologist Consensus Classification.—Coal miner samples
were previously evaluated by 5 pulmonary pathologist teams and
visually scored for type of PMF, using definitions of 25% or less
(coal type), more than 75% (silica type), and more than 25% and
less than 75% (mixed type) based on estimated percentage of the
PMF lesions containing silicotic nodules.1 Samples were also scored
by pathology teams for qualitative birefringent particle profusion
(mild, moderate, or severe) based on visual appearance under PLM
using reference images agreed upon prior to review. Discordant
classifications, defined as any disagreement on type of PMF or
qualitative birefringent particle profusion, were resolved by
consensus involving all study pathologists.

We examined whether mineral density and Mineral:Carbon[QM]

ratio correlated with the pathologists’ qualitative score for
birefringent particle profusion. We also analyzed whether coal-
type PMF lesions would have greater pigment fraction measured
using QM-PM compared with mixed-type PMF, and whether both
would have greater pigment fraction than silica-type PMF.

SEM/EDS Measurements.—Tissue digestion was performed on
a subset of samples for SEM/EDS evaluation of particle chemical
composition. Approximately 1000 to 2000 particles were analyzed
per sample, and concentrations of silica, silicate, and carbonaceous
particles were estimated. An overview of tissue digestion methods
to collect particulate matter for characterization by SEM/EDS is
described elsewhere.12 However, adjustments to those methods
were needed, as the particle loads in lung tissue samples examined
in this study were greater than those examined in Lowers et al.12

Specific changes included (1) using 20-mm formalin-fixed,
paraffin-embedded tissue scrolls rather than 60- to 100-mm scrolls;
(2) transferring dried tissue to 25 mL of bleach and reacting for 2
hours; (3) filtering the suspension through a 25-mm–diameter, 0.1-
mm–track etch polycarbonate filter; (4) excluding particles less than
0.1 lm in longest dimension; and (5) setting stopping criteria to
2000 particles or 110 fields of view. The automated particle analysis
was performed on an FEI field emission scanning electron
microscope (FEI Company, Hillsboro, Oregon) operated at 15 kV,
spot size 5, working distance of 11 mm, 30-lm objective aperture,
and magnification set to 33000 for a 48-mm–wide field of view.

Automated particle information was collected using the Feature
module of the Oxford Instruments Aztec Analysis Software suite
(Oxford Instruments, Oxfordshire, England). Particle selection
thresholds were calibrated to ignore the polycarbonate filter and
select all pixels brighter than the filter on backscattered electron
images. Energy-dispersive spectra were acquired for 5 seconds per
feature with an Oxford Instruments X-Max 50 mm2 silicon drift
detector. The particle classification, area, long and short axis
dimensions, breadth, length, and perimeter were recorded in a
table.13 Specific constituents were normalized to the volume of
tissue (cubic millimeters).

The summed concentration of silica and silicate particles using
SEM/EDS divided by the concentration of carbonaceous particles
represented the Mineral:Carbon[SEM/EDS] ratio. These values were
compared with the measured Mineral:Carbon[QM] ratio.

Figure 1. Automated tissue area and area of
interest identification. A, Hematoxylin and
eosin–stained slide with pathologist demarca-
tion of a progressive massive fibrosis (PMF)
lesion (green line). B, Segmentation of PMF
tissue lesion. C, Binary image of total tissue
area selected based on grayscale brightness
threshold using ImageJ software. D, Binary
image of PMF lesion alone using ImageJ
(original magnification 32 [A through D]).
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Statistical Analyses

All data management and analyses were performed in R v4.1.2
(R Foundation for Statistical Computing, Vienna, Austria). Particle
size and brightness are presented as median (25th–75th percentile),
and other summary statistics are presented as mean 6 SD. Two-
tailed t tests were used for comparison, of sample-level variables.
One-way analysis of variance was used for group comparison, with
the post-hoc Tukey test for multiple pairwise comparisons. Particle
size and brightness were compared with linear mixed models,
using groups as fixed effects and samples as random effects. In
order to meet test assumptions, nonnormally distributed measure-
ments were log transformed before analysis. P values of less than
.05 were considered statistically significant. The Mineral:Carbon
ratios measured via SEM/EDS and QM-PM were compared using
the Pearson correlation coefficient (r). Correlation was interpreted
as 0.00 to 0.09, negligible; 0.10 to 0.39, weak; 0.40 to 0.69,
moderate; 0.70 to 0.89, strong; and 0.90 to 1.00, very strong.14

RESULTS

We used QM-PM to analyze lung tissue samples from 10
controls and 62 historical and 23 contemporary US coal
miners with PMF. Table 1 shows participants’ demographic

data, work tenure, smoking history, and work in a central
Appalachian state, and also the distribution of pathologist
consensus groups. Additional demographic information is
described in a separate report.1

The mean number of birefringent particles identified
among coal miners with PMF was 113 284 6 186 678,
compared with 210 6 158 for control subjects. Mineral
particle size was smaller in miners than in controls (median
area, 1.00 versus 1.57 lm2; P , .001). Mean particle
grayscale brightness (range, 0 [black]–255 [white]), a
measure associated with mineral particle type, was 92.1 6
31.9 in miners, compared with 160.1 6 36.6 (P , .001) in
controls. Mineral particles in contemporary and historical
miners were similar in median area (1.00 versus 1.14 lm2; P
¼ .46) and brightness (80.9 versus 87.6; P¼ .29). Additional
particle-level details are shown in Table 2. Cumulative
frequencies of particle area and grayscale brightness by
miner birth cohort are shown in Figure 4, A and B.

Mineral density using QM-PM for all miners was 96 936
6 140 008 birefringent particles/mm3 tissue (range, 2342–
824 422/mm3), significantly greater than for control subjects
(4542 6 4543/mm3; P , .001). Notably, mineral density in

Figure 2. Automated pigment (coal/carbonaceous) identification. Hematoxylin and eosin–stained slide with corresponding binary image showing
automated detection of brown/black pigmented regions using ImageJ. This example shows a low pigment burden (A and B) and a high pigment
burden (C and D) (original magnification 34 [A through D]).
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Figure 3. Automated birefringent mineral identification using modified built-in Keyence BZ-X800 series microscopy software with the Macro Hybrid
Cell Count feature. Single hematoxylin and eosin–stained slide section viewed using bright-field microscopy (A); polarized light microscopy (PLM)
highlighting silica, silicates, and collagen fibers (B); and PLM with teal-blue overlay showing automated identification of birefringent mineral particles
while avoiding collagen (C) (original magnification 320 [A through C]).

Table 1. Demographics of Controls and US Coal Miners With Progressive Massive Fibrosis (PMF) Characterized by
Pathologist Consensus

Controls
(n ¼ 10)

Coal Miners With PMF
(n ¼ 85)

Miner Birth Cohorta

Historical (n ¼ 62) Contemporary (n ¼ 23)

Age, mean (range), y 52.7 (17–71) 64.2 (48–82) 65.4 (55–82) 61.1 (48–79)

Male, No. (%) 5 (50) 85 (100) 62 (100) 23 (100)

Current or former smoker, No. (%) 3/6 (50) 67 (79) 50 (81) 17 (74)

Smoking pack-years, mean (SD) 12.2 (16.1) 19.6 (18.7) 20.1 (19) 18.6 (18.4)

Years of coal mining, mean (SD) . . . 34.9 (8.4) 35.8 (10) 31.4 (2.2)

Years of underground coal mining, mean (SD) . . . 33.8 (8.2) 34.9 (8.9) 30.2 (8.7)

Work in central Appalachian state, No. (%)b . . . 56 (66) 39 (63) 17 (74)

Pathologist-determined PMF type, No.c

Coal . . . 35 31 4

Mixed . . . 26 20 6

Silica . . . 24 11 13

Pathologist-determined birefringent particle
profusion, No.d

Mild . . . 28 21 7

Moderate . . . 40 30 10

Severe . . . 17 11 6

a Historical miners defined as birth year prior to 1930; contemporary miners defined as birth in 1930 or later. Additional demographic information
for coal miners is detailed in Cohen et al.1

b Central Appalachian state refers to the states of Kentucky, Virginia, and West Virginia.
c Type of PMF: �25% of the PMF lesion containing silicotic nodules, coal type; .75% containing silicotic nodules, silica type; and .25% and
�75% containing silicotic nodules, mixed type.

d Birefringent particle profusion (qualitative) defined by pathologist assessment based on visual appearance under polarized light microscopy as
either mild, moderate, or severe.
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contemporary miners was significantly greater than in
historical miners (186 456 6 234 253 versus 63 727 6

55 318/mm3; P ¼ .02). The measured Mineral:Carbon[QM]

ratio was also significantly greater in miners compared with
control subjects (0.49 versus 0.19; P ¼ .04), and contempo-
rary miners had greater Mineral:Carbon[QM] ratio than
historical miners (1.21 versus 0.23; P ¼ .002) (Table 2).

Mineral density using QM-PM correlated with qualitative
birefringent particle profusion, increasing successively from
mild (37 372 6 42 259/lm3) to moderate (91 865 6 111 806/
mm3) to severe (206 976 6 224 253/lm3) (analysis of
variance P , .001; P , .05 in pairwise Tukey test), which
were all significantly greater than mineral density in

controls. A similar association was observed between the
Mineral:Carbon[QM] ratio and profusion category (Table 2).

Pigment fraction using QM-PM was not significantly
different among control samples (0.19% 6 0.14%), silica-
type PMF lesions (0.28% 6 0.27%), and mixed-type PMF
lesions (0.49% 6 0.36%). However, pigment fraction was
substantially greater in coal-type PMF (1.05% 6 0.65%;
P , .05 in pairwise Tukey test) compared with all other
groups.

We also analyzed pigment fraction, mineral density, and
Mineral:Carbon[QM] in the PMF-only areas of interest.
These results showed the same group-level patterns seen
in the whole-sample analyses (data not shown). PMF

Table 2. Birefringent Particle Characteristics Using Quantitative Microscopy for Controls and US Coal Miners With
Progressive Massive Fibrosis

Controls
(n ¼ 10)

All Miners
(n ¼ 85) P Valuea

Miner Birth Cohortb

P Valuea

Historical
(n ¼ 62)

Contemporary
(n ¼ 23)

Sample-level birefringent mineral
characteristics, mean (SD)

Mineral particles identified/sample 210 (158) 113 284 (186 678) . . . 64 763 (59 341) 244 079 (314.284) . . .

Tissue volume (mm3) 0.06 (0.02) 1.07 (0.38) . . . 1.01 (0.34) 1.24 (0.44) . . .

Mineral density, particles/mm3 4542 (4543) 96 936 (140 008) ,.001 63 727 (55 318) 186 456 (234 253) .02

Mineral:Carbon[QM] 0.19 (0.32) 0.49 (0.92) .04 0.23 (0.35) 1.21 (1.48) .002

Individual birefringent particle-level
characteristics, median (IQR)

Particle area,d lm2 1.57 (0.71–4.20) 1.00 (0.57–2.14) ,.001 1.14 (0.57–2.28) 1.00 (0.57–1.99) .46

Particle short-axis dimension, lm 0.82 (0.51–1.58) 0.64 (0.38–1.07) ,.001 0.68 (0.48–1.13) 0.60 (0.38–1.05) .58

Particle long-axis dimension, lm 1.69 (0.84–3.38) 1.19 (0.84–2.03) ,.001 1.20 (0.85–2.14) 1.20 (0.85–1.89) .45

Particle grayscale brightnesse 160.0 (133.0–188.0) 83.7 (67.4–108) ,.001 87.6 (70.6–113.2) 80.9 (65.5–104.1) .29

Abbreviations: IQR, interquartile range (25th to 75th percentile); Mineral:Carbon[QM], ratio of the cumulative birefringent particle area in square
micrometers to the pigmented (carbonaceous) area in square micrometers using quantitative microscopy; mineral density, number of birefringent
mineral particles measured using quantitative microscopy per cubic millimeter of tissue.
a One-way analysis of variance or 2-tailed t test for group-level comparison of continuous variables. Post-hoc Tukey tests for multiple pairwise

comparisons of mineral density and Mineral:Carbon[QM] were all significant (P , .05). Comparisons of birefringent particle-level characteristics
were performed with linear mixed models using groups as fixed effects and samples as random effects. Mineral density, Mineral:Carbon[QM], and
particle size characteristics were log transformed prior to test statistic calculation.

b Historical miners defined as birth year prior to 1930; contemporary miners defined as birth in 1930 or later.
c Pathologist birefringent particle profusion classification for miners based on qualitative visual appearance of birefringent particulate matter using

polarized light microscopy by pathologist groups with consensus agreement.
d Particle area represents the 2-dimensional surface area of individual particles identified using quantitative microscopy.
e Mean grayscale brightness of individual birefringent mineral particles (range, 0 [black]–255 [white]) under polarized light microscopy. Greater

values represent stronger birefringence.

Figure 4. Particle-level characteristics for
birefringent mineral particles identified using
quantitative microscopy–particulate matter
for normal controls (red), historical coal
miners (green), and contemporary coal min-
ers (blue). Cumulative frequency of particles
based on (A) particle area (lm2) and (B)
mean particle grayscale brightness under
polarized light (range, 0 [black]–255 [white];
higher value indicates stronger birefringence).
Mineral particles in contemporary and histor-
ical miners were similar in size and brightness,
but both had smaller particles and weaker
birefringence (less bright) than controls (P ,
.05).
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lesions occupied a mean of 52.6% 6 24.1% (range, 5.5%–
100%) of the whole tissue regions. PMF lesions showed a
greater mean pigment fraction than exclusive non-PMF
areas (0.8% 6 0.7% versus 0.5% 6 0.5%; P ¼ .005), but
mineral density was similar (94 198 6 146 033 versus
101 275 6 144 081; P ¼ .80).

Particle birefringence for every mineral particle identified
using QM-PM in all samples was grouped by particle size to
assess whether particle birefringence might be technically
limited by small particle size (Figure 5). Mean particle
birefringence increased with larger particle size, though,
notably, strong birefringence (brightness values closer to
255) was observed even in the smallest mineral particles
(,0.5 lm2). SEM/EDS analyses were available for 65 of 85
miners. There was moderate correlation between measured
Mineral:Carbon[QM] and Mineral:Carbon[SEM/EDS] (r ¼ 0.52,
P , .001).

DISCUSSION

Findings from this study reflect the first known effort to
quantitatively characterize in situ dust particulate matter in
lung tissue using conventional PLM. We demonstrated that
QM-PM characteristics of birefringent RCS, silicates, and
pigmented carbonaceous particles were comparable to
findings from pathologist qualitative assessments. Birefrin-
gent mineral density using QM-PM successively increased
among mild, moderate, and severe birefringent profusion
groups by pathologist consensus, and all were greater than
measured mineral density in normal controls. The pigment
fraction was greatest in samples classified by pathologists as
coal-type PMF lesions, compared with mixed-type and
silica-type lesions. We found moderate correlation between
Mineral:Carbon ratios measured by QM-PM and SEM/EDS.
These findings suggest that QM, with algorithmic identifi-
cation of RCS, silicates, and carbonaceous dust, may be a

Table 2. Extended

Qualitative Birefringent Particle Profusionc

P Valuea

Mild
(n ¼ 28)

Moderate
(n ¼ 40)

Severe
(n ¼ 17)

Sample-level birefringent mineral
characteristics, mean (SD)

39 430 (58 217) 113 698 (167 093) 233 949 (290 111) . . .

0.95 (0.36) 1.17 (0.39) 1.04 (0.32) . . .

37 372 (42 259) 91 865 (111 806) 206 976 (224 253) ,.001

0.23 (0.73) 0.45 (0.75) 1.3 (1.33) ,.001

Individual birefringent particle-level
characteristics, median (IQR)

1.0 (0.57–2.28) 0.99 (0.57–1.99) 1.14 (0.57–2.28) .67

0.68 (0.42–1.07) 0.60 (0.36–1.01) 0.68 (0.48–1.13) .83

1.19 (0.84–2.03) 1.19 (0.76–1.89) 1.19 (0.84–2.03) .61

89.0 (72.5–113.5) 81.3 (64.8–107.0) 84.5 (69.0–107.3) .23

Figure 5. Mean particle birefringence (gray-
scale brightness range, 0 [black]–255 [white])
of mineral particles identified using quantita-
tive microscopy–particulate matter (QM-PM)
grouped by particle size. Notably, strong
birefringence (brightness values closer to
255) was observed even in the smallest
mineral particles (,0.5 lm2), suggesting that
the ability for minerals such as silicates to
appear bright on QM-PM is not technically
limited by small size. The particles represent-
ed in this figure are a random selection
totaling 1% (for ease of graphical visualiza-
tion) of the 9 670 264 birefringent mineral
particles analyzed from all samples in this
study.
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reliable addition to expert pathologists’ qualitative assess-
ment and SEM/EDS.

Contemporary US coal miners have suffered a resurgence
of the most severe form of pneumoconiosis in recent
decades.1,15 Our findings add support to previous work
implicating silica derived from rock strata above, below, and
within coal seams as playing an important role.1 A greater
concentration of birefringent particles, presumably RCS and
other silicates, was measured in contemporary coal miners
compared with historical coal miners. Mineral particles in
contemporary and historical miners had similar brightness
under PLM, though a nonsignificant trend toward weaker
birefringence in contemporary miners may suggest even
greater exposure to RCS than to silicates (80.9 versus 87.6;
P ¼ .29). Recent analysis of these same tissue samples
showed a greater percentage and concentration of silica
particles in contemporary miners using SEM/EDS.1 Mineral
particle size was comparable between contemporary and
historical miners and was significantly smaller than in
controls, findings that cannot be reliably characterized by
pathologist evaluation.

QM-PM has a number of advantages over existing
techniques for characterizing and quantifying lung particu-
late matter. The methodology involves approximately 4 to 8
total hours per tissue sample, substantially less time than
pathologists’ assessment with consensus meetings. Most of
this period consists of passive microscope and computer
processing time without active operator input, and many
steps may be performed overnight for multiple samples. In
contrast, evaluation of particulate matter by in situ SEM/
EDS is time-consuming and limited to a small subset of
particles within a sample. Sampling bias inherent to in situ
SEM/EDS, where particles are manually selected for
counting, is eliminated with QM-PM, where the entire
sample is analyzed. QM-PM is fully automated other than
identifying tissue sample edges and tracing regions of
interest, and could be performed by a technician with
minimal clinical/technical training. Imaging parameters and
particle-identifying thresholds were optimized during pilot
testing and were implemented reproducibly in all study
samples. This is in contrast to less reliable interrater
classifications of specimens inherent to subjective qualitative
measures. Additionally, the use of a conventional light
microscope, polarizing lens, and open-access image-pro-
cessing software is substantially less costly than evaluation
by expert pulmonary pathologists or SEM/EDS, and
digestion or destruction of lung tissue is not necessary,
unlike for some SEM/EDS protocols.

We used mean grayscale brightness as an indicator of RCS
burden. Previous work has described differences in relative
brightness among distinct mineral types viewed by pathol-
ogists under PLM, including the dull (weakly birefringent)
appearance of RCS and substantially brighter (strongly
birefringent) appearance of silicates.4–6 However, accurate
differentiation of RCS from silicates under PLM is chal-
lenged by several technical factors, including particle
agglomeration, interactions with surrounding lung tissue,
and potential differences in birefringent properties that have
not yet been investigated in respirable-sized particles. Santa
et al8 deployed PLM to differentiate coal from mineral
particles in composite dust samples, but quantitative
comparisons between distinct mineral particle types using
PLM have yet to be performed. Additional uncertainty may
be introduced from coated particles, such as aluminosilicate-
occluded silica particles previously reported in coal mine

dust,16,17 but distinguishing these particles under PLM
needs further exploration. QM-PM characterization of
retained mineral particles, including RCS, silicates, and
other birefringent minerals, provides useful information
that has both clinical and public health importance.

Analysis of the PMF-only regions of interest was feasible
with QM, and results demonstrated heterogeneity of dust
deposition in lung tissue based on particle type. Although
the burden of birefringent mineral particles appeared similar
within the PMF-only lesion and the adjacent non-PMF
tissue, the burden of coal-containing dust was significantly
greater within the PMF-only region. Pinkerton et al18 found
that environmental particulate matter deposition in autopsy
specimens disproportionately affected respiratory bronchi-
oles. Additional mineralogic studies of occupationally
exposed cohorts could help to characterize histopathologic
patterns of lung dust retention.

The moderate correlation (r ¼ 0.52) between Mineral:
Carbon[QM] and Mineral:Carbon[SEM/EDS] reflects some
variability between these 2 techniques. SEM/EDS identifies
particles longer than 0.1 lm, compared with the 0.3-lm
threshold for QM. Although SEM/EDS analysis was
performed on only 1000 to 2000 particles per sample
because of time constraints, QM-PM counts all visible
particles over an entire tissue sample, including the more
than 100 000 birefringent particles per sample, and all
visualized regions of pigmented particulate matter. These
technical differences may explain the lack of a strong
correlation while highlighting potential benefits of QM-PM.

Our study has a number of strengths. Notably, we had
access to lung tissue from a unique cohort of occupationally
exposed coal miners with severe disease. These samples had
been extensively characterized by both SEM/EDS and an
expert international panel of pulmonary pathologists re-
quiring substantial time for consensus agreement on
pathology classifications. As such, these tissue samples
were ideal for demonstrating the utility and reliability of
QM-PM for in situ dust characterization. Normal control
lung tissue samples were also evaluated using this technique
to provide comparative context for the quantitative partic-
ulate matter measurements.

Our study also has several limitations. First, there is no
gold standard methodology for in situ lung dust particle
characterization. We made general comparisons between
QM-PM and existing techniques, but accurate test charac-
teristics (eg, sensitivity and specificity) of this novel
approach are impossible to define without a gold standard.
Comparisons made in this study are intended to establish
general agreement among techniques while highlighting
logistical and operational advantages of QM-PM. Second,
though QM-PM is unable to provide elemental classification
of individual particles, we used existing mineralogy litera-
ture informed by findings from SEM/EDS to assess
birefringent RCS, other silicates, and pigmented dust. Other
birefringent mineral types such as carbonates may exist, but
these totaled less than 0.1% of the mineral particles
identified using SEM/EDS. Pigmented regions may contain
iron oxides or other metallics that would have been
differentiated with SEM/EDS. We considered whether the
measurement of particle birefringence using QM-PM might
be technically limited by small particle size, but further
investigation demonstrated the presence of strong birefrin-
gence even in the smallest particles (Figure 5). Third,
evaluation of birefringent particles under PLM relies heavily
on stereologic orientation of particles in cross section.
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Because of this limitation, birefringent particles were identified
and counted, and visible short and long axes were measured;
however, these may not fully describe particle shape.

Although QM-PM may eventually assist pathologists,
pulmonologists, and occupational medicine specialists in
making clinical diagnoses, its greatest value may be as a
highly accessible technique for assessing previously unrec-
ognized workplace exposures driving preventable diseases.
The utility of QM-PM underscores the value of reactivating
and expanding lung tissue databases, such as the National
Coal Workers’ Autopsy Study or other autopsy programs,
for well-characterized worker cohorts. Future investigations
may be helpful in characterizing retained dust in other
cohorts with exposure-related lung disease, including the
estimated 2 million workers exposed to RCS in the United
States19 and the 60 000 incident cases of pneumoconiosis
annually worldwide.20 Additional efforts to enhance the
utility of QM-PM could focus on effectively discerning
distinct types of in situ mineral particles based on relative
birefringence, including characterizing other birefringent
mineral particles (ie, nonsilica and nonsilicates) and
assessing additional features that might be used for particle
classification.

CONCLUSIONS

A novel QM-PM method using conventional bright-field
microscopy and PLM with image-processing software
shows promise in characterizing in situ birefringent lung
minerals including RCS and other silicates, as well as
carbonaceous particulate matter. Identification of particulate
matter using this approach is comparable to existing
methods but is substantially less labor-intensive and costly.
It is largely automated, is quantitative, and requires little
clinical or technical training. In combination with earlier
studies,15,21 our QM-PM findings of increased mineral
burden in contemporary coal miners with PMF support
ongoing public health interventions focused on silica dust
exposure control to address the resurgence of severe lung
disease in coal miners, likely from modern mining practices.
By enabling consistent and accessible histopathologic
screening for exposure-related lung diseases, this novel
method may also help inform future efforts aimed at
protecting workers in other dusty trades.
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