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This chapter deals with the pneumoconioses, occupational asthma,
occupational fevers and the effects of toxic fume and gases.
Occupational diseases of the lung considered elsewhere include the
effects of atmospheric pressure changes (see p. 368), extrinsic allergic
alveolitis (see p. 279), carcinoma of the lung (see p. 534) and asbes-
tos-induced pleural disease (see pp. 714-729). Dusty occupations in
general are also associated with an increased risk of chronic obstruc-
tive pulmonary disease."?

PNEUMOCONIOSIS: GENERAL FEATURES

Definition of pneumoconiosis

The term ‘pneumoconiosis’ is an abbreviation (and etymological
corruption) of Zenker's pneumonokoniosis,> which derives from
pneumon (lung) and konis (dust) and therefore translates as dusty lung;
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- Pathology of the Lungs

in practice the term is confined to the effects of mineral dust on the
lungs. Diseases caused by organic dusts are not included among the
pneumoconioses and, in medicolegal practice at least, the presence of
dust alone is insufficient to indicate pneumoconiosis: for compensa-
tion to be considered, the mineral dust must alter the structure of the
lung and cause disability. The British Industrial Injuries Advisory
Council defined pneumoconiosis as ‘permanent alteration of lung
structure due to the inhalation of mineral dust and the tissue reactions
of the lung to its presence, excluding bronchitis and emphysema’*
Parkes recommends that cancer and asthma caused by mineral dust
should also be excluded from the definition, an opinion with which
we concur.”

Dust deposition in the lung

To reach the lung, dust particles have to be very small. Particle density
and shape also affect the aerodynamic properties of dust. Host factors
such as airflow characteristics, airway branching patterns and airway
disease also affect dust deposition. Three deposition mechanisms are
recognised (Fig. 7.1.1):

1. Inertial impaction: When air streams change direction or
velocity, the inertia of the entrained particles causes them to
maintain their original direction for a distance that depends
upon their density and the square of their diameter. The same
rules govern a car approaching a bend too fast: the car crashes
into the outside of the bend.

2. Sedimentation (gravitational settlement): Under the influence of
gravity, particles settle with a speed that is proportional to their
density and the square of their diameter.

3. Diffusion: Very small airborne particles acquire a random
motion as a result of bombardment by the surrounding gas
molecules.

Inhaled dust particles are liable to sediment out in the alveoli if
they have a diameter in the range of 1-5 pum, are roughly spherical in
shape, and in density approximate to that of water. Larger or denser
particles impact or precipitate on the walls of the conductive airways
and are rapidly removed by ciliary action. Smaller particles may reach
the alveoli but do not sediment so readily and many are therefore
exhaled. Very small particles are deposited on the walls of alveoli by
diffusion but because they are so small the total amount of dust
deposited in this way is insignificant compared with that deposited
by sedimentation (Fig. 7.1.2). Direct measurement shows that most
lung dust (96%) has a particle diameter less than 2.5 pm.°

Fibrous dust particles behave differently. Fibres over 100 um in
length may reach the alveoli if they are very thin and remain aligned
with the air stream. Fibre penetration is inversely related to path
length and the number of bifurcations.” Tall people have longer
conductive airways and experience more deposition in these sites
than short people who have greater alveolar deposition for the same
level of exposure.®

Slightly more dust is deposited in the right lung than the left,
probably because the right main bronchus is more in line with the
trachea, and is broader and shorter than the left, and carries 55% of
the inhaled air.”*

Dust clearance from the lung

Inhaled dust that settles in the conductive airways is removed within
a day or two by ciliary action. Only dust that reaches the alveoli is
liable to cause pneumoconiosis and much of this is also removed, but
the clearance rate here is much slower: many coalminers continue to
expectorate mine dust years after retirement. Alveolar clearance is
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Figure 7.1.1 Mechanisms of particle deposition in the respiratory tract.

largely effected by macrophages, principally via the airways to the
pharynx but also via lymphatics to the regional lymph nodes. The
airway and interstitial routes interconnect at the bronchiolar level"
where some dust-laden macrophages leave the interstitium for the air
space.”” This interconnection is probably the route utilised by
circulating macrophages clearing other parts of the body of endog-
enous or exogenous particulate matter via the lung.”® Long asbestos
fibres present a particular problem to macrophage clearance. Some
minerals, notably chrysotile asbestos, undergo slow physicochemical
dissolution in the lungs.

Only a small fraction of the inhaled dust gains access to the inter-
stitium, a necessary step if it is to cause pneumoconiosis. Some free
dust enters through the bronchus-associated lymphoid tissue''* and
some is taken up by, or pierces, the alveolar epithelium (Fig. 1.34,
p. 21)."*7'¢ Some of this is transported within hours to the hilar lymph
nodes.'” So rapid is this translocation that it is thought not to involve
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Figure 7.1.2 Percentage dust deposition in the respiratory tract
according to particle diameter. The major alveolar impact is that of
particles 1-3 um diameter. Submicron particles are of negligible mass. T,
total dust deposition; C, deposition on the ciliated epithelium; A, alveolar
deposition.

phagocytes, although interstitial macrophages are undoubtedly
important in continuing the transportation of dust to the nodes.
Ultrafine dust particles are particularly liable to be transported across
the alveolar epithelium." The integrity of the alveolar epithelium is
very important to dust translocation from the air spaces to the inter-
stitium. Much more dust reaches the interstitium if the epithelium is
damaged."*"

It is widely thought that macrophages that have left the interstitium
for the alveolar space never return,'”* but this is probably untrue.”
Heavily laden macrophages accumulate in alveoli bordering the ter-
minal and respiratory bronchioles, eventually filling them completely.
Erosion of the alveolar epithelium permits re-entry of these macro-
phages into the interstitium,” very close to foci of bronchial mucosa-
associated lymphoid tissue (MALT), which are found near the terminal
bronchioles.”> These aggregates guard the mouths of lymphatics,
which commence at this point; alveoli are devoid of lymphatics. Dust-
laden interstitial macrophages accumulate in and around the bron-
chial MALT, which Macklin therefore referred to as dust sumps.** Most
pneumoconiotic lesions are found in the region of the dust sumps
and are therefore focal. Asbestosis is diffuse rather than focal because
the long asbestos fibres are not readily mobilised and cannot be con-
centrated in the centriacinar dust sumps. This is also seen on occasion
with platy non-fibrous dusts such as talc, mica, kaolinite and feld-
spar.”>* Within the dust sumps the dust particles are not static. They
are constantly being freed and reingested by interstitial macrophages
and, because these cells are mobile, successively inhaled dusts soon
become intimately mixed.** Macrophages play an important role in
pneumoconiosis and if the dust is fibrogenic the repeated phagocyto-
sis of indestructible mineral particles results in constant fibroblast
stimulation.

The zonal distribution of pneumoconiosis

Pneumoconiosis affects both lungs but seldom evenly and some
pneumoconioses show characteristic patterns of lung involvement. In

most, the lesions are more numerous and better developed in the
upper lobes than the bases but the reverse is true of asbestosis. The
reasons for this are complex but undoubtedly involve the dust
deposition:clearance ratio for the effect of the dust will depend upon
both its amount and the duration of its stay in the lungs. There
are well-recognised regional differences in the distribution and clear-
ance of inhaled material, which in turn are dependent upon man'’s
upright posture, the consequent gravitational forces being maximal
at the apices.”® When standing at rest, the apices of the lungs are
hardly perfused, so that lymph formation and clearance are much
better at the bases.**® Similarly, the apices are relatively less well
aerated; alveoli in the lower lobes receive more air than those in the
upper lobes.’”** The greater respiratory excursions at the bases are
thought to promote macrophage mobility there. It is to be expected
therefore that the bases would both receive and clear more dust than
the apices, rendering it difficult to predict on theoretical grounds
which parts of the lungs carry the heaviest dust burden. In fact, more
dust of all types is found in the upper lobes, the part most severely
affected by every type of pneumoconiosis except asbestosis.”>*" The
predilection of asbestos to affect the periphery of the lower lobes is
attributed to the dangerous long asbestos fibres preponderating
there. "

Pulmonary reactions to mineral dust

The main tissue reaction to mineral dust is fibrosis. Silica is highly
fibrogenic and is therefore very likely to cause pneumoconiosis.
Carbon is non-fibrogenic and therefore, unless there are
complications, coal pneumoconiosis causes little disability. Tin too is
harmless, and stannosis therefore unimportant, although the chest
radiograph is highly abnormal because tin is very radiopaque.
Stannosis is one of several terms that specify pneumoconiosis due to
a particular mineral, the best known being silicosis, asbestosis and
anthracosis. Table 7.1.1 summarises the various pulmonary reactions
to mineral dust.

Identification of the dust

The blackness of carbon and red-brown colour of iron give ample
evidence, both naked-eye and microscopically, of the type and amount
of these dusts when they are present in the lung (Fig. 7.1.3), but other
inorganic dusts may be more difficult to identify. However, a flick-out
substage condenser and Polaroid filters to test for refractility and
birefringence respectively are useful adjuncts that are too often
neglected by the histopathologist. Crystalline silica is traditionally
regarded as being only weakly birefringent, in contrast to silicates
which generally show up brightly with simple crossed Polaroid
filters.* However, with modern microscope lamps, if the light source
is set at high intensity when using Polaroid filters, both silica and
silicates are birefringent.”* Mineralogists use polarising microscopy
for analysis, but only by studying large polished crystals with con-
trolled orientation of the light. The small dust particles found in
tissue sections are too small to permit analysis by this technique
but it is nevertheless very useful for detecting their presence
(Fig. 7.1.4).

Particle shape gives a useful indication of mineral type but
appearances are sometimes deceptive: the plate-like crystals of talc are
seldom observed as such, usually being viewed edge-on, when they
appear to be needle-shaped. Occasionally, stains can be used to
identify minerals, e.g. a modified Perls’ reaction for inhaled iron, and
Irwin’s aluminon stain for aluminium, but these too have largely been
replaced by modern analytical techniques.
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Table 7.1.1 Pulmonary reactions to mineral dust

Pulmonary reaction Examples
Macrophage accumulation Anthracosis
with a little reticulin Siderosis
deposition Stannosis

Baritosis

Coal pneumoconiosis (macules)
Aluminium pneumoconiosis (granular
aluminium)

Nodular or massive fibrosis

Silicosis
Mixed-dust pneumoconiosis
Coal pneumoconiosis (nodules)

Diffuse fibrosis

Asbestosis

Hard-metal pneumoconiosis

Aluminium pneumoconiosis (aluminium
fume and stamped aluminium)

Epithelioid and giant cell
granulomas

Chronic berylliosis

Alveolar lipoproteinosis

‘Acute’ silicosis, but also seen with
heavy exposure to other dusts (see
p. 317)

Small-airway disease

Various dusts (see p. 123)

®)

o

Microincineration combined with dark-field microscopy can also
be used to demonstrate small particles. Incombustible mineral parti-
cles that cannot be seen with bright-field or polarising microscopy are
rendered visible by this technique and their position on the slide can
be compared with tissue reactions evident in a serial section that has
not been incinerated. Microincineration has, however, also been
largely replaced by modern analytical techniques that will now be
considered.

Analytical electron microscopy is very helpful in identifying miner-
als, whether applied to lung digests or tissue sections.”>™** Scanning
electron microscopy permits the examination of thicker sections than
transmission electron microscopy but does not detect very small
particles. However, scanning electron microscopy allows more tissue
to be examined and avoids the difficulty of cutting mineral particles
with an ultramicrotome.

Mineral particles in a 5-um thick deparaffinised section can
be recognised in a scanning electron microscope set to collect the
back-scattered electrons.”® The instrument can then be focused on
points of potential interest and switched to X-ray diffraction, which
provides information on crystal structure (Fig. 7.1.5). Alternatively,
elemental analysis may be undertaken with either energy-dispersive
or wavelength-dispersive X-ray spectroscopy. With energy-dispersive
X-ray spectroscopy, all elements of atomic number above 11 are
identified, whilst with wavelength-dispersive X-ray spectroscopy the
section can be scanned for one particular element. With the former
technique different elements are shown graphically as individual

Figure 7.1.3 (A) Coal and (B) haematite miner's lungs. The respective black and red colours of these lungs give a good indication of their mineral
content. Paper-mounted whole-lung sections. (Courtesy of WGJ Edwards, London, UK.)
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Figure 7.1.4 Talc pneumoconiosis. Only carbon is evident when the
lesions are viewed with (A) non-polarised light, whereas the abundant
talc particles are readily seen when (B) polarised light is employed.

peaks, the heights of which are proportional to the amounts of
the different elements within the particle studied, thereby giving infor-
mation on probable molecular formula (Fig. 7.1.6). Thus, different
silicates can be distinguished from each other and also from silica,
which registers as pure silicon, oxygen (atomic number 8) not being
detected. The fact that the elements of low atomic number that con-
stitute organic chemicals are not detected means that any minerals
present (except beryllium, atomic number 4) can be recognised easily
in tissue sections. Only particles can be analysed however: elements
present in only molecular amounts cannot be detected by X-ray
analysis.

The detection of trace amounts of substances such as beryllium
requires bulk chemical analysis or techniques that are not widely
available such as atomic absorption spectrometry, neutron activation
analysis and microprobe mass spectrometry.”*° The last of these
techniques can also provide molecular (as opposed to elemental)
analysis of organic as well as inorganic particles.”’ Another analytical
technique of interest is microscopic infrared spectroscopy which pro-
vides data on the compound nature of microscopic particles in tissue
sections (Fig. 7.1.7). Micro-Raman spectroscopy is also useful in this
respect. Some metals cause hypersensitivity, which can be identified

Figure 7.1.5 Electron diffraction patterns of gold, used for calibration
purposes. The ring pattern (A) indicates that the material is polycrystalline
and the spot pattern (B) indicates that it is a single crystal: amorphous
materials give no regular pattern. The spacing of the rings gives
information on crystalline structure and can be usefully applied to
distinguish the various crystalline forms of silica (quartz, tridymite,
cristobalite) for example. (Courtesy of Dr M Wineberg, London, UK.)

by exposing the patient’s lymphocytes to metals and measuring their
reaction in vitro.”

Radiological grading of pneumoconiosis

A scheme for grading pneumoconiosis radiologically by comparison
with standard radiographs has been adopted by the International
Labour Organisation (ILO) and is widely used.” Small opacities (up
to 1 cm diameter) are graded by their profusion, 1, 2 and 3 indicating
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Figure 7.1.6 Dust particles in the lung: electron microprobe analysis. (A) The secondary (scanning) electron microscopic image of a deparaffinised
5-um-thick section of lung showing clumps of macrophages in an alveolar lumen. (B) Back-scattered scanning electron microscopic image showing
three of the macrophages at higher power: several bright particles worthy of further attention are evident. (C) X-ray energy spectrum of one of the
particles showing it to be a silicate. The section had been transferred from a glass to a Perspex slide to avoid background signals, glass being siliceous.
Each element emits a unique energy pattern when bombarded by electrons while the number of counts is in proportion to the amount of the
particular element that is present in the particle. (Courtesy of Professor DA Levison, Dundee, UK.)

increasing numbers, and by their size, increasing through p, q and r
if rounded and s, t and u if irregular. Type p opacities are described
as punctiform and measure up to 1.5 mm in diameter; larger lesions
up to 3 mm in diameter (type q) are described as micronodular or
miliary; and those over 3 mm and up to 1 cm in diameter (type r) are
described as nodular. Irregular opacities cannot be sized so accurately,
s, t and u indicating fine, medium and coarse respectively. Large
opacities (over 1 cm diameter) are graded by their combined size,
increasing through A, an opacity measuring between 1 and 5 cm in
diameter; B, one or more opacities whose combined area does not
exceed the equivalent of one-third of the area of the right lung field
(when they are regrouped in the mind’s eye or measured with a trans-
parent ruler); and C, one or more opacities whose combined area
exceeds one-third of the area of the right lung field (when similarly
regrouped). In coalworkers, small opacities (up to 1 cm diameter)
Figure 7.1.7 Infrared spectra of calcium oxalate. Top, reference standard;  correspond to simple coalworker’s pneumoconiosis and large opaci-
centre and bottom, crystals in human tissue sections. (Courtesy of Professor  ties (over 1 cm diameter) to complicated coalworker’s pneumoconio-
DA Levison, Dundee, UK.) sis, which is also known as progressive massive fibrosis.
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SiLICOSIS*

Mineralogy

Silicosis is caused by the inhalation of silica (silicon dioxide, SiO,),
which is to be distinguished from the silicates, these being more
complex compounds in which silicon and oxygen form an anion
combined with cations such as aluminium and magnesium: talc,
for example, is a hydrated magnesium silicate with the formula
Mg;Si,0,0(OH),. The element silicon is also to be distinguished from
the synthetic organic polymer silicone, used in implants.

Crystalline silica is highly fibrogenic whereas amorphous silica and
silicates other than asbestos are relatively inert. Silica exists in several
crystalline forms, of which quartz, cristobalite and tridymite are the
most important: tridymite is the most fibrogenic and cristobalite more
so than quartz.****

Occupations at risk

Silicotic lesions have been identified in the lungs of Egyptian
mummies, and the injurious effects on the lungs of inhaling mine
dust have been recognised for more than 400 years. As long ago as
the sixteenth century in Joachimsthal, Bohemia (now Jachymov,
Czech Republic), diseases of miners’ lungs were attributed to the dust
the miners breathed. Silicosis, tuberculosis and lung cancer are all
now known to have been prevalent among the miners in this region,
the cancer being largely attributable to the high level of radioactivity
in the mines.

Silicosis was recognised in the UK soon after the discovery in 1720
that the addition of calcined flint to the clay from which china is made
produced a finer, whiter and tougher ware. The preparation and use
of this flint powder were highly dangerous, causing the condition
known as potter’s rot, one of the first of the many trade names by
which silicosis has since been known. Aluminium oxide (alumina)
now provides a safe, effective substitute for flint in this industry.

In 1830 it was noted that Sheffield fork grinders who used a dry
grindstone died early, and amongst other preventive measures it was
recommended that the occupation should be confined to criminals:
fortunately for them, the substitution of carborundum (silicon
carbide) for sandstone was effective enough. However, silicosis still
occurs in some miners, tunnellers, quarrymen, stone dressers and
metal workers.

Silica in one form or another is used in many trades - in the manu-
facture of glass and pottery, in the moulds used in iron foundries, as
an abrasive in grinding and sandblasting, and as a furnace lining that
is refractory to high temperatures. Rocks such as granite and sandstone
are siliceous and their dusts are encountered in many mining and
quarrying operations. In coal mining in the UK the highest incidence
of the disease was in pits where the thinness of the coal seams required
the removal of a large amount of siliceous rock, a process known as
‘'hard heading’ In South Africa, silicosis causes a high mortality among
the gold miners on the Witwatersrand, where the metallic ore is
embedded in quartz. Slate is a metamorphic rock that contains
both silica and silicates, and slateworkers develop both silicosis and
mixed-dust pneumoconiosis.”**® Nor are rural industries immune
from the disease, particularly if ventilation is inadequate, as it is in
certain African huts where stone implements are used to pound meal
and the occupants develop mixed-dust pneumoconiosis.”” Silicosis
and mixed-dust pneumoconiosis have also been reported in dental
technicians.”®

Desert sand is practically pure silica but the particles are generally
too large to reach the lungs. However, silicosis has been reported in

inhabitants of the Sahara, Libyan and Negev deserts and those living
in windy valleys high in the Himalayan mountains,® * whilst in
California the inhalation of dust raised from earth has led to silicate
pneumoconiosis in farm workers,*® horses®” and a variety of zoo
animals.®®

The silica in rocks such as granite, slate and sandstone is largely in
the form of quartz and this is therefore the type of silica encountered
in most of the industries considered above. Cristobalite and tridymite,
which are possibly even more fibrogenic than quartz, are more likely
to be encountered in the ceramic, refractory and diatomaceous earth
industries where processing involves high temperatures.

Clinical features

Many workers with silicosis are asymptomatic. As a general rule,
exposure to silica dust extends over many years, often 20 or more,
before the symptoms of silicosis first appear: by the time the disease
becomes overt clinically, much irreparable damage has been inflicted
on the lungs. The initial symptoms are cough and breathlessness.
From then onwards, respiratory disability progresses, even if the
patient is no longer exposed to silica dust. Ultimately, there may be
distressing dyspnoea with even the slightest exercise.

Silicosis sometimes develops more rapidly, perhaps within a year or
so of first exposure. Such ‘acute silicosis’ was observed in the scouring
powder industry in the 1930s when these cleansing agents consisted of
ground sandstone mixed with a little soap and washing soda.®” The
additives were considered to have rendered the silica in the sandstone
more dangerous but it is possible that the rapidity of onset of the
disease merely reflected the intensity of the dust cloud to which the
packers were exposed. Confusingly, the term “acute silicosis” has since
been applied to a further effect of heavy dust exposure in tunnellers,
sand blasters and silica flour workers, namely pulmonary alveolar
lipoproteinosis (see below),” "> whilst the terms ‘accelerated silicosis’
or ‘cellular phase silicosis’ have been substituted for ‘acute silicosis’ in
referring to the rapid development of early cellular lesions.**?”

The time from first exposure to the development of symptoms (the
latency period) is inversely proportional to the exposure level.
However, it is evident that a certain amount of silica can be tolerated
in the lungs without fibrosis developing, indicating either a time factor
in the pathogenetic process or a threshold dust load that has to be
reached before fibrosis develops.

Pathological findings

Silica particles that are roughly spherical in shape and of a diameter
in the range of 1-5 um sediment out in the alveoli and are con-
centrated within macrophages at Macklin’s dust sumps, as explained
previously (see p. 27). Early lesions, as seen in so-called accelerated
or cellular phase silicosis, consist of collections of macrophages
separated by only an occasional wisp of collagen. The early lesions
have been likened to granulomas and on occasion have been mistaken
for Langerhans cell histiocytosis or a storage disorder, but Langerhans
cells are scanty and the histiocytes contain dust particles rather than
accumulated lipid or polysaccharide. The macrophages of the early
lesion are gradually replaced by fibroblasts and collagen is laid down
in a characteristic pattern. The mature silicotic nodule is largely
acellular and consists of hyaline collagen arranged in a whorled
pattern, the whole lesion being well demarcated (Fig. 7.1.8) and
sometimes calcified. Small numbers of birefringent crystals are gener-
ally evident within the nodules when polarising filters are used, but
these mainly represent silicates such as mica and talc, inhaled with
the silica. Silica particles are generally considered to be only weakly
birefringent,* but fairly strong birefringence is evident in strong light
(see above).**
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Figure 7.1.8 A silicotic nodule consisting of hyaline collagen arranged in
a whorled pattern.

The silicotic nodules are situated in the centres of the pulmonary
acini and are more numerous in the upper zones than the bases (Fig.
7.1.9A). They measure up to 5 mm across and are hard and easily
palpable. They are grey if caused by relatively pure silica but black in
coalminers and red in haematite miners.

Silicotic nodules develop first in the hilar lymph nodes and are
generally better developed there than in the lungs.”*”° Indeed, silicotic
nodules are occasionally found in the hilar lymph nodes of persons
who have no occupational history of exposure to silica and whose
lungs are free of such lesions, the silica in the nodes being presumed
to represent inhaled particles derived from quartz-rich soil.”” Severely
affected lymph nodes often calcify peripherally, giving a characteristic
eggshell-like radiographic pattern. This is sometimes the only radio-
logical abnormality.”® Such enlarged lymph nodes may occasionally
press upon and obstruct adjacent large bronchi’® or result in a
left recurrent laryngeal nerve palsy,” so simulating malignancy.*
Sometimes the nodules develop within the walls of major bronchi,
occasionally causing a middle-lobe syndrome (see p. 92).*' Silicotic
nodules are also found along the lines of the pleural lymphatics”™*
where they have been likened to drops of candle wax on the visceral
pleura. Very rarely, silica-induced fibrosis is more pronounced in the
pleura than in the lungs.®

Lung tissue between the nodules is often quite normal and not until
the process is very advanced is there any disability (Fig. 7.1.9B). In
severe cases large masses of fibrous tissue are formed, which may
undergo central necrosis and cavitation (Fig. 7.1.10).** On close
inspection it is evident that these consist of conglomerations of many
silicotic nodules closely packed together. In such severe cases cor
pulmonale develops. Occasionally, silicotic nodules develop in the
abdominal as well as the thoracic lymph nodes, and in the liver,
spleen, peritoneum and bone marrow.*-*’

In about 10% of cases, the typical pulmonary nodules that pre-
dominantly affect the upper lobes are accompanied by diffuse fibrosis
that is maximal in the lower lobes.””?**2 The latter may show
‘honeycombing’ and closely resemble idiopathic pulmonary fibrosis.
The association is too common to be explained by chance and the
diffuse fibrosis is therefore regarded as a further manifestation of the
pneumoconiosis, possibly due to an interaction between the dust and
the immunological factors discussed below.

Pathogenesis

The pathogenesis of silicosis has excited much interest and many dif-
ferent theories have been advanced over the years. An early theory held
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Figure 7.1.9 Silicosis. (A) The nodules are most numerous in the upper
part of the lung where there is a conglomerate silicotic mass at one
point. Paper-mounted whole-lung section. (B) Microscopy shows silicotic
nodules scattered throughout otherwise normal lung tissue.

that the hardness of the silica was responsible, but this was
discounted by the observation that silicon carbide (carborundum) is
harder than silica but is non-fibrogenic. Theories based on the piezo-
electric property and on the solubility of silica were successively aban-
doned although the latter had a long period of popularity. It gained
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Figure 7.1.10 Silicosis. (A) The nodules are larger than in Figure 7.1.9a
and have fused together. Cavitating conglomerate silicosis destroys most
of the upper lobe. Paper-mounted whole-lung section. (B) Microscopy of
conglomerate silicosis.

support from Kettle’s experiments which showed that fibrosis
developed about chambers placed in an animal'’s peritoneal cavity if
the chambers contained silica powder sealed in by a collodion mem-
brane through which solutes such as silicic acid could pass. However,
it was later shown that the pores in a collodion membrane are quite
irregular in size and when the experiments were repeated using cham-
bers guarded by millipore membranes, no fibrosis developed, despite
solutes being able to diffuse out.”® The solubility theory also fails to
take account of the differing fibrogenicity of the various forms of silica
despite them being of similar solubility.*® Furthermore, if the outer,
more soluble layer of the particles is removed by etching, fibrogenicity
is increased although solubility is decreased. In line with this, freshly
fractured crystalline silica is more pathogenic in every respect than its
aged equivalent,” which may partly explain the severity of silicosis in
trades such as sandblasting. These observations suggest that the fibro-
genicity of silica is connected with its surface configuration.

It is now known that uptake of the silica by macrophages is
necessary for silicosis to develop. If silica and macrophages are
enclosed together in peritoneal millipore chambers, a soluble product
of the macrophages diffuses out and causes fibrosis. This observation
led to the realisation that the fibrogenicity of the various crystalline
forms of silica correlated well with their toxicity to macrophages and
for a time macrophage death was thought to be necessary.” It is now
considered that before the macrophages are killed by the ingested
silica, they are stimulated to secrete factors that both damage other
constituents of the lung and promote fibrosis.”*"'*> Transforming
growth factor-f is one fibrogenic factor that has been implicated in
the pathogenesis of silicosis.'®~'%

Toxic damage to macrophages is due to silica particles injuring the
phagolysosomal membranes, so releasing acid hydrolases into the
cytoplasm.” It is important in the pathogenesis of the disease in-
directly because when the macrophage crumbles, the silica particles
are taken up by fresh macrophages and the fibrogenic process contin-
ues. It has been suggested that early involvement of the hilar lymph
nodes in the fibrogenic process promotes the development of the
disease in the lung by delaying dust clearance.”

Immunological aspects of silicosis

Immunological factors have been implicated in the pathogenesis of
silicosis because many patients with silicosis have polyclonal hyper-
gammaglobulinaemia, rheumatoid factor or antinuclear antibodies,
and because there is a well-recognised association between auto-
immune diseases such as systemic sclerosis and rheumatoid disease
and exposure to silica.**'%*"! The relation of immunity to dust expo-
sure appears to be a reciprocal one: on the one hand, the presence of
dust results in theumatoid lesions in the lungs being more florid (see
Caplan’s syndrome, p. 341), whilst on the other, non-specific immun-
isation of rabbits with horse serum results in experimental silicotic
lesions being larger and more collagenous. It is doubtful whether
pneumoconiosis and autoimmune disease play a causative role in
each other but one seems to aggravate the other and may lead to its
earlier development.

Tuberculosis complicating silicosis (silicotuberculosis)

One of the commonest and most feared complications of silicosis is
chronic respiratory tuberculosis.'” Once this infection has been added
to the silicosis, the prognosis rapidly worsens. It is thought that in the
presence of silica, the tubercle bacilli proliferate more rapidly because
the ingested silica particles damage phagolysosomal membranes and
thereby interfere with the defensive activity of the macrophages. The
synergistic action of silica dust has long been held responsible for the
inordinately high incidence of respiratory tuberculosis in mining
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communities. Many former South African gold miners now have
acquired immunodeficiency syndrome (AIDS) as well as silicosis and
tuberculosis has consequently reached almost epidemic proportions
amongst these men. Phagocyte damage by ingested dust particles may
also cause some cases of chronic necrotising aspergillosis complicat-
ing pneumoconiosis."

Silica-induced lung cancer

A series of studies suggesting that there might be a link between silica
inhalation and lung cancer was reviewed by the International Agency
for Research on Cancer in 1987, leading to the conclusion that
the evidence for carcinogenicity of crystalline silica in experimental
animals was sufficient, while in humans it was limited."? Subsequent
epidemiological publications were reviewed in 1996, when it was
concluded that the epidemiological evidence linking exposure to silica
to the risk of lung cancer had become somewhat stronger'” but that
in the absence of lung fibrosis remained scanty."® The pathological
evidence in humans is also weak in that premalignant changes around
silicotic nodules are seldom evident."" Nevertheless, on this rather
insubstantial evidence, lung cancer in the presence of silicosis (but
not coal or mixed-dust pneumoconiosis) has been accepted as a pre-
scribed industrial disease in the UK since 1992."° Some subsequent
studies have provided support for this decision."® In contrast to the
sparse data on classic silicosis, the evidence linking carcinoma of the
lung to the rare diffuse pattern of fibrosis attributed to silica and
mixed dusts is much stronger and appears incontrovertible.***?

Alveolar lipoproteinosis in response
to heavy dust exposure

A further complication of exposure to silica is the development of
alveolar lipoproteinosis (see p. 317).”7>""" "8 Very heavy experimental
exposure to silica, and indeed other dusts, stimulates hypersecretion
of alveolar surfactant to such an extent that the normal clearance
mechanism is overwhelmed."®"'** Alveolar macrophages are enlarged
by numerous phagolysosomes distended by lamellar bodies that
represent ingested surfactant. The alveoli are filled by such cells and,
having a foamy cytoplasm, they produce the appearances of endog-
enous lipid pneumonia, similar to that more usually encountered as
part of an obstructive pneumonitis distal to a bronchial tumour.
The macrophages gradually disintegrate and the free denatured sur-
factant slowly becomes compacted, during which time its staining
with both eosin and the periodic acid-Schiff reagents intensifies until
the appearances are finally those of alveolar lipoproteinosis. This
process prevents the aggregation and concentration of the dust in
the usual foci and thereby hinders the development of silicosis.
Lipoproteinosis and silicosis may be seen in conjunction but, more
often, different areas of the lung show one or the other. The lipo-
proteinosis has its own severe impact on lung function, but, unlike
silicosis, is potentially reversible (by massive alveolar lavage).

Silica-induced renal disease

Occasional patients exposed to silica develop renal disease.'”*"'*

Two mechanisms appear to operate. First, translocation of silica
particles from the lungs leads to their deposition in the renal inter-
stitium with resultant nephrotoxity. Second, silica stimulates an
autoimmune response characterised by the formation of various
antibodies, notably rheumatoid factor and antinuclear antibodies,
which leads to the development of immune complex-mediated
glomerulonephritis.**'*
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Figure 7.1.11 Diatomaceous earth. (A) Scanning electron micrograph
showing the calcified diatoms, x15 000. (B) Electron microprobe analysis
shows only silicon (Si); the oxygen with which silicon is combined in silica
(silicon dioxide, SiO,) is of too low an atomic number to register. The
titanium (Ti) peak derives from the sample holder. (Courtesy of Dr D
Dinsdale, Leicester, UK and Professor B Nemery, Leuven, Belgium.)

Amorphous silica

Manmade submicron forms of silica, variously known as amorphous,
vitreous, colloidal, synthetic or precipitated silica, are widely used in
industry. They consist of pure non-crystalline silicon dioxide. Particle
size ranges from 5 to 200 nm but aggregates of the particles measure
from 1 to 10 um. Industrial surveys suggest that inhalation of such
dust is harmless, observations that are in accord with the results of
animal experiments.”

Diatomaceous earth (keiselguhr)

An amorphous silica is the principal component of the fossilised
remains of diatoms that constitute the sedimentary rock, diatomite
(Fig. 7.1.11). This is generally obtained by open-cast mining, follow-
ing which the rock is crushed and calcined. The calcined product is
used in filters, insulation material and as a filler. Being amorphous,
the silica in diatomite is harmless, but calcining (>1000°C) results in
its conversion to crystalline forms of silica. Diatomaceous earth
pneumoconiosis is unusual and its risk appears to be related to the
amount of cristobalite and tridymite (two forms of crystalline silica)
produced in the calcining process."*
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SILICATES"

The silicates are complex compounds in which silicon and oxygen
form an anion combined with cations such as aluminium and mag-
nesium: talc, for example, is a hydrated magnesium silicate with the
formula Mg;Si,0,,(OH),. Silicates include fibrous forms (asbestos
and the zeolites), plate-like forms (talc and mica) and clays (kaolinite
and fuller’s earth). In histological sections, the platy talc and mica
particles are generally cut tangentially and therefore appear needle-
shaped (see Fig. 7.1.4). They are strongly birefringent whereas the
clays are only weakly so. Talc particles in the lung exceeding 5 um in
length should arouse suspicion of intravenous drug abuse.'

Of the fibrous silicates, zeolite is used as a building material in
certain communities, notably in central Turkey. Pneumoconiosis is
not a problem but zeolites are of medical interest because, like
asbestos, they present a mesothelioma risk. Asbestos is dealt with
separately (see below).

Pneumoconiosis has been described with various non-fibrous sili-
cates, notably in the rubber industry, which uses talc and, less com-
monly, mica as lubricants. Other occupations posing a risk include
the extraction of kaolinite from china clay (kaolin),*”"**!** and in the
open-cast and underground mining of fuller’s earth (montmorillo-
nite, bentonite and attapulgite clays, which were originally used in
‘fulling’ (degreasing) wool).’**'** However, all these substances are
commonly contaminated with silica, asbestos or both, and it has been
questioned whether in pure state they are at all fibrogenic. The
modifying effect of inert substances such as iron on that of silica is
well known (see mixed-dust pneumoconiosis, below) and it has been
suggested that talc, mica and fuller’s earth act in a similar way in
regard to their more fibrogenic contaminants, the pneumoconioses
attributed to them in reality representing mixed-dust pneumoconiosis
or asbestosis. Contrary evidence comes from reports of pulmonary
fibrosis in persons heavily exposed to pure talc, mica or kaolin.*?

All these silicates are evident in the tissues as plate-like birefringent
crystals which often provoke a foreign-body giant cell reaction (see
Fig. 7.1.3) and may result in fibrotic nodules. Large focal lesions
resembling the progressive massive fibrosis of coalworkers may be
produced, and also a diffuse ‘asbestosis-like’ form of pneumoconiosis,
the latter attributed to poor macrophage mobilisation of the plate-like
particles.?”*132°138 [t would appear therefore that silicates are indeed
fibrogenic if enough is inhaled; they appear to vary in fibrogenicity
but in all cases they are less fibrogenic than silica.

INERT DUSTS

Inert dusts are non-fibrogenic and therefore of little clinical con-
sequence, although elements of high atomic number can give rise to
a striking chest radiograph.'’ It should be noted however that inert
or lowly fibrogenic materials may be associated with substances
of medical importance, for example, kaolin, bentonite and barytes
(barite) may all be contaminated with silica?”**'*° and talc may be
contaminated with asbestos.

The best known of the inhaled inert mineral dusts is carbon while,
of the remainder, iron is the most widespread. Others include tin and
barium. With all these dusts, particles retained in the lung are gathered
at Macklin’s dust sumps by heavily laden macrophages which are
lightly bound together there by a few reticulin fibres. Collagen is not
formed and the worker suffers no ill-effects. The lungs take on the
colour of the dust and in siderosis assume a deep brick-red hue.

Carbon deposition is commonly found in the lungs, particularly
those of city dwellers and tobacco smokers. It is also the principal

constituent of coal, which is dealt with separately below, and large
amounts of pure carbon may be inhaled by workers involved in the
manufacture of carbon black, carbon electrodes and charcoal.'*~'**
Although carbon is regarded as being non-fibrogenic, the very heavy
lung burdens encountered in industries such as these may lead to the
complicated form of pneumonconiosis known as progressive massive
fibrosis that is more commonly encountered in coal workers (see
p. 340). Heavy pure carbon deposition may also be acquired domesti-
cally when wood is burnt in buildings devoid of a chimney, so-called
‘hut lung’,'* a term that is also applied to the domestic acquisition
of carbon mixed with silica or silicates, resulting in forms of mixed-
dust pneumoconiosis.’” %

Anthracofibrosis is a term introduced by Chinese bronchoscopists
for bronchial stenosis or obliteration associated with carbon pig-
mentation of the mucosa.'*® Although the original description in-
criminated tuberculosis, mixtures of various mineral dusts acquired at
work or domestically are a more likely cause.'*”"'*°

Iron dust in the lungs was first described by Zenker in 1867, when
he also introduced the terms siderosis and pneumonokoniosis.’
Zenker was describing a woman who coloured paper with iron oxide
powder (‘rouge’), a substance which is still encountered by some
workers engaged in polishing silver, glass, stone and cutlery. Siderosis
is also found in welders, iron foundry fettlers, steel workers, boiler
scalers and haematite miners and crushers. Iron dust particles are
reddish-brown but in the lung may be masked by carbon'': when
evident, or revealed by microincineration, they resemble haemo-
siderin and generally give a positive Perls’ reaction, but particularly
with haematite, heat (60-80°C) and concentrated (12N) hydrochloric
acid may be necessary.'**

Haematite miners in both the UK (Cumbria) and France (Lorraine)
have an increased risk of bronchial carcinoma, but radon gas rather
than haematite is the suspected carcinogen. Radon is a decay product
of uranium. Minute amounts are present in all rocks but local
concentrations occur and these are liable to build up in mines if
ventilation is limited.

Silver, as well as iron, is found in the lungs of silver polishers, where
it stains elastin in alveolar walls and pulmonary vessels grey. Such
argyrosiderosis is as harmless as siderosis.

Tin miners are subject to silicosis but not stannosis because the
ore, which is found in association with siliceous rocks, contains
only low concentrations of the metal. Tin smelters, on the other hand,
and factory workers exposed to high concentrations of tin dust or
fume, are liable to inhale large amounts of this inert metal and
develop the striking chest radiograph of stannosis. They remain in
good health however for tin is completely non-fibrogenic. Tin
particles in the lung resemble carbon but are strongly birefringent and
remain after microincineration: microprobe analysis provides positive
identification.

Other inert dusts include barium, which also has a high atomic
number and is therefore radiopaque,'* and minerals of low radio-
density such as limestone, marble and cement (all chiefly composed
of calcium carbonate) and gypsum (hydrated calcium sulphate).
However, the extraction of barium ore (almost entirely in the form of
barium sulphate, which is known as barytes in Europe and barite in
the USA) may entail exposure to silica and silicates. Pure baritosis
resembles stannosis and siderosis.

MIXED-DUST PNEUMOCONIOSIS

The term 'mixed-dust pneumoconiosis’ refers to the changes brought
about by inhaling a mixture of silica and some other less fibrogenic
substance such as iron, carbon, kaolin or mica.**"*"'%3-1% The pro-
portion of silica is usually less than 10%. Typical occupations include
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foundry work and welding and the mining of coal, haematite, slate,
shale and china clay.

The action of the silica is modified and, although fibrotic nodules
are formed, they lack the well-demarcated outline and concentric
pattern of classic silicosis. The lesions are found in a centriacinar
position and are stellate in outline with adjacent scar emphysema.
They are firm and generally measure no more than 5 mm in diameter.
They closely resemble the fibrotic nodules of simple coal pneumo-
coniosis (see below). Confluent lesions also occur on occasions. These
resemble the progressive massive fibrosis of coalworkers and appear
to represent a single large lesion rather than a conglomeration of
individual nodules, as in advanced silicosis. Abundant dust is gener-
ally evident in lesions of all sizes; this consists of black carbon or
brown iron mixed with crystals of varying degrees of birefringence,
silicates generally being strongly birefringent and silica weakly so.
Calcification is unusual. Mixed-dust pneumoconiosis carries an
increased risk of pulmonary tuberculosis, but not to the same degree
as silicosis. In some cases the stellate nodules are accompanied by
diffuse fibrosis, as in silicosis and again possibly involving inter-
actions between the dust and immunological factors. Involvement of
the bronchi with consequent stenosis (so-called anthracofibrosis) is
described above.

COAL PNEUMOCONIOSIS'*®

The term ‘anthracosis’ was initially applied to changes observed in a
coalminer’s lung'’ but is now often extended to include the common
carbon pigmentation of city dwellers’ lungs, and the term ‘coal pneu-
moconiosis’ is more appropriate to a special form of pneumoconiosis
to which coalworkers are subject, particularly those who work under-
ground. The principal constituent of coal, carbon, is non-fibrogenic,
so suspicion has naturally fallen on the ash content of mine dust,
some of which derives from the coal, some from adjacent rock strata
and some from stone dust laid in the roadways to minimise the risk
of coal dust explosions. Coal itself appears to be the responsible agent
because coal-trimmers, working in the docks and not exposed to rock
dust, also develop the disease."”® Coalminers encountering siliceous
rock are, of course, also liable to develop silicosis like other under-
ground workers.

Mineralogy

Coal consists largely of elemental carbon, oxygen and hydrogen with
traces of iron ore and clays such kaolinite, muscovite and illite, but
no silica. The mineral content varies with the type and rank (calorific
value) of the coal. All coal derives from peat, the youngest type being
lignite and the oldest anthracite, with bituminous (house) coal in
between. As it ages, the oxygen and mineral constituents diminish and
the coal hardens. Lignite is soft and said to be of low rank, anthracite
hard and of high rank, with bituminous coal intermediate.

Although high-rank coal is of low mineral content, its dust is more
toxic to macrophages in vitro and is cleared more slowly in vivo. This
observation may explain why, in the UK, high-rank coal is associated
with a higher prevalence of coal pneumoconiosis.

The low mineral content of high-rank coal is reflected in the mineral
content of the lungs of those who hew such coal in the UK, but in the
Ruhr, in Germany, and in Pennsylvania, in the USA, anthracite miners’
lungs contain more silica than those who hew bituminous coal, the
silica presumably deriving from other sources. Not surprisingly, the
presence of silica is reflected in the tissue reaction to the inhaled dust,
resulting in a more fibrotic reaction very analogous to mixed-dust
pneumoconiosis. A spectrum of changes is therefore encountered in
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coalminers’ lungs, ranging from coal pneumoconiosis through mixed-
dust pneumoconiosis to silicosis; the findings in any individual
depend upon the nature of the coal being mined and the type of work
undertaken.

In high-rank British collieries the development of coal pneumo-
coniosis appears to depend on the total mass of dust inhaled, whereas
in low-rank British collieries the mineral content of the lung dust
appears to be more important.””” This may explain apparently con-
trary data drawn from different coalfields - data based on coals of
different composition that are not strictly comparable. Some workers
have stressed the importance of silica in the dust whereas others,
particularly in the high-rank coalfields of south Wales, have been
unable to detect any association between silica and the level of
pneumoconiosis. Both findings may be correct, but only for the
particular group of miners examined in each case.'*’

Pathology

The lesions of coal pneumoconiosis are generally focal and fall into
one or other of two major types, simple and complicated, depending
upon whether the lesions measure up to or over 1 cm; simple corre-
sponds to categories 1-3 of the ILO grading system (see p. 331) and
complicated, which is also known as progressive massive fibrosis, to
ILO categories A-C. More diffuse interstitial fibrosis has been reported
in about 16% of Welsh and West Virginian coalminers, usually in-
volving those carrying a particularly heavy dust burden; it runs a more
benign course than non-occupational interstitial fibrosis (idiopathic
pulmonary fibrosis).'® Similar findings have been reported from
France.'*

Simple coal pneumoconiosis consists of focal dust pigmentation of
the lungs, which may be associated with a little fibrosis and varying
degrees of emphysema. Its clinical effects are relatively minor. Some
degree of black pigmentation (anthracosis) of the lungs is common
in the general urban population, especially in industrial areas, but
much denser pigmentation is seen in coalminers, whose lungs at
necropsy are black or slate-grey. Black pigment is evident in the
visceral pleura along the lines of the lymphatics and on the cut surface
where it outlines the interlobular septa and is concentrated in
Macklin’s centriacinar dust sumps (Fig. 7.1.12). The dust is generally
more plentiful in the upper parts of the lungs and in the hilar lymph
nodes, possibly due to poorer perfusion and consequently poorer
lymphatic drainage there (see p. 21).'*

Two forms of coal dust foci are recognised, macules and nodules,
the former being soft and impalpable and the latter hard due to sub-
stantial amounts of collagen. Both lesions are typically stellate but the
more fibrotic the nodules, the more rounded they become, until it is
difficult to distinguish them macroscopically from those of silicosis.
In these circumstances reliance has to be placed on the whorled
pattern of the collagen that is evident microscopically in silicosis. The
stellate nodules are analogous to those seen in mixed-dust pneumo-
coniosis caused by mixtures of silica and inert dusts other than carbon
(see above). With polarising filters, small numbers of birefringent
crystals may be seen in both macules and nodules, usually represent-
ing mica or kaolinite derived from rock that bordered the coal.

Macules consist of closely packed dust particles, free or within
heavily laden macrophages, so that the lesion appears black through-
out (Fig. 7.1.13). Appropriate stains show that the dust-laden macro-
phages and free dust are lightly bound by reticulin. Very little collagen
is evident. Although striking in their appearance, dust macules are
thought to have little effect on lung function.

Nodules contain substantial amounts of collagen and are thought
to have an adverse, but limited, effect on respiration. They vary from
a heavily pigmented, stellate lesion, which apart from its collagen
content resembles the dust macule (Fig. 7.1.14), to one that is less
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Figure 7.1.12 A coalminer’s lung showing heavy dust deposition in the
centres of the acini (Macklin’s dust sumps). On palpation the dust
deposits felt soft and were consequently described as macules rather
than nodules. Despite the heavy dust deposition, there is minimal
pneumoconiosis. Part of a paper-mounted whole-lung section.

pigmented and more circumscribed. The stellate, heavily pigmented
type of nodule is seen in lungs that have a relatively low ash content
whilst the more rounded and less pigmented nodule is seen in lungs
with relatively high ash loads.'®®

Radiologically (see p. 321), p-type opacities correspond to macules,
g-type opacities to the stellate nodules that resemble those of mixed-
dust pneumoconiosis and 1-type opacities to the rounded nodules that
resemble those of silicosis.”*'* Thus, the radiological changes of
simple coalworker’s pneumoconiosis are due to the dust and the small
amount of collagen present and do not reflect any emphysema that
may also be present. However, pulmonary dust foci are often associ-
ated with emphysema (Fig. 7.1.15) and the severity of the emphysema
appears to correlate with the dust load. The prevalence of chronic
bronchitis and emphysema is high in the coal industry and it has long
been debated whether occupation or cigarette smoking is the major
factor contributing to emphysema in coalminers.'*'%* As well
as mineral dust, nitrous fumes from shot-firing form another
occupational hazard of coal mining.

Heppleston made a special study of the emphysema found in coal-
miners, claiming that it differs from centriacinar emphysema, as seen
in smokers in the general population, and attributing it to the dust.'®
He introduced the term ‘focal emphysema of coalworkers’ to describe
this special process. Others find it very difficult to identify any con-
vincing difference between the emphysema of coalworkers and that
encountered outside the industry but Heppleston based his claims on
the study of serial sections. By this means he showed that, although
both forms affect respiratory bronchioles, the focal emphysema of
coalworkers affects more proximal orders of these airways and is
not associated with the bronchiolitis seen with centriacinar emphy-
sema. Furthermore, focal emphysema is a dilatation lesion whereas

Figure 7.1.13 Coal macule. A centriacinar dust deposit of stellate outline
consisting of macrophages heavily laden with coal dust and bound
together by only a little reticulin. Collagen is not a feature.
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Figure 7.1.14 Coal nodule. A centriacinar dust nodule of stellate outline
in which coal dust-laden macrophages are mixed with moderate amounts
of collagen.
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Figure 7.1.15 Coalworker's pneumoconiosis — simple type, consisting of
coal macules and nodules associated with focal emphysema. Paper-
mounted whole-lung section.

centriacinar emphysema involves destruction of adjacent alveolar
walls. By definition, therefore, focal emphysema is not a true emphy-
sema at all (see p. 102). However, it has been shown that mineral dusts
cause elastin and collagen breakdown in the rat lung.'” Focal emphy-
sema may progress to the destructive centriacinar form and this has
strengthened claims that mine dust plays a causal role in centriacinar
emphysema.”'”"'7° In the UK, these claims have been accepted and
chronic bronchitis and emphysema in coalminers and metal pro-
duction workers have been accepted as prescribed industrial diseases
since 1992.'”7 In Germany too, chronic obstructive pulmonary disease
is now compensatable as an occupational disease. The conditions
for compensation in the UK were initially:

® underground coal mining for a minimum of 20 years in
aggregate

e forced expiratory volume in 1 second at least 1 litre below that
expected or less than 1 litre in total

® radiological category of at least 1/1.

However the last of these criteria has now been dropped. The
inclusion of a time element and the omission of some estimate of
dust load (such as radiological category) have been criticised, with
some justification.'”® As with lung cancer caused by chromates benefit
is paid irrespective of smoking habits.

Whereas simple coal pneumoconiosis, particularly the macular
variety, has little effect on lung function, complicated coal pneumo-
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Figure 7.1.16 Coal pneumoconiosis — complicated type. In addition to
the focal dust deposits there is a large area of progressive massive
fibrosis in the upper lobe. Paper-mounted whole-lung section.

coniosis, also known as progressive massive fibrosis, can have very
serious consequences. Particularly when the lesions are large, it is
associated with productive cough, breathlessness, significant impair-
ment of lung function and premature death. The major factor account-
ing for the development of progressive massive fibrosis appears to be
the sheer bulk of coal dust in the lung, rather than coal rank or the
silica content of the mine dust.'” Progressive massive fibrosis has
occasionally been recorded in dockers loading silica-free coal into the
holds of ships”® and in workers exposed to pure carbon in the
manufacture of carbon black and carbon electrodes.'"'**

Progressive massive fibrosis is characterised by large (over 1 cm)
black masses, situated anywhere in the lungs but most common in
the upper lobes. The lesions may be solitary or multiple and very large,
occupying most of the lobe and even crossing an interlobar fissure to
involve an adjacent lobe (Figs 7.1.3B, 7.1.16). They cut fairly easily,
often with the release from a central cavity of black fluid flecked by
cholesterol crystals. For many years it was believed that the condition
was the result of synergism between mycobacterial infection and dust
but the failure of the attack rate to decrease as tuberculosis declined
negated this view.'® Today, more emphasis is placed on total dust load
for the lesions tend to affect lungs that carry an unduly heavy dust
burden. If the remainder of the lung shows little evidence of dust
accumulation, the possibility of the masses representing Caplan-
type lesions (see below) should be considered.
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Microscopically, the lesions consist of dust and connective tissue
intermixed in a random fashion. Central necrosis and cavitation com-
monly occur. The necrosis is thought to be ischaemic.'® It is amor-
phous or finely granular, and eosinophilic apart from abundant dust
particles and cholesterol crystal clefts. The fibrotic component in a
complicated pneumoconiotic lesion is rich in fibronectin, with col-
lagen only more abundant at the periphery.'®> Two types of progres-
sive massive fibrosis are recognisable, corresponding to the two types
of nodule described in simple coal pneumoconiosis.’®® The first
appears to have arisen by enlargement of a single nodule, whereas the
second is a conglomeration of individual lesions, each of which cor-
responds to the more circumscribed type of nodule seen in simple
coal pneumoconiosis. The ash content of the lungs bearing these two
types of progressive massive fibrosis varies in the same way as with
the two types of simple pneumoconiotic nodules, the enlarged single
lesion being found in lungs with a relatively low ash content, and the
conglomerate lesion in lungs with a relatively high ash content. The
second type resembles the conglomerate nodules of large silicotic
lesions but lacks the characteristic whorled pattern of the latter.

The diffuse interstitial fibrosis found in a minority of coalworkers
is associated with heavy dust deposition. It may progress to honey-
combing but, as with the focal forms and unlike idiopathic interstitial
fibrosis, it is better developed in the upper zones, the reasons for
which are discussed above (see the zonal distribution of pneumoco-
niosis, p. 329).

Pathogenesis

The pathogenesis of coal pneumoconiosis has much in common with
that of silicosis, and indeed many other pneumoconioses. It involves
the promotion of fibrogenic factor synthesis and release by cells
phagocytosing the inhaled dust. Several such factors have now been
identified, the degree of fibrosis produced varying with the amount
of dust inhaled and the ability of its constituents to promote the
production of the responsible cytokines. These include platelet-
derived growth factor, insulin-like growth factors 1 and 6, transform-
ing growth factor-p and tumour necrosis factor-o.'""¥*1% As with
other minerals, the indestructability of the dust perpetuates the
process.

As in silicosis, immunological factors appear to be involved,
for there is an increased prevalence of rheumatoid arthritis'® and
of circulating autoantibodies’®'* in miners with coal pneumo-
coniosis. Rheumatoid factor has also been demonstrated within the
lung lesions.'®’ These abnormalities are generally more pronounced
in miners with complicated pneumoconiosis but are also found in
those with the simple variety. It is also possibly pertinent to the
immunological basis of coal pneumoconiosis that some of the pul-
monary manifestations of rheumatoid disease are more pronounced
in coalminers. This was first pointed out by Caplan and will be con-
sidered next.

Pneumoconiosis and rheumatoid disease
(Caplan’s syndrome)

Caplan described distinctive radiographic opacities in the lungs of
coalminers with rheumatoid disease,”® and it is now recognised that
similar lesions may develop in rheumatoid patients exposed to sili-
ceous dusts. The development of such rheumatoid pneumoconiosis
does not correlate with the extrapulmonary or serological activity of
the rheumatoid process. Nor is there a strong relation to dust burden:
Caplan lesions are characteristically seen in chest radiographs that
show little evidence of simple coal pneumoconiosis.

A
Figure 7.1.17 Caplan lesions in a coalminer’s lung, which

characteristically shows only light dust deposition. (Courtesy of Dr R Seal,
formerly of Penarth, UK.)

Figure 7.1.18 A Caplan lesion, characterised by successive bands of dust
within the centre of a large necrobiotic nodule.

Pathologists recognise the lesions as particularly large necrobiotic
nodules similar to those seen in rheumatoid patients who are not
exposed to dust (Fig. 7.1.17). However, because of their large size (up
to 5 cm diameter) they may be confused with progressive massive
fibrosis undergoing central ischaemic necrosis (see above) or silicosis
complicated by caseating tuberculosis. Such errors will be less likely
if the radiological evolution of the lesions is considered for they tend
to cavitate and undergo rapid remission, only to be succeeded by
others. They are also well demarcated radiologically. Pathologically,
they resemble rheumatoid nodules in showing peripheral palisading
but differ in their large size and the presence of dust."” The dust
accumulates in circumferential bands or arcs within the necrotic
centres of the lesion (Fig. 7.1.18), an arrangement that suggests
periodic episodes of inflammatory activity. Caplan lesions differ from
tuberculosis in lacking satellite lesions and tubercle bacilli, and from
progressive massive fibrosis in showing characteristic bands of dust
pigmentation (Table 7.1.2) and only light dust deposition in the
surrounding lung.
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Table 7.1.2 Histological features of Caplan lesions,
silicotuberculosis and progressive massive fibrosis

Caplan Silicotuberculosis
lesions

Progressive
massive fibrosis

Palisading + - -

Dust banding + - -

Satellite - + -
tubercles

Necrosis + + +

Cholesterol + + +
crystals

Calcification  + + +

+ present; + poorly represented; — absent.

Table 7.1.3 Asbestos production by country, 2000

Country Tons

Russia 752000
China 350000
Canada 320000
Brazil 209000
Kazakhstan 179000
Zimbabwe 152000
Others 88000

ASBESTOSIS

Asbestosis is defined as diffuse interstitial fibrosis of the lung caused
by exposure to asbestos dust.'”*'”* It does not cover asbestos-induced
carcinoma of the lung or asbestos-induced pleural disease. The de-
velopment of asbestosis depends on the presence of fairly large dust
burdens: this is in contrast to mesothelioma and other forms of
asbestos-induced pleural disease, which, although also dose-related,
occur following the inhalation of far smaller amounts of asbestos dust.

Asbestos types and production

Asbestos is a generic term for more than 30 naturally occurring fibrous
silicates, fibre being defined as an elongated particle with a length-to-
breadth (aspect) ratio of at least 3. Asbestos fibres have a high aspect
ratio, generally over 8. Based on their physical configuration they can
be divided into two major groups, serpentine and amphibole. The
physical dimensions and configuration of asbestos fibres are strongly
linked to their pathogenicity.

Chrysotile (white asbestos) is the only important serpentine form.
It accounts for most of the world production of asbestos of all types
(Table 7.1.3)."* Being a serpentine mineral, chrysotile consists of
long, curly fibres that can be carded, spun and woven like cotton (Fig.
7.1.19). The curly chrysotile fibres are carried into the lungs less
readily than the straight amphibole asbestos fibres, and once there
undergo physicochemical dissolution and are cleared more readily.
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Figure 7.1.19 A sample of Quebec chrysotile showing the fibrous nature
of the ore.

They readily fragment into short particles that are easily ingested by
macrophages and in the acidic environment of the macrophage
phagolysosome they are particularly unstable. The half-life of
chrysotile in the lungs is estimated to be in the order of only a few
months."*"° Not surprisingly therefore chrysotile is the least harmful
type of asbestos in respect of all forms of asbestos-induced pleuro-
pulmonary disease."””’""*? [t may nevertheless cause pulmonary fibrosis
if sufficient is inhaled.?***"!

In contrast to chrysotile, amphibole forms of asbestos consist of
straight rigid fibres that are stable within the lung. They do not frag-
ment, they are insensitive to chemical attack and their clearance half-
lives are in the order of decades rather than months.””® The main
amphibole forms of asbestos of commercial importance are crocido-
lite (blue asbestos) and amosite (brown asbestos). Crocidolite, reput-
edly the most dangerous in regard to all forms of asbestos-related
disease, was formerly mined in Western Australia (Wittenoom) and
South Africa (Cape Province and the Transvaal); it was the principal
amphibole used in the UK. Amosite, the name of which derives from
the acronym for the former Asbestos Mines of South Africa company
in the Transvaal, was the principal amphibole used in North America.
Amphiboles are no longer imported by the developed countries but
much remains in old lagging and presents a considerable dust hazard
when this is removed. Tremolite, a further amphibole asbestos, con-
taminates Quebec chrysotile deposits, Montana vermiculite and many
forms of commercial (non-cosmetic) talc and is responsible for much
of the asbestos-related disease in chrysotile miners and millers.””
Another amphibole asbestos, anthophyllite, was formerly mined in
Finland. It causes pleural plaques (see p. 716) but not lung disease,
possibly because its fibres are relatively thick (Fig. 7.1.20).>%

Erionite is a zeolite rather than a type of asbestos but is comparable
in form to amphibole asbestos and is also biopersistent. It is found
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Figure 7.1.20 Electron micrographs of dispersed samples of asbestos. (A) Chrysotile; (B) crocidolite; (C) amosite; (D) anthophyllite, all x2800, the bar
representing 10 um. (Reproduced from Wagner et al. (1980)*® by permission of Professor FD Pooley and the British Medical Bulletin.)
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Table 7.1.4 Asbestos consumption by country, 2000'*
Country Tons kg/capital/year
Russia 447000 34
China 410000 0.4
Brazil 182000 1.3
India 125000 0.2
Thailand 121000 3.0
Japan 99000 1.5
Indonesia 55000 0.3
South Korea 29000 1.9
Mexico 27000 0.4
Others 178000

in parts of central Turkey where it causes both mesothelioma and a
pattern of interstitial pulmonary fibrosis that is comparable to
asbestosis.”**?%

Asbestos use and exposure

Exposure to asbestos occurs in countries where it is extracted (Table
7.1.3), which is mostly by the open-cast method, and in those coun-
tries that continue to use this mineral (Table 7.1.4). The developed
nations have largely ceased to use asbestos but countries keen to
develop their industrial base and less concerned with health issues
continue to use considerable amounts in a vast range of trades.
Asbestos is used particularly for fireproofing, in heat and sound in-
sulation and for strengthening plastics and cement. Thus, unless
adequate precautions are taken, exposure is experienced by dockers
unloading asbestos in the close confines of a ship’s hold, by thermal
insulation workers (laggers and strippers) in shipyards, power
stations, train maintenance depots, factories and other large buildings,
by construction workers such as carpenters cutting asbestos building
panels, and by workers making asbestos products such as fireproof
textiles, brake and clutch linings, and specialised cement.

As well as such direct exposure, exposure may also be:

indirect, as experienced by the families of asbestos workers
paraoccupational, as experienced by those working alongside an
asbestos worker

® neighbourhood, as experienced by those living downwind of an
asbestos works or mine

® ambient, as experienced by those living or working in a building
containing asbestos.

Exposure to asbestos incorporated in the structure of a building carries
a negligible health risk if the asbestos material is well maintained to
prevent shedding of dust. Stripping asbestos out is more dangerous
than maintaining it in situ, but maintenance is sometimes neglected.
The near indestructibility of asbestos accentuates the health problems
that its ubiquity poses.

Asbestos bodies

Because of their aerodynamic properties, fibres of 100 um or more in
length may reach the finer bronchioles and alveoli. Once impacted,
the sharp asbestos fibres become coated with a film of protein that is
rich in iron. The coating is thickest at the ends of the fibres, giving a
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dumb-bell appearance. In time, a distinctive segmentation of this
outer layer develops (Fig. 7.1.21). These coated structures are termed
‘asbestos bodies” Because other fibres may gain a similar coat, the
non-specific term ‘ferruginous body’ has been advocated. However,
coated carbon fibres (so-called coal bodies) are easily recognised as
such by their black core.”®® In practice, ferruginous bodies with the
appearance of asbestos bodies almost always prove to have an asbestos
core.”?% Long fibres are more likely to be coated than short ones,
which are cleared more quickly: in one study few fibres less than 5 pm
in length were coated and few fibres over 40 um in length were
uncoated.”®” Amphiboles form bodies more readily than chrysotile. A
comparison of light and electron microscopic fibre counts found that
0.14% of chrysotile, 5% of crocidolite and 26.5% of amosite formed
bodies.” Nevertheless, sufficient chrysotile fibres are coated to permit
recognition of asbestosis by standard histological criteria (diffuse
fibrosis and asbestos bodies), even if chrysotile is the only asbestos
present.”! Despite the biodegradability of chrysotile, asbestos body
numbers do not materially diminish with time.”"* Very occasionally
however a patient with diffuse pulmonary fibrosis and a history of
asbestos exposure has no evident asbestos bodies but analysis shows
a fibre burden within the range found in asbestosis, justifying fibre
analysis in such cases.”'*

There is evidence that alveolar macrophages are involved in the
coating of asbestos fibres to form asbestos bodies and that the bodies
are less harmful to the macrophages than uncoated fibres.””* Asbestos
bodies give a Prussian blue reaction for iron when stained by Perls’
method and their yellow-brown colour makes them easily recog-
nisable in unstained films of sputum or in unstained histological
sections. Sections may be cut 30 um thick to increase the yield and
help identify bodies that lie at an angle to the microtome blade. There
is a good correlation between the numbers of asbestos bodies seen in
lung sections and those in tissue digests.?*?"> The bodies may be
found singly or in irregular clumps or stellate clusters. They are un-
evenly distributed but in well-established asbestosis they are easily
found. If they are not evident, asbestos burden may be assessed
quantitatively in tissue digests (see below). Their presence in lung
tissue, sputum or bronchoalveolar lavage fluid merely confirms expo-
sure, not the presence of disease. However, the number of asbestos
bodies in lavage fluid correlates well with lung asbestos burden®**”
and the number in sputum correlates with the duration and intensity
of exposure. 262!

Fibre counts193,208,2’|9—223

Quantitation is desirable in certain circumstances (Box 7.1.1), in
which case it is best effected on 2-cm’ blocks of fixed or fresh lung
tissue obtained from three different sites, avoiding tumour and thick-
ened pleura. The tissue blocks are digested with caustic soda or bleach,
following which the fibres may be collected on a millipore membrane
or viewed in suspension in a red blood cell-counting chamber. If
phase contrast optics are used both coated and uncoated fibres can be
assessed.”™ Alternatively, dark ground illumination can be used to
demonstrate uncoated fibres.”” However, electron microscopy is to be
preferred as it detects far more fibres than are visible by light micros-
copy and can also provide information on fibre type. It is important
that the laboratory is well practised in fibre analysis and has estab-
lished its own control range for the general population as well as
asbestosis as most lungs contain some asbestos.

Ambient fibres are generally shorter than 5 pm and some workers
therefore confine their counts to fibres that are at least as long as
this.”** Justification for this comes from animal experiments demon-
strating that long fibres cause more inflammation, chromosomal
damage, fibrosis, lung tumours and mesotheliomas than short
fibres,”*-**® and from studies in humans suggesting that long fibres
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Figure 7.1.21 Asbestos bodies seen by light microscopy in (A) an unstained 30-um-thick paraffin section; (B) by scanning electron microscopy in the
digest of an asbestos worker’s lung and (C) by transmission electron microscopy in lung tissue. The asbestos fibres have acquired the iron-protein
coating that characterises an asbestos body. In most places the coating has become segmented, giving rise to bead-like formations, a change
accompanying ageing of the bodies. (B) Courtesy of Dr B Fox, London, UK and (C) courtesy of Miss A Dewar, Brompton, UK.)

are responsible for asbestosis.”” Other human studies have shown

that, although asbestos load is maximal in the upper lobes, more long
fibres are found at the bases, where fibrosis is most marked.*?3° A
Box 7.1.1 Circumstances in which asbestos fibre counts further reason for limiting attention to the longer fibres is that the
are desirable shorter ones are cleared more easily and their number therefore varies
with the time lapsed since last exposure. For these reasons asbestos

Quantitation desirable Quantitation unnecessary . . . o .

sl [ e Mesothelioma if there is a regulations in many countries now limit attention to fibres that are
disputed and asbestos bodies are history of exposure or over 5um in length and have a length-to-diameter (aspect) ratio
- EEorEen [eeTs A1 ke greater than 3: such fibres have become known as regulatory or World

Health Organization (WHO) fibres.

Pulmonary fibrosis (with or without  If there is obvious asbestosis . .
Values are best expressed as fibres/g dry lung. By light microscopy;,

carcinoma of the lung) in an

asbestos worker but asbestos normal values range up to 50 000: over 20 000 is seen with meso-
bodies are not evident theliomas, and over 1 000 000 in asbestosis (Table 7.1.5).21¢22+231.232
Carcinoma of the lung in an However, compared with electron microscopy, light microscopy is
asbestos worker if there is no relatively insensitive, showing only 26.5% of the amosite, 5% of the
fibrosis crocidolite and 0.14% of the chrysotile.”® Light microscopic counts

219

correlate poorly with severity of asbestosis*” and electron microscopy
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Table 7.1.5 Lung asbestos fibre counts per gram of dried lung

Light Electron

microscopy microscopy
Normal city dwellers Up to 50000 Up to 5 000 000
Mesothelioma Over 20000 Over 1 000 000

Asbestosis (minimal) Over 100000 Over 10 000 000

Asbestosis (established) Over 1000000 Over 100 000 000

The light microscopic counts include total fibres (coated and uncoated).

The electron microscopic counts include only amphibole asbestos. Results
from different laboratories vary and these figures, derived from several
sources,”'®?3"232 provide only a general guide. Reliable results depend upon
counts being made regularly and the normal range from that laboratory being
ascertained. Ratios of counts obtained by electron and light microscopy vary
greatly but approximate to 100.

Figure 7.1.22 At high magnification chysotile fibres are seen to be
tubular. Transmission electron micrograph x51 000. (Courtesy of Miss A
Dewar, Brompton, UK.)

is better in this respect.”””""® By transmission electron microscopy,
values may range up to 5 000 000 in controls, with asbestosis gener-
ally above 100 000 000 and mesotheliomas found at any level down
to 1 000 000, all these figures representing amphibole fibres/g dried
lung (see Table 7.1.5).2'%**"23? [t should be noted that counts from
different parts of the same lung may vary widely;****-*% caution
should therefore be exercised in interpreting a count obtained on a
single sample. There is also wide discrepancy between laboratories,
even when analysing the same sample.”®" Results obtained in an
individual case therefore have to be evaluated against a standard
set of values unique to that laboratory.

Electron microscopy also provides valuable information on the type
of fibre. Chrysotile differs physically from the amphiboles in two
respects: its fibres are both curved and hollow (Figs 7.1.20 and 7.1.22).
With an electron microscope equipped for microprobe analysis, the
various forms of asbestos may also be distinguished from other fibres
and from each other (Box 7.1.2),%%**® an important point as the
amphibole forms of asbestos are far more dangerous than chrysotile
(Table 7.1.6)."°7"°

346

Box 7.1.2 Molecular formulae of various forms of
asbestos. When subjected to microprobe analysis, the
total counts recorded for each element (see )

are proportional to the numbers of their atoms in the
molecule. Thus, with tremolite the silicon peak would be
four times as high as that for calcium and a little less
than twice as high as that for magnesium

Chrysotile Mgs(Si;05)(OH),
Crocidolite Na,Fes(Sig02,)(OH),
Amosite (Fe,Mg)(SigO,,)(OH),
Tremolite Ca;Mgs(Sig032)(OH),

Table 7.1.6 Mean percentage lung fibre type by diagnostic
category in a group of British asbestos factory workers
compared to local controls'®

Fibre Controls Asbestosis Carcinoma Pleural
type of the mesothelioma
lung
Crocidolite 2.8 60.1 56.7 20.2
Amosite 2.6 17.7 304 39.3
Chrysotile  25.9 4.0 6.9 17.0
Other 68.7 18.2 6.0 235
(mainly
fly ash)

Non-asbestos fibres commonly found in the lung include mullite,
which derives from fly ash. This may constitute up to 70% of the total
fibre burden (see Table 7.1.6) and is thought to be harmless. There is
no firm evidence that manmade fibres present a health hazard”’ but
in certain localities natural non-asbestos mineral fibres, zeolites for
example, are important causes of mesothelioma (see p. 718) and also
cause interstitial pulmonary fibrosis.***

Clinical and radiological features

In contrast to the first half of the twentieth century, much of the
asbestosis encountered today is asymptomatic, identified radiologi-
cally or histologically in lungs resected for carcinoma or removed at
autopsy. Symptomatic cases are characterised by an insidious onset
of breathlessness, a dry cough and crackles over the lower lung fields.
Finger clubbing is a variable feature. Lung function tests show a restric-
tive respiratory defect. Radiology initially shows small irregular basal
opacities that gradually coalesce to become linear, coarsen and
eventually progress to a honeycomb pattern of small cysts.

The principal differential diagnosis, both clinically and pathologi-
cally, is from idiopathic pulmonary fibrosis. This is aided by the slow
progression of asbestosis, which often extends over 20 years, as
opposed to an average course of 2-3 years from presentation to death
for the idiopathic condition.

Most cases of asbestosis are diagnosed solely on the occupational
history and these clinicoradiological features. Recourse to histology is
unusual but biopsy (preferably as a wedge of lung) may be undertaken
if the clinical features are atypical. Histology also arises when the
pathologist samples lung parenchyma remote from a resected carci-
noma (the universal importance of which cannot be overemphasised).
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Box 7.1.3 Criteria for grading asbestosis'*?424

Figure 7.1.23 Asbestosis. Fine interstitial fibrosis is evident beneath the
pleura at the base of the lung. Barium sulphate-impregnated specimen.

Coroners require autopsy verification of the diagnosis in all suspected
cases and this also necessitates hystology.

Morbid anatomy

When the lungs from a patient with asbestosis are seen at autopsy,
pleural fibrosis is often found, and although this may also be attribut-
able to asbestos exposure it is to be regarded as an independent
process and not part of the asbestosis: it is dealt with separately on
page 715.

Slicing the lung affected by asbestosis shows a fine subpleural
fibrosis, especially of the lower lobes (Fig. 7.1.23). In severe cases the
fibrosis often extends upwards to involve the middle lobe and lingula,
and sometimes the upper lobes also. Microcystic change associated
with the fibrosis develops in advanced cases and in severe disease there
may be cysts over 1 cm in diameter. However, these classic changes
are seldom seen in developed countries today. Following decades of
dust suppression in asbestos factories, current patients have mild to
moderate asbestosis and are dying of related cancer or of non-pulmo-
nary disease.”*® In some of these cases the asbestosis is only detectable
microscopically. Fixation of the lungs through the bronchi and the
use of Heard’s barium sulphate impregnation technique facilitate
demonstration of the fibrosis (see p. 757 and Fig. 7.1.23). The mild
degree of asbestosis currently encountered is of little functional sig-
nificance but is often critical in determining whether an associated
carcinoma of the lung should be attributed to asbestos exposure (see
below).

Histological appearances

The histological diagnosis of asbestosis requires an appropriate
pattern of interstitial fibrosis associated with the presence of asbestos

A None

B Less than 25% of the lung substance involved

C 25-50% of the lung affected

D More than 50% of the lung diseased

Severity’

0 No appreciable peribronchiolar fibrosis, or fibrosis
confined to the bronchiolar walls

i Fibrosis confined to the walls of respiratory bronchioles
and the first tier of adjacent alveoli

2° Extension of fibrosis to involve alveolar ducts and/or

two or more tiers of alveoli adjacent to the
respiratory bronchiole, with sparing of at least some
alveoli between adjacent bronchioles

3 Fibrotic thickening of the walls of all alveoli between
at least two adjacent respiratory bronchioles
4 Honeycomb change

?An average score is obtained for an individual case by adding the scores for
each slide (0-4), then dividing by the number of slides examined

bGrade 1 and, to a lesser extent, grade 2 need to be distinguished from
smoking-induced peribronchiolar fibrosis and mixed-dust pneumoconiosis.

bodies. Both components must be present. The fibrosis is pauci-
cellular, lacking any significant degree of inflammation and being
collagenous rather than fibroblastic.

It is generally considered that asbestosis begins about the respira-
tory bronchioles and alveolar ducts where most of the asbestos fibres
impact.”” Alveolar walls attached to these bronchioles show fine inter-
stitial fibrosis. However, this early lesion has to be interpreted with
caution because it is not specific to asbestos, being found with other
inhaled mineral dusts®**?*° and even in many cigarette smokers who
have not been so exposed.””! It more likely represents a non-specific
reaction to a variety of inhaled particles. It may cause mild airflow
obstruction but is not associated with the radiographic, clinical or
restrictive changes of classic asbestosis.

As the disease progresses, the focal changes join up so that the basal
subpleural regions show widespread interstitial fibrosis and eventually
complete destruction of the alveolar architecture. In severe cases there
may be honeycombing and metaplastic changes in the alveolar and
bronchiolar epithelium. Apart from the presence of asbestos bodies
the changes resemble those of non-specific interstitial pneumonia, or
more rarely usual interstitial pneumonia. Fibroblastic foci may be
found but they are uncommon. There is often an increase in alveolar
macrophages but the desquamative interstitial pneumonia that has
been reported in association with asbestos***** is not to be regarded
as a variant of asbestosis'”’; concomitant smoking is a more likely
cause.”"" A variety of other non-specific inflammatory processes such
as organising pneumonia have been reported in asbestos workers and
if localised some have been suspected of representing malignancy
until biopsied.***

Several schemes have been proposed for grading the extent and
severity of asbestosis. These are of value in epidemiological studies
but should only be applied to cases meeting the histopathological
criteria for a diagnosis of asbestosis. One such scheme is shown in
BOX 7-1.3.193,245,246

In well-established asbestosis asbestos bodies are numerous and
easy to find, aggregates of them sometimes forming clumps (Fig.
7.1.24). In earlier lesions a detailed search may be necessary, in which
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Figure 7.1.24 Asbestosis. Interstitial fibrosis is associated with many
asbestos bodies (A), which are shown in detail in (B).

case the examination of unstained or Perls-stained sections facilitates
their identification. Minimum criteria for the diagnosis of asbestosis
require the identification of diffuse interstitial fibrosis in well-inflated
lung tissue remote from a lung cancer or other mass lesion and the
presence of either two or more asbestos bodies in tissue with a section
area of 1 cm? or a count of uncoated asbestos fibres that falls in the
range recorded for asbestosis by the same laboratory.'”>'** There are
marked variations in the concentration of asbestos fibres between
samples from the same lung”*** and it is therefore recommended
that at least three areas be sampled, the apices of the upper and lower
lobes and the base of the lower lobe.”*

The equivalent of Mallory’s alcoholic hyalin of the liver has been
described in the lungs in asbestosis,'”**"” and subsequently in other
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Figure 7.1.25 Cytoplasmic hyaline in asbestosis. (A) Eosinophilic
inclusions are seen in the cytoplasm of several hyperplastic type Il
pneumocytes. Haematoxylin & eosin. (Courtesy of Professor VL Roggll,
Durham, USA.) (B) Electron microscopy shows that the inclusions represent
a tangle of microfilaments. (Courtesy of Professor D Henderson, Adelaide,
Australia.) (Both images reproduced by permission of the publishers of Archives of

Pathology and Laboratory Medicine.”*?)

pulmonary conditions.”*®*'It is seen as small eosinophilic cyto-
plasmic inclusions within hyperplastic type II alveolar epithelial cells
(Fig. 7.1.25A). Electron microscopy shows that the inclusions consist
of a tangle of tonofilaments (Fig. 7.1.25B) and by immunocytochem-
istry a positive reaction is obtained with antibodies to cytokeratin,
both these features being typical of Mallory’s hyalin in the liver. The
inclusions also react for ubiquitin, the accumulation of which is indic-
ative of cellular damage, in particular faulty proteinolysis.*”'

Differential diagnosis

The differential diagnosis of asbestosis includes pulmonary fibrosis
due to many other causes, any of which may of course affect an asbes-
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tos worker as much as members of the general population. The pro-
portion of diffuse pulmonary fibrosis in asbestos workers that is not
attributable to asbestos has been estimated to be as high as 5% and
likely to rise as the risk of asbestosis diminishes with better industrial
hygiene.**

The principal differential diagnosis of asbestosis is from idiopathic
pulmonary fibrosis. Both diseases affect the bases and periphery of
the lungs predominantly. In the late stages, cystic change is more
evident in idiopathic pulmonary fibrosis but this criterion is not
totally reliable. Nor is the presence of pleural fibrosis, although it is
usually present in asbestosis and is seldom found in idiopathic pul-
monary fibrosis. Asbestosis seldom progresses or does so very slowly
after exposure ceases*?** whereas idiopathic pulmonary fibrosis typi-
cally proves fatal within 3-4 years from onset. The fibrosis of asbes-
tosis is generally paucicellular: inflammation is not a feature and the
fibroblastic foci that characterise the usual interstitial pneumonia
pattern of fibrosing alveolitis are seldom observed in asbestosis.

Very often the distinction from idiopathic pulmonary fibrosis has
to be based on the amount of asbestos in the lung and, if asbestos
bodies are not readily identifiable, this has to depend on fibre counts.
Errors are made both by overlooking substantial numbers of asbestos
bodies completely and by ascribing undue importance to scanty
bodies. If considering the possibility of minimal asbestosis (to justify
attributing carcinoma of the lung to asbestos, for example) it should
be remembered that a little peribronchiolar fibrosis is also character-
istic of smokers’ lungs, centriacinar emphysema and early mixed-
dust pneumoconiosis.?*~2*"?>> As described above, at least two asbestos
bodies/cm? in the presence of interstitial fibrosis distant from any lung
cancer or other mass lesion is required for a diagnosis of
asbestosis."”?

Pathogenesis

Although the causes of asbestosis and idiopathic pulmonary fibrosis
are very different, they resemble each other in several ways, suggesting
that similar pathogenetic mechanisms may operate.'®®***%® In both
these diseases there is degeneration of the alveolar epithelium and
capillary endothelium, with patchy loss of the former,?® and
bronchoalveolar lavage shows an increase in macrophages that might
perpetuate the damage by releasing lysosomal enzymes, nitric oxide
and hydroxyl radicals.”*”?**?*! Both diseases are also characterised by
an increased prevalence of circulating non-organ-specific autoanti-
bodies.”*? Experimentally, asbestos exposure leads to the activation
of a variety of fibrogenic cytokines at sites of lung injury.'?>2¢3-268

Inhaled asbestos activates a complement-dependent chemoattract-
ant for macrophages’ and macrophage stimulation involves the
secretion of fibroblast stimulating factors,?”°2"> asbestos being inter-
mediate between haematite and silica in regard to macrophage-medi-
ated fibrogenicity.””* The epithelial damage could be mediated directly
by the needle-like asbestos fibres or indirectly through enhanced
phagocyte generation of free radicals (which is much greater with
amphibole asbestos than with either chrysotile or silica).?%%*"
Fibrogenic cytokines released by activated pulmonary phagocytes and
regenerating alveolar epithelial cells in asbestosis include tumour
necrosis factor-a and transforming growth factor-,”* as in idiopathic
pulmonary fibrosis.

Asbestos-induced lung cancer

As a result of better industrial hygiene, asbestosis is less severe today
than in earlier years when it followed much heavier exposure, with
the consequence that death from respiratory failure and cor pulmo-
nale is less common and sufferers are surviving longer. There is there-
fore now a greater risk of asbestos-related cancer eventually developing.

Table 7.1.7 Excess mortality from carcinoma of the lung
attributable to asbestos exposure and cigarette smoking in
insulation workers.?’® Together, these factors have a
multiplicative rather than additive effect

Group Mortality ratio
Non-smoking controls 1
Non-smoking asbestos workers 5
Cigarette-smoking controls 11
Cigarette-smoking asbestos workers 53

Asbestos exposure predisposes to two varieties of malignant neo-
plasm, carcinoma of the lung and mesothelioma of the pleura and
peritoneum. The risk of malignancy increases with dose but the rela-
tive risk of carcinoma is much smaller than that of mesothelioma. For
example, with heavy exposure, as in lagging, the risk of mesothelioma
is increased 1000-fold whereas it is increased only fivefold for lung
cancer. Hence, with light exposure there is a substantial risk of mes-
othelioma but only a small risk of lung cancer. Asbestosis requires
heavy exposure and in one group of patients with asbestosis, 39%
died of pulmonary carcinoma, 10% of mesothelioma and 19% of
other respiratory diseases.”® Although there were many earlier reports,
the link with carcinoma of the lung may be considered to have been
firmly established by 1955,%”° that between crocidolite asbestos and
mesothelioma by 1960,””° and that between amosite asbestos and
mesothelioma by 1972.7”” Mesothelioma is considered on page 717.

In regard to carcinoma of the lung, asbestos is not such a potent
pulmonary carcinogen as cigarette smoke but together their effects
are multiplicative rather than additive (Table 7.1.7).2”%*” However,
the risk attributable to asbestos is the same regardless of smoking
history, being increased fivefold in both smokers and non-smokers.
There is usually a latent period in excess of 20 years between first
exposure to asbestos and the development of lung cancer and the
risk increases the greater the cumulative exposure. The increased
risk involves carcinomas of all the histological types encountered in
the lung, although adenocarcinoma has been disproportionately
overrepresented.?*>280-285

It is uncertain'* whether the increased risk of carcinoma is caused
by the asbestos'*??¢-%! or the asbestosis.?”**** The latter view envis-
ages the carcinoma arising in the foci of alveolar epithelial hyperplasia
and dysplasia that commonly accompany any interstitial fibrosis
(see carcinoma complicating idiopathic pulmonary fibrosis, p. 275).
However, most carcinomas complicating asbestosis arise in the
bronchi rather than the alveolar tissue. On the other hand, more
arise in the sites worst affected by asbestosis, the lower lobes
and the periphery of the lung, than in the general population
(Flg 7.1.26),238'245'2817285

The majority view has been that asbestosis is a necessary precursor
of the carcinoma but evidence to the contrary is finding increasing
support (Table 7.1.8)."* In the UK, industrial compensation was for-
merly only awarded to an asbestos worker for carcinoma of the lung
if there was also asbestosis or diffuse pleural fibrosis but new rules
were introduced in 2006. Asbestosis remains a sufficient criterion but
diffuse pleural thickening is not and asbestosis is no longer a neces-
sary criterion: asbestos is deemed to have been responsible if the
patient worked in asbestos textile manufacture, spraying, lagging or
gas mask manufacture for at least 5 years before 1975 or 10 years after
1975. The basis for these changes is the premise that heavy asbestos
exposure is sufficient in itself to account for carcinoma of the lung.
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Figure 7.1.26 Asbestosis associated with carcinoma of the lung. The
asbestosis has been highlighted by barium sulphate impregnation and is
seen as a grey subpleural band to the right of the picture. Although the
carcinoma has arisen in the same lobe as the asbestosis it has not
obviously arisen in an area affected by asbestosis.

Lung fibre counts in the asbestosis range (see Table 7.1.5) provide
valuable evidence of such exposure. Compensation standards for
asbestos-associated lung cancer in different countries are shown in
Box 7.1.4.19%%%

Asbestos-induced airway disease

Although asbestosis causes a restrictive respiratory defect, airflow
limitation is also seen in this disease. Much of the airflow limitation
is attributable to cigarette smoking but it is also seen in non-smoking
asbestos workers and is worse in those with asbestosis.*” The
pathological basis of this appears to be small-airways disease (see
p. 123).> It is possibly a non-specific reaction to inhaled dust or ciga-
rette smoke.**” Because it is not established that this lesion progresses
to interstitial alveolar fibrosis (asbestosis) the term ‘asbestos airways
disease’ is suggested.’” Fibrosis limited to the bronchioles is specifi-
cally excluded from the definition of asbestosis in the latest guidelines
(although these retain grade 0 for fibrosis limited to the bronchiolar
walls)."? It should also be noted that, although emphysema is con-
sidered to be a destructive rather than fibrotic condition, a little focal
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Table 7.1.8 Requirements for attributing carcinoma of the lung
to asbestos

The traditional view The Helsinki criteria,’? which
that the carcinoma are based upon substantial
complicates asbestosis exposure
1. Asbestosis 1. Asbestosis diagnosed clinically,
and radiologically or histologically
2. A minimum lag time of or
20 years A minimum count of 5000

asbestos bodies per gram dry lung
tissue (/g dry), or an uncoated
asbestos fibre burden of 2 million
amphibole fibres more than 5 um
in length/g dry, or 5 million
amphibole fibres more than 1 um
in length/g dry
or
Estimated cumulative exposure to
asbestos of at least 25 fibres/
ml-years
or
An occupational history of 1 year
of heavy exposure to asbestos
(e.g. manufacture of asbestos
products, asbestos spraying) or
5-10 years of moderate exposure
(e.g. construction or ship-building)
and

2. A minimum lag time of 10 years

Box 7.1.4 Compensation standards for asbestos-associ-

ated lung cancer in different countries

Government standards vary considerably and in the civil courts claims
are often based on lesser evidence. Some examples of government
standards are:

UK

Asbestosis or employment in a specified industry for a specified time
(see text)

USA

The presence of asbestos-related bilateral pleural plaques or
asbestos-related bilateral pleural thickening and occupational
exposure and a lag time of at least 12 years

Germany

The presence of asbestosis or pleural plaques or diffuse pleural
thickening or fibre-years of exposure

Denmark
Only fibre-years of exposure are taken into account
Finland

Exposure, at least 10 years' latency and asbestos-related pleural or
parenchymal changes

Sweden
Asbestosis is not required but smoking is taken into consideration
Norway

Attempts are made to quantify separately the attributability to
asbestos, smoking and other factors (e.g. radon)
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fibrosis is generally evident in this common condition”” and does not

necessarily indicate early asbestosis.

ALUMINIUM

Aluminium has been implicated in the development of respiratory
disease during the refining of its principal ore, bauxite, to yield various
aluminium oxides (aluminas), in the preparation of the metal by
smelting alumina, in the production of corundum abrasive and in the
production of special aluminium powders used in explosives.

Refining of bauxite

Bauxite is a mixture of various aluminium oxides, hydroxides and sili-
cates, iron oxide and titanium dioxide. The oxides of aluminium are
obtained by differential heating of the ore and the respiratory effects
of this work appear to be no more than mild airway irritation. It is
generally accepted that aluminium oxide is inert.

Aluminium smelting

Aluminium is prepared by the electrolytic reduction of its oxide dis-
solved in sodium aluminium fluoride (cryolite), a process releasing a
considerable amount of fluoride-rich effluent. Exposed workers have
complained of what is termed pot-room asthma. The pathology of
this condition is not well described but the pathogenesis is thought
to involve irritation rather than allergy.’”

Abrasive manufacture

The abrasive corundum is formed from bauxite mixed with coke and
iron heated in an electric arc furnace, a process in which workers may
be exposed to the fumes of alumina and free silica. In the past some
of these workers developed diffuse pulmonary fibrosis (Shaver’s
disease)’* and, although this was initially attributed to the alumin-
ium, it is now agreed that the free silica was the responsible agent.
The exposure to free silica has been reduced and the disease is now
regarded as historic.

Aluminium powder

Aluminium powder holds a paradoxical position in regard to lung
disease. In certain industries it has caused very severe pulmonary
fibrosis, yet in others it has proved harmless. Indeed, at one time
Canadian miners breathed aluminium dust before work, in the belief
that this would reduce the danger of silica in the mine dust®® and
more recently silicosis has been treated by such means in France.’® It
is questionable whether this practice is effective but it at least appears
to cause no harm. The explanation for these contradictory observa-
tions probably lies in differing methods of manufacture of aluminium
powder.

Aluminium metal appears to be an inert substance but this is only
because it has a high affinity for oxygen and the surface layer of
aluminium oxide so formed is firmly bound to the underlying metal,
unlike ferric oxide which permits further rusting of iron. Granular
aluminium powders, produced in a ball mill or from a jet of molten
aluminium, therefore acquire a protective coat of surface oxide and
are inert. With stamped aluminium powders, however, surface
oxidation is prevented by lubricants added to aid the separation of
these flake-like particles. The usual lubricant (stearin) contains stearic
acid and this polar compound combines with the underlying metal,
which is thereby protected from both atmospheric oxidation and the

action of body fluids when such dust is inhaled. In certain circum-
stances, however, non-polar lubricants in the form of mineral oils
have been substituted for stearin. This happened in Germany during
the Second World War when munition production was stepped up
but stearin was difficult to obtain,****%” and in the UK in the 1950s to
make the powder darker for purely commercial reasons.’”® In vitro,
oil-coated stamped aluminium powder reacts with water to produce
aluminium hydroxide, which affords the underlying metal no protec-
tion against further attack, so that aluminium hydroxide continues to
be formed.*” This substance is a protein denaturant, once used in the
tanning industry, and it is believed that this property underlies the
very exceptional cases of severe pulmonary fibrosis that have occurred
in connection with stamped aluminium powder produced with
mineral oil rather than stearin.*®?" The fibrosis has a very character-
istic pattern, affecting the upper lobes and progressing rapidly, the
interval from onset of symptoms to death being as short as 2 years.**
There is marked shrinkage of the lungs with gross elevation of the
diaphragm and buckling of the trachea (Fig. 7.1.27). The lungs are
grey (Fig. 7.1.28) and microscopically, numerous small black jagged
particles are seen. These can be shown to contain aluminium with
Irwin’s aluminon stain or by microprobe analysis.*"

What appears to be a different pathological effect of aluminium
dust on the lungs is the rare development of granulomatous disease
resembling sarcoidosis and berylliosis.*'**"® This represents hyper-
sensitivity to the metal, amenable to confirmation with a lymphocyte
transformation test similar to that used to diagnosis berylliosis (see
below).

Aluminium welding

Rare cases of desquamative interstitial pneumonia and pulmonary
fibrosis have been reported in aluminium welders.*"="

RARE EARTH (CERIUM) PNEUMOCONIOSIS

Elements with atomic numbers from 57 (lanthanum) to 71 (lutetium)
are known as the lanthanides or rare earth metals. They are used in
many manufacturing processes, including the production of high-
temperature ceramics and the grinding of optical lenses. Carbon arc
lamps used in reproduction photography emit appreciable quantities
of oxidised lanthanides, particularly cerium oxide, and there are
reports of pneumoconiosis in exposed individuals.’”® The patho-
logical changes reported have varied from granulomatous nodules to
diffuse interstitial fibrosis indistinguishable from the idiopathic
variety except for the presence of rare earth elements (usually cerium)
detected by polarising light microscopy and electron microprobe
analysis.*"”

HARD-METAL DISEASE (COBALT LUNG)

Hard metal is a tungsten alloy containing small amounts of cobalt,
titanium, molybdenum and nickel. It is exceptionally tough and once
formed can only be worked with diamond. It is used in the tips of
drill bits, on abrasive wheels and discs, and in armaments. Interstitial
lung disease is liable to arise in its manufacture or in those using hard
metal as an abrasive.*'® Experimental work suggests that cobalt is the
dangerous constituent’’ but this element is soluble and, unless
industrial contact has been recent, analysis of lung tissue usually
shows tungsten and titanium but no cobalt. The role of cobalt is also
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Figure 7.1.27 Aluminium pneumoconiosis. (A) A chest radiograph showing opacification of the lung apices. (B) A barium swallow showing severe
buckling of the oesophagus due to fibrous contracture of the lung apices and adjacent mediastinal tissues, as seen in Figure 7.1.B. (Courtesy of the late

Professor RE Lane, Manchester, UK.)

Figure 7.1.28 Aluminium pneumoconiosis. The lungs postmortem show
severe fibrosis of the apex and overlying pleura. (Courtesy of the late Dr G
Manning, Bolton, UK.)

indicated by the development of similar interstitial lung disease in
diamond polishers using high-speed polishing discs made with a
diamond-cobalt surface that lacked tungsten carbide and the other
constituents of hard metal *'®*"”

Hard-metal lung disease and cobalt lung take two forms, an
industrial asthma and interstitial fibrosis. The latter has a diffuse lower
zonal distribution and the appearances mimic idiopathic pulmonary
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fibrosis. However, an unusual feature is the presence of moderate, or
perhaps only small numbers, of giant cells (Fig. 7.1.29A, B).>'**?° Not
only are there multinucleate alveolar macrophages but syncytial cell
forms develop in the alveolar epithelium. Electron microscopy con-
firms that these are multinucleate type Il pneumocytes (Fig. 7.1.29C).*"°
Such epithelial changes are well known in measles pneumonia but
the viral inclusion bodies that characterise this infection are not found
in hard-metal pneumoconiosis. The changes are those initially
described as a particular pattern of idiopathic interstitial pneumonia
termed giant cell interstitial pneumonia or GIP (see p. 264). Elemental
analysis shows that many, but not all, cases of GIP represent hard-
metal disease. The exceptions seldom give a history of cobalt exposure
and must be presumed to represent true idiopathic cases. Conversely,
epithelial giant cells are not always found in hard-metal pneumoco-
niosis and so their presence, although highly characteristic, is neither
totally specific nor totally sensitive.

BERYLLIOSIS

Beryllium is the lightest of metals. It has an atomic weight of 4 and
special properties that make it especially useful in many applications.
It is more rigid than steel, has a high melting point and is an excellent
conductor of heat and elecricity. Unfortunately, the inhalation of
beryllium dust or fume is exceedingly dangerous.’”**> Those who
worked with beryllium compounds before precautionary measures
were taken suffered a high morbidity and mortality. Sometimes, the
escape of dangerous fumes from the factories was on such a scale that
people living in nearby houses, downwind from the places in which
these materials were being worked, contracted and occasionally died
from berylliosis (‘neighbourhood cases’).*”* Alternatively, contamina-
tion of a beryllium worker’s clothes might lead to berylliosis in a
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Figure 7.1.29 Giant cell interstitial pneumonia in hard-metal workers.
(A) There is interstitial pneumonia and fibrosis and several alveolar
epithelial cells are multinucleate (arrows). (B) Higher magnification shows
a light lymphocytic infiltrate, numerous alveolar macrophages and several
multinucleate giant cells.

relative.’”* Beryllium compounds may also cause contact dermatitis
and conjunctivitis.’”® Beryllium is also classified as a probable
pulmonary carcinogen,** but this is controversial.

Two forms of berylliosis are recognised, acute and chronic. Acute
berylliosis was first reported in Germany in 1933**” and is now largely
of historical interest, being only encountered as a result of rare acci-
dental or unexpected exposure. It follows the inhalation of a soluble
beryllium salt and represents chemical injury, the pathology being
that of diffuse alveolar damage (see p. 136). Further consideration
will be confined to chronic berylliosis, which is allergic in nature.

Uses of beryllium and occupations at risk

Chronic berylliosis was first reported in 1946 in the fluorescent lamp
industry.*”® Beryllium has now been replaced in this application but
it has since proved to be of great value in the nuclear, electronic,
computer and aerospace industries and the production of refractory
materials and crucibles that are to be subjected to particularly high

temperatures. The alloys of beryllium are also now widely used,
especially those with copper, on which it confers elasticity and resist-
ance to fatigue. Alloy manufacture and the machining of beryllium
alloys are therefore further activities that entail a risk of berylliosis, as
is the recovery of the metal in the recycling of scrapped electronic and
computer parts. Seemingly innocuous occupations such as dental
laboratory technician are not without risk of chronic berylliosis.**

Pathogenesis

There are good grounds for regarding chronic berylliosis as being an
allergic condition. Many of those affected react strongly to skin tests
with dilute solutions of beryllium salts, although these must be
undertaken with care: occasionally in a highly sensitised person even
so small an exposure may evoke a systemic reaction. The skin reaction
is of the delayed type, occurs in only 5% of exposed individuals, is
not associated with a clear-cut dose-response curve and represents a
granulomatous response. Further evidence for the disease having an
allergic basis derives from bronchoalveolar lavage, which demon-
strates an excess of T-helper lymphocytes that proliferate in vitro on
exposure to beryllium salts.”®® A positive transformation test given
by these lymphocytes is a more reliable indicator of disease than in
vitro blood lymphocyte transformation testing,” which is safe but
not wholly reliable and indicates only sensitization, rather than
berylliosis.

Susceptibility to berylliosis varies widely from person to person and
itis notable that chronic pulmonary disease is strongly associated with
the HLA antigen DPB1 and the Glu69 gene.**** The importance of
genetic factors is supported by a report of the disease in identical
twins. >

Chronic berylliosis is thought to be initiated by the metal binding
to tissue proteins and acting as a hapten to initiate a delayed
hypersensitivity response characterised by a proliferation of T-helper
lymphocytes. These sensitised cells in turn secrete a variety of cyto-
kines (e.g. interleukin-2, tumour necrosis factor-o. and interferon-y)
that recruit and activate macrophages, which mature into epithelioid
cells. The resultant epithelioid cell granulomas destroy the lung tissue
and lead to pulmonary fibrosis.

Pathological changes

If beryllium enters the subcutaneous tissues through a cut or abrasion,
as often happened in the earlier days of fluorescent lamp manufacture,
a sarcoid-like granuloma soon appears at the site; in time, the
overlying epidermis may break down to form an ulcer.

Even more serious are the lesions produced by the inhalation of
beryllium. Chronic pulmonary berylliosis takes the form of a wide-
spread granulomatous pneumonia with a histological picture identi-
cal to that of sarcoidosis (Fig. 7.1.30A). Both berylliosis and sarcoidosis
affect the upper lobes more than the lower (Fig. 7.1.30B) and in
both diseases the granulomas are preferentially distributed along
lymphatics and may involve adjacent blood vessels. In neither condi-
tion is there widespread necrosis but in both diseases the granulomas
occasionally display a little central necrosis or hyalinisation. As in
sarcoidosis, the hilar lymph nodes may be involved but, unlike
sarcoidosis, not in isolation.

Over a period of many years, the sarcoid-like granulomas
gradually undergo progressive fibrosis, with consequent impairment
of pulmonary function. In the later stages, when the disease has
become chronic, dispersal of beryllium from its site of initial absorp-
tion may lead to generalisation of the disease and to the appearance
of similar granulomas elsewhere, particularly in the liver, kidneys,
spleen and skin, but this is unusual.
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Figure 7.1.30 Chronic berylliosis. (A) Numerous non-necrotising
epithelioid and giant cell granulomas are seen in the lungs. (B) The upper
and middle lobes and the apex of the lower lobe are contracted by
extensive fibrosis. Paper mounted whole lung section.

Clinical features

Chronic berylliosis is characterised by the gradual onset of cough,
shortness of breath, chest pain, night sweats and fatigue. These symp-
toms may develop within a few weeks of exposure or many years later.
Once the worker is exposed, the beryllium is retained in the tissues
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and there is a lifelong risk of disease. Progression often entails alter-
nating exacerbations and remissions, long after exposure has ceased.

Analysis

In keeping with the view that berylliosis is a hypersensitivity reaction,
very little beryllium is necessary to cause the disease. Particulate
beryllium is so scanty in the affected tissues and the atomic number
of beryllium so low that electron microprobe analysis is generally
unsuitable for its detection. Furthermore conventional detectors are
protected by a beryllium window. However, the substitution of a
polymeric window has enabled beryllium to be detected by electron
microprobe analysis, presumably in a patient with fairly heavy expo-
sure.*** lon or laser microprobe mass spectroscopy can also detect very
small amounts of beryllium in tissue sections but these techniques are
not widely available.

Differential diagnosis

The differential diagnosis of chronic berylliosis is from sarcoidosis, to
which it is identical morphologically.***~**” However, as noted above,
it is unusual for berylliosis to cause significant hilar lymphadenopathy
in the absence of pulmonary disease, which is a common feature
of sarcoidosis. Extrathoracic granulomas, erythema nodosum and
uveitis, which are all common in sarcoidosis, are unusual in
berylliosis. However, one group found that 6% of patients initially
diagnosed as having sarcoidosis actually had chronic berylliosis.’*®
Similar findings have been reported by others.***** Any patient
thought to have sarcoidosis who has worked with or near metals
should be offered a beryllium lymphocyte transformation test. A list
of laboratories performing this test can be found at www.dimensional.
com/~mhj/medical_testing.html.

POLYVINYL CHLORIDE PNEUMOCONIOSIS

Although polyvinyl is not a mineral and the reaction of the lungs to
its presence is therefore not a true pneumoconiosis, it is generally so
termed and is dealt with here for convenience. Workers are exposed
to polyvinyl chloride dust in the milling and bagging of this
plastic and micronodular opacities may be detected in their lungs
radiologically. However, the material is non-fibrogenic and histology
merely shows a foreign-body reaction to the dust particles.’*® The
radiological opacities may abate when exposure ceases.’"' Nevertheless,
one polyvinyl chloride worker developed systemic sclerosis,**> which
is a recognised complication of silicosis (see p. 335). Polyvinyl
chloride is produced from vinyl chloride monomer, which has a
causal association with angiosarcoma of the liver and probably other
forms of cancer, including carcinoma of the lung (see p. 534).

FLOCK WORKER’S LUNG

In the late 1990s a characteristic lung disease was identified in workers
at several factories producing plush material by spraying nylon flock
on to an adhesive backing material.***-**® The flock fibres are too large
to be inspired but may be mixed with smaller nylon shards of
respirable size. The workers complained of cough and breathlessness
and were found to have a restrictive ventilatory defect with interstitial
markings on radiography. Their symptoms improved on removal
from the workplace but relapsed on return to work. Pathologically,
there was lymphocytic bronchiolitis and peribronchiolitis with wide-
spread lymphoid hyperplasia represented by lymphoid aggregates.
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Granulomas were not identified. The histological appearances suggest
a severe immunological reaction and raise possibilities such as
rheumatoid disease and Sjogren’s syndrome but consideration of the
clinical and serological setting and the occupation should permit
recognition of the cause.

POPCORN WORKER’S LUNG

The industrial production of popcorn and other foodstuffs appears to
carry a risk of obstructive airway disease.’’** Biopsy of affected
workers has shown peribronchiolar fibrosis and granulomas and air
sampling has identified many volatile organic compounds, of which
the flavouring agent diacetyl (2,3-butanedione) is suspected of being
responsible for the bronchiolitis.

PAINT SPRAYING

It is difficult to continue paint spraying (air brushing, aerographics)
without adequate respiratory protection but in the early 1990s several
small aerographic factories operated in the neighbourhood of Alicante,
southeastern Spain without any concern for the workers’ health. The
workers were required to paint patterns on textiles using a hand-held
spray gun. The atmospheric pollution was intense but complaints of
respiratory difficulties were met with reassurances and the workers
urged to continue. This they did because of the otherwise poor
economy, often returning to work when disabling breathlessness had
settled down. A change of paint (to Acramin F) may have contributed
because the worst-affected workers were employed at two plants that
had made this switch. Their illness has been described as the ‘Ardystil
syndrome’ after the name of one of these factories. Some workers were
left with permanent respiratory disability. One required a lung trans-
plant and 6 others died.*”~*** Transbronchial biopsy showed organ-
ising pneumonia, which in the fatal cases had progressed to irreversible
interstitial fibrosis. A similar outbreak of respiratory disease was sub-
sequently reported in Algerian textile factories where Acromin F was
applied by the same technique.****** Acromin F is marketed as a paste
and used as such without ill-effect. Its use in heavy spray form appears
to be responsible for the ‘Ardystil syndrome’

MINERAL OILS AND PETROLEUM

Workers in engineering workshops may be exposed to the prolonged
inhalation of fine sprays or mists of the longer-chain hydrocarbons
that constitute many mineral oils. This may result in exogenous lipid
pneumonia,®’ which is described on page 314, or extrinsic allergic
alveolitis.**®*%° The vapour of shorter-chain hydrocarbons such as
paraffin oil (kerosene: Cyy_;5) and petrol (gasoline: C,_;,) and gaseous
hydrocarbons such as propane may act as acute asphyxiants or central
nervous system depressants but have negligible pulmonary toxicity.
However, if they are ingested or aspirated in their liquid form they are
acutely toxic to the lungs, producing a chemical pneumonitis with the
features of diffuse alveolar damage. Ingestion may be accidental or
deliberate (see Fig. 4.19, p. 142) whereas aspiration is generally inad-
vertent, occurring in siphoning accidents, such as those experienced
by fairground operatives who ‘breath or eat fire’ (‘fire-eater’s lung’).>*3%
Animal experiments involving the intratracheal injection of kerosene
resulted in acute pulmonary exudates, which cleared except for resid-
ual bronchiolitis.***

Table 7.1.9 Principal respiratory risks of welding

Source Derivative Effect
Metals being Iron Siderosis
welded Zinc Metal fume fever
Beryllium Berylliosis (acute or
chronic)
Chrome, nickel Asthma

Cadmium, Diffuse alveolar damage
manganese Lung cancer
Chrome, nickel,
arsenic
Burning of adjacent  Isocyanates Asthma
surfaces Phosgene Bronchitis, bronchiolitis

Tetrafluoroethylene
Oxides of nitrogen

Polymer fume fever
Bronchitis

Electrode insulation  Asbestos Mesothelioma

Protective clothes

Gas used to Carbon dioxide

prevent oxidation

Asphyxia

Carbon monoxide
poisoning

Combustive gas Carbon monoxide

Ultraviolet light Ozone Bronchitis

Silicosis, mixed-dust
pneumoconiosis

Various Silica, silicates

WELDING

Welder's pneumoconiosis, first recognised in 1936,>** essentially
represents the fairly harmless deposition of iron in the lungs (siderosis
- see p. 337). However, welders may suffer various ill-effects from the
inhalation of substances other than iron (Table 7.1.9). Some of these
are para-occupational risks, that is, encountered by welders because
they work near another process and are inadvertently exposed: thus,
shipyard welders may be exposed to asbestos’® and those in
foundries to silica. Welders may therefore develop a mixed-dust
pneumoconiosis (see p. 337), rather than just siderosis. However, one
analytical investigation identified excess amounts of iron alone in
association with pulmonary fibrosis; the silicon content did not differ
from that in controls.*®

More directly, welders may be exposed to asbestos insulation that
they themselves use, while welders of special steel alloys run the risk
of metal-induced asthma, metal fume fever, polymer fume fever and
the consequences of toxic metal fume inhalation,**’ all of which are
described separately in this chapter, as is lung disease in aluminium
welders. Chronic bronchitis has been attributed to the inhalation of
low concentrations of irritants such as ozone and nitrogen dioxide
by welders but this risk is unproven and the subject of much contro-
versy. Welders may also inhale carcinogenic hexavalent chromium
compounds in the course of their work and therefore develop lung
cancer. The term ‘welder’s lung’ is often applied indiscriminately to
any of these diseases and, as it has no specific meaning, is best avoided.

TOXIC FUMES AND GASES

Dust, fume and gas are some of the terms used to describe different
physical forms of respirable agents. They are defined in Table 7.2.1 on
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page 372. The parts of the respiratory tract at which they exert their
maximal effect are influenced by particle size and solubility (see Table
7.2.2 and Fig. 7.2.2, p. 372).

Toxic metal fume®*®

The finely divided fume of several metals is highly toxic to the lungs
and capable of producing severe acute and chronic damage to both
the conductive airways and the alveoli, resulting in acute tracheo-
bronchitis and bronchiolitis, diffuse alveolar damage, obliterative
bronchiolitis and pulmonary fibrosis. Important metal fumes in this
respect include aluminium, which is released together with silica
fume in bauxite smelting (see Shaver’s disease,’® above), cadmium
from welding or cutting special steels, chromium from cutting its
alloys or in the manufacture of chromates, cobalt released in the
production and use of its alloys (see hard-metal disease, above),
mercury released in various industries and in the home, " nickel
carbonyl released during the purification of metallic nickel or the
manufacture of nickel alloys’” and beryllium (see above).

Toxic gases

Many irritant gases cause severe acute and chronic damage to both the
conductive airways and alveoli. The changes are non-specific and
similar to those wrought by toxic metal fumes (see above) and viruses
amongst other agents. They consist of acute tracheobronchitis and
bronchiolitis, obliterative bronchiolitis, diffuse alveolar damage and
pulmonary fibrosis.

The gases liable to produce such damage include oxides of nitrogen,
sulphur dioxide, ozone, phosgene, chlorine, ammonia and various
constituents of smoke, notably acrolein. Some of these are also
touched upon in Chapter 7.2 because they are of general as well
as occupational importance, although there is no rigid difference
between general and occupational pollution.

Ozone, sulphur dioxide and nitrogen dioxide are oxidising gases
that may be found together as industrial atmospheric pollutants. Each
is capable of producing diffuse alveolar damage by means of its
oxidising properties and the release of free active radicals. In addition,
they cause damage to distal airways, particularly terminal and
respiratory bronchioles, with resulting bronchiolitis.

Oxides of nitrogen may be encountered with fatal consequences by
farmhands seeking to free a blockage in a silo when they encounter
pockets of this gas that have accumulated on top of the fermenting
silage: the term ‘silo-filler’s disease’ is generally applied to the initial
haemorrhagic oedema or the obliterative bronchiolitis that develops
in those who survive the initial chemical injury.*”>*”® Asphyxia due to
the farmhand encountering pockets of carbon dioxide is a further
hazard within agricultural silos. Other farmhands have suffered from
the inhalation of toxic gases or bacteria when handling liquid
manure.’’**” Welding, which is considered below, may also involve
exposure to toxic gases such as oxides of nitrogen.

Ozone, the principal oxidant gas of photochemical smog, produces
pulmonary changes at relatively low levels and may be encountered
at higher concentrations in various industries. Potentially dangerous
levels of ozone are produced from atmospheric oxygen by ultraviolet
radiation given off in welding while ozone is used in industry to steri-
lise water, bleach paper, flour and oils, and mask the odour of organic
effluents. The damage wrought by ozone is predominantly centri-
acinar in distribution, affecting terminal and respiratory bronchiolar
epithelium and proximal alveolar epithelium.***-** There is loss of
cilia and necrosis of centriacinar alveolar type I epithelial cells. The
changes are dose-dependent and, in one study, the youngest animals
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were most sensitive.’® In long-term experiments, hyperplastic

bronchiolar Clara and ciliated cells extended peripherally to line
alveolar ducts.*®* The role of granulocytes is stressed in some experi-
mental studies®® and it is notable that neutrophil migration is promi-
nent when the human lungs are damaged by ozone.**

Aldehydes such as acetaldehyde, formaldehyde and acrylic
aldehyde (acrolein) are widely used in the plastics and chemical
industries. The first is a liquid and the others are water-soluble gases.
Pathologists are of course familiar with formaldehyde solution from
its use as a disinfectant and histological fixative. All these aldehydes
are intensely irritant and their acute effects generally prevent pro-
longed exposure to high concentrations. Chronic effects include skin
sensitivity and asthma, and in rats nasal carcinoma. However, the
doses to which these experimental animals were exposed far exceed
any that are likely to be encountered by humans, in whom there is
no convincing evidence of aldehyde-induced cancer.**”

Ammonia gas is extensively used in industry as a raw material,
notably in the manufacture of nitrogenous products such as fertilisers
and plastics. It is highly soluble and its acute irritative effects are
mainly felt in the eyes, nose and throat, but high levels affect the
major airways, possibly leading to them being blocked by exudates.
Survival wusually brings full recovery but bronchiectasis and
obliterative bronchiolitis have been described.

Chlorine gas is widely used in the chemical industry. It is trans-
ported and stored under pressure in liquid form. Heavy exposure
through its accidental release or use as a war gas has proved fatal
through its acute toxicity causing exudative airway occlusion and pul-
monary oedema. Survivors usually recover completely but, as
with nitrogen dioxide and ammonia, there is a risk of obliterative
bronchiolitis.

Phosgene (carbonyl chloride, COCL,) is a poisonous, colourless gas
that was responsible for thousands of deaths during World War I,
when it was used in chemical warfare. It is used industrially in the
preparation of some organic chemical compounds and is formed,
perhaps inadvertently,**® by the combustion of methylene chloride in
products such as paint strippers. Phosgene causes injury to terminal
bronchioles and alveoli, with resulting oedema and hyaline mem-
brane formation. The mechanism of cell damage is uncertain but it
may depend on inactivation of intracellular enzymes by the gas. Long-
term problems are rare but chronic bronchitis and emphysema have
been described in survivors.

Mustard gas (bichloroethyl sulphide, C,HiCL,S) is a further agent
that has been used in chemical warfare. It is primarily a skin vesicant
but when inhaled it results in widespread epithelial destruction and
pulmonary oedema. Survivors may be left with irritant-induced
asthma (reactive airways dysfunction), chronic bronchitis, tracheo-
bronchomalacia, bronchiectasis and bronchiolitis obliterans.>*-3"
Thionyl chloride is used in the manufacture of lithium batteries where
it is liable to result in the release of sulphur dioxide and hydrochloric
acid fumes. Workers in such factories have developed lung injury
varying from mild, reversible interstitial disease to severe obliterative
bronchiolitis.*”?

Hydrogen sulphide is the principal chemical hazard of natural gas
production. High levels of the gas also buid up in sheds housing large
numbers of pigs, the source here being the pig manure. Once inhaled
the gas is rapidly absorbed into the blood stream. The effects are
therefore widespread but include the usual respiratory effects of irri-
tant gases, varying from sneezing to pulmonary oedema and acute
respiratory distress, depending upon the exposure. In Alberta 221
cases were identified over a 5-year period. The overall mortality was
6%; 5% of victims were dead on arrival at hospital. Most required
admission to hospital but the survivors experienced no long-term
adverse effects.”*
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Table 7.1.10 Work-related respiratory disease in the UK**
Disease Estimated annual
number of cases

Occupational asthma 941
Non-malignant pleural disease 730

Mesothelioma 644
Pneumoconiosis 341

Inhalation accidents 280

Lung cancer 70

Infectious disease 59

Extrinsic allergic alveolitis 46

Bronchitis 38

Byssinosis 1

Other diagnoses 117

Total 3207

ANOXIC ASPHYXIA

The danger of asphyxia from the inhalation of gases devoid of oxygen
is fairly widespread in industry.*”* It generally arises from the use of
inert gases, which, being non-toxic, give a false sense of security.
Pockets of these gases tend to form in confined spaces. Anoxic death
from the accumulation of methane is well known in mines and has
also occurred in slurry pits and sewers. Anoxic asphyxia in diving (and
anaesthesia) has resulted from the incorrect connection of gas
cylinders or failure to notice that a mixed gas contains insufficient
oxygen. Deaths have occurred in welding when argon or carbon
dioxide has been used to shield the weld and prevent oxidation of the
metals at the high temperatures employed. Deaths have also resulted
from inadvertent entry to discharged oil tanks filled with nitrogen to
reduce the risk of explosions, or from the formation of pockets of
nitrogen gas applied in liquid form to freeze the contents of damaged
pipes so that they can be repaired without the necessity to drain down.

The respiration of a gas devoid of oxygen causes loss of conscious-
ness within seconds because it not only fails to provide oxygen but
removes that present in the pulmonary arterial blood. The changes at
autopsy are those common to cellular hypoxia. They include cerebral
and serosal petechiae and pulmonary congestion and haemorrhage
but these features are not specific and are not always present. The
cause of death can generally only be surmised from the circumstances
surrounding the death.

OCCUPATIONAL ASTHMA

Occupational asthma is the commonest cause of work-related
respiratory disease in many western countries (Table 7.1.10).>>*7%° The
reported incidence ranges from 13 per million workers in South Africa
to 174 per million workers in Finland.****°® It occurs in many indus-
tries (Table 7.1.11)*" and occupational factors can be identified as
contributing to asthma in about 15% of adult cases.””® Over 250 aetio-

Table 7.1.11 Agents that cause occupational asthma and
examples of the occupations involved®”’

Causative agent Occupations involved

High-molecular-weight agents (patients are
usually atopic)

Laboratory animals

Laboratory animal handling

Flour and grain Baking, milling, farming

Enzymes Detergent and drug manufacture,
baking

Seafoods Food processing

Gums Carpet and drug manufacture

Low-molecular-weight agents (patients are not
necessarily atopic)

Isocyanates Foam and plastic manufacture, spray
painting, insulation

Anhydrides Plastic and epoxy resin handling

Wood dusts Forestry, carpentry

Soldering fluxes Electronics

Formaldehyde, glutaraldehyde  Histopathology, nursing, radiography

Amines Shellac and lacquer handling,
soldering

Chloramine Cleaning

Dyes Textiles

Acrylates Adhesive application

Metals Solderers, refiners

Drugs Pharmaceutical work

logical agents have been identified.*”” In the UK a third are organic, a
third chemical, 6% metallic and the rest miscellaneous. The common-
est, in descending order, are isocyanates, flour and grain, laboratory
animals, glutaraldehyde, solder or colophony and hardening agents.**

Atopy appears to predispose to occupational asthma when the
allergen is of high molecular weight but not when it is of low molecu-
lar weight. For example, atopic individuals are particularly prone
to develop asthma if employed in the manufacture of biological
detergents, whereas atopy does not increase the risk of asthma from
sensitisation to toluene di-isocyanate, which is a serious health
problem in the manufacture of polyurethane. Similarly, platinum salts
are such potent sensitising agents that nearly all those exposed to
them develop asthma. Asthma-provoking metals other than platinum
include chromium, cobalt, nickel and vanadium, all of which are used
in steel alloys, and possibly aluminium (see pot-room asthma, p.
357). Other asthma-inducing factors encountered in industry include
grain and flour dust, certain wood dusts, soldering fluxes containing
colophony (pine resin), epoxy resin hardeners such as phthallic anhy-
dride, isocyanate-containing foams and paints, formaldehyde and the
excreta of laboratory animals. Contaminated humidifiers may cause
occupational asthma as well as humidifier fever and extrinsic allergic
alveolitis.””" Pathologically, occupational asthma is identical to non-
occupational asthma (see p. 109).
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Byssinosis

Byssinosis is a further form of occupational asthma,’”* one en-

countered in the cotton industry. The sensitising agent is a component
of the cotton bract, which is the part of the cotton harvest other than
the cotton fibre. Bract consists of dried leaf, other plant debris and
soil particles and contains a variety of fungal and bacterial residues,
including lipopolysaccharide endotoxin, but the exact nature of the
sensitising agent remains unknown.'® The endotoxin is unlikely
to be responsible for byssinosis but may be the cause of so-called
mill fever, a self-limiting illness characterised by malaise, fever and
leukocytosis that is experienced by many people on first visiting a
cotton mill.

Dust levels and the risk of byssinosis are particularly high in the
carding rooms where the raw cotton is teased out before it is spun.
Affected workers are worse when they return to work after the weekend
break, a feature attributed to antibody levels having built up during
this brief respite from the cotton dust. There is no link with atopy and
the fluctuating antibodies are precipitins of the immunoglobulin G
class. Complement activation by both arms of the complement
cascade has been reported.**4%

When the Lancashire economy was largely cotton-based, necropsies
on workers suffering from byssinosis generally showed gross
emphysema, and this came to be accepted as evidence of byssinosis.
However, it is now realised that in this heavily industrialised part of
the UK, emphysema is as common in the general population as in
cotton workers and it can no longer be considered a component of
byssinosis. Other findings in byssinosis are more commensurate with
asthma, namely an increase in bronchial muscle and mucous cells.**
No granulomas or other evidence of extrinsic allergic alveolitis are
found.

OCCUPATIONAL FEVERS

Fever may be the predominant feature in a variety of occupational
illnesses and the unifying term ‘inhalation fever’ has been proposed.*”’
However, the individual occupations are of interest and these con-
ditions will therefore be considered separately. Mill fever has been
mentioned above under byssinosis.

Humidifier fever*®

Humidifier fever is an acute illness characterised by malaise, fever,
myalgia, cough, tightness in the chest and breathlessness, all of which
are worse on Monday mornings if the humidifier responsible is at
work rather than home. The chest complaints, and their aggravation
on return to work after the weekend, are features shared with
byssinosis (see above) but the general complaints fit better with extrin-
sic allergic alveolitis (see p. 279). Humidifier fever develops in circum-
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