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PREFACE

The work reported in this paper was commissioned by the Health and
Safety Executive in order to examine the published evidence which
relates exposure to the different forms of silica to risks of
silicosis and other non-neoplastic diseases. It specifically
excludes consideration of the evidence concerning the relationship, if
any, between silica exposure and carcinoma, which has been discussed
in a separate HSE publication - Toxicity Review 15 : carcinogenic
hazard of wood dusts and carcinogenicity of crystalline silica
(London: HMSO, 1986).

This report is one of a series of Technical Memoranda (TM) published
by the Institute of Occupational Medicine. Current and earlier lists
of these reports, and of other Institute publications, are available
from the Librarian/Technical Information Officer at the address
overleaf.

For further information about the Institute's facilities for research,
consultancy and teaching on occupational health and hygiene, please
contact the Director.





THE TOXIC EFFECTS OF SILICA

SUMMARY

Quartz, a crystalline form of silicon dioxide, is one of the most

abundant minerals in the earth's crust. Other minerals grouped under

the term free silica include cristobalite, tridymite, coesite, keatite

and stishovite (which are also crystalline) and amorphous silicas.

Man may be exposed to quartz or, occasionally, other forms of silica,

in many trades and industries, including mining, tunnelling,

quarrying, masonry, metal foundry, pottery and production of silica

flour and diatomaceous earths.

While there is some evidence that amorphous silicas may occasionally

cause radiological changes in man, most silica-related disease

described in human populations has been the result of inhalation of

crystalline silica, usually quartz. Quartz has been shown in

experimental studies to be toxic to phagocytic cells and to initiate,

when inhaled, a process of nodular lung fibrosis. High doses in

animals may also provoke the rapidly fatal condition of alveolar

proteinosis. These effects are analogous to classical and acute

silicosis occurring in human populations. Acute silicosis has been

described relatively infrequently, in response to very high,

uncontrolled exposures to quartz or cristobalite. It is always fatal.

Classical silicosis ranges from small nodular opacities on the chest

radiograph, unassociated with clinical disablement, to progressive

massive fibrosis which may lead to premature death. The disease,

once initiated, is usually progressive and it may occur for the first

time after exposure has ceased.

There is evidence from studies of human populations and of Individual

patients that some diseases other than silicosis may result from the

inhalation of quartz. In particular, an adverse effect on lung

function leading to airflow obstruction has been related to quartz
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exposure. The mean intensity of this effect at levels of dust

exposure insufficient to cause clinically significant silicosis is

likely to be small. High exposures to quartz, usually sufficient to

cause silicosis as well, have been associated with an increased risk

to the worker of tuberculosis, other mycobacterial infections,

systemic sclerosis and renal disease.

Studies of the relation between exposure to quartz dust and the risk

of radiological evidence of silicosis all suffer from deficiencies

either in determining exposures or in measuring radiological response.

Nevertheless, it is clear that a relation exists between exposure and

disease. It is not possible to determine from the published

literature whether or not there is a safe dose at which no disease

occurs. However, at working lifetime exposures to respirable quartz

dust of 100 ng.m~3 or less (or its equivalent in particle counts)

clinically significant silicosis appears to be rare or possibly absent,

Nevertheless, exposures to lower levels of quartz in several

industries have been associated with the development of radiological

changes in a proportion of the workforce. The clinical significance

of these changes remains undetermined. The variations in types, size

distribution and properties of silica in mixed dusts in industry make

it unlikely that a single standard would be appropriate to all

circumstances in which silica exposures may occur.



THE TOXIC EFFECTS OF SILICA

1. IDENTITY OF SILICA

Silicon is the second most abundant element (after oxygen) in

the earth's crust, where it is predominantly found in

crystalline silicate minerals. Free silica is the term

applied to silicon dioxide (Si02) which is not combined with

other elements in silicate minerals but exists as a pure oxide.

Most naturally occurring free silica is crystalline in that the

Si02 units are arranged in large regular atomic lattices. The

most common of these is the mineral quartz which is found in

high proportions in a wide range of rock types but many others

also occur naturally or have been made artificially:
:''

Crystalline types such as cristobalite and tridymite are formed:'i
at high temperatures in igneous rocks but are relatively rare

ffi'in nature. They are however frequently formed where
If'

silica-rich materials are subjected to high temperature (e.g.,

silica bricks or aluminium silicate glass fibres in oven or

furnace linings) or in the preparation of commercial products

by calcination of other forms of silica. Keatite, coesite and

stishovite are extremely rare both as natural or synthetic

minerals, being the product of very high pressure and

temperature alteration of silica. Indeed, the last two were

only identified in trace quantities in a meteorite impact

crater as recently as 1962.

Cryptocrystalline varieties of free silica, which can be

considered as densely packed aggregates of microcrystalline

quartz or cristobalite, are very common natural minerals in

forms such as chalcedony, agate, flint, opal and sinter.



Amorphous silica is the term used to describe forms which have

no regular crystal structure; it includes a very wide range of

different types, many of which are commercially important.

Diatomaceous earth (kieselguhr or tripolite), formed from the

siliceous skeletons of animate aquatic organisms, is an

important biogenic type of amorphous silica which has been in

widespread industrial use for many years. While originally

completely amorphous, it may be converted to crystalline forms

over geological time or by calcination. Other biogenic

silicas, for example the residues recovered after incineration

of materials such as rice hulls, bamboo or even sugar cane are

also amorphous. It is worth noting that several of these

natural amorphous silicas may be found in fine fibrous form.

Artificial amorphous silicas are common commercial products

with many industrial uses. Silica fumes, gels, sols and other

fine powdered varieties are formed by precipitation from sodium

silicate or other solutions or by high temperature

volatilisation of other silica types. They are also frequent

by-products in other processes such as the manufacture of

silicon crystals for the electronics industry.

Frondel provides a good account of the systematic mineralogy of

the silica minerals,^ while Her gives a comprehensive review

of the silica phases in general.^

2. DEPOSITION OF SILICA IN THE LUNGS

Silica has the potential to harm lungs when it becomes

suspended in the air in a particle size sufficiently small for

inhalation. Thus man is at risk when cutting, drilling,

polishing or carving rock, when using silica-containing

materials as abrasives or as components in the manufacture of

ceramics, bricks or refractory materials, or when polishing

fused silica off the surface of metal castings. The hazard

arises from generation of a dust of suspended particles of



silica. Dust particles may be inhaled and a proportion of

them deposited in the lung. Their predominant site of

deposition depends on their aerodynamic diameter determined by

their size, shape and density. In general, particles of

large aerodynamic diameter fall in air under the influence of

gravity more rapidly than particles of smaller aerodynamic

size. Thus aerodynamically fine particles of silica may

remain suspended in inhaled air until they reach the most

peripheral, alveolated, part of the lung (the acinus), whereas

aerodynamically larger particles are more likely to strike the

airways as a result of gravitational and inertial forces.

These size- and mass-dependent differences in deposition are

important in that particles landing on airways may be readily

and quickly cleared by entrapment in airway mucus and transported

to the throat by ciliary activity, whereas particles reaching

alveolar level are removed by a slower mechanism involving

ingestion by phagocytic cells.

y
Epidemiological studies of the effects of dust inhalation, if

they are to be of value in setting standards to prevent lung

disease, need to include estimates of the amount of dust

inhaled by individuals in the study population. If they take

as their indication of disease radiological changes of

pneumoconiosis, such studies must attempt to estimate the

amount of dust reaching the lung acinus. On the other hand,

studies concerned with bronchial symptoms (cough and sputum)

may more appropriately attempt to measure dust likely to be

deposited on larger airways. If the evidence of disease sought

is a measurement of limitation of airflow within the lung, such

as forced expiratory volume in one second (FEV̂ ), then again

particles likely to be deposited in acini are probably of prime

importance since emphysema and narrowing of the smallest

airways are the major determinants of airflow limitation.

*Aerodynamic diameter is defined as the diameter (in microns) of
a spherical particle of unit density (Ig/ml) that settles
at the same speed as in the particle in question.



This review is concerned primarily with the disease silicosis,

a condition of fibrosis affecting the acinar part of the lung

rather than the airways. The fraction of airborne dust of

interest in causing this disease is therefore that portion of

particle size sufficiently small in aerodynamic diameter to

penetrate to acinar level, the so-called 'respirable'

subfraction. Studies using radioisotope-labelled monodisperse

aerosols have shown that the dust reaching this part of the

lung is below approximately 10 Jim in aerodynamic diameter, the

proportion of particles of each size range reaching the acinus

rising from about 5% at 8 jam to about 50% at 3 flm, then falling

again at smaller diameters. Thus, in order to estimate risks

of silicosis to human lungs from dust clouds an ideal dust

sampler would mimic the way the acinar part of the lung itself

traps particles. Such a perfect sampler is not feasible, so

two alternative approaches have been used. Understanding of

these is fundamental to interpretation of the results of the

epidemiological studies discussed later.

3. MEASUREMENT OF SILICA - THE EXPOSURE VARIABLE

3.1 Sampling of respirable silica dust

Airborne silica dust in industry is polydisperse, that is it

consists of particles of many different sizes. Such dust may

be sampled so as to measure either the total mass in every

cubic metre of air (total dust), the mass likely to be breathed

in through the mouth or nose of a worker (inspirable dust) or

sub-fractions of the inspired mass below certain aerodynamic

diameters and therefore likely to reach the acinus (respirable

dust).3>4,5 It is with this last fraction that we are

concerned here. Until the late 1960s this fraction could not

be measured directly, but was assessed by collection of all the



dust in a known volume of air and by counting (by optical

microscopy) the particles beneath a specified size, usually

5 jam. Such measurements correspond to the optical size

(projected area diameter) as seen under the microscope and do

not correspond directly to the aerodynamic diameters now used

to define respirable dust. Many studies of silicosis risk in

dusty industries report the results of dust measurement in

million particles per cubic foot (mppcf), obtained by one such

method. For example, the early studies of Vermont granite

quarry workers used impingers, in which the dust was drawn

through a small orifice under fluid and trapped by an

impingement process; the suspension of dust particles was then

able to be counted by microscopy. Such instruments were only

able to measure dust on a static or area basis, that is they

could not be used to measure the personal dust exposure of a

worker as he moved about in the workplace. From the late

1960s it became possible to measure respirable dust by weight

directly, due to the development of size selective samplers.

These instruments mimic the process that occurs in the lung, in

that they allow aerodynamically larger particles to fall out

before collecting the finer particles, which may then be

weighed. They make use of either an elutriator, a stack of

horizontal plates between which the air is drawn, or a cyclone

in which the aerodynamically larger particles are removed by

inertia and sedimentation. In both instruments the remaining

finer dust is then collected on a filter for weighing and

analysis.

The design of these gravimetric respirable dust samplers is

such that they collect dust selectively according to physical

criteria that simulate the deposition of particles in the

acinar region, though these criteria may differ from one type

of instrument to another. In general their performances

approximate either to the British Medical Research Council/

Johannesburg particle penetration curve^ or to the slightly

different United States Atomic Energy Commission curve.7

For example, in the UK both the MRE Gravimetric horizontal



elutriator and the Simpleds cyclone samplers perform in

accordance with the BMRC curve whereas the performance of the

USAEC cyclone matches the USAEC curve. Different penetration

curves have been used for instrument design in Germany."

These penetration curves inevitably overrepresent the very

finest dust, below 1 urn, of which relatively little is retained

in alveoli but which is all caught on the filters.

Gravimetric samplers are suitable for measurement of shift-long

dust conditions. Moreover, cyclone samplers can be worn by a

worker close to his face, thus allowing shift-long personal

samples to be taken. Most recent studies of dust exposure in

industries with a silicosis risk have used gravimetric methods,

and particularly personal sampling.

A third approach to measuring respirable dust has also been

used extensively in Germany, Sweden and Finland; this

involves collection of total dust on a filter and, after

weighing it, separation out of the finer particles by a liquid

sedimentation method using ethyl alcohol. This technique gave

figures approximately double those obtained by samplers based

on the MRC/Johannesburg curve.

For the purposes of epidemiology, it has been necessary to

assess the dust exposures of individuals and groups of workers

from whatever measurements have been made in the past. This

has often meant conversion of mppcf to mg.rn"^ or vice versa.

This has usually been done by comparing the results of

side-by-side sampling over a period. However, it should be

clear that such comparisons only give an approximate

relationship and one that may only be true for the particular

dust and conditions at the time of sampling. Care should be

exercised when considering basing a standard, to be monitored

by gravimetric sampling, on studies carried out using particle

counting. Nevertheless, the availability of dust counts made

by whatever method is certainly better than estimates of



"dustiness" by visual assessment. The problems and techniques

of dust sampling have been reviewed by Dodgson.^^

3.2 Measurement of the silica content of dust

A further possible source of confusion in considering the

exposure of individuals to silica is the method of analysis of

the collected sample of dust. Very few industrial dusts

consist of pure forms of silica; indeed the percentage quartz

content of respirable dusts in the quarrying industry may be

very low in spite of the fact that quartz is often the most

abundant component of the rock being worked. It is therefore

essential to analyse the collected dust for its silica content,

including both crystalline and amorphous types. The standard

methods used for these analyses are infrared spectrophotometry

(IR)11.12 and x-ray diffractometry (XRD).13 IR has both

advantages and limitations. It also allows rapid direct

analysis of the sample filter with sufficient sensitivity to

measure concentrations below the occupational exposure limits

in moderate sample volumes. It is necessary however to

prepare calibrations with pure mineral standards which are

closely matched by particle size with the minerals in the

samples. This is usually achieved by loading calibration

filters with pure mineral standards using the same type of dust

sampling instrument as that used to collect the mixed

respirable dust. Interference in the IR spectrum from other

minerals, including other silica varieties, may also seriously

hamper IR analysis of some types of sample.

XRD also allows quantitative analysis of silica in bulk dusts

or on filter but it is applicable only to the crystalline

varieties and gives no indication of any amorphous silica.

Detection limits and sensitivity are similar to IR but it is

less susceptible to particle size variations between samples

and standard minerals and it differentiates more specifically

between crystalline minerals. Since it is generally more



costly and time-consuming than IR, it would only be recommended

for routine analysis where interferences were observed in IR or

when crystalline silica is to be analysed in the presence of

amorphous silica. Estimates of amorphous silica content may

be obtained by combination of IR and XRD, though the accuracy

of this procedure has not been fully evaluated. Both IR and

XRD have been shown to give comparable results for quartz in a

range of workplace dust samples.^

4. MEASUREMENT OF DISEASE - THE RESPONSE VARIABLE

4.1 Measurement of silicosis

Silicosis may be defined as pulmonary fibrosis due to the

inhalation of free silica. This fibrotic lung reaction is

almost always of a nodular type and may be diagnosed either

radiographically or on pathological examination of the lungs.

The clinical and pathological features have been reviewed by

Seaton. ^ Either method of diagnosis may be used in a

quantitative manner, though in the epidemiological studies with

which this review is concerned the radiographic method has been

used. Silicosis may therefore be regarded as a condition

characterised by nodular radiological opacities on the chest

radiograph occurring in people exposed to airborne free silica

dust. These radiological appearances may be quantitated by

use of a scale of profusion, perhaps combined with a

categorisation describing size of individual opacities. The

most widely used such scale is that published by the

International Labour Organization, which depends on the use of

standard radiographs with which the films under study are to be

compared.*° Not all studies, however, have used this method

and in particular Swedish researchers have used a scale

dependent on the size of the nodules, in which Stage 1 is

defined as showing nodules of 1-3 mm, Stage 2, 4-10 mm and

Stage 3 greater than 10 mm.l' Stage 3 in this classification

would be equivalent to progressive massive fibrosis (PMF),

Stages A, B and C in the ILO scheme.



The prevalence of silicosis may be measured as the proportion

of subjects in a population of exposed workers whose chest

radiographs show evidence of nodular opacities according to an

appropriate classification. It should be noted that there may

be considerable variability between and within readers in

deciding on the presence and category of nodular opacities;

epidemiological methods used to reduce the uncertainty and

possibilities of bias arising from this usually include having

each radiograph read by several readers. The readings

produced may then be combined to produce a summary reading, may

be reviewed to produce a consensus reading or may be analysed

individually. Progression of silicosis may be measured by

comparing change in profusion or size of nodules (or both) over

time. Again problems may arise with respect to reader

variability and appropriate epidemiological steps need to be

taken to allow for this. Studies of progression may be biased

by the X-ray film readers knowing the order in which the films

were made. This may be avoided by having them read separately

without such knowledge (independent readings), though there is

also a case for reading the films side-by-side and thereby

allowing the reader to make allowance for technical differences

between them; this side-by-side method is almost always

associated with bias due to knowledge of the order in which the

films were taken. This subject has been reviewed by Liddell

and Morgan.^ Whichever method is used should clearly be

stated in papers describing the research.

4.2 Measurement of pulmonary dysfunction

The disease silicosis may have an adverse effect on pulmonary

function. As discussed later, this usually becomes apparent

when radiographic abnormalities are well marked and takes the

form of a restrictive pattern, with reduction In lung volumes

and transfer factor for carbon monoxide. It is thus not

useful as a method of detecting early evidence of silicosis.

However, exposure to dust containing silica may have an adverse

effect on lung function separate from that whereby it causes
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silicosis. Studies intended to investigate this might

therefore relate measurements of exposure to measurements of

function such as dynamic lung volumes or transfer factor.

Reports of such studies require to show evidence of the use of

standardised methods of measurement and the avoidance of bias

due to systematic differences in technique between surveys in

longitudinal studies.

5. EXPERIMENTAL STUDIES ON THE DEVELOPMENT OF SILICOSIS

5.1 Animal studies of the development of silicotic lesions

The development of silicotic lesions in the lungs of

experimental animals has been observed by many workers and

fibrotic nodules with many similarities to those of silicosis

have been reported. Following the inhalation of quartz dusts

the early lesions appear as collections of dust laden

macrophages particularly adjacent to small blood vessels. The

macrophages are joined by cells of epithelioid type and

fibroblasts and a reticulin network develops. Reticulin is

eventually replaced by collagen and the largest and oldest

lesions may become hyalinised. Essentially similar findings

have been demonstrated following quartz inhalation in rats^°~^°

and in guinea pigs,^" rabbits^' and monkeys.28,29 jn addition

to inhalation, intratracheal injection of quartz dust has been

used as a simple test to examine the effects of various dust

preparations on lung tissue and most studies report the

development of silicotic nodules which in old animals may

eventually become hyalinised with collagen arranged in a

concentric form. It would appear that following intratracheal

injection, the silicotic nodules tend to become larger than

after dust inhalation and more likely to coalesce and involve

large areas of lung tissue. Once again similar lesions have

been found in a number of species including rats,3^"3^ guinea

pigs,35 rabbits36 and dogs.37
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Lesions of a different type to the typical silicotic nodules

were reported in rats by Heppleston,3°i39 In these studies,

specific pathogen free (SPF) rats were treated with pure quartz

dust by inhalation and the animals developed alveolar

lipoproteinosis without typical fibrotic silicotic nodules.

Alveoli over large areas of lung tissue were filled with

eosinophilic granular material which gave a positive periodic

acid Schiff (PAS) reaction. In this material birefringent

particles were present as well as foamy macrophages containing

PAS positive material and sometimes sudanophilic fat. This

type of lesion is very similar to the alveolar proteinosis

found in acute silicosis in man and its development in rats

following the inhalation of large doses of pure quartz was

confirmed by several workers.40-43 jt was reported, however,

that guinea pigs and hamsters developed extensive desquamative

pneumonitis rather than lipoproteinosis when treated with the

same quartz dose.41

It appears that the lipoproteinaceous material is produced

by hyperactive type II pneumocytes and may be related to

pulmonary surfactant.43-46 jt was suggested that the

inhalation of quartz into the clean lungs of SPF rats leads to

alveolar lipoproteinosis while the presence of a more prolific

bacterial flora in non SPF animals predisposes to the formation

of silicotic nodules. This was confirmed for rats^? using

both SPF and non SPF rats of the same strain treated with

quartz, but it is doubtful if the absence of infection is the

only explanation for lipoproteinosis. In humans the condition

is usually associated with -acute exposure to very high levels

of silica dust but, by human standards, all animal experiments

would have been carried out at extremely high doses and in the

earlier studies at least, typical silicotic nodules developed.

It may be that one essential factor in lipoproteinosis is the

inhalation of extremely toxic quartz dusts and only relatively

recent animal experiments have been undertaken with dusts of

this high level of purity. Even if sufficiently toxic quartz
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is inhaled, the presence of low grade infection may predispose

to pulmonary fibrosis with the formation of silicotic nodules.

5.2 Parameters of silica preparations that relate to pathogenicity

5.2.1 Crystalline structure and forms of silica

As stated previously, silica may exist in a number of forms

both crystalline and amorphous, and many experimental studies

have concentrated on determining whether or not all forms are

equally pathogenic. It was reported in 1950̂ 8 that both

fused (amorphous) and unfused (crystalline) silica produced

nodules in experimental animals but that the nodules produced

by the crystalline quartz were larger. It appears that while

crystalline quartz produced typical silicotic nodules in

experimental animals, amorphous silica caused only a diffuse

tissue reaction.^' However, lesions in experimental animals,

produced with amorphous silica, have been claimed to be

identical to those produced with quartz dust.^,51 Studies

which examined the effects of a variety of silica preparations

including molecular silica, silica gel and silica colloid

administered by intraperitoneal injection, intratracheal

injection and by inhalation were published in 1953.̂  it was

reported that both the solution of molecular silica and silica

gel were inert, that colloidal amorphous silica was toxic but

not fibrogenic,while crystalline quartz produced a maximal

fibrotic response. By now many workers have examined the

harmful effects of various samples of silica which were either

completely amorphous or had a low content of crystalline

material. 3-68 In generai it would appear that the relatively

insoluble forms of amorphous free silica can be fibrogenic but

less so than pure crystalline samples. The terminology of

many of the silica preparations tested is, however, imprecise

and this makes comparative evaluation of the results difficult.

Diatomaceous earth (kieselguhr) has been contrasted with

'silica earth' which appears more fibrogenic. It is likely
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that the silica earth samples represent aged diatomaceous

deposits where an element of crystallization has occurred.

Similarly the terms 'condensed', 'fume', 'gel' and

'precipitated* amorphous silica are all listed in the above

publications and refer to samples produced by different

techniques. Since the amorphous silica products of any

manufacturer may differ considerably in their pathogenic

potential it is unfortunate that standard 'control'

preparations have not been available for inclusion in

experimental studies.

Not all forms of crystalline silica are equally pathogenic.

It was reported in 1953-̂  that following the intratracheal

injection into rats of a number of silica preparations,

tridymite was the most fibrogenic followed by cristobalite, and

then quartz. These findings have now been confirmed by a

number of workers using either intratracheal injection in rats

or intravenous injection in mice."'"'̂  Not all forms of

crystalline silica may be fibrogenic, however, since it has

been demonstrated that following intratracheal injection

stishovite is inert while coesite is fibrogenic but apparently

less so than quartz. 3~/5 one study in 1968̂  exposed dogs,

guinea pigs and rats by inhalation to calcined diatomaceous

earth (crystobalite content 61%) at dose levels approximating

to the normal hygiene standards for humans. Relatively little

pathological change was found in the lungs of any species but

it must be emphasised that with dusts, animal experimentation

cannot be used to validate threshold limit values for humans

since fibrosis is a long-term progressive condition and animal

lifespans are generally too short.

5.2.2 The importance of particle size in the pathogenicity

of silica dusts

Many experimental studies have examined the importance

of particle size on the pathogenicity of silica dusts. In
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studies reported in 1933'' two quartz preparations were

injected into rabbits; it was found that the one with

particles in the 1-3 Urn size range caused much more liver

fibrosis than that with particles in the 6-12 urn range. Later

studies, using the same techniques, suggested that quartz

pathogenicity increased with reducing particle size to well

below 1 p.m and this has been confirmed by a number of

workers.79-81 when equal mass doses are injected, however,

reducing particle size means increasing particle number. To

counteract this, preparations with a constant surface area were

used"^ and it was found that following intracheal injection

into rats the maximum fibrosis was still obtained with

particles 1-2 Jim in diameter. Similar results were obtained

following intratracheal injection into rats but following

intravenous injection into mice the maximum liver fibrosis was

obtained with quartz particles 0.2-0. 5 p.m in diameter.31

There is now good agreement that the most fibrogenic size for

quartz dust particles deposited in lung tissue is 1-2 ̂ m.82-84

It appears likely that there is no lower size limit for the

toxicity of amorphous silica although particles in the

1-2 fim range appear most fibrogenic. Intratracheal injections

of amorphous silica particles 20A units in diameter into rats

were found to be fatal within twelve hours" and similar

findings were reported following the intravenous injection of

colloidal silica into mice."" A number of workers have

examined the effects of amorphous silica particles in the

100-200A size range.87-91 The results of these studies have

differed depending on dose and route of administration. In

general high doses injected either intratracheally or

intraperitoneally resulted in rapid death while lower doses,

especially if administered by inhalation, produced fibrosis.
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5.3 The effects of other minerals on the development of silicosis.

In humans, exposure to completely pure silica is rare and mixed

dust exposure is much more usual. The development of

silicotic lesions therefore depends to some extent on the

ability of silica particles to retain their toxicity in the

presence of other minerals. It has been reported that animals

dusted with quartz to which 1% of metallic aluminium had been

added developed no fibrosis although pure quartz produced

typical silicotic lesions. ' Following intratracheal

injection of dust it was found that 2% of metallic aluminium

failed to inhibit fibrosis when 100 g of quartz was

administered^ but it was found that the same preparation if

administered by inhalation was not fibrogenic.^3 It has been

claimed that hydrated aluminum is the most effective compound

in reducing the fibrogenic properties of quartz^ although some

workers have found that both colloidal aluminium hydroxide and

powdered aluminum hydrate were equally effective.'^ When rats

were treated with a mixture of coal and quartz dusts (15%

quartz) with and without aluminum powder, the

aluminum-containing dust produced much smaller lesions.'"

This last study was important in relation to the development of

coal workers' pneumoconiosis. While some early experimental

studies reported that pulmonary fibrosis increased with the

proportion of quartz in coal dust,'' human epidemiology has

shown that the prevalence of pneumoconiosis does not relate

closely to the quartz content of the dust; indeed some groups

of workers exposed to dust containing as much as 20% of quartz
qa qq

have shown a relatively low prevalence of pneumoconiosis.'0*"

The reasons for this were examined in a series of experiments

by Le Bouffant and his coworkers.^2»100>101 In inhalation and

injection studies using rats these workers demonstrated that

minerals present in some mine dusts are capable of reducing the

pathogenic effect of quartz. This protective effect appears

to be related mainly to clay minerals, illite being
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particularly effective but kaolin less so. The authors

suggested that this protective effect was at least partly due

to release of aluminium by the clays but pointed out that other

minerals not yet examined may be able to protect against quartz.

Iron can certainly protect against quartz toxicityl"2,103 and

also some polymer compounds. 104-106 jt appears that the

amount of protective materials present in inhaled dust will

determine the pathogenicity of any type of quartz exposure to

humans and the harmfulness of any dust type should not be

expected to correspond exactly to the quartz concentration

inhaled.

5.4 The effects of pulmonary infections on the development of

silicosis.

Following the observation that silica and tuberculosis were

frequently associated in humans, animal studies were undertaken

to confirm this relationship and to explore the conditions in

which it was most likely to occur. Early experiments^'»10°

confirmed the easier growth of tuberculosis in silicotic

nodules and showed it was not due just to the presence of

necrosis but needed the presence of silica dust. Later

studies^* using a variety of dust samples showed that silica

was much the most effective in stimulating the growth of

tubercular organisms. Another series of experiments used

guinea pigs with healing tubercles in their lung tissue.^®

Following the inhalation of quartz it was found that these

lesions were reactivated when dust was localised in the

immediate vicinity of the tubercular foci. This study also

demonstrated that the combined effects of tubercular infection

and silicosis produced more fibrosis than either agent alone.

Some studies*!* produced little fibrosis in experimental

animals treated with silica alone but, in the presence of

tubercle bacilli, a nodular fibrosis similar to human silicosis

was produced. Many workers have now obtained experimental

confirmation that silica dust exacerbates infection with
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mycobacteria, often producing rapidly fatal disease when

control animals treated with mycobacteria alone recovered

completely.112"117

The exact mechanisms by which silica dust enhances the effect

of mycobacteria remain uncertain. In 1930 it was suggested

that quartz, by causing tissue necrosis, merely provided a

suitable growth medium for tubercle bacilli.11^ Later it was

reported that enhanced growth of tubercle bacilli was found in

artificial media when silica was present11^ but this could not

be substantiated.12^ Quite early Gardner suggested that

silica altered the defence mechanism by injuring or killing

phagocytic cells and therefore reducing the bactericidal

activity of the tissues.121 This is supported by the more

recent observation that BCG organisms do not multiply in

macrophages while those cells retain the capacity to

phagocytose dust particles.122 However, in 1959 an

alternative hypothesis was put forward.12-* It was suggested

that quartz dust could greatly increase the immune response to

mycobacteria and the lesions of infectious silicosis were

largely the result of a hypersensitivity reaction.

Nevertheless, there is evidence that quartz dust, by its

harmful effects on macrophages, can increase susceptibility to

protozoon parasites,12^»12^ bacteria12^'127 and viruses.12**

It has recently been suggested that any type of pulmonary

infection may exacerbate the effects of inhaled silica. It

has been shown that SPF rats develop only small pulmonary

lesions in response to inhaled tridymite while conventionally

maintained animals develop large and sometimes confluent

nodules.^7

5.5 Short-term in vitro studies on the toxicity of silica

While long-term in vivo studies, especially with the dust

administered by inhalation, offer the best chance of
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determining the relative pathogenicity of dusts containing

silica, these animal studies are time-consuming and costly to

perform. With the realisation that many of the complex

biological reactions that are involved in the development of

silicosis result from the toxic effects of the dust on

macrophages, many workers have studied this toxicity in vitro

in an attempt to develop reliable short-term predictive tests

for dust pathogenicity. Macrophages from all the main types

of laboratory rodents have been used, usually collected from

the peritoneal cavity following the injection of mildly

irritant material, although some workers have obtained alveolar

macrophages by pulmonary lavage techniques and others have used

permanent lines of transformed macrophages. The parameters

used to measure the toxic effects of dusts have also varied

greatly and have included tests for macrophage viability with

dye exclusion techniques, the release of cytoplasmic enzymes

such as lactic acid dehydrogenase or aldalase, the release of

lysosomal enzymes such asj(3-glucuronidase and the cells'

ability to produce lactic acid, to consume oxygen or to reduce

triphenyltetrazolium chloride (TTC).

Early studies^^ examined the effects on guinea pig peritoneal

macrophage viability of tridymite, cristobalite, quartz and

vitreous silica as well as a number of coal mine dusts

containing varying amounts of quartz. Both tridymite and

cristobalite were reported to be roughly eight times more toxic

than quartz or vitreous silica. The coal dust samples all

showed little or no toxicity. In contrast, it was reported

that neither quartz nor tridymite caused morphological signs of

toxicity in rat peritoneal macrophages although both these

dusts reduced oxygen utilisation by the cultures.130 xhe

effects on rabbit peritoneal macrophages of tridymite and

quartz either in its raw state or etched with hydrofluoric acid

were examined in rabbit peritoneal macrophages.1^1 Both the

tridymite and etched quartz caused rapid cell death. Unetched

quartz showed approximately one quarter of this toxicity.
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Lactic acid production and oxygen utilisation in guinea pig

peritoneal macrophages was found to be reduced more by

tridymite, quartz and cristobalite etched by hydrofluoric acid

than by unetched dusts or vitreous silica.^^ Rather

different results were produced with alkali-etched crystalline

silica and similarly treated amorphous silica.^^3 jn this

study hamster peritoneal macrophages treated with the

crystalline silica showed no morphological signs of toxicity

but the amorphous variety killed 50% of cells within eighteen

hours. It has been shown that some pure quartz samples reduce

the viability of rat peritoneal macrophages and their ability

to reduce TTC more than tridymite*-' and it has been

demonstrated that samples of diatomaceous earth containing

mainly amorphous silica can cause considerable release of

lactic acid dehydrogenase from mouse peritoneal macrophages

although they are less toxic than either quartz or cristobalite.

The non-toxic dust magnetite has no effect on the cells.^5

The greater sensitivity of modern biochemical techniques has

enabled the in vitro examination and grading of quite large

series of dust samples containing different proportion of

quartz and other silica compounds. Both dusts from coal

mining and metal mining have been examined. The effects on

guinea pig peritoneal macrophages of a series of coal mine dust

samples from the Ruhr and Saar coal fields have been

examined.98,136 Toxicity was estimated from changes in the

TTC reduction activities of the cells. A wide range of dust

toxicity was recorded but this was not closely related to the

quartz content. Very similar findings were reported in studies

involving the treatment of P388Di cells (a permanent macrophage
line) with dusts from British collieries*^ an<j experiments

using guinea pig alveolar macrophages and dusts from mines in
West Germany.*38,139 in these studies the parameters of

toxicity examined included cell viability, release of lactic

acid dehydrogenase and/5 -glucuronidase and lactic acid

production. The in vitro production of fibrogenic factor/s by
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rat peritoneal macrophages treated with a series of European

coal mine dusts and also artificial mixtures of coal with known

amounts of quartz has also been examined.^^ Once again the

biological effects of the dusts seemed unrelated to the quartz

content. A further study^^ has examined the cytotoxic

effects on guinea pig alveolar macrophages of two main samples

of colliery mine dust. However, each was fractionated into

five different size ranges. With one mine sample, the quartz

content rose with the reduction of particle size in the

subfractions and so did cytotoxicity as recorded by dye

exclusion, LDH release and lactic acid production. In the

other sample the quartz content remained very low in all

subfractions and cytotoxicity was negligible. These findings

indicate that dusts collected by samplers with different

particle selection characteristics to the respiratory system

may not be suitable for predictive tests on pathology.

Several attempts have been made to compare the in vitro

cytotoxicity of dusts with their in vivo effects in

experimental animals. Dust samples from three ore mines were

tested on guinea pig peritoneal macrophages in vitro and the

same dust samples were administered to rats by intratracheal

injection.142 The in vitro effects on TTC reductase activity

showed little correlation with long-term fibrogenicity.

Another series of experiments^^ examined the TTC reductase

activity of twenty seven West German coal mine dusts which were

also injected into the peritoneal cavities of rats. The

extent of "quartz typical areas" in the regional lymph nodes

showed little correlation with the in vitro results.

Three coal mine dust samples from the same seam with quartz

contents ranging between 6 and 25% had similar effects on the

viability of P388Di cells.l*b Following long-term dust

inhalation in rats however, the high quartz dusts had produced

larger and more numerous pneumoconiotic nodules than the low.
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When the dusts were treated with dithionite, however, the

samples with the highest quartz levels now showed much greater

in vitro cytotoxicity than the low quartz samples. This study

confirms that in mixed dust samples the contamination of the

quartz surface with other minerals can greatly influence the

toxic effect of the dust. This protective contamination is

unlikely to be removed during short-term in vitro tests but

removal may occur during long-term in vivo studies.

Because it is recognised that the interaction between

macrophages and silica dust plays a very important part in the

development of pulmonary fibrosis most in vitro studies have

concentrated on macrophages or closely related cells. Some

workers have, however, examined the direct effect of quartz on

primary cultures of human and rabbit lung fibroblasts.^5,146

It was found that quartz actually increased the thymidine

uptake and hydroxyproline production of cultures as compared to

controls although the effect was less marked than with asbestos.

Other studies have also examined the effects of mineral dusts

on non-phagocytic cells.*^'.148 They have used Chinese

hamster fibroblasts but also cultures of a permanent line of

human alveolar type II cells. Quartz was found to have little

effect on the cloning efficiency of fibroblasts or on the

average diameter of type II pneumocytes in contrast to asbestos.

Non-fibrous diatomaceous earth had similar effects to quartz

but a fibrous variety did affect the cloning efficiency of

fibroblast cultures indicating a similarity to carcinogenic

fibrous dusts. The studies were refined*" when it was shown

that quartz in common with amosite asbestos did not affect the

metabolic cooperation between cells of fibroblast cultures

treated with 12-0-tetradecanoylphorbol-13-acetate (TPA). It

has also been demonstrated that quartz is not toxic to primary

cultures of mesothelial cells.1^0

It is now believed that the toxiclty of silica dusts depends on

their ability to damage cell membranes, especially the
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membranes of macrophage phagosomes. Because of this, several

workers have suggested that tests demonstrating membrane damage

may predict long-term pathology and have used the simple test

system of erythrocyte lysis. One studyl-'l compared the level

of haemolysis obtained with four silica varieties and reported

that while quartz, coesite and corundum in that order were very

haemolytic, stishovite had little effect. Further work.1̂ 2

confirmed that quartz is extremely haemolytic and demonstrated

that its dose-dependent effect is more rapid than those of a

series of other silicate compounds. Slate dusts have been

shown to be haemolyticl^,154 and it has been suggested that

this is due to the release of silicic acid although slate dust

would be expected to contain significant amounts of crystalline

quartz.

5.6 Experimental studies on the mechanisms by which silica

particles damage tissue and initiate silicotic lesions

5.6.1 Physical and chemical theories

As early as 1866 Zenker^" suggested that the ability of quartz

to damage tissues depended on the sharp angularity of the dust

particles. This theory persisted until it was demonstrated

that carborundum dust, as hard and sharp as quartz, did not

produce fibrosis.^f) Similarly, it was shown that the coating

of quartz particles with aluminum hydroxide or iron oxide,

which did not change the quartz angularity, nonetheless

eliminated its fibrogenic potential.27 Finally it was

demonstrated that spherical submicron amorphous silica

particles were able to cause silicosis in experimental

animals. " Another suggestion has been put forward that

freshly fractured silica particles have unsatisfied valencies

on their surfaces which cause the biological activity of the

dust.l->8 It has been shown that dust nearly twenty years old

can cause silicosis^9 but it is also maintained that the

harmful effects of quartz on pulmonary tissue are due to the
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presence of atomic oxygen at the freshly fractured surface.

It has been shown that inhaled silica becomes hydrated before

reaching the alveoli^ and that there is a highly soluble

surface layer on quartz particles which is not discrete but

blends smoothly into the less soluble core.1^1 It has been

reported that the removal of this layer with HF or NaOH

increases the biological activity of quartz considerably but

tridymite, the most fibrogenic form of quartz, appears to lack

a high solubility surface layer and its activity is not

increased by chemical treatment.^2 -jhe maximum toxicity of

silica dusts is always obtained when the Si02 surface is

chemically clean.163,164 jt appears that surface components

only a few atoms thick may have a considerable effect on quartz

toxicity and this surface contamination is frequently found in

mixed dusts where other minerals frequently exert a protective

effect against quartz.^2,1^1»!*' Because of this it has been

suggested that the potential toxicity of a quartz-containing

dust is best obtained by calculating the clean quartz surface

area rather than the mass or particle numbers of the quartz. °^

Several workers have suggested that the piezoelectric

properties of silica are the main factors in the development of

silicosis and it has been claimed that fibrosis can be produced

by such piezoelectric substances as tourmaline, barium titanate
and synthetic berlinite-^S-lB? Thls suggestion has been

refuted^"" and it has been demonstrated that many piezoelectric

substances do not produce fibrosis while the non-piezoelectric

tridymite is the most fibrogenic variety of silica.

Another suggestion is that silica particles are pathogenic

because of negative charges on their surfaces and

their interaction with the presumably positively charged

protoplasm of the cell.*"'»*'" Negative charge may be the

reason for the affinity that the quartz surface has for

adsorbing proteins but it is uncertain whether or not this is

involved in disease development.*'l Certainly some dusts such
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as carborundum also adsorb proteins but are not pathogenic.

It has been suggested that binding of the silica surface to

cell membranes is by hydrogen bonds between the dust and the

membrane's protein components.^'^ It is postulated that these

proteins are eventually extracted from the membrane onto the

silica surface with resulting loss of membrane integrity. It

has been claimed that contact between cell membranes and the

SiC>4 tetrahedron groups and transferable hydroxyl groups

attached to them is a prerequisite for fibrosis.17^ This has

been supported by studies which showed that coesite and quartz

glass which have a tetrahedral configuration of SiO£ molecules

were fibrogenic when injected intratracheally into experimental

animals but that stishovite which has an octahedral

configuration w a s n o t fibrogenic." » » ^

Kettle in 192617<4 first suggested that tissue damage in

silicosis resulted from soluble products of the dusts. He

reported that a culodian bag containing silica produced

fibrosis when implanted into the flank of a rabbit but that an

empty bag did not. He also reported that quartz particles

coated with iron oxide were inactive. Similar studies by

other workers produced the same results. It was suggested

that the soluble factor responsible for disease development was

silicic acid and that the pathogenicity of quartz stone dust

was roughly related to the rate at which it released silicic

acid into the solution.27'175 That silica solubility could

be important in tissue damage has been confirmed5^,176 but it

was demonstrated that while highly soluble silica compounds

have a very toxic action, in contrast less soluble varieties of

quartz are fibrogenic. In 1953 it was demonstrated that four

silica types, fused silica, quartz, cristobalite and tridymite

differed greatly in their fibrogenic properties despite having

similar solubilities.-^ Later it was shown that different

specimens of quartz of different solubility had the same

fibrogenic effect in animal lungs177 and also that silica

particles placed in a diffusion chamber in the peritoneal
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cavity stimulated no fibrosis.1^8 This was confirmed^^^ but

it was suggested that colloidal silicic acid, the form that

might be involved in silicotic fibrosis did not escape from the

diffusion chambers used. In this connection it was reported

that the biological activity of its silicic acid in solution

depends on its degree of polymerisation.18^

5.6.2 Biological responses to silica toxicity

Regardless of which physical and chemical parameters are

important in silica toxicity, it is now believed that in order

to promote disease silica particles must first be phagocytosed

by macrophages. It was suggested by Allison181>18^ tnat tne

silica particles are first taken into the macrophage phagosome

where they become associated with lysosomal enzymes. During

even short residence in tissues, silica dust becomes coated

with proteins. In this state the dust surface is

non-pathogenic but the proteins are digested by the lysosomal

enzymes which are mainly acid hydrolases, allowing the quartz

to cause the rupture of the phagosome membrane. This

liberates enzyme back into the cell cytoplasm and eventually,

following cell necrosis, into the surrounding tissues where it

can exacerbate the overall inflammatory response. While this

process no doubt occurs to some extent, it has been

demonstrated that mouse macrophages which have ingested small

amounts of quartz may survive in culture for several

weeks.18^ During this period of time macrophages can actively

secrete a number of bioactive materials including neutral

proteases such as collagenase and elastase18^ although it seems

likely that neutrophils attracted to quartz-damaged lungs in

large numbers may be also involved in the secretion of these

products.185"188
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Recently it has been suggested that the secretion by leucocytes

of oxygen-derived free radicals and metabolites such as

hydrogen peroxide, superoxide anion, hydroxyl radical and

singlet oxygen may be important in the inflammatory response to

a number of harmful agents.1°9 Some studies have failed to

demonstrate increased release of these reactive oxygen

intermediates (ROI) from monocytes and neutrophils treated with

pathogenic dusts, including quartz, compared to harmless

minerals. *0 Neutrophils, however, have almost no phagocytic

potential towards mineral particles and monocytes respond much

less than fully activated macrophages, and an increase in ROI

release from rabbit alveolar macrophages following treatment

with quartz has been demonstrated. '1

That macrophages damaged by quartz might liberate specific

factors that could be involved directly in fibrogenesis was

suggested by Heppleston and Styles in 1967.192 These workers

treated macrophages with quartz and found that a supernatant

extract of these cells, when lysed, could stimulate collagen

production in fibroblast cultures. By using related in vitro

systems a number of workers have demonstrated similar factors

that appear to be important in fibrogenesis.193-196 These

factors appear to have molecular weights of approximately

15,000 and are probably polypeptides. Some workers have

failed to demonstrate fibroblast stimulation by extracts of

quartz-treated macrophages^? »198 but this may be due to

concentration effects since it has been reported that at low

concentration macrophages produce factors that stimulate

fibroblast proliferation,199 while high concentrations cause

inhibition.^OO jt has been suggested that a time factor could

be important in determining the effects of macrophage factors,

with macrophages exposed to quartz in vitro for a short period

producing a fibroblast inhibitor while macrophages exposed in

vivo for several weeks produce a factor enhancing fibroblast

proliferation.201 Recently it has been suggested that one of

the fibrogenic factors is identical to interleukin I, a

material with important immunological functions.
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Vigliani et al in 1950203 first suggested that immunological

factors might be important in the development of silicotic

lesions and many experimental studies have confirmed that some

type of immunological reaction is involved. It has been

claimed that autoantibodies are found in silicosis and that

these arise from proteins modified by contact with

quartz.°9,204 However, it has been reported that when serum

gamma globulins are adsorbed onto quartz they retain their

normal antigenic properties.205 Large amounts of gamma

globulins have been found in the hyaline tissue of silicotic

nodules206 an(j jt ^as been reported that hypersensitised

animals treated with silica produce larger and more clearly

demarcated collagenous lesions than controls.207 Some studies

have been unable to demonstrate specific antibodies in animals
during the development of experimental silicosis208 but

lung-reactive antibodies that appear specific for collagen

and/or elastin have been found in the serum of patients with

pneumoconiosis.209

More recent work has suggested that the immunological phenomena

involved in silicosis result from soluble products of

macrophages which have phagocytosed dust particles and the most

important of these products appears to be interleukin I. This

and/or other products can stimulate thymocyte proliferation and

the proliferation of thymus derived cells (T lymphocytes) in

the spleen.210-213 jn contrast, proliferation of splenocytes

(B lymphocytes) is depressed.127,210,214 one study has

reported some reduction of mitogenesis in spleen T cells but

this followed the intraperitoneal injection of quartz, and the

transfer of dust to the spleen, with general toxicity to spleen

cells, is likely to have occurred.215 Antibody production in

general can be shown to be stimulated by quartz216-217 although

it has been found that mice treated with quartz by Inhalation

show impaired ability to respond to inhaled E. coll

antigens.218 This impairment was much less marked, however,

if the E. coll antigen was given intravenously.
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From all these studies it appears likely that the production of

interleukin I stimulates the production of T helper cells which

in turn stimulate the transformation of primed B lymphocytes to

plasma cells. This would enhance the production of

immunoglobulins in general without the multiplication of B

lymphocyte stem cells. The failure of animals to respond

specifically to inhaled antigens after periods of quartz

inhalation probably results from the impaired ability of the

pulmonary macrophages to process these antigens for

presentation to immunocompetent cells.

In conclusion it would appear that the development of silicotic

lesions depends on the phagocytosis of silica particles by

macrophages which are damaged by this process and which

liberate factors possessing toxic, fibrogenic or

immunomodulatory activity. The way in which this combination

orchestrates the local tissue reaction will determine the type

and severity of silicotic lesions that are produced.

6. EFFECTS OF SILICA ON MAN

6.1 Hazards associated with different types of silica

Almost all the silica to which workers are exposed in industry

is quartz, usually mixed with other minerals. The proportion

of quartz may vary from very low levels, as in some coal mine

dust, to almost 100 %, as in silica flour. Many mineral

dusts, such as granite and slate, contain a variable amount of

quartz from workplace to workplace and within the same

workplace. In general, it appears that the rapidity with

which silicosis appears and progresses depends on the total

amount of quartz to which workers are exposed and the time over

which that exposure has taken place. Recent descriptions of

rapidly progressive, fatal silicosis have been reported among

men working in milling silica flour, drilling the overburden in

surface coal mines, sandblasting and pottery. All these
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episodes were characterised by a relatively short exposure to

unmeasured but clearly high levels of quartz (Table 1).219-225

Only one of these acute and fatal episodes has been reported in

the United Kingdom21^ since the original paper by Middleton,22^

although the annual report of the Chief Inspector of Factories

for 1948 noted 59 deaths from silicosis in sandblasters and a

further 12 deaths in the manufacture of scouring

powders.22' Slightly less rapidly progressive silicosis,

affecting a high proportion of the workforce and proving fatal

in some after an exposure of about 10 years, has been reported

in Indian slate pencil workers.22**"230 Levels of respirable

quartz measured in the breathing zone of cutters in this trade

were shown to range between about 2 and 10 mg.m~3. Similar

patterns of disease have been described amongst sandblasters in

Louisiana,23* whose mean levels of exposure to free silica have

been recorded at about 5 mg.rn"3, amongst jade polishers in Hong

Kong,232 exposed to silica flour at about 0.7 mg.m~3, and

amongst workers making abrasive soaps and exposed to silica

flour in Ontario.233

The clinical effects of exposures to other forms of silica are

less well documented. Calcined or heated silica-containing

minerals may be anticipated to contain cristobalite or

tridymite; thus workers exposed to dust in fettling, where

silica has become fused to the surface of castings, and in the

production of diatomaceous earth may be exposed in part to

these minerals. A study of workers exposed to diatomaceous

earths has shown that silicosis occurred in some 25% of workers

with more than 5 years' exposure in 1953; 10% of this

population had PMF, indicating a severe and sometimes

progressive form of the disease.234 Follow-up surveys in 1974

and 1979, after the introduction of effective dust control

measures, showed the prevalences of silicosis and PMF had been

reduced considerably, all cases occurring in workers with

greater than 15 years' exposure.235,236 jn an these surveys,

disease occurred almost exclusively in workers exposed to



TABLE 1

Author

Scott 1964

Buechner & Ansari 1969

Suratt et al 1977

Xippel et al 1977

Zimmerman & Sinclair 1977

Roeslin et al 1980

Banks et al 1983

CASE

Reference

219

220

221

222

223

224

225

REPORTS OF ACUTE SILICOSIS

Job

4 flint crushers

4 sandblasters

4 sandblasters

quartz miller

abrasive manuf.

pottery

rock driller

Exposure

3-6 yrs

3-6 yrs

4-6 yrs

7 yrs

3 yrs
?

5 yrs

Country

N. Ireland

USA

USA

Australia

Australia

France

USA

Onset to death

6m - 3 yrs

3-15 months

4-11 months

3 yrs

30 months

1 yr

2 yrs
U)
o
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calcined or flux-calcined diatomaceous earth, which contained

up to 20 and 60% cristobalite respectively.

The effects of amorphous silica have been investigated in the

diatomaceous earth industry as well as in the production of

silicon metal and of submicron silica. In the former

industry, workers in quarries have been and are exposed to

uncalcined diatomaceous earth, though there is no good evidence

in the literature of their exposure levels. Since the work is

in open air, they may not be very great. Nevertheless, in a

review of men who took part in the original study in 1953, low

categories of pneutnoconiosis were found in at least two quarry

workers.^36 Similarly, a study of 26 Italian diatomaceous

earth quarry workers has shown two with category 1 and one with

category 2 simple pneumoconiosis.237 These men were said to

have been exposed to dust that contained less than 2.35%

quartz and was primarily amorphous silica.

In the silicon metal industry, quartz is heated above its

boiling point (2350°C). Workers may be exposed to a fume

consisting of very small (0.05-0.75 jim) spherical particles of

silica. Two papers in the last decade have reported changes

consistent with pneumoconiosis in these workers. In 1977, 11

of 40 US men exposed to this process were said to have abnormal

radiographs, and convincing evidence of radiographic

abnormality was presented for three of these. ™ In two, lung

biopsies had been carried out and showed a process of fibrosis

and histiocytosis unlike classical silicosis and similar to

that found in experimental studies with the dust to which these

workers had been exposed. ' However, the authors noted that

this dust contained unspecified amounts of crystalline silica

and the experimental study indicates that it consisted of

cristobalite surrounded by a layer of amorphous silica.^39

The second paper, from France in 1980, records the finding of

irregular and nodular radiological shadows in 10 patients
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working in a silicon foundry.240 Lung biopsies in two

confirmed interstitial fibrosis associated with amorphous

silica; fewer than 1% of the pulmonary particles were

crystalline silica and analyses of the foundry dust were said

to be similar.

A third paper in 1979 reported the absence of radiographic or

functional abnormalities in 165 US workers exposed to

'precipitated amorphous silica'.241 Analytical details are

not given and lung function is expressed, unsatisfactorily, as

the rate of change over a number of years, taking first and

last readings. In spite of having data on cumulative

exposures, smoking history, age and sequential lung function,

the authors have missed the opportunity to carry out multiple

regression analyses.

Clinical studies of workers exposed to submicron amorphous

silica ('Hi-sil' and 'Silene') with particle sizes in the

region of 0.02 Jim have reported no radiological changes.242,243

No details of mineralogy confirming the nature of the silica

are given. Neither of these studies was planned as an

epidemiological investigation and the radiology was a clinical

reading by one observer. All subjects were currently exposed,

and none had been exposed for more than 17 years. The results

therefore can only be regarded as suggestive that this

material is less harmful than crystalline silica and further

follow-up studies are clearly needed.

In summary, there is no doubt that quartz and cristobalite are

capable of causing silicosis in man, and there is no evidence

that either is more toxic in this respect than the other.

Diatomaceous earth in the calcined or flux calcined state is

similarly harmful, and there is some evidence that it may cause

pneumoconiosis in workers quarrying the raw material.

Submicron sized amorphous silica has not clearly been

implicated in causing silicosis, though there is evidence that
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the disease may occur if the amorphous silica is contaminated

by cristobalite, as may happen in the silicon metal industry.

There is insufficient evidence in the literature to state with

confidence that amorphous silica is non-toxic to the lungs.

However, amorphous silica exists in different forms, and these

may have different toxic potential; animal studies have shown,

for example, that diatomaceous earth heated to 800°C but

containing no crystalline silica is more fibrogenic than the

unheated mineral.^ •

6.2 The clinical spectrum of silicosis

People are rarely exposed to pure silica; the dust they

breathe in the workplace is usually composed of a mixture of

quartz with other minerals. Moreover, the absolute amounts of

quartz may vary considerably as may the time period over which

exposure occurs. Thus the response of the lungs differs in

different circumstances. For convenience, this spectrum of

response from simple mixed dust pneumoconiosis to acute

silicosis may be described in terms of typical distinct

patterns. It should however be appreciated that these merge

with each other and that the appearances in an individual

depend largely on his personal exposure to dust.

Mixed dust pneumoconiosis is a name given to the radiological

findings of nodular pneumoconiosis occurring as a response to

the inhalation of dust containing a mixture of minerals,

usually including quartz. Coalworkers' pneumoconiosis, in

which inhaled carbon and silicates play an important role in

the aetiology, foundryman's pneumoconiosis, related in part to

the inhalation of oxides of iron, and oil shale pneumoconiosis,

again caused by organic and silicate minerals, may all be

regarded as forms of mixed dust pneumoconiosis. The

radiographic appearances are of a simple multinodular

pneumoconiosis, usually of p or q (<5mm in diameter) size.

Progressive massive fibrosis may occur, sometimes long after
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exposure has ceased. Further discussion of the mixed dust

pneumoconioses is outside the scope of this review but may be

found elsewhere.244,245 However, it should be noted that the

more quartz the inhaled dust has contained, the more the

appearances approximate to those of silicosis, and that typical

silicosis may occur in workers in industries which are normally

associated with mixed dust pneumoconiosis. For example,

coalminers working a seam which generated a dust with high

levels of respirable quartz have been described as developing a

rapidly progressive pneumoconiosis with all the characteristics

of silicosis.246 Necropsy studies of coalminers have shown

the typical histological appearances of silicosis in

association with high proportions of quartz in the lung

dust.247,248 such appearances at necropsy relate most closely

to the radiographic finding of r nodules (5-10 mm in diameter),

suggesting that it may be possible to identify radiologically

individuals who are showing silicotic responses to mixed dust

exposures.

Simple silicosis is characterised by diffuse nodular shadows on

the chest radiograph. They are often quite radiodense and may

occasionally calcify. With increasing exposure to silica,

their profusion increases;^' individual opacities may also

increase in size with time.246 The hilar lymph nodes are

commonly enlarged and typically calcify in a circumferential

manner. This eggshell calcification is pathognomonic, in a

worker exposed to dust, of silicosis.

The first appearance of nodules is usually in the upper zones

of the lung and the nodules themselves are often quite small

(2-3 mm). As the profusion increases, lesions appear

throughout the lungs and a proportion increase in size to the

typical r nodules. Progression of silicosis may also be

marked by conglomeration of several nodules to form the early

lesion of progressive massive fibrosis. Again, this typically

occurs first in the upper part of a lung, and a single such
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lesion is often followed later by the development of others.

These lesions are classified according to the ILO (1980)

scheme*" on the basis of their size, A shadows being between 1

cm and 5 cm in greatest diameter, B being one or more lesions

with a total diameter greater than 5 cm but occupying a total

area less than that of one third of the right lung, and C being

of greater total area than B.

The natural history of progressive massive fibrosis is that of

a gradual increase in size, irrespective of further dust

exposure.^50 ^he lesions may appear at any time after an

appropriate exposure to silica, and not uncommonly occur first

many years after dust exposure has ceased.^51 While in

general the greater the profusion of small opacities, the

greater the likelihood of an individual developing massive

fibrosis, nevertheless isolated lesions may sometimes occur

against a radiological background free of small nodules.

Symptoms occur late in the course of silicosis, when extensive

massive fibrosis is present; at this stage the patient

complains of shortness of breath. Cough and sputum production

are usually due to bronchial disease and not to the

pathological silicotic process. As discussed later, bronchial

disease may result from exposure to industrial dusts as well as

from exposure to cigarette smoke.

Accelerated silicosis may occur in occupations involving high

exposures to silica over a relatively short period of a few

years, as in sandblasting and silica flour, slate pencil and

diatomaceous earth production. The small radiographic nodules

may be less obvious and a more irregular upper zone fibrosis

may occur leading to bilateral apical massive fibrosis. The

condition typically occurs within a few years of first exposure

and may progress to death within a decade.^5

Acute silicosis occurs as a result of massive exposures to

silica. Recent reports have been recorded in Table 1. The
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nodular radiographic pattern is absent and the lungs show a

diffuse ground glass appearance, similar to that of pulmonary

oedema. The condition causes rapidly progressive dyspnoea and

death, usually within months of onset.

6.3 Functional effects of silica exposure

Two important questions have been addressed by those who have

investigated lung function in workers exposed to silica. The

first concerns the effects of the disease silicosis, as

demonstrated by radiographic changes, on lung function while

the second concerns the effects of silica exposure on lung

function. With respect to the first, it is well established

that extensive progressive massive fibrosis is associated with

impairment of function and this may be sufficiently severe to

lead to cardiac failure and death. The pattern of dysfunction

is usually a combination of restriction of lung volumes,

reduction in gas transfer, and flow obstruction. Equally well

established is the restrictive dysfunction associated with

accelerated and acute silicosis. ^2 There has been more

debate about the effects, if any, of simple silicosis. Study

of this has been complicated by a number of factors. First,

the definition of silicosis is dependent upon interpretation of

radiographs, and this has not always been carried out according

to standard epidemiological practice. Secondly, silicosis has

often been combined with mixed dust pneumoconiosis, which is

usually characterised pathologically by less fibrosis and

clinically by a less progressive nature. Thirdly, populations

of silicotics almost always include a high proportion of

cigarette smokers, who are thus exposed to a second potential

cause of lung disease. Fourthly, the effects of silica

inhalation may be twofold; first, induction of silicotic

fibrosis and, secondly, induction of airflow obstruction either

by a direct effect on bronchi or by promoting emphysema. Thus,

in studying the lung function of silicotic subjects, it may be

impossible to distinguish the effects of silicosis from the
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independent effects of the silica exposure that led to the

silicosis.

Two papers have addressed this last problem by estimating the

exposures of their subjects to dust.253,254 Both reported the

results of studies of white gold miners in South Africa in whom

it was possible to calculate total exposures to dust by summing

the total duration of employment of each man in different

occupations multiplied by the dust concentrations in these

occupations. The first of these papers demonstrated a

significant positive correlation between dust exposure and

physiological evidence of airflow obstruction."3 ^e seconcj

paper reported investigation of a subset of the population

studied in the first paper, selected on the basis of age (45-

54 years), at least 10 years underground experience in gold

mines and less than 2 years in other mines."4 Those subjects

with silicosis (Cat. 1/0 or greater, as read by one experienced

reader) had on average lower FEVj and FEF25-75 than those with

normal radiographs. However, when the silicotics were

compared with non-silicotic controls (matched on age, height,

dust exposure and tobacco consumption), no significant

differences in function were found. Investigation of the

inter-relationships of age, height, dust exposure, smoking

history and silicosis by analysis of covariance in the whole

study group showed silicosis to have a significant effect only

on FEF25-75-

A study of English gypsum miners has shown changes of simple

pneumoconiosis in a proportion of those with long service, ^

the authors suggested that these changes might have been

related to quartz exposure, since they occurred largely in the

mine in which quartz levels were likely to have been highest,

and their prevalence showed a positive relationship to indices

of dust exposure. Lung function tests, standardized for age

and height, showed evidence of a deterioration in FEVj,

FEVj/FVC and MEF5Q in relation to length of mining service.
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No relationship to other indices of dust exposure was found.

A series of studies of Vermont granite workers has investigated

the inter-relationships of lung function and dust exposure.

The first was carried out in 1970. The estimates of dust

exposure, while imperfect, are nevertheless based on the most

detailed study of workers' occupational histories and

associated dust levels so far reported in the literature.

Lung function was measured by spirometry (FEV^, vital capacity)

and radiology (total lung capacity). Multiple regression

analysis suggested statistically significant decrements in FVC

(1.0 ml), FEVx (1.6 ml) and TLC (1.8 ml) for every year of

exposure to the average level of respirable granite dust of

about 0.5 mg.m~3.2->' Larger annual decrements of FVC (30 ml and

9 ml) occurred in relation to years of age and years of

smoking, as expected. A later study (in 1974) of the same

workers, using analyses of longitudinal loss of function,

purported to show that real losses of FVC and FEV^ were far

greater than these.^58 However, a further follow-up in 1979

showed a rise in FEV^ and FVC compared to the values obtained

in 1974.̂ 59 T^e mean p-yc reported in 1979 was even greater

than that reported in 1970. Thus doubt has been cast on the

reliability of data from the two earlier studies, and

particularly on that generated in the 1974 study. Incomplete

expiration during the FVC manoeuvre, a leaking spirometer and

different methods of measuring FEV^ and FVC (best of three in

1979, mean of three in 1970 and 1974) have been identified as

three possible reasons for these inconsistent results.

Moreover, the 1970 study produced plausible cross-sectional

evidence that granite dust (and the quartz component of that

dust) has a small but statistically significant effect on FEV^,

FVC and TLC. The effect concerned is an estimate of average

response. This implies that some workers will suffer a

greater effect (and equally, some a smaller) and that the

magnitude of the effect will depend also on the individual's

level of exposure to respirable dust.
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The 1970 Vermont study also investigated the influence of

radiographic changes on lung function.260 xhe classifications

were made by only one reader who recorded a relatively high

prevalence (30%) of abnormalities in films of men with very

little granite dust exposure. However, this included men with

category 1 (presumably 1/0 and greater) of both rounded and

irregular shadows and is consistent with findings in more

recent studies of other dust-exposed workers.261 it should

not therefore be regarded as invalidating the study. The

paper reported FVC to be lower in subjects with abnormal films,

being inversely related to the profusion of opacities. Both

ventilatory function and profusion of radiographic shadows

showed a relationship to estimates of dust exposure.

Several other studies have investigated the inter-relationships

between radiological change and lung function in workers

exposed to silica, though without any useful information on the

levels of exposure. Of these, the most informative was an
investigation of lung function and the prevalence of

pneumoconiosis among slate workers in North Wales.262 slate

dust exposures were not measured, but the dust was said to

contain 13 to 32% respirable quartz. The study differed from

others reviewed here in that it was based on random samples of

the populations of slate mining communities; more than half of

the individuals thus selected were found to have worked in

slate. The possibility of bias due to studying a relatively

fit working population was therefore avoided. The prevalences

of both simple pneumoconiosis and of large shadows (massive

fibrosis and/or tuberculous scars) were related to years of

work in slate and to likely intensity of exposure to dust.

Both FVC and FEV^ were shown to have declined more rapidly in

men with pneumoconiosis (Categories 1 and 2) than in men

without, both in smokers and non-smokers. When the effects of

age and pneumoconiosis category had been taken into account, no

further significant effect of years of work in slate could be

detected. Nevertheless, these results are consistent with

either a dust effect ,or a pneumoconiosis effect.
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In a study of subjects with radiological signs of silicosis

reported to the Finnish Occupational Disease Register, almost

half were found to have FVC and transfer factor below 80% of

predicted values.^63 Radiological readings were by consensus

of two physicians, using the ILO (1980) classification.^

Subjects with category 3 disease had, on average, lower values

for transfer factor than did those with Categories 1 and 2,

though three out of nine men with category 3 disease still had

normal lung function. In a case-control study, matching 28 of

the silicotic subjects with controls from the same workplace

(on the basis of age, sex and duration of dust exposure) but

with normal radiographs, the silicotic subjects were shown to

have significantly lower FEVi, FVC and transfer factor.

Other clinical studies have investigated the relationships of

functional abnormalities to radiographic abnormality. A

French paper has reported slight reductions in lung volumes and

increases in lung recoil pressure in non-smoking, non-

bronchitic men with category 2 and 3 silicosis, in comparison

to non-dust-exposed controls. " A Romanian study, also of

carefully selected non-smoking, non-bronchitic men with

silicosis, showed that gas transfer factor was normal in the

simple disease but reduced in Stage B and C massive

fibrosis.265

In summary, there is clear evidence that silica exposure may

affect lung function. Workers with advanced massive fibrosis,

accelerated silicosis and acute silicosis may be expected to

have a largely restrictive functional abnormality. Workers

with simple silicosis may have completely normal lung function,

even when the condition reaches radiological category 3. At

this stage, however, a mixed restrictive and obstructive

pattern may be present; this is probably related more closely

to other effects of the dust exposure than those responsible

for the nodular fibrotic change. There is strong evidence

that dust exposure by itself may be responsible for
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evidence of silicosis.

6.4 Other diseases related to silica exposure

Silicosis has long been known to predispose to tuberculosis,266

and before the introduction of chemotherapy in the 1950s it is

likely that most patients with silicosis sooner or later

developed tuberculosis. The complication is still not

infrequent in endemic areas; thus, in South African blacks

necropsy evidence of tuberculosis is more frequent in silicotic

subjects than in those without the disease."' in that

country in the 1960s some 20% of silicotic gold miners had

active tuberculosis.268 At the same time in Northern

Rhodesia, silicotic copper miners were shown to have

tuberculosis.thirty times more frequently than non-silicotic

miners.2"' in Britain, 0.5% of slate miners were found to

have active tuberculosis in the 1950s,"0 and, in a recent

study of the population of Welsh slatemining villages, almost

half of the miners had radiological changes indistinguishable

from the signs of healed tuberculosis.2"2 As tuberculosis has

become a less prevalent disease, so infections with

non-tuberculous mycobacteria have been reported more frequently

amongst workers with silicosis. In a study of silicotic

sandblasters in Louisiana, of 83 men 10 had tuberculosis, 9 M.

kansasii and 3 M. avium-intracellulare infection.271 other

opportunist infections, including nocardiosis, cryptococcosis

and sporotrichosis, have also been noted in patients with

silicosis.271

Collagen diseases appear to occur more frequently in silicotic

subjects than in the general population. Systemic sclerosis,

or scleroderma, was originally described as occurring more

frequently (9 in 8 000) in South African gold miners than among

other men (1 in 25 000).272 A recent case-control study

amongst these miners has confirmed that the risk of scleroderma
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relates not to the presence of silicosis but to greater

Intensity of silica exposure.273 This may be the explanation

for the high prevalence found amongst men with accelerated

silicosis, where some 10% of patients have been reported to

have scleroderma or other collagen disease.274 Caplan's

syndrome seems to occur relatively uncommonly in patients with

silicosis, but has been described.275 f^e onset of collagen

disease in a subject with silicosis may herald rapid

progression of the lung disease.276,277

Renal disease has been described in workers exposed to high

levels of silica. A series of case reports has suggested that

there may be a relationship between quartz exposure and

development of cellular necrotic changes in glomeruli and

proximal tubules.278-282 A^^ Of these patients seem to have

been exposed to very high, but unmeasured, levels of quartz at

their work, five of the seven reported also having had acute or

'advanced' silicosis (Table 2). In three patients high levels

of elemental silicon were demonstrated in renal biopsies,

though whether these levels were higher than those that would

have been found in quartz-exposed workers without renal disease

is not known. In some instances it has been suggested that

there may have been an auto-immune basis for the renal

lesions,281,282 though immunoglobulin deposits in the kidneys

have not been universal findings.

No studies of the prevalence of renal disease in workers

exposed to silica appear to have been carried out. However,

one study of 15 patients with silicosis has found normal renal

function in all^°3 while, in contrast, another study of 20

silicotics found four to have proteinuria and lipiduria.^84

These authors also found glomerular and tubular lesions in 23

of 45 patients who had died of advanced silicosis. Another

study has also shown renal functional impairment in nine of 20

silicotic subjects.285 -j-he balance of the evidence thus seems

to indicate that there is a relationship between heavy exposure



TABLE 2

RECENT REPORTS OF RENAL DISEASE IN QUARTZ-EXPOSED MEN

Author Reference Job Clinical features Renal biopsy
Saldanha et al 1975 278

Giles et al 1978 279

Hauglustaine etal 1980 280

Bolton et al 1981 281

Banks et al 1983 282

furnace bricklayer hypertension, albuminuria
renal Si 220 ppm
normal chest film

sandblaster

tile manufacture

1 sandblaster
1 sand grinder
1 foundryman

rock driller

acute renal failure
acute silicosis
renal Si 264 ppm

hypertension, albuminuria
normal chest film
renal Si 150 ppm

renal failure, collagen
disease features
acute & chronic silicosis

proteinuria, scleroderma,
acute silicosis

proximal tubular degeneration

hypercellular glomeruli
proximal tubular degeneration

hypercellular glomeruli
proximal tubular degeneration

hypercellular gloraeruli
crescents and proximal
tubular degeneration

proliferative & necrotic
changes in glomeruli &
proximal tubules

OJ
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to quartz and the development of renal failure characterized by

minimal histological changes in glomeruli and proximal tubules

on light microscopy. Whether this is mediated by an

auto-immune or by a direct toxic effect is unclear; the latter

mechanism seems more likely.

6.5 Radiological response in relation to silica exposure

6.5.1 Granite workers in Vermont, USA

Studies of granite workers in Vermont are the best known source

of epidemiological results relating quartz exposure to effects

on man. They highlight the two main questions regarding

toxicity which this review of epidemiological studies seeks to

answer. First, is there a safe or threshold level of

concentration or exposure where the risk of silicosis is

effectively zero? And second, what is the relation between

exposure to quartz and the risk of developing silicosis? Of

course, the two questions are related; any estimate of an

exposure-response relation implies also an answer to the

question of threshold.

An early investigation (in 1924-26) of 972 granite shed workers

in Vermont reported a very high prevalence of silicosis, 100%

among men working for 15 years or more in the dustiest jobs.2°°

Silicosis was diagnosed on the basis of clinical and

radiographic findings together with an appropriate history of

exposure. A follow-up study in 1937-38 commented on the rapid

progression of disease in workers exposed to the highest levels

of dust, many of whom ultimately succumbed to tuberculosis. °

All workers exposed to average concentrations of between 40 and

60 mppcf suffered progressive and severe silicosis. Some

workers exposed to, on average, between 10 and 20 mppcf

developed silicosis, though in the conditions of the period

this was not regarded by the authors as serious disease.

Nevertheless, there was evidence in some of progression after
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moving to less dusty work, and these workers also had a high

mortality from tuberculosis. In workers exposed to levels

below 9 mppcf, the authors detected no serious disease. It

was noted that risk of silicosis was related to length of

service as well as to average dust levels. However, the

numbers studied were too few to estimate general exposure-

response relations. Moreover, loss to follow-up had been

severe, implying that such estimates might in any case have

been suspect.

Dust control measures were initiated in 1937, with a

recommended limit of 10 mppcf. The outcome was apparently

successful. An environmental survey in 1955 showed that the

mean dust exposure from 223 samples in the granite sheds was

just under 5 mppcf, with only 10% of the samples exceeding the

10 mppcf limit', °° the quartz content of airborne samples was

about 25%. Insofar as X-ray records showed, only one man

appeared to have any silicosis (and the authors of the report

state that in his case the diagnosis was questionable) among

1 134 men in the granite sheds who started work after dust

controls were introduced- in 1937. The remainder had been

employed for only seven years on average, though 100 had 15 or

more years experience. It should be noted that this was a

study of active workers, and that ex-workers (who may have

shown a higher prevalence of disease) were not included.

These findings were confirmed when a later study reported no

new occurrences of silicosis among 855 men who had worked for

up to 26 years in controlled conditions.289 -jhe absence of

new occurrences under controlled conditions in Vermont was the

main reason why 5 mppcf, or its approximate gravimetric

equivalent of 50 |ig.m~3, was recommended as a safe limit in the

USA.290 Difficulties in converting from particle count to

mass units, and in extrapolating from granite sheds to other

industries, were however noted in the discussion of standards.
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The more recent studies of Vermont granite workers, carried out

by the Harvard School of Public Health in the 1970s, have been

discussed above in the context of lung function. The main

results linking film readings to exposure concerned 784 granite

shed workers.260 Estimates of the cumulative exposures of

individuals were obtained by linking detailed work histories,

from company records, with results from a current (1972)

gravimetric sampling programme. " Exposures were summarised

in units of dust-year and quartz-year, defined as exposure of

40 hours per week for one year to dust and quartz

concentrations of 523 (ig.nT̂  and 50 Jig.nT^ respectively. (Per

cent quartz in the respirable fraction was about 9%, lower than

in earlier surveys.) Though yearly serial radiographs were

available, one film per man was classified, by one reader,

according to the UlCC/Cincinnati elaboration of the ILO (1971)

classification. 91 Some abnormality, mostly rounded rather

than irregular opacities, was found in 233 of the 784 films.

Presence of small rounded opacities was clearly dust-related,

whereas irregular opacities seemed to be related to years of

smoking and not to dust. The results showed that the risk of

any abnormality increased clearly with exposures above 35

dust-years. The risk was estimated as constant, at 30%, in

men with lower exposures.

Reliance on 1972 concentrations is clearly a defect when

estimating exposures historically, and 784 samples seem few

when estimates of concentrations in up to 637 occupational

groups (13 groups in 49 sheds) are required.256 Nevertheless,

such imperfect estimates of individual exposures are almost

surely better than simple summaries of years worked in

particular jobs, a view which further analyses could verify.

Radiographs were classified by only one reader, on one occasion.

This is a limitation on the study's reliability and is a

controversial one because of the relatively high levels of

abnormality, recorded even at low exposures; these require

explanation in view of earlier results.288,289 -p̂ e authors
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say that a clinical radiologist would probably consider a

diagnosis of silicosis in respect of A5 men in their study

classified as showing profusion 2 or more small rounded
opacities.^^O The 36 men with profusion 2 were on average

aged just over 50 years; it is likely, therefore, that at

least several were first employed after dust controls began, in

1937, 34 years prior to medical survey. Re-classification of

the radiographs is therefore highly desirable, not only to

substantiate the estimated exposure-response curve, but also to

confirm continued absence of new occurrences of silicosis with

mean quartz levels less than 5 mppcf. Note however that a

recent mortality report of the Vermont study reiterates that

"no cases of silicosis or silicotuberculosis have been reported

among men who began employment after controls were

initiated".292

The constant non-zero risk at low exposures, if true, is

consistent with a threshold model together with a background

level of opacities (not dust-related) which in turn may be

real, or artefacts of the classification. However, aspects of

the fitted curve appear questionable. For example, the

estimated level of 30% abnormality at low exposures is

identical to the prevalence (233/784) in the entire group, even

though the exposure-response curve rises clearly from 35 dust-

years onwards. A distribution of the numbers at risk in each

dust-year would be helpful; at present it is unclear whether

at low exposures these numbers are sufficient to differentiate

reliably between models of constant or increasing risk.

Because these are uniquely important data, further analyses are

highly desirable using film classifications by several readers

and the latest ILO (1980) Classification.16 On current

evidence, the major strength of the Vermont data seems to be in

the earlier, pre-1974, studies.
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6.5.2 Dusty trades in North Carolina, USA

The State of North Carolina provides comprehensive occupational

medical and hygiene services to companies and workers involved

in dusty trades. The industries include granite quarries for

crushed stone and dimension stone; stone sheds (monumental

stone); foundries; and mining and processing of minerals such

as tungsten, pyrophyllite and gold.29-* Pre-employment

physical examinations along with occupational histories and

annual examinations (including X-rays) of dusty trades'

workers have been carried out since 1935. Hygiene surveys

have also been carried out both on an ad hoc and routine basis

using impinger and subsequently cyclone samplers, and yielding

more than 10 000 samples in total.

Radiographs, mostly 100 mm rather than standard 6 ft

postero-anterior views, referring to about 3 000 workers prior

to 1955 and about 6 000 thereafter, were classified by a single

reader, though without using a standard pneumoconiosis

classification scheme. Data for healthy individuals are

discarded five years after leaving the dusty trades.

Of the 785 male cases of silicosis diagnosed from 1935 through

1980, the 331 men still in their first job on 1 January 1935 or

first employed 1 January 1930 or later formed the basis of a

case-control study.29^ Of these, 216 were matched

successfully by race, year of birth and year of joining with

672 controls, though a 1:4 matching ratio was intended. It

was required that each control had spent at least as long in

view in the study, from joining to final examination, as the

corresponding case. Three distinct estimates of individuals'

cumulative exposures to quartz were derived, involving

conversion of gravimetric to particle count data, commodity-

and location-specific estimates of per cent quartz, and

detailed classifications of work histories.294,295 Men were

stratified into four exposure categories 0, 1, 2 and 3;
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exposure category 1 was roughly equivalent to a mean exposure

of 1 mppcf over a 40-year working lifetime.

The results showed that the risks of being a case were clearly

higher in the higher exposure categories. The authors

summarise their main finding as showing a statistically

significant increase in relative risk among men with exposure

equivalent to 2.5 or more mppcf over 40 years, but no

statistically significant effect at quartz exposures averaging

1 mppcf. A history of cigarette smoking did not alter the

results substantially.

This again is an important study, and the exposure-response

relation is clearcut. Note that case-control methods yield

estimates of relative risk only; estimates of the absolute

risk require information on numbers at risk, which was not

available. Clearly there are problems with using for

epidemiological purposes radiological and environmental data

collected for health and hygiene surveillance respectively.

But errors of classification would be expected to reduce the

chances of finding an exposure-response relation rather than

generate one artifically. The inability to match all cases

seems to have been dealt with sensibly, and is not a major

flaw. Analyses showed a definite increase in risks with

increase in exposure, an important finding which could have

been estimated more precisely by appropriate analyses of

ungrouped data. It may therefore have been misleading to

summarise results by comparing separately the lowest exposure

group with the other three and ignoring the unifying trend

of increasing risk with increasing exposure which unifies the

results. Their approach led the authors to conclude that the

study showed no evidence of increased risks over a working

lifetime at 1 mppcf, which was estimated as approximating to

the current US standard; an alternative view, that all

exposure including a working lifetime at Imppcf is associated

with some real increase in relative risk of silicosis, seems to

arise more naturally from the data.
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6.5.3 English gypsum miners

In a cross-sectional study in 1976-77 of underground workers at

four English gypsum mines,255 radiographs from 221 men were

classified independently by three readers according to the ILO

(1971) scheme.296 Exposures were estimated by linking work

histories from pay records to results of a limited gravimetric

personal sampling programme, carried out by the company and

using 33 occupational groups. Results were ranked on a

20-point scale with approximate conversions to respirable dust

and quartz (jig.m"̂ ). Estimates of quartz content were not

considered wholly reliable by the authors. Nevertheless,

radiographic abnormalities (mostly small rounded opacities)

were associated with measurements of respirable quartz rather

than dust. It was concluded that quartz, not gypsum, was

responsible. Further analyses confirmed a relation between

exposure and small opacities (^ 1/0).̂ 97 They support a
_o

threshold model at approximately 35 jig.m J rather than a

non-threshold model, though the latter is not inconsistent with

the data. The authors assess that, at 100 jig.m , over 50 %

of workers exposed for 20 years or more would develop small

rounded opacities of category 1/0 or more. They comment that

these estimates are unlikely to be associated with a greater

than two-fold error either way; this implies a probability of

occurrence between 33% and 67% if, as seems natural, the

two-fold factor is applied to the odds rather than to the

probability itself. This seems a well-balanced assessment of

results from a careful study of limited data.

6.5.4 South African gold miners

Workers underground in gold mines in South Africa are exposed

to dust containing about 30% free silica. A study was begun

in 1959 of 1 200 white miners who were first employed

underground between 1934 and 1938 and who had completed at

least 3 000 shifts.249 The study therefore did not include
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any men with short lengths of exposure to either high or low

dust levels. Serial annual films were classified by one

reader according to the ILO (1971) scheme^^ an(| onset of

silicosis was defined as the first appearance of opacities

classifiable as being of at least category 1 (m) on that scale.

Estimates of exposure to dust were derived from individual

occupational histories and conversions to units of

respirable surface area from a particle-count sampling scheme

based on occupational groups within the mines. It was

concluded that "a clear relationship has been obtained between

dust exposure in these mines and the probability of developing

radiological evidence of silicosis1.98 Given exposure,

silicosis was not found to be related to age. The

relationships obtained were expressed as a set of

curves displaying increasing probability of developing

silicosis as a function of increasing length of employment and

mean daily dust level.249,298,299 On close examination,

however, it is difficult to reconcile the numbers labelling the

axes of the graphs with the magnitudes of the data from which

the curves appear to have been estimated. ^9 This discrepancy

between the two forms of presentation and the somewhat vague

descriptions of the statistical methodology make it difficult

to draw firm conclusions of a quantitative nature from the

results of this study. Surprisingly, there does not appear to

be available any analysis of films from this workforce taken

later than around 1969; and no similar work has been published

regarding more recent entrants to the industry.

6.5.5 Pottery workers

An early and important study of silicosis was carried out among

1 627 men and 889 women employed in nine pottery factories in

West Virginia, USA in 1936-37.30° Diagnosis of silicosis was

based on a combination of radiological and clinical criteria,

but the overall definition included people with early

radiological change and minimal symptoms. Length of
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employment and dustiness of the jobs were both related to the

prevalence of silicosis. Only two cases of silicosis were

found among men exposed to less than 4mppcf, though only 39

subjects were at risk for more than 30 years in these

conditions. The authors suggested that if dust levels could

be brought below 4 mppcf, no new cases would be likely to

develop. Petrographic analyses of the quartz content of 650

samples of dust which had settled on rafters (that is,

collected at or above breathing level) suggested that about

half of the workforce was exposed to dust with more than 20%

quartz content. For the most part, the correlation between

high quartz and high dust precluded distinguishing their

effects, though limited comparisons did suggest a direct

association between quartz and disease. This is certainly

plausible in the light of more recent knowledge of the effects

of such dusts.

Apart from a recent mortality study, the long-term health

effects of dust exposures in the pottery industry have not been

evaluated in the USA. In Britain, however, an investigation

into the respiratory health of pottery workers was reported in

1975.^02 Radiological readings by three readers, using the

ILO (1971) scheme,296 refer to 5 684 subjects; simple

pneumoconiosis was defined as category 2 or 3. Data from 624

dust samples, representing 280 jobs, showed quartz contents of

the respirable fractions ranging from 6 to 13% (mean 9%); in

18% of the samples the respirable quartz concentration exceeded
o

100 ng.m~J. Radiological signs were age-related, with some

evidence of smoking differences. Length of exposure was also

important in the prediction of radiological signs, as was

previous experience in coalmining. The authors state that

current dust concentrations were related to radiological signs;

that a crude measure of exposure was little better than current

dust levels in explaining radiological signs; and that the

main contributor to abnormality in the dust measurements was

the respirable quartz concentration. This last conclusion was
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derived from the finding of an association between radiological

score, adjusted for other effects, and occupational groups

ranked according to the quartz content of the dust to which

they were exposed. Despite the absence of estimates of

exposure clearly related to radiological signs, the study

provides further evidence of an exposure-response relation.

In general, detailed information relevant to a threshold is not

given, though the conclusions state that, in the population of

current workers studied, disease was observed principally in

response to exposures 10, 15 or 20 years earlier.

6.5.6 Slate workers

Slate workers and ex-workers in North Wales have been studied

and compared with men from the same area but not exposed to

slate dust.262 Although no measurements of dust levels were

available, different occupations within the industry were

grouped according to apparent dustiness and each man's

occupational history was summarised as a set of times spent

working in these occupational groups. Respirable slate dust

contains between 13% and 32% of respirable quartz; the authors

preferred to use the general description of pneumoconiosis for

observed abnormalities rather than the more specific term

silicosis. Films were read by three readers according to the

ILO (1971) classification;296 categories on the 4-point scale

assigned to observed small opacities were averaged and

transformed to a scale designed to approximate to the Normal

distribution of random variations. Regression analyses showed

relationships between increasing severity of opacities and time

spent in the dustiest occupations; viz. miners, rockmen, and

slate makers. Overall prevalences were high, one-third of all

the slate workers showing signs of pneumoconiosis of category 1

or greater, and 10% showing category 2 or greater. From the

analyses, it was estimated that men mining slate for 20-30

years would have a greater than 50% probability of reaching

category 2 or higher. Had dust measurements for the various
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occupations been available, this study would certainly have

provided important evidence on quantitative risks in an

industry where the respirable dust contained a significant

proportion of silica.

Indian workers employed in the manufacture of slate pencils

have been found to be exposed to respirable dust at

concentrations between 4 and 18 mg.m"^ in cutting the slate,

and between 3 and 9 mg.nf^ elsewhere in the factories."9 fhe

dust contained between 47% and 61% free silica. The median of

three readers' assessments on the ILO (1980) classification^"

was analysed as a summary of radiological response. Of 403

cutters surveyed, 243 showed signs of silicosis at category 1

or worse, and 87 showed large opacities (massive fibrosis).

Clear gradients in prevalence were found with length of

employment in cutters and non-cutters; 100% of cutters

employed for more than 15 years showed some sign of silicosis

and 59% displayed massive fibrosis. A follow-up study 16

months later showed high mortality, many new cases, and rapid

progression of existing cases.^30

6.5.7 British coalminers

The proportion of silica in airborne dusts sampled in studies

of the respiratory health of British coalminers has typically

been below 10%. Coalworkers' pneumoconiosis, caused by

exposure to mixed coal dust in coalmines, has generally been

considered to present a different radiographic appearance from

classical silicosis, and to be a less aggressive form of lung

disease. In a study of 3 154 faceworkers from the National

Coal Board's Pneumoconiosis Field Research programme, the

probability of radiological progression on a 12-point scale

elaboration of the ILO classification-^ was shown to increase,

for exposure to a given mass of respirable dust, with

decreasing mineral content.^°4 The role of quartz in the

mineral fraction was not clear, and appeared to depend on the
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quantities of other minerals present in the dust. However, a

routine survey in 1978 at one Scottish colliery yielded films

for 623 men, and 21 of these showed unusually rapid progression

of simple pneumoconiosis in spite of generally low exposures to

coalmine dust.246 The radiographic aspects of these films

were considered to show similarities to silicosis. Analysis

of the dust exposures of these cases in comparison with matched

controls without radiographic progression showed a much higher

mean proportion of quartz in the exposures of the cases (13%)

than in those of the controls (8%). Airborne quartz

concentrations at one face in this colliery reached unusually

high levels for a period in the early 1970s; the radiographs

from that period for all the miners at the colliery are

currently being intensively studied together with the men's

exposure histories to confirm and clarify these findings. A

separate study matched 41 cases of rapid progression of simple

pneumoconiosis during 10-year periods at nine collieries to

controls of similar age, initial category of pneumoconiosis and

dust exposure from the same collieries, who had not progressed

over the same time period.^05 None of the coalminers studied

had more than 18% quartz in his 10-year exposure to dust, but a

disproportionately high number of the cases had exposures to

quartz in the upper tail of the distribution; and the mean

proportion of quartz in their exposures (6%) differed

significantly from that recorded for the matched controls (5%).

This quartz-related unusually rapid progression of small

opacities was shown to be associated also with

disproportionately frequent occurrence of progressive massive

fibrosis. Further studies of radiographs of miners classified

as showing large opacities (PMF) have suggested that these

opacities may develop as different and identifiable types.30°

One type in particular was shown to occur with a frequency

which related to exposure to coalmine dust containing

relatively high proportions of quartz. Research on the

effects of silica in mixed coal dust has been limited in the

past by the low levels of silica present in the dust, but
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investigations currently being carried out and further work

arising may help to shed light on the problem.

6.5.8 Foundry workers

Silica sand is used in making moulds and cores for foundry

castings. Earlier epidemiological studies of respiratory

health in foundry workers were reviewed in 1950 in a report

which also included new results showing a high prevalence of

silicosis among steel fettlers in particular.^"' Studies

since then, and especially recently, have focussed on mortality

including lung cancer. Investigations of silicosis, with

which this review is concerned, have generally been deficient

but provide some useful information. For example, a

large-scale prevalence study reported cases in light alloy

foundries as well as in large iron foundries; no dust data

were available.^"° A smaller subsequent study of cases at a

Sheffield steel works recorded progression of silicosis in

foundry workers after cessation of exposure. ™

The most comprehensive recent survey-^" included independent

classifications of radiographs by three readers of 2 142 men,

including 321 controls, according to the NCB elaboration of the

ILO scheme. ^ The prevalence of abnormalities was again

found to be higher in fettlers than in other groups of men.

Detailed analyses referred to 896 foundry floor men and 160

fettlers who did not report the syndrome of sputum and chest

illness (i.e., a history of sputum for at least three months

each year associated with one or more chest illnesses) and who

had no other experience of dusty work. Both age and years as a

foundry worker were related to the radiological score, with

risks per year of exposure particularly high among fettlers.

There were no data to permit estimates of individuals'

exposures.

Presence of radiological change has been considered in relation
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to estimates of previous exposure to respirable dust in a study

of foundry workers in England which, after exclusions, referred

to 172 men.311 The study procedures seem deficient in several

aspects, a problem compounded by the absence of relevant

details of methods in what the authors acknowledge is a

preliminary analysis. The main result was that none of the men

whose estimated cumulative exposure to respirable dust (of

which the quartz content was said to be low) was less than

40 mg.year.m~-' was classified as having radiological

abnormality. However, because of the small numbers of men at

risk and other limitations of the study, this finding does not

support the authors' views on safe levels of exposures to dust

and quartz; indeed, there were no reasonable data on quartz

exposures to support such an evaluation. The results of this

modest and potentially interesting study appear to have been

seriously over-interpreted.

It has also been clear for some time that silicosis has

occurred among foundry workers in the USA. For example, a

review of cases on record from 1950 through 1954 at official

health and compensation agencies in 22 States reported 1 645

cases (16% of the total) among foundry workers.^12 More

recent surveys in that country have shown that quartz levels in

foundries may not infrequently exceed the OSHA permissible

exposure limit. •* The authors commented on the lack of

epidemiological studies intended to relate exposure to

radiological response in foundries and recommend strongly that

such a study be undertaken. A small-scale recent study of

respiratory health at an iron and steel foundry in Vancouver,

Canada, did include environmental monitoring.-^ However,

since only 78 workers were involved, estimation of exposure-

response relations was not possible.

Several studies from mainland Europe are of interest primarily

for reports of prevalence; those from Finland and Denmark

merit special mention. A large scale study of the health of
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foundry workers in Finland included environmental monitoring.'

Crude exposure groups were defined but were not used in the

study of pneumoconiosis, since they referred to current

exposures only.^15 The prevalence of disease was lower than

expected in view of the dust concentrations reported, but

several difficulties were noted in the discussion, including

the need to rely in part on 100 mm films. Measurements of

concentrations were also unavailable in the Danish study, where

a follow-up in 11 foundries was of particular interest.^16

Time worked by cases and controls is reported in detail by

occupational group within foundry. The relation between

presence of silicosis, identified radiologically, and time

worked in the occupational groups is striking, leading to the

conclusion that in this study non-environmental factors played

only a minor role. It would, however, be unwise to generalise

on the basis of one study only.

6.5.9 Other groups of workers

Other studies reported in the literature are of limited

usefulness either because of lack of environmental measurements

or poor definition of radiological response. Miners in the

Cumbrian haematite mines were first surveyed in 1934.31' Up

to that time conditions had been very dusty, with the ore

containing typically 8-12% silica and high levels of nitrous

fumes being produced by blasting operations. A large

proportion of the worforce displayed radiographic

abnormalities, including massive fibrosis; this was

particularly noted in those workers who had long employment

histories. Haematite pneumoconiosis has been shown to

resemble silicosis pathologically.318,319 Measures were

introduced to suppress dust and fumes, and by the early 1960s

dust levels were relatively low (<2 mg.m~3 in drilling

operations). The prevalence of radiographic abnormalities was

greatly reduced, and no new case of haematite pneumoconiosis

has been certified since 1967. Individual dust measurements
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which might have permitted the estimation of exposure-response

relationships were not made.

\
A prevalence survey of 192 long-term uranium miners in New

Mexico yielded films for 143 men.320 These films were read

according to the ILO (1980) scheme^ and ten films were

classified as 1/0 or 1/1. A further two were classified as

2/2 and 2/3, both also exhibiting ill-defined large opacities.

Opacities were described as of a silicotic type. Although

years of employment was used as an exposure variable for

analyses of lung function data, no results were published on

any relationship between years of employment and risk of

developing opacities.

Of 22 metal mines studied in Peru from 1949 to 1969, 13 had

consistent data on occupational exposure, and significant

numbers of workers with and without silicosis.321 The

definition of silicosis in these studies is not given, however.

Men were grouped by the length of their exposures, and dust

levels for different mines were based on particle counts. A

"silicosis index", defined as the proportion of miners

developing silicosis, was shown to relate to the free silica

content of the rock worked after allowance for length of

exposure and dust levels; regression calculations and

conversion factors were applied to derive the formula

C = 70/(%Si02 + 3)

for the maximum permissible dust concentration in air (C, in

mppcf) as a function of the free silica content of the airborne

dust (%Si02)» to achieve a maximum target prevalence of 1% for

silicosis. The formula adopted by the ACGIH in the USA for an

analogous purpose was

C • 250/(%S102 + 5);

it was suggested that differences in the formula derived from

the Peruvian data could have been due to the very different

atmospheric conditions in mines more than 3 000 metres above

sea level, and to the longer (48 hours) working week in Peru.
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However, the many uncertainties in deriving indices of both

exposure and response in this and other studies make the

development of such formulae somewhat speculative and follow-up

studies are necessary to test their validity.

In a study of 469 monumental masonry workers employed in

Aberdeen, Scotland, in 1970,^22 radiological signs were

recorded independently by three readers according to the

12-point elaboration of the ILO scheme, 23 an<j were related to

years worked in the industry. Category 1 simple silicosis was

not seen in men with less than 20 years exposure, while

category 2 disease only occurred after a minimum of 30 years.

Dust measurements, insufficient for construction of exposure

indices, showed variations in quartz content of the "granite"

dust from zero to 20%. The authors pointed to the insecurity

of conclusions to be drawn from such a survivor study.

7. CONCLUSIONS WITH RESPECT TO A SILICA STANDARD

The many studies reviewed support some simple qualitative

generalisations about silicosis, identified radiologically,

following exposure to silica dust. Silicosis has been shown

repeatedly to be related to length of time employed in dusty

jobs and, for given employment times, to respirable dust

concentrations and their quartz content. This evidence,

supported by results from the few studies which included

credible estimates of the exposures of individuals, leaves

little room for doubt that there is a definite relation between

exposure and response. However, on the basis of the studies

reviewed it is not at present possible to describe the relation

reliably. The difficulties are due in part to inexactness in

measuring exposure, and to a lesser extent in measuring

response, issues which arose as problems in all the studies

considered. Much could be gained by further analyses of

existing data and by carrying out new studies. Nevertheless,

imprecisions in estimates of historical exposures, and the need



61

to extrapolate results to low exposure levels, are likely to

remain as continuing difficulties.

Assessing whether or not there is a safe or threshold level of

exposure is a less ambitious task than that of estimating an

entire exposure-response relation. But even with regard to a

threshold, the exposure-response studies provide no uniform

answer. Evidence regarding a threshold therefore still

depends importantly on studies of prevalence in known dust

conditions, and on case reports showing whether or not

silicosis can occur under various circumstances. Thus there

is clear evidence that levels above about 1 mg.m"^ are

associated with unacceptable risks of rapidly progressive

disease in, for example, sandblasters and slate pencil workers.

At the other end of the scale, there is evidence from the

Vermont granite sheds, the US diatomite industry and the

Cumbrian haematite mines that dust control can satisfactorily

reduce the risk of silicosis and practically eliminate new

occurrences of serious disease. Note, however, that the

reported absence of new cases in these industries under

controlled conditions does not necessarily mean that conditions

are safe; it would be necessary to study more men, and for

longer time periods, before the absence of new cases would

justify such a strong conclusion.

Because of the size of the workforce, the stated absence of new

cases of silicosis among Vermont granite workers with a

recommended level of 10 mppcf is, in our view, still a most

important piece of evidence regarding a threshold limit.

Nevertheless, reservations remain about the reliability and

clinical significance of the diagnosis of silicosis in this

study and about the possible bias introduced by the absence of

any investigation of retired workers, since silicosis may

appear after dust exposure has ceased. These reservations are

strengthened by exposure-response investigations of English

gypsum workers, North Carolina dusty trades workers and the
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Vermont study itself, all of which suggest that a limit of

100 p.g.m~3 may be associated with the occurrence of some

radiological changes.

Thus the evidence from epidemiological studies on the likely

incidence of silicosis under various conditions is far from

clearcut. And there are additional considerations in moving

from an evaluation of epidemiological evidence to the related

but different task of assessing the likely usefulness of any

particular standard in preventing silicosis. First, the

scientific evidence is reported and interpretable primarily in

terms of years worked in average dust concentrations, whereas

standards refer to acceptable upper limits on these

concentrations. Setting of standards to ensure average levels

which may be considered safe therefore involves an important

degree of uncertainty which we acknowledge and which merits

investigation. The relationship of upper limit to average may

well vary from industry to industry, highlighting a second area

of difficulty. Silica is a component of respirable dust in a

very wide range of processes. The particle size distributions

of these dusts differ, complicating the task of relating to a

future gravimetric standard the results from studies based on

particle count measurements. Average per cent quartz in

respirable dust also varies considerably within and between

industries, and the non-quartz component of the dust is

undoubtedly relevant, in that it may in itself be toxic or it

may alter the toxicity of the quartz. It follows that it is

unlikely that any one standard would be appropriate over the

wide variety of industries where quartz is present in the

airborne dust. Finally, the usefulness of any standard in

preventing disease is of course highly dependent on whether it

is adhered to, an issue which depends not only on goodwill but

also on technological feasibility, availability of resources,

and diligence in supervision and enforcement.
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These are not trivial problems, and a scientific evaluation of

them is not possible with current knowledge. However the

evidence, as we find it, suggests that restricting exposures to

concentrations of quartz not exceeding 100 ng.m-^ might prevent

most (or possibly even all) serious cases of silicosis, but

such exposures may nevertheless be associated with the

development of radiological changes in a proportion of the

workforce. The potential of such radiological change to lead

to serious disease and disablement is at present undetermined.

The various areas of indeterminancy outlined above may to some

extent be reduced by obtaining additional information, and it

is appropriate to note that there exist opportunities for doing

this. Further analyses of existing data provide one

relatively inexpensive way of obtaining better epidemiological

information. Obvious examples include epidemiological

re-readings of X-ray films of the Vermont granite shed workers

and those in the North Carolina studies. More detailed

information on the responses to exposure in these studies might

then be determined in relation to detailed dust exposure data

from those industries. In the UK, further studies could be

undertaken of groups of coalminers exposed to dusts containing

substantial proportions of quartz, for whom detailed exposure

data have been collected as part of a long-term epidemiological

research programme. Such studies would provide useful and

reliable information on exposure and response, and could

additionally be useful in drawing distinctions between

radiological patterns associated with differing proportions of

the mineral and coal fractions of mine dusts.

There are also good grounds for new epidemiological studies

both in the UK and elsewhere. For example, the absence of

recent work on the morbidity of pottery workers seems a serious

omission. Finally, a comprehensive occupational hygiene study
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of silica-related industries in the UK would be invaluable in

assessing the likely impact of any proposed silica standard,

both by relating maximum to average concentrations and by

describing composition of airborne respirable dusts which

contain silica.
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