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ABSTRACT Identification of inorganic substances in the lung is an important step towards the
establishment of a cause and effect relationship in the study of pneumoconiosis. The conventional
methods for this identification usually require an ashing which makes it difficult to study the local-
isation of these substances in relation to pathology. A method is described to identify foreign
substances in the tissue obtained either on biopsy or autopsy without destroying them. The technique
employs scanning electron microscopy together with energy dispersive x-ray analysis. This method
not only allows simultaneous multi-elemental analysis of over 80 elements, but also permits detailed
morphological examination while the tissue is being analysed.

The complex industrial society in which we live
has increased the exposure of the human lung to a
variety of substances which are potentially hazard-
ous. When these offending agents are organic in
origin, a variety of methods are available which may
establish a cause and effect relationship (Fink, 1974).
However, when the substances are inorganic, the
diagnosis is usually based on a history of exposure,
the appearance of chest radiographs and occasion-
ally results of a lung biopsy. It is often difficult to
obtain an accurate history of exposure, because an
individual may be totally unaware of the hazard.
Both chest radiograph and pathological changes
often lack findings specific for each disease entity. As
most of these inorganic substances, especially
minerals and metals, are not detected by histo-
chemical procedures, an ashing technique followed
by atomic absorption spectrophotometry or x-ray
diffraction analysis is sometimes employed.
The detection of foreign material by these conven-

tional ashing techniques not only requires a relatively
large amount of tissue but also makes it difficult to
determine any relationship between these substances
and the reaction of the surrounding tissue. The
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microincineration method, when applied to silicosis,
has yielded information on the site of silica deposition
in relation to histopathological changes (Gross et al.,
1956). Recently, electron microprobe analysis has
been found useful in the characterisation ofindividual
asbestos body cores (Langer et al., 1972).

Energy dispersive x-ray analysis (EDXA) is a
recently developed analytical technique which per-
mits simultaneous multielemental analysis of all
elements above atomic number 8 while the object is
being examined by the scanning transmission
electron microscope (S-TEM) or the scanning
electron microscope (SEM). We have used this
technique to study lung tissue from a case of
interstitial fibrosis in which numerous electron-dense
materials, observed by conventional transmission
electron microscopy, were identified by EDXA and
S-TEM as containing iron, nickel, chromium, and
cobalt (Siegesmund et al., 1974). We have also
studied silicosis with this technique and established
the levels of silicon in lung tissue, in both normal and
silicotic subjects (Funahashi et al., 1975). The useful-
ness of this method was also demonstrated on lung
tissue where conventional diagnostic criteria had
failed to establish a diagnosis of silicosis (Pintar et
al., 1976).
The purpose of this communication is to describe

the technical details for the application of this
analytical method which we have developed for the
study of pneumoconiosis.
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Materials and methods

SPECIMEN PREPARATION
Sections of lung tissue from well-established cases of
silicosis were cut from ordinary paraffin blocks.
Paraffin was removed from the sections with
xylene; they were then hydrated by passage through
decreasing concentrations of alcohol and into distil-
led water. The sections were floated from distilled
water on to the surface of spectroscopically pure
1 x 16/31 inch carbon planchets (Ultra Carbon
Company, Bay City, Michigan). The tissue sections
were air-dried slowly at room temperature to prevent
curling. The sample was given a 100 A (10 nm)
carbon coating by vapour deposition to reduce
charging of the specimen during examination in the
SEM.

SEM EXAMINATION
The carbon planchet was placed in the SEM and
examined directly in the secondary electron mode for
morphology. The incident primary electron beam of
the SEM generates a number of signals when it
interacts with the specimen. Secondary electrons are
electrons in the material which are excited by col-
lisions with the primary beam. Those which escape
the surface are of low energy (0-50 eV; 0-8-0 aJ) and
are generated with a thin layer at the specimen sur-
face. These low energy electrons can be collected and
converted into a relatively high resolution (10 nm)
image of the specimen. This represents the conven-
tional mode of surface imaging.

X-RAY ANALYSIS
X-rays are also generated by the collision of the
primary electron beam with the specimen. The wave-
length, energy, and number of x-rays will depend on
the elements present in the specimen and their
abundance. Using a solid-state silicon semiconductor
detector, x-rays emitted from the samples are col-
lected and used to generate a small electrical signal
with a charge proportional to the energy of the
incoming x-ray photon. This signal is electronically
processed and stored in a computer as a single count
which is filed according to the voltage of the incom-
ing pulse. As incoming x-rays are detected, sorted,
and stored a spectrum is produced of which the
x-axis represents an x-ray energy distribution and the
y-axis represents the number of x-rays of a given
energy. Such a spectrum is shown in Fig. 1 and
represents a typical 200-second analys's of lung
tissue from a silicotic patient. Each peak seen on the
cathode ray screen represents an element found in
the tissue. The peaks representing the given elements
are superimposed on a background of white radiation
(Bremsstrahlung) and a carbon background
radiation. Each peak represents one of the charac-
teristic x-rays generated by an element. To facilitate
rapid identification of these peaks, a computer
programme generates vertical dotted lines (K, L
markers) locating peak positions in these spectra for
the selected element. The peak identified in Fig. 1 is
silicon (Si) of atomic number 14. Such an analysis
can then reveal more than 80 elements simul-
taneously and in a matter of minutes. Most analyses

Fig. 1 Spectrum of tissue analysis by EDXA seen on cathode ray screen.
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in this study were run for periods of 200 seconds
each.

Three to five randomly selected areas of approxi-
mately 1 mm2 were photographed and x-ray
analysed to obtain the relative concentrations of any
elements in the area of the lung photographed. An
Ortec 165 eV resolution Si (Li) detector and a Tracor
North Ns-880 computer base data handling sys-
tem were used for the analyses. All spectra were
stored on magnetic tape for future reference.

DATA REDUCTION
The relative abundance of each element can be
calculated from an analysis of the counts generated
for a given element by comparison with the reference
spectra of the materials containing known concen-
trations of that element. Concentration ratios were
calculated and corrected for absorption, fluorescence
and atomic number effects, assuming carbon as a
background. Because of the difficulties inherent in
determining the exact amount of material examined,
the data were presented as relative elemental
concentrations by weight.

Results

SECTION THICKNESS
An earlier study (Funahashi et al., 1975) has shown
that when analysing lung tissue sulphur could be used
as a reliable indicator of tissue mass, and that a Si/S
ratio gave a more valid expression of silicon
concentration than silicon alone. Sections of varying
thickness were analysed to discover the relationship
between elemental count and section thickness
and to determine whether there was a minimum
thickness which would still provide reasonable count-
ing rates. The table shows the analysis of sections 10
to 40 /im in thickness. The Si/S ratios were relatively

Table Section thickness and elemental count

Section Elements
thickness
([Am) S P Si Si/S

10 10 2 15 1-5
20 17 3 11 09
30 23 5 14 0-7
40 29 11 27 0 9

S = sulphur; P = phosphorus; Si = silicon.

constant for 20, 30, and 40,m. Sections cut at 10 ,um
showed a higher Si/S ratio than the thicker sections.
Sections cut at 5 ,um proved too difficult to handle
because they tended to curl up and failed to adhere
well to the carbon stub. Figure 2 shows that a linear
correlation exists between sulphur content and sec-

tion thickness. The relationship of phosphorus con-
tent to section thickness was nonlinear.
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Fig. 2 Section thickness and contents for sulphur (S) and
phosphorus (P).

X-RAY MAPPING
The technique of x-ray mapping enables single
elements to be mapped according to their location on
the secondary electron image. The precise position of
the elements within tissue and their relative concen-
tration can then be ascertained.

Figure 3 shows a conventional secondary electron
image of a silica nodule and thickened septa. Figure
4a shows a conventional x-ray map for silicon.
Silicon concentrations, shown as white dots, are seen
primarily in the nodule. Figure 4b shows the same
area mapped for iron, with most of the element
appearing in the septa. Figure 4c was produced by
making a negative of the x-ray map of silicon and
printing a positive directly onto the secondary
electron image. This procedure produces an x-ray
map of black dots, showing precise locations of the
element directly on the electron image. A more
exact localisation of silicon can be determined within
the nodule. Figure 4d shows the same technique,
used to map iron in the same area. The iron is seen to
be exactly within the septa with little occurring in the
nodule itself.

Printing such maps from the original negative pro-
duces white dots which are less satisfactory when
viewed on top of the secondary electron image.
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Fig. 3 Scanning electron micrograph
of silica nodule and thickened alveolar
septa (original magnification: x 100).

COLOUR MAPPING
Simultaneous viewing of two or more elements is
possible by printing x-ray maps for these elements on
the same piece of colour photographic paper. Each
element map is printed separately, using a different
colour filter in front of the enlarger lens.

Discussion

In the study of pneumoconiosis, it is important to
detect all inorganic materials in lung tissue, because
individuals are often exposed to more than one
element. On the other hand, the mere detection of
foreign elements may be of no significance in terms
of tissue injury because different substances may
cause quite a different tissue reaction. For example,
iron oxide is thought to be relatively innocuous,
while silica is known to be highly cytotoxic. For this
reason, the relationship between the location of a
foreign substance and tissue pathology becomes very
important, especially in cases where more than one
dust is involved. Conventional methods of analysis
usually do not permit a study of this relationship. A
microincineration method has been used in silicosis
to study tissue reaction and the presence of silica, and
has yielded valuable information concerning its site
of deposition (Gross et al., 1956; Gross and Smith,
1959). This indirect method, however, is not only
destructive of the sample but is also extremely
tedious and time-consuming. Electron microprobe
analysis, which uses wavelength detectors, provides a
sensitive nondestructive means for analysing tissue
structure (Robertson, 1968). This technique, how-
ever, does not allow for simultaneous multielement

analysis and requires rather long analysis times.
Energy dispersive x-ray analysis (EDXA) is non-
destructive like electron microprobe analysis but has
the additional advantage of being more rapid and of
providing simultaneous multielemental spectra. This
capability ofEDXA for simultaneous multielemental
analysis is particularly important in the study of
pneumoconiosis, where workers are commonly
exposed to more than one element.

Morgenroth et al. (1973) used EDXA and SEM to
identify silica in macrophages, in semi-thin sections
of guinea pig lung embedded in Epon. Ruttner et al.
(1973) analysed by EDXA and SEM lung dust
residue sprayed on a collodion-coated copper grid,
and observed peaks of aluminum, silicon, potassium,
and iron. These investigators demonstrated the
feasibility ofEDXA and SEM in the identification of
silica deposited in lung tissue. We have used speci-
mens from ordinary paraffin blocks and analysed
them at a much lower magnification than in previous
studies (Morgenroth et al., 1973; Ruttner et al.,
1973). Our method not only permits the study of a
much larger area (1 mm2 for each analysis) but the
thicker sections reduce the sampling error which is
an inherent problem in electron microscopic studies.
The method also permits a much closer correlation
with an ordinary light microscope. When ordinary
deparaffinised pathology specimens are used how-
ever, poor resolution is noticeable at higher mag-
nifications. Epon-embedded thin sections may there-
fore be necessary when one wishes to study mor-
phology at an ultrastructural level with simultaneous
analysis of EDXA. In cases where elements such as
heavy metals have a relatively low concentration but
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a high electron density, the use of the scanning trans- The present study confirmed the validity of using
mission electron microscope (STEM) together with sulphur as an indicator of tissue mass, as described
EDXA will allow a detailed ultrastructural exami- previously (Funahashi et al., 1975). There was a
nation to be carried out, as demonstrated in a case of linear correlation between section thickness and the
interstitial fibrosis reported previously (Siegesmund amount of sulphur and very little variation of silica
etal., 1974). content when the silicon/sulphur ratio was applied

Fig 4a

Fig 4b
Fig. 4 X-ray maps for silicon (a, c) and iron (b, d). See text.
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Fi. 4c

Fig 4c

Fig 4d

in a range of 20 to 40 ,tm. Why the 10 ,um thickness
gave a higher Si/S ratio is not entirely clear. It is
possible that with this thickness a small change of
distribution of silica in the specimen may have had
an unduly large effect on the Si/S ratio.
The value of the x-ray mapping technique

deserves emphasis. It permits visualisation of a
specific substance at its location within the tissue, and

enables a detailed study of the site of deposition and
tissue reaction to be carried out. The site of deposi-
tion of an element, however, does not necessarily
indicate the place where the tissue injury had
occurred, for it has been suggested that mobilisa-
tion of substances may take place after the initial
tissue reaction (Gross and Smith, 1959).
The use of EDXA has been described in the study
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of organs other than lung (Russ and McNatt, 1969;
Fowler and Parker, 1973). Recently, silicon was
found in a kidney biopsy specimen from a patient
with a history of heavy exposure to silica (Saldanha
et al., 1975). Phagocytosis by alveolar macrophages
is one of the key mechanisms involved in the
clearance of foreign dusts from the lung, and it is
therefore quite conceivable that many foreign
materials other than silica may be found in organs
distant from the lung and may produce tissue
reaction at the site of deposition. EDXA should
prove useful in the study of such cases, although
technical details are yet to be determined.
A disadvantage ofEDXA is that the method takes

no account of chemical form. For example, EDXA
will not discriminate between free silica, silicate, or
amorphous silica. For this reason, we believe that
EDXA will not replace the conventional analytical
methods but will complement them, and further
expand our ability to identify elements in the tissue.
It will be of particular use in the study of their loca-
tion in relation to tissue structure.
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