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The study of pneumoconiosis has been greatly facilitated by use
of the analytical electron microscope. Morphologic, crystallo-
graphic, and chemical analyses may be obtained on submicroscopic
particles using various analytical modalities. Since there is no
destruction of tissue, as in other analytical techniques, analytical
electron microscopy can help relate the effects of foreign particles
to localized cell and tissue reactions. An overview of the different
modalities of the analytical electron microscope is presented along
with cases illustrative of their use.

Index terms: Microscopy, electron * Pneumoconiosis
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Inhalation of atmospheric particles and their accumula-
tion in airways and alveoli has been associated with various
pneumoconioses (silicosis, asbestosis, coal workers’ pneu-
moconiosis, berylliosis, talcosis). The diagnosis of pneu-
moconiosis may be suggested by occupation, history, chest
radiography, and routine light microscopy, but a multidis-
ciplinary approach including electron microscopy plus an-
alytical and quantification techniques is usually necessary
to identify inhaled particles and study particle localization
and exposure levels.

The identification of foreign substances in lung tissue
may require dark-field microscopy, polarization micros-
copy, histochemical staining, and routine light and electron
microscopy. But, while these techniques may be helpful in
characterizing such substances, they do not always allow
for precise identification of the foreign material. Other
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Fig. 1.

Electron micrograph of chrysotile fibers. Electron-lu-
cent cores occupy central portion of fibers and are distinctive
features of chrysotile species of asbestos. (X 115,000)

methods, such as microincineration and bulk
chemical analysis, provide precise elemental iden-
tification, but require relatively large amounts of
tissue and involve tissue destruction, thereby pre-
cluding any correlation between the disease proc-
ess and the location and concentration of foreign
particles.

Analytical electron microscopy (AEM) is a rel-
atively recent development of ultrastructural
techniques employing standard electron micro-
scopes specially fitted with analytical equipment
that allows nondestructive structural and n situ
elemental microanalysis of lung and other tissues
containing particulate materials.

AEM uses various emission signals that are
produced as an electron beam is focused on a
specimen. These emissions include transmitted
and diffracted electrons that pass through the
specimen and carry structural and crystallo-
graphic information, and signals that are emitted
from specimen surfaces as either secondary or
backscattered electrons carrying topology and
density information. Interaction of the beam and
the specimen also produces x-ray emissions that
are characteristic of the molecules being irradi-
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Amphibole

Fig. 2. Comparison of electron diffraction patterns of amphi-
bole (left) and chrysotile (right) species of asbestos. Diffraction spots
of amphibole are sharp and discrete. Diffraction spots of chrysotile
appear streaked or blurred.

ated. AEM incorporates a variety of detectors
that can collect and use these signals and emis-
sions in the identification and characterization of
inorganic particles that may be of etiologic im-
portance in dust-related pulmonary diseases.

Transmission electron microscopy and
scanning transmission electron microscopy

As the beam generated in an electron micro-
scope passes through the specimen, electrons are
either deflected or absorbed in proportion to the
density of the specimen and the reciprocal of the
instrument accelerating voltage. Electrons that
have penetrated the specimen are sensed on a
phosphorescent screen in the case of transmission
electron microscopy (TEM) or on a cathode ray
tube (CRT) in the case of scanning transmission
electron microscopy (STEM). Biologic structures
visualized by TEM and STEM usually require
augmentation of their electron density through
the application of electron-opaque stains (osmium
tetroxide, uranyl acetate, and lead citrate), while
inorganic particles are frequently dense enough
to be seen with no further enhancement. Exam-
ination of unstained material may allow for rapid
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Fig. X-ray spectra of each of the commercially important
asbestos fibers anthophyllite, chrysotile, amosite, and crocidolite.
Fibers differ in relative concentrations of magnesium (Mg), silicon
(Si), iron (Fe), manganese (Mn), and sodium (Na) as demonstrated
by height of respective spectral peaks.

L H

location of particulate material contained within
biologic sections and ‘may permit subsequent el-
emental and crystallographic characterization of
the particle without the encumbrances of stain
interference. Visualization of relationships of
particles to localized tissue reaction, however,
may require the application of conventional elec-
tron microscope stains; but further analyses must
distinguish stain contamination from particle
chemical composition.

In most cases studied by TEM or STEM it is
impossible to make particle identification based
on morphology alone. For asbestos, however,
chrysotile is the only fiber that has a central
electron-lucent core (Fig. 1) that may be a signif-
icant ultrastructural observation when separation
of asbestos fiber types is necessary.

The major advantage of performing TEM or
STEM on lung specimens suspected of containing
foreign particulate matter is the ability to detect
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Fig. 4.
having 27 months of heavy exposure to asbestos fibers. Ferruginous
(asbestos) bodies are found within alveolar macrophages. (H & E, X
150)

Case 1. Micrograph of lung tissue from 36-year-old man

and localize particles below the resolution of the
light microscope and to establish their relation-
ship to localized cellular responses.

Scanning electron microscopy

Scanning electron microscopy (SEM) using sec-
ondary electron imaging (SEI) has been widely
used in the study of pneumoconioses since it
allows topologic examination of large fields at
magnifications of 20-100,000 X, with identifi-
cation and shape determination of particles too
small to be seen by light microscopy. While SEI
provides excellent visualization of particulate
matter in tissue cavities, particles within intracel-
lular spaces and dense stromal regions are more
obscure, as are particles lacking distinctive
shapes. The various modes of specimen imaging
in the SEM, however, greatly increase the effi-
ciency by which small or obscured particles are
identified. Backscatter electron imaging (BEI) in
the SEM provides an enhanced method of visu-
alizing mineral particles in lung or other tissue,
since it effectively contrasts specimen areas of
differing average atomic density due to the
greater backscattering of electrons by elements
of high atomic number.! 2 Foreign particles hav-
ing an atomic density greater than the low-den-
sity lung parenchyma may be visualized as high-
intensity areas that are usually distinguishable
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Fig. 5. Case 1. Electron micrograph of interstitial lung macro-
phage containing uncoated fibers of asbestos. X-ray and diffraction
analysis indicated elemental and crystallographic composition con-
sistent with that of amosite. (X 5700)

from a monotonous, dull background. Using
BEI, mineral inclusions as small as 50 nanometers
can be resolved and readily differentiated from
other small tissue and cellular particles that may
be otherwise indistinguishable using SEI. Parti-
cles detected by BEI can then be further charac-
terized in situ using other detectors and imaging
modes of the analytical electron microscope.

Selected area electron diffraction

Selected area electron diffraction (SAED) is an
electron microscopic imaging technique that per-
mits sequential morphologic and crystallographic
analysis of mineral particles found in thin-sec-
tioned specimens or isolated from lung or other
tissue digestates.””> SAED refocuses electrons fol-
lowing their crystallographic scatter into optical
diffraction patterns that can be related to the
periodic spacing of the crystal being analyzed.
This technique gives additional structural infor-
mation about a mineral that may be only partially
characterized by other analytical means. SAED
patterns, however, are difficult to interpret, and
may present an even greater dilemma to the
investigator without much experience. In the
case of asbestos identification, however, patterns
are distinctive and provide easy distinction be-
tween the major asbestos groups, chrysotile and
amphiboles (Fig. 2), although amphibole fiber

Fig. 6. Case 1. Electron micrograph of intra-alveolar ferrugi-
nous (asbestos) body. X-ray spectrum and electron diffraction pat-
tern from asbestos core indicated the presence of amosite. (uranyl
acetate & lead citrate, X 5200)

speciation may require additional x-ray analytical
techniques.

Energy dispersive x-ray analysis

Although most commonly used by material
scientists, energy dispersive x-ray analysis
(EDXA) is becoming a popular and useful tool in
pathology laboratories performing state-of-the-
art electron microscopy.®™'' EDXA is an in situ
nondestructive analytical technique for record-
ing the presence of elements from fluorine
(atomic number Z = 9) to uranium (Z = 92)
within the biopsy or surgical specimen. Analysis
can be performed on very small, even subcellular,
particles by the bombardment of the specimen
by a narrow beam (minimum diameter = 50
nanometers) of high-energy electrons that causes
individual atoms within the sample to emit char-
acteristic x-rays that can be recorded, analyzed,
and related to the elements present within the
specimen and their relative concentrations.

EDXA is capable of detecting elements having
a percent composition of 0.1-0.3% in a particle
having a minimal mass of 107'® to 107*° grams.
As EDXA is not sensitive to elements of low
atomic number (Z < 9), organic compounds and
particles including polyvinyl chloride, beryllium,
and carbon must be analyzed by other means,
e.g., atomic absorption. Since it is a nondestruc-
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Fig. 7. Case 1. Electron micrograph of cross-section of ferru-
ginous (asbestos) body within an intraalveolar macrophage. Note
that central fiber does not contain electron-lucent core. X-ray and
diffraction analysis indicated elemental and crystallographic com-
position consistent with that of amosite. (unstained, X 10,500)

tive, in situ analysis, EDXA provides analytical
information that can be correlated with the ultra-
structural localization of particles. Combined
with other analytical techniques, EDXA can also
help point to distinctive physical and chemical
properties of particles having fibrogenic or car-
cinogenic potentials. In asbestos-related diseases,
EDXA produces distinctive spectral patterns that
may be easily quantified for the identification
and chemical separation of the commercially im-
portant asbestos fibers (Fig. 3).

X-ray mapping

As an imaging technique complementary to
EDXA, x-ray mapping gives a visual presentation
of elements within a particle or within a lung
field. X-rays that are generated at the specimen
level in either SEM or STEM and sensed by an
x-ray detector are processed by a single channel
analyzer and depicted as a distribution of dots on
the screen of a CRT. The dot patterns can then
be correlated with morphologic features to de-
termine the concentration-related distribution of
elements within a particle or the distribution of
particles having similar elemental composition
within a tissue field. While the technique is gen-
erally of limited application because of low reso-
lution, it may have application in identifying par-

Fig. 8. Case 1. Scanning electron micrograph of ferruginous
(asbestos) body within alveolar macrophage. Micrograph was taken
from cut surface of deparaffinized histologic block. (gold coated, X
2000)

ticles of similar or dissimilar composition in a
tissue field having particles too numerous to ana-
lyze individually.

Quantification of lung particulate load

Even with precise chemical definition and crys-
tallographic characterization, quantitative analy-
sis is essential for complete documentation of the
pulmonary particulate load. Quantification is
usually performed on the mineral residues fol-
lowing low-temperature ashing'®> or sodium
hypochlorite (bleach) digestion,67.13.14 although
the former involves particle fracturing and may
give an inflated numerical estimate. Counts may
be made at either the light microscopic or elec-
tron microscopic levels. Even when using light
microscopic aids such as polarized light and phase
contrast optics, small particles and fibers readily
escape detection, but are easily identified by elec-
tron microscopy. In the quantification of asbestos
bodies (ferruginous bodies with asbestos cores),
sediments from bleach digestion or ashing of
preweighed portions of lung are collected on
membrane filters (nucleopore or millipore) that
are then cleared and mounted on glass slides for
light microscopic counting or dissolved onto
electron microscope grids.'>'* The density of
particles on the filter can be varied by resuspen-
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Fig.9. Case 1. Scanning electron micrograph of nonsegmented
asbestos fiber found within hemorrhagic alveolar space. (gold
coated, X 2000)

sion of centrifuged sediments in controlled di-
luent volumes of water and by aliquot sampling
of the particle suspension. Quantification 1is
achieved when particle counts are related to the
original weight of the lung sample, the diluent
volume in which the ashed or digested lung resi-
due is suspended, and the aliquot sample that is
counted. When analysis is performed on wet tis-
sue, replicate specimens should be dried in order
to obtain a dry weight equivalent. Analysis should
be expressed in counts per gram dry lung.

In situ quantification is perhaps more useful,
since it equates the local burden with regional
differences in tissue response. In situ quantifica-
tion may be performed by depositing 5-micro-
meter frozen or paraffin sections on carbon sup-
port mounts specially made for AEM, followed
by removal of the paraffin substrate by solvent
etching.1 Calculated areas of the specimen are
then scanned using BEI, which effectively differ-
entiates atomic density, thereby providing clear
contrast between the particulate matter and the
low-density tissue parenchyma. The particles are
then qualitatively identified using crystallo-
graphic or x-ray analytical methods, counted, and
related to the volume of tissue analyzed. Since
this technique requires less tissue and does not
destroy the specimen, small specimens, even from
needle biopsy, may be used. While the technique
is time-consuming, it may provide identification

Fig. 10. Case 1. Scanning electron micrograph of ferruginous
(asbestos) body isolated from lung digestate. X-ray analysis indicated
elemental composition consistent with that of amosite. (gold coated,
X 5000)

and quantification of small particles below the
resolution of light microscopy.

Procurement and processing of specimens

Characterization of particulate matter in lung
and other tissues usually requires specimen fixa-
tion in solutions that do not interfere with crys-
tallographic or elemental analysis. Formalin and
glutaraldehyde fixations usually provide good
structural morphology and do not interfere with
chemical identification. Fixatives containing such
metals as chromium, mercury, and zinc should
be avoided if elemental analysis is indicated.
Phosphate buffers and arsenic-containing caco-
dylate buffers may also present problems in
analysis. EDXA of mineral substances in tissues
post-fixed in osmium tetroxide for routine ultra-
structural studies may produce overlapping ele-
mental analysis (e.g., phosphorus and osmium),
but computerized subtraction of the osmium
peaks may disclose the presence of anticipated or
unsuspected elements. Retrospective studies may
be performed on paraffin-embedded tissues,
either by means of solvent etching of sections
and BEI techniques already described, or by fur-
ther processing and embedding for electron mi-
croscopy with analytical procedures performed
on thin-sectioned material. In any case, specimens
should be processed using safeguards so that no
exogenous particles enter the tissue because of
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Fig. 11.

Case 1. Electron diffraction pattern of asbestos fiber
consistent with that of an amphibole. Compare with Figure 2.

contaminated solutions. Filtration of fixatives,
buffers, and alcohols before use usually prevents
entry of contaminating particles into tissue
spaces.

Illustrative cases

The cases presented here are intended to demonstrate
the utility of the analytical electron microscope in investi-
gating possible etiological factors in the development of
environmentally related lung disease. In each case, there
were supporting clinical and exposure histories along with
radiographic evidence to suspect pneumoconioses.

Case 1. A 36-year-old man was employed 27 months,
with heavy exposure to raw asbestos fibers, making casting
molds for steel mills. The patient complained of weakness
and malaise. Pulmonary function tests revealed decreased
diffusion capacity and restrictive disease with resting hypox-
emia. He had a small left pleural effusion. His chest radi-
ographs showed a fine ground-glass interstitial pattern in
the lower two-thirds of both lung fields.

Histologic sections (Fig. 4) of open-lung biopsy specimens
showed diffuse interstitial fibrosis with ferruginous bodies
identifiable as free within alveolar spaces and within alveolar
macrophages. A combination of exposure history, radi-
ographic findings, and histologic confirmation of lung fibro-
sis in the presence of asbestos fibers established the diagnosis
of asbestosis, but did not indicate the type of asbestos present
or other particles that may have contributed to the devel-
opment of interstitial lung disease. Analytical electron mi-
croscopy was, therefore, indicated to identify the specific
type of asbestos fiber present, and to identify any other
particle that may have accounted for the progression of the
patient’s lung disease.

Asbestos bodies and fibers were identified by light mi-
croscopy (Fig. 4), TEM (Fig. 5-7), and by SEM using SEI of
routine tissue preparations (Figs. 8§ and 9) and lung diges-
tates (Fig. 10). Quantification of asbestos-cored ferruginous
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Fig. 12. Case 1. X-ray spectrum of amosite species of asbestos.
Spectral peaks indicate presence of magnesium, silicon, manganese,
and iron. Compare with Figure 3.

bodies, using hypochlorite digestion and phase contrast op-
tical counting techniques, set the lung particulate burden at
8.7 X 10° bodies per gram of dry lung. This value fell well
within the range reported for asbestos workers having clin-
ical and histologic asbestosis.'* SAED of uncoated fibers and
crystalline cores of coated fibers produced diffraction pat-
terns typical of the amphibole class of asbestos fiber (Fig.
11). Further speciation of the fibers was achieved by EDXA
and computer analysis of elemental concentrations. Peak
ratio study of the spectral analysis (Fig. 12) indicated mag-
nesium, silicon, and iron concentrations consistent with the
amosite species of asbestos, while the significant presence of
manganese supported this identification.'® Numerous anal-
yses consistently demonstrated similar spectra and indicated
a heavy exposure to a single asbestos fiber type. Other
regions of the lung specimen contained high concentrations
of nonfilamentous electron-dense inclusions found within
intra-alveolar spaces and within tissue macrophages (Fig.
13). Some of the particles were identified as quartz or free
silica because of the EDXA-generated pure elemental silicon
peak. Other particles were silicates that had analyzed com-
positions of aluminum, potassium, and silicon consistent with
the mineral mica. In this case, AEM proved useful in iden-
tifying amosite as a major etiological component in the
development of the patient’s interstitial lung disease, with
silica and silicates as potential cofibrogenic contaminants.

Case 2. A 55-year-old man was a farmer who also had
a full-time job as a line worker in an ammunition factory
where powdered mica was used to insulate live rounds from
friction and possible spark production. The patient had been
anonsmoker for 20 years but had a previous 16-year history
of smoking Y% pack per day. Upon admission, the patient
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Fig. 13. Case 1. Electron micrograph of intra-alveolar macro- Fig. 14. Case 2. Micrograph of lung tissue from 55-year-old
phage containing large phagocytic vacuoles. Within one vacuole is man having history of exposure to powdered mica. There is severe
an electron-dense particle with x-ray analysis indicating a composi- interstitial fibrosis with obliteration of normal lung architecture. (H
tion of aluminum, potassium, and silicon (mica). (uranyl acetate & & E, X150)

lead citrate, X 4900)

Fig. 15. Case 2. Electron micrograph of pulmonary macro-
phage containing numerous electron-dense particles having x-ray
analyses consistent with the presence of aluminum potassium sili- Fig. 16. Case 2. X-ray spectrum of mica. Spectral peaks indicate
cates (mica). (uranyl acetate & lead citrate, X 8700) presence of aluminium, silicon, and potassium.
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Fig. 17. Case 2. Backscatter electron image (BEI) of fibrotic
lung field. Numerous small particles are sharply identified against
a dull monotonous stroma. (X 2200).

complained of exertional dyspnea with physical examination
showing clubbing of nails, and inspiratory fine crackles in
both lung bases. Chest radiographs showed extensive retic-
ular interstitial markings involving both lung fields, espe-
cially the bases.

Histologic sections demonstrated a honeycomb lung with
severe interstitial fibrosis and a mild inflammatory infiltrate
(Fig. 14). Polarization microscopy demonstrated widely scat-
tered, readily discernible particles, and a fine distribution
of particles of sizes near the resolution limit of light micros-
copy. TEM of a routinely embedded lung specimen revealed
numerous macrophagic cells containing cytoplasmic lyso-
somes having electron-dense, angulated mineral contents
(Fig. 15). EDXA of these inclusions generated spectral peaks
consistent with the silicon, aluminum, and potassium content
of mica (Fig. 16). Lung specimens submitted for low-tem-
perature ashing and chemical analysis also demonstrated the
presence of aluminum potassium silicates.

In an attempt to study the distribution of small submi-
croscopic particles more critically, frozen and solvent-etched
paraffin sections were examined in the SEM mode using
BEIL Since the sections prepared for BEI were from the
same blocks as those examined by light microscopy, the local
effects of small-particle contaminants could be more closely
related to fibrogenesis using the greater resolving power of
SEM. In large fields studied by BEI (Fig. 17) and x-ray
mapping (Fig. 18) at low magnification, there was a more
intense distribution of particles than could be appreciated
by bright-field or polarized-light microscopy. The particles
appeared to be within a dense stromal matrix corresponding
to fibrotic areas seen by light and electron microscopy.
EDXA and dot mapping analysis of these particles reflected
the findings using TEM/EDXA, although particles of other
composition were also found.

AEM in this case provided a better correlation between
small mica particle contamination and the possible fibro-
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Fig. 18.

Case 2. X-ray dot map corresponding to Figure 17.
Particles containing silicon produce concentrated clusters of white
dots. Particles not containing silicon should be analyzed separately
using energy dispersive x-ray analysis.

genic reaction of tissue to the presence of those particles. In
addition, AEM gave a better appreciation of the patient’s
exposure level to submicroscopic mica particles than could
have been gained by light microscopic studies alone.

Conclusions

AEM is a useful approach to the study of
environmental lung disease, since it permits the
identification and characterization of inorganic
dust in relation to specific tissue changes. Since
identification may be made on particles too small
to be seen by the light microscope, AEM may
help affirm pathologic diagnoses in which expo-
sures are suspected, but histologically unde-
tected. AEM may also provide information on
the pathologic potential of specific mineral par-
ticles and help establish tissue exposure levels
compatible with disease. In the cases presented,
diagnoses were made at the histologic level, but
AEM helped establish positive correlation be-
tween specific lung contaminants and local cel-
lular and tissue reactions.

Department of Pathology
Cleveland Clinic Foundation
9500 Euclid Avenue
Cleveland, OH 44106
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