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Examination of publications about asbestosis shows that the
disease is caused by breathing asbestos fibres longer than 10—
15 ISu,m. Shorter fibres are cleared from the lungs by phagocytes.
Soft chrysotile is much more active in the lung in causing asbe-
stosis than any other varieties of asbestos. The relevance of the
alleged.hi%uer solubility of chrysotile, compared with other varie-
ties of asl D
cytes and the fibres can be extremely fine and difficult t detect,
even with a good transmission electron microscope. Solution
may result in fragmentation of fibres into short lengths wather

" than reduction in diameter,

Lung carcinoma is also caused by long soft fibres of chrysotile
and 4s peribronchiolar in origin because the curled, splayed fi-
bres .do not work their way hhrongh the lun%s with the ‘ajd of
the cyclic respiratory movements. Hard, needle shaped, smooth
fibres of the amphiboles travel through the lung tissue and, if
long enough to escape phagocytosis; cause carcinoma.

Mesothelioma of the pleura is caused by long inhaled fibres
of amphibole which have travelled from the airways to the
pleura, It can be caused by direct injection or application to
the pleura of animals of ch tile asbestos fibres of any length
but ‘does mot result from inhalation because the curled, splayed
fibres of soft chrysotile anchor themselves in lung tissue and
do not travel to the pleura.

Selective sampling of airborne asbestos dust is mecessary to

.+ pick out the small proportion of disease-causing fibres from the
. considerable amount of short fibre dust which is disposed of by
- phagocytes before it can do any harm,

A selective sampler must sample and retain fibres longer than
10—15 pm, and with diameters in the range 0.1—05 pm. It is
useless to seleot on the basis of aerodynamic diameter because
such a critenion is insensitive to the length of fibre, Some recent
selective sampling systems are described. .

«- Invited paper written on_the occasion of the 35th Ammiversary of the In-
- stitute for Medical Research and Occupational Health in Zagreb when the
author was awarded a plaque and a testirnonial in recognition of long stand-
ing scientific collaboration and assistance,
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1. INTRODUCTION

There is still some uncertainty about the reasons why breathing
asbestos may vesult in three different diseases;. asbestosis, lung carci-
noma and mesothelioma, The following review of he last fifty yeasrs'
experimental work on animals and observations of persons who have
breathed asbestos dust, shows that the differentiation of the three di-
seases can be accounted for, although some of the expeniments could
have given more help in this direction had they been planned intuitively
rather than statistically.

The early realisation of the importance of long fibres failed to prevent
the use of gravimetric sampling mmethods which pensisted into the
1970's; they are useless as an' index of health risk (1) and have now
been replaced by the method of counting fibres on membrane filter samp-
les which is sound but tedious (2).

Asbestos fibres can be too fine for detection by optical microscopy.
Use of. scanning electron microscopy on membrane filter samples has
been described. by Spurny and co-workers (3) who employed electron
microprobe amalysxs for the identification of the varieties of asbestos
and other fibres,

The next development, aimed at rsspeedmg up the evaluation of samp-
les, is'for:selective sampling on a basis of fibre length. When this has
been achieved, gravimetric assessment should be possible. Moves in
this direction are described in the penultimate section of this paper.

Advances in the understanding of asbestos diseases come ‘mainly from
experimental studies of lung residues, Techniques of digestion of tissuc
for the Tecovery of inhaled, deposited and retained dust have been dis-
cussed by Weller (4) -

v({x

2°ASBESTOS DISEASES AND HEALTH STANDARLDS

Asbestos meerals have been exploited on an dindustrial scale since
1878, Fibrosis 'of the lungs caused by inhaling asbestos «dust was first
recoguized in 1900 and named asbestosis about 1927. Association of the

airborne dust with lung cancer dates from 1934 and was demonstrated ’

statistically ‘by Doll in 1955 (5); mesothelioma was related to asbestos
about 1950 (6, 7). In 1930, asbestosis was recognised as a compensatable
industrial disease. In 1968 Hygiene Standards for Chrysotile Asbestos
Dust were published by the British Occupational Hygiene Society (8);
‘they were based on a study of asbestosis due to industrial exposures and
calculated on a 1%, chance of a person contracting asbestosis after an
accumulated exposure of 100 fibre years per cm? of air, the fibres being
over 5 um in length, diameter not being stated. Ignorance of any quanti-
tative relationship between exposure to asbestos dust and risk of cancer
of the lung or of mesothelioma made it umrpossxble to s:pccxfy stamdards
of exposure for these diseases.
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In 1970 New Asbestos Regulations were imposed in the U. K., which

amounted to fixing the permitted airborpe concentration at not more’

than 2 fibres per ams, a fibre being 5 pm or more in length and baving
a ratio of length to diameter of at least 3 : 1 (9). This concentration was
halved in the Final Report of the Advisory Committee on Asbestos (10).
Their own 1968 Standards were endorsed by the British Occupational
Hygiene Society (BOHS) (11) and a similar Standard for Amosile As-
bestos was published at the same time. In 1983 the BOHS studied phy-
siological effects assoojated with asbestosis in more than 600 persons
who had been exposed in factories for over 10 years (12). As a result,
for fibres exceeding 5 ym ir length, the 1968 airborne level of 100 fibre
years/cm® was reckoned to produce 17 to 20% recognizable occurrence
of adverse effects, rather than the 1% chance of asbestosis given in
1968. For 25 fibre years/cms the chance of adverse effects was now 29/g
and for 50 fibre years/cms®, 7%,. Direotives of the European Communities
followed in 1983 and 1984 which were discussed by Stellingwerf (13).

3. FIBRE LENGTH AND ASBESTOSIS

The fact that only fibres above a certain length would causc asbesto-
sis was established by L. U. Gardner at Saranac by his classical series
of animal experiments with chrysotile and other types of asbestes. He
worked through the 1930's but published little; his results were review-
ed after his death in 1946 by Vorwald and co-workers (14). They con-
cluded that some species of animal, on exposure to asbestos fibres from
20 to 50 ym in length, developed Iperlvbtonclmolar fibrosis of the lung
similar to human asbestosis, Shorter fibres did not provoke this reac-

_ tion; the upper limit of length was not determined, but would depend

on the inhalability of fibres longer than 50 ,m. It was also concluded
that the formation of asbestos bodies in the lung was due to the coating
of fibres by blood and tissue elements, which resulted in loss of ability
of the fibres to produce fibrosis.

These conclusions were challenged by Beattie and Knox (15) and Beat-
tie (16), who examined small parts of the lungs of men who had worked
with asbestos; they failed to relate the severity of asbestos lesions to
the mineral content of dried lung, tprobably because they were unable
to ascertain the weight of mineral in the fresh whole lung. They pro-

' posed a theory of the formation of asbestos bodies on fibres and the

subsequent dx’smtegratxon of the bodies with release of a fibrogenic
agent; this theory is unattractive because asbestos bodies are rare in
subjects exposed to chrysotile which represented about 92% of the
European industrial comsumption of asbestos (17) and there is no cor-
relation between the number of asbestos bodies found in sputum and
the severity of asbestosis (18); also, asbestos bodies are rarely found
in rats with asbestosis which has resulted from inhalation (19).
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It is fairly obvious that long fibres are dangerous because lphagocytes
are unable’ to ‘transport them (6, 20). Short fibres accumulate in thc
Iymphatic system, where they cause only mild fibrosis (21). '

Conning and co-workers (22) show a correlation Hetween the produc-
tion of asbestosis in rats and the cytotoxicity in vitro of the same dust
to cultured macrophages from similar rats. The chrysotile asbestos con-
sisted of fibres from 1—3 pm diameter and 0.5—200 ,m long; unfortu-
nately the dead cells were not examined so their mortality was not
correlated with length of fibre. The toxic action of fibres of asbestos
short enough to be engorged vby macrophages is very much less than that

of guartz rparncles, chrysotile is the most soluble vanety of asbestos (not

in alkali). -

"Evidence of the handlmg by phagocytes of asbestos of several types,
with fibres all shorter than 10 ym, is provided by the inhalation experi-
ments with rats which were cavried out by Morgan and co-workers (23).
Fifteen to twenty percent of the fibres inhaled were deposited in the
lower respiratory tract with total depositions of 300/ to 75%. The fibre
median diameters were from 0.15 jm 1o 046 ;m. Of the initial deposits
only about 5% remained 120 days after mhalatmn of the dust, either
because they had been removed with the aid of fphagocytcs or had d:s-
solved, """

These observations are paralieled by the mtrwplcural injection experi-
ments in rats by Monchaux and co-workers (24) usmg fibres of chryso-
tile and crocidolite, over 90% being below 10 ,m in length. Ninety days
after injection fibres were recovered from the lung parenchyma and the
mediastinal lymph nodes. The chrysotile migrated less readily and pro-
duced a greater inflammatory reaction than crocidolite, each of these
factors suggesting a commection with ‘the characterlstlc form of- soft
chrysotile.

The amount of asbestos in the lungs should correlate thh the amount
of airborne dust, This is so for amphiboles but less chrysotile has often
been found, indicating less deposition or more elimination (25). Chryso-
tile is the most soluble vaniety of asbestos and loss in this way has been
given as the Teason for its short lifetime in much published work. Long

fibres, which become coated while in the lung and turn into asbestos ‘

bodies, sometimes appear to break into short lengths.

The inability of the Jung to free itself of long fibres is commented
on by Timbrell {26) who compared the distributions by diameter and
by length of particles of anthophyllite asbestos, in the air of a mine
in Finland, with particles recovered from the lungs of decreased em-
ployees of the mine. He believes that his data indicate complete clearance
of short fibres with clearance decreasing as length increases, the reten-
tion becoming complete at about 14 ,m length since the phagocytes
cannot handle fibres whioch are greater than themselves.

There is ample evidence of the ability of occasional fine fibres ‘as
long as 100 yam to reach the finest airways of the human lungs (15, 27);
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this is because of the tendency of fibres to align themselves along the
flow direction, and to stay aligned if they drift to the axis of an airway,
coupled with their very small Stokes’ number, that is the ratio of the
fibre stop-distance to airway .diameter. The stop-distance is a measure
of the temdency of ithe mass of a particle to keep it moving in the same
direction whilst the fluid drag of the air, which carries it along, tends
to hold it in the air stream when this changes dircction. Small Stokes’
number means that fibres oriented along the flow lines follow their
course and do not often make contact with the walls of the airways.

Wagner and co-workers (25) present distributions of the fibre content
of Tung samples from men who had sought compensation for asbestosis.
The median lung loading for chrysotife was only about 5.10¢ fibres/g
tissue for all grades of severity of asbestosis. For the amphiboles some
40 times as many fibres were required for grade 3 asbestosis, the most
severe, Ten times as many fibres were needed for grade 2 and only 0.2
times for grade 1. These ratios hint at a long term chemical activity in
chrysotile.

A comparison of the effects of fibres of glass, chrysotile and of croci-
dolite asbestos is reported by Pickrell and co-workers (28). They were
administered to hamsters by intratracheal instillation, doses ranging
from 2 to 21 mg, of which 0.01 to 6.2 mg (2 x 10% to over 101 fibres) had
aerodynamic diameters below 5 ym, Lengths of the fibres are not given.
One of the glass fibre samples (microfibre 2) had a bimodal distribu-
tion of diameter, 2/3 of the count had a mode at 0.1 to 0.2 y,om and 1/3
at 1 to 1.3 ym; these fibres were of glass without binder. This sample
of glass fibre produced more appreciable biological effects than other,
coarser samples. The cytotoxicity to pulmonary alveslar macrophages
was less than that of crocidolite but more than chrysotile. Like asbes-
tos, instillation of microfibie 2 increased collagen in lung tissue, the maxi-
mal response being at 11 months. These observations indicate similar

_reactions to fine glass fibres and to asbestos. The different chemical

natures of these substances suggests that the1r common reaction is
due to their fibrous form,

4, FIBREb LENGTH, LUNG TUMOURS AND MESOTHELIOMA

Wagner and co-workers {19) exposed rats to airborne dusts of UICC
standard reference samples of fine varieties of asbestos for periods up
to 24 months. The characteristics of the fibres of these dusts have been
described by Timbrell (29) and Harris and Timbrell (30). Mean mass
respirable dust concentrations were measured in the exposure chamber
by a selective gravimetric sampler which took small account of partic-
les settling at more than 0.08 cm/sec (aerodynamic diameter 5 ,m).
The respirable dust concentrations ranged from 10—14 mg/m3. Each kind
of asbestos produced asbestosis and lung tumours. The weight of dust
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i the lungs of animals breathing the amphiboles (amosite, anthophyl-
lite and ¢rocidolite) increased steadily during exposure up to’ ‘24 months.
The weight of chrysotile found in the lungs of animals breathing this
variety of asbestos dust for 24 months was o‘rﬂy ‘wbdut 1730 of that in
the ' amphibolé-breathing animals and did:not change much after the
first’ three months. The severity of asbestosis was much the same, irre-
speotive of which dust had been breathed; and increased more or less
steadily ‘with the length of exposure. Lung tumours appeared after 10
months, when asbestosis was moderate. Mesotheliomas appeared in
animals breathing the amphiboles and Canadian chrysotile but not with
Rhodesian chrysotile; their appearance chd not corrclatc w1th )englh
of exposure,

" ‘Mesotheliomas-have also bee.n produced by the mlrtrapleuxal injection

info rats of 20 mg of »fine fibred«’ chrysomle (31)." In this paper further
inhalation  experiments are also described in whith aerosols of chryso-
tile having 500 fibres/cm® longer than 5 um (10.8 mig/m? respirable dust)
were breathed by rats for up to 12 mm'uths Moderate '1sbestosxs, some
lung tumours’ but mo mmesotheliomas were recorded. '

Bofton and co-workers (32) employed intraperitoneal IDJECUDH of nats
to assess the relative tendencies to produce mesotheliomas of fine chry’
sotiles and two amosites. The particles were collecied by filtration
from’ airborne dusts, 40%, being longer than 2—3 nm and 29 longer
than 12—20° ym. No distributions of fibre diameters are given but all
were less than one third of the length. The chrysotiles were more ag-

gressive ‘than the amosites apar{ from a sample of chrysotxlc which had -

been hedted to 850°C, There was little difference in fibre length be-
tween the varleUes so these results fail fo confinm the assoclatlon “of
length with carcmogemclty by Stanton and Wrench (33). i

Gilson {7) reviewed human exposures, resultmg in_ lung mexnom'\
which indicated that.the risk was lowest for chrysotile and was dose-
-related. _He pointed out that asbestos is an absorplive material which
may pick up hydrocarbons; smoking increases the risk of hing cancer
in asbestos workers (34). This effect, however, is not specific 10 asbes-

tos; uranium miners who contract cancer due to -radiation also have -

an enhanced. risk if they smoke.: Mesotheliomas' were rarely associated

with exposure to chrysotile or anthophillite; crocidolite and amosite

could cause mesothelioma. There are reports of this disease occurring
in persons with no known exposure to asbestos. Stumphius and Meyer
(35) accept«that there is a conmection between asbestos and mesotheli-
oma but state’ that cases have oceurted when exposme to asbestos could
not ‘be proved.

A survey of lung samples from chrysotlle workers (36) showed that
the ratio of tremolite to chrysotile in the lungs was much greater than
in the inhaled dust, mdxcatmg either less ‘deposition or more elimina-
tion of chrysutxle It is reaily essential for the understanding of such
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observations that size analyses of fibre,lengths should be presented.
For example a great deal of short fibre (< 10 ,im) chrysotile could have
been eliminated from the lungs by phagocytosr&s or solution leaving sxgm—
ficant long fibres in the lungs. It is inadequate to define fibres, as in
this paper, by an aspect ratio of 3 : 1 or greater.

JIn a study of lung tissue from cases of mesothelioma McDonald and
co-workers (37) also used this aspect ratio as a oriterion. In the case of
chrysotile workers no association of lung dust with mesothelioma was
detected. For subjects with amosite and crocidolite asbestos there were
correlations with mesotheljoma which can be regarded as well establi-
shed; however, there are other causes of mcsothehoma which have
nothing to do with asbestos.

Kannerstein and Chur g (38), in a review of mesothelioma in man and
e)qperlmental animals, emphasize the similar morphology of the diseasc
in eacli species; they consider it probable.that the physical form, but
neither the chemical constitution nor the molecular structure of the
fibres, is responsible for the tumorigenic effect on the serous membra-
nes, They refer to contradictory findings regarding length of {ibres,
especially those below 16 pm, but fail to identify an important reason
for this. Most animal mesotheliomas of the pleura have been imduced
by direct application of asbestos to the pleura, a procedure which gua-
rantees the access of fibres of all lengths. When «dust is inhaled the
fibres can only reach the pleura by their mobility in moving lung tlissue
and by their escaping phagocytosis; two processes which depend on
fibre form and length.

3. FIBRE DIAMETER AND ASPECT RATIO

. Asbestos fibres cleave longitudinally down to diameters of 0.01 to 0.02
pm. It has been suggested (6) that 90% of the fibres in human lungs
are below 0.2 ;ym so that they can only be studied by transmission elec-
tron microscopy which.is a time consuming process.

A study of airborne chrysotile fibres in a textile factory was carried
out by Rood and Streeter (39), sampling with membrane filters which
were directly examined with a transmission electron microscope. Both
lengths and diameters of the fibres were distributed near to lognormal
with o, about 2.4, Lengths ranged from 0.5 to 20 ym (mode 0.74, median
1.6) and diameters 0.02 to 1.0 um (mode 0.04, median 0.08) The aspect
ratios were from 4 to 100 (mediam 20). They reckoned that 60% of all
the fibres would have been invisible to a scanning clectron amicroscope,
which would show 709, of the fibres which were longer than 5 ym. A
good optical microscope would reveal only 25% of the Iatter.

Timbrell (26) used scanning electron microscopy 1o examine samples
of airborne dust and of lung dust from workers at an anthophyllite mine
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in Finland which were taken before it closed down in 1975. This form
of asbestos is an amphibole of low solubility having, rigid, straight rod-
-shaped fibres with clean-cut ends, an ideal type for his magnetic align-
ment method. Some figures taken from his paper are shown in Table
I. The ranges of length and diameter. of [ibres recodered from lung
tissue are very similar 16 those of the airborne fibres but the distribu-
tions show that the tissue fibres have more long ones and more of
larger diameter. This suggests that the normal lung clearance operated
better for the 'shorter fibres than for the longer ones. ‘

AR " Table L. o

Fibres in airborne dust and lung dust from workers at an anthophyllite inine,
length and diameler distributions were approximately lognormal (26).

Fibre length um " Fibre diameter um ¢
) "Range = Mode Median Range * Mode Median
Al . . . :
hq_mc O4-200 . 1431 3810 0.4—50 0.2=0.4 04—0.7
dust T 2429 ' Co19-22 .
3 . .
Range "~ Mode  Median Ra_ngc Maode Median
Lung - 0 5—100 2770 — 0.1—44 04—05 = —
e C 2226 . 1,5—2.0

Ayer and Zumwalde (40) give lengih and diameter distributions of
airborne fibres of several varicties of asbestos associated with dindus-
trial processes. ‘

It is claimed (31) that a super{ine chrysotile asbesios gives a high
incidence of mesothelioma by intrapleural innoculation but no data on
diameter and length are given. In the discussion it was stated that this
material contained not only extremely Tine fibres but also lumps of
material compacted by milling; hence mass of injected dust is mot of
great significance without analysis of shape, length and diameter of
fibres. This {s another reason for rejecting size selection of inhaled
dust by aerodynamic diameler. . :

Tintbrell (26) presents perspective «diagrams of bivariate distributions
of airborne fibres, tissue fibres and lung retention related to fibre length
and diameter, These emphasize the futility of the 3 : 1 aspect ratio (9,
36, 37) suggoesting that a Eigure of 15 do 20 might be move realistic in
pinpointing - the most ‘dangerous fibres, The difficullies of laboriously
preparing quantities of fibres scated in Jength and diameter, for experi-
mental purposes and of analysing lung residues over realistic ranges of
length and diameter have held up progress: The use of, selectivermass
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samplers of »respirable duste {509 peneiration at 5 pm aerodynamic
diameter) is unlikely to advance the undersianding of the asbestos re-
lated diseases. .

The handling of bivariate lognormal disiributions of diameter and
length of fibres has been disocussed by Schneider and Holst (41). There
is some discussion of the possibility of finding fibre length, or length
to diameter ratio from a series of measurements of peneiration, over a
wide range of values, of the same aerosol through a filtration systein
42).

Attempts to relate the diseasecausing potential in -man of inhaled
asbestos to the biological activity in animals, elicited by direct applica-
tion of asbestos fibres to tissue, are misleading because the imporiant
features of transfer of airborne fibres to lung tissue and their motion
therein are short-circuited. This was emphasised by Robock and Kloster-
kotter (43) who suggest that chrysotile has a greater cytotoxic effect than
crocidolite whereas the latter is the greater health hazard because ils
fibres can travel through lung tissue. For example, Pott (44, 45) has pre-
sented 3-dimensional diagrams of fibre length, diameter and a carcino-

- genicity factor which do mot give a reliable indication of human risk.

The length and diameter, which are important factors in the human dise-
ases because fibre transport through air and tissue is decisive, are doubt-
fully associated with his carcinogenicity factor which is based mainly
on implantation of fibres in animals.

6. WHAT ARE THE FEATURES OF ASBESTOS DISEASES RELEVANT TO
: ‘ SAMPLING PRACTICE?

The following conclusions can be drawn from the experiments and
observations which have been selected for mention in Scctions 2 to' 5
above; they are badked up by a comsiderable number of publications
many of which are referred to in the papers quoted. In a sense, th.c vast
body of research on asbestos diseases is disappointing since the impor-
tant directions given by early experiments have not been followed up
and there is a general confusion as a result. Perhaps this was inevitable
because so many factors are involved; however, it would be advantageous
for much more atiention to be given to the detailed physical nature of
the dusts used in animal experiments and of dust recovered from human
Iungs.

T%xis factor is basic to the design of sampling apparatus which need
only record a very small selected fraction of the total g\irbome dust
which is inhaled by persons handling asbestos. The physical nature of
the inhaled dust is dependent on the variety of asbestos; the dust depo-
sited in the lungs depends rather broadly upon particle shape, lcngll.a
and diameter; the dust which causes the three discases is more specifi-
cally refated to particle shape, length and diamcter, probably in a way
which varies with the particular discasc.
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‘Accordingly, the selectivity of a satisfactory dust sampling system

has to be much stricter than the selective sampling systems currently’

in use for insoluble dust, like quartz and coal, consisting of particles
of relatively compact shape which produce -illwess-only if they attain
the alveolated region of the human lung. A bonus following the produc-
tion of selective samplers for asbestos disease-causing fractions of air-
borne dust would be their adaptation for use as sources of supply of
fractionated dust which could be used for animal experiments.

In thinking upon these lines the first consideration is the differences
between the varieties of asbestos, physical rather than chemical because
specific chemical activity takes second place to the physical factors
which. govern the transport of fibres to the connective tissues of the
lungs, lymphatics and pleura. There are also indications that fibrous
form, obviously for completely different reasons, may be a key factor
in cytotoxicity, this being supponted by recent werk on glass fibres.

7. VARIETIES OF ASBESTOS AND FIBROUS HABIT ,

A good account of the physical nature and properties of the six varie-
iies of asbestos has been given by Badollet (46) including pholo and
clectron micrographs. Chrysotile (white) msbestos is & serpentine rock
and crocidolite (blue) asbestos, amosite, anthophyllite, tremolite and
actinolite are amphiboles. An important point made in this paper is the
breakdown ‘of chrysotile into three varieties, Harsh chrysotile has
straight, brittle needlelike fibres which are not curved: his Russian
asbestos ‘was in this category. Soft chrysotile (Arizona) has thin curved
threads, very strong and of a silky nature which, like all asbestos fibres,
split Jongitudinally. Soft chrysotile.dis the most used in industry, The
amphiboles resemble harsh chrysotile. A Canadian sample was ‘cla"ssed
as semi-harsh. ' ' S

Hodgson (47) and Ayer and Zumwalde (40) give information about the
occurrence, production and structure of asbestos varieties but omit to
‘mention the distinct types of chrysotile. This may be important since
the experimental production of mesotheliomas has been possible with
amphiboles and Canadian chrysotile, but not with Rhodesian (19). The
morphological differences are not described in the paper. .

In general, soft chrysotile is assumed 'to have been used in experiments
and recovered from human lungs; the possibility that harsh chrysotile,
which is close to amphibole morphology, may have gone wunmnoticed
and could account for anomalies Is a real anc. oo S

No doubt each amphibole variety of asbestos must cover a range of
fibrous habit, just like chrysotile. It is not enough to discuss variations
of disease paramelters solely in terms of variety, unbacked by fibre
shape and size measurements. Chemical differentiation follows the lattér.
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Timbrell (48) has pointed out a considérable difference between Afri-
can crocidolites. Fibres from North West Cape samples are thinner and
shorter ihan those f{rom the Transvaal; the latler fall under gravity
nine times faster than the Cape fibres. This means, amongst other
effects, that the heavier Transvaal fibres penetrate to the alveolated
region of the lungs less than do the thin, shorter North West Cape
fibres. This is associated by Timbrell with the risk of mesothelioma
being greater for the thin, shorter fibres. It is doubtful if the attain-
ment of actual alveoli is a prerequisite for the development of meso-
thelioma since fibres can penetrate the walls of lung airways; the crucial
concern is ability to iraverse the lung parenchyma, aided by the tissue
movements of breathing,

8. MECHANISMS OF THE CAUSAI‘ION OF DISEASE

The curved, flexible, splayed [ibres of soft chrysotile are up to 40
times more effective in causing asbestosis than the straight, rigid,
smooth fibres of the amphiboles (25). A few of the inhaled fibres long-
er than 10 to 15 pm would pass in and out of the bronchioles (diameter
500 ym) near enough to the surface of these airways to make contact.
The straight amphibole fibres would collide with the surface less fre-
quently than chrysotile because they tend to align along the direction
of airflow which is of too low a velocity to extend soft chrysotile fibres,
these therefore have a better chance than needleldike fibres of striking
and penetrating the surface of the airway, of encountering connective
tissue near the surface of the airway and causing asbestosis.

The experiments with rats of Wagner and co-workers (19) in which
both kinds of asbestos were dispersed indicated that asbestosis of muich
the same severity was caused by chrysotile and amphibole but there
was much less chrysotile in the animals’ lungs, the quantity not being
dose-related. Concentrations were measured by a size selecting gravi-
metric sampler (50% penetration at 5 ym aerodynamic diameter) and
the result demonstrates that this instrument is useless for asbestos.
Clearly the chrysotile which caused the disease might collect in the hori-
zontal elutriator and not in the »respirable« dust. Perhaps the chryso-
tile fibres were more clumped than those of the amphiboles, or perhaps
they tangled with the plates and previously deposited fibres.

Lung carcinoma correlates with asbestosis (5). Asbestosis results from
fewer fibres of chrysotile than amphibole (25); however (7) Jung carci-
noma follows chrysotile-induced asbestosis when there are more fibres
in the lung than in the case of amphiboleinduced asbestosis.

Mesothelioma necessitates the penetration of fibres from the wall
of the bronchiole, through the lung parenchyma to the pleura. This is
manifestly more probable for the needlelike fibres of amphibole than
for the curved, splayed fibres of soft chrysotile which must tend to
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anchor themselves in tissue. Cyclic movements of the jung would readi-
ly move amphibole fibres but not chrysotile, )

These conclusions are summarised in Table Z; Study of the table sug-
gests very strongly that a chemical factor is “opéra {xve in the fibres
which cause Jung carcinoma and mesothelioma, possibly the same chain
of reaction in each case. The animal experiments of Pickrell and co-
-warkers (28) argue against a chemical factor being involved in asbesto-
sis. Merle Stanton, in several publications, argues in favour of the
fibrous nature prevailing over biochemistry as a cause of cytoxicity.

Gt
9. IDEAS FOR THE SELECTIVE SAMPLING OF AIRBORNE ASBESTOS'

A gradualb.zupprecii\tion of the imvpdrta.nce of the length of fibres,
since the description of Gardner’s work during the 1930's by Vorwald
“and co-workers (14), is leading to attempts to estimate long fibres in

n
Ny

Table 2.

Mechanisms of causation of asbestos disease by flerS Ionger than 10—I15 pm
with diameters 0.1—4 um

Variety of asbestos .

Disease " Soft chrysotile,”  Harsh chrysotxle.
R soft amphiboles - - amphiboles’
ASBESTOSIS - Amount in lungs Small ] Large” -
' ‘- Fibre transport by : ' oo
© lung movement No Yes
Location of lesion Peribronchiolar Distributed -
'CARCINOMA _ ‘Amount in lungs Large o Small
.. Fibre transport by .
- ' lung movement No Yes

" Location of lesion Epithelial, bronchiolar Lobe, segments

MESOTE- . - Amount in lungs Any : Small
LIOMA . ) )
Fibre transport by : No - . Yes

' lung movement
Disease rave (does not
Location of lesion reach the pleura) Pleura

_* This table is confined to asbestos fibres too long to be lransported by
phagocytes which clean up deposits of shonter fibres. Entry of airbone
fibres mto alveoli is not essential for the causation of disease.
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airbome clouds in which short fibres afid compact dust particles con-
siderably :prepomlerate. Up to about 1974 the idea unfortunately persist-
ed that gravimetric sampling through a horizontal elutriator or cyclone,
with a 509 cut at 5 ym aerodynamic diameter, would suit asbestos
dust as well as coal and quartz for which it was clcmgncd This is not
so. Aerodynamic separation of long and short fibres is not satisfactory
for the selective sampling of airbomne asbestos because it depends
mainly on the fibre diameter, d, and relatively slightly on its length (49).
This can be seen from Table 3 which indicates the small change in

Table 3.
Stokes' diameter of elongated particles divided by the diameler.
Theory .~ - Experimental {free fall)
Prolate spheroids
(oriented)
Length Asbestos  (Stdber) Glass
diam. Motion || - Motion | Crocidolite Amosite (Timbrell)
to long to long
axis axis
10 1.94 1.62 1.88 1.65 1.7
20 2.18 _ 177 2,12 1.78 1.8
50 248 1.96 248 1.99 1.9
100 268 2.09 279 2.15 20

Stokes' diameter, dg, which results from a large change in the ratio
of length to diameter of fibrous panticles. Theoretically, for long cylin-
ders, there is no change at all, the value of dgy/d being '\bout 3, depend-
ing on the Reynolds mumber.

Experimental proof of the aerodynamic characterisation of fibres
being by diameter rather than length is provided by experiments with
a rather complicated Virtual Impactor designed and constructed by
Masuda and co-workers (50), This divides an aerosol into three [rac-
tions according to the aerodynamic diameters of its particles. The re-
sults with asbestos clearly demonstraie separation more by fibre dia-
meler than fibre length.

The Stokes' diameter of a fibre (or particle) is equal to the acrodyna-
mic diameter divided by the square root of its density (v. Table 3) which
has to be much greater than the density of air. These diameters are
related to the rate of fall of the fibre under gravity and thercfore depend
on its orientation.

In the inertial spectrometer of Prodi and co-workers (52) clean air
flows round a right angle bend and along a horizontal rectangular duct.
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Fig. 1. Inerual spactrometer of Prodi and co-workers (52). szres align paral-
lel to the air flow mainly on account of the longztu(imal acceleration
of the alr passing into the throat. o

Tabled ., .
Density of asbestos fibres

Badollet (46) - ‘Hodgson (47) .,

Chrysotile 24 —26 glem? T 255 '
Anthophyllite 28531 =

Tremolite . : 29 —32 - p s
.Actinolite 30 —32 . _ - ot
Amosite 3.1 —3.25 345 - :

Crocidolite 32 =33 2.55
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Upstream of the bend a thin stream of *gerosol is injected and the
particles are separated '\ccordmg to aerodynamic diameter as they
round the bend. The separation is magnified after the bend as the aero-
sol flows along the duct of which the Jower boundary consists of a
membrane filter; the particles settle on the filter, the large ones not
having so far to fall as the small owing to the inential separation at
the bend. When asbestos fibres were sampled with this device they
were, as would be expected, graded by diameter in the deposit along
the filter. However there was also a very complete alignment of fibres
along the flow lines; both the velocity ‘gradient normal to the filter and
the acceleration of particles approaching the bend contributed to this
(Fig. 1).

A commercially available Aerodynamic Parficle sizer (APS 33, TSI
Inc) also grients fibres in an accelerating jet of air. All particles Iag be-
hind the air, according to the aerodynamic diameter, on account of
particle inertia, The instrument times each particie between two laser
beams and from its velocity lag calculates the mass/drag ratio. Again
it is the aerodynamic diameter which results so that the fibres are clas-
sed mainly on diameter. The instrument grew out of the work of Ma-
zwmder and co-workers (53), whose SPART analyser measured the lag
of particles in air oscillating acoustically at about 27 KHz, using laser-
-Doppler velocimetry. Wilson and Liu (54) also used LDV to measure
the velocity lag of particles in an accelerating jet, but LDV was aban-
doned in the commercial instrument in favour of the simple time of
transit, Hiller and co-workers (55) used the original SPART analyser
for measuring deposition in the human respiratory tract simultaneously
for particles of two different sizes.

" It is theoretically possible to separate fibres by length as was pointed
out by Ogden and Walton (56). Cylinders fall under gravity, not verti-
cally but at an angle to the vertical which is related to the inclination
of the cylinder, which is maintained during falling, and to the length
to diameter vatio. Experiments in glycerol showed that the angles agree

-with values predicted by theory for prolate ellipsoids of revolution. It

is doubtful if this could be applied to asbestos fibres because the form
is geometrically imperfect and the falling velooities of the fmc fibres
would be low and there would be diffusion,

Optical differentiation is possible and has been discussed by Seger
(57). Fibrous particles when illuminated by a narrow beam in a plane
of incidence at right angles to the fibre length scatter most of the light
in the same plane. In his arrangement a laser beam was used and
four detectors Jooked for scattered light. Presence of a fibre was indi-
cated by a streak of scattered light in the plane of incidence. Compact
particles produce equal scattering in all directions at right angles to
the incident beam (Fig. 2).
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ot

Fig. 2. Scattering of light by a fibre and by a compact parliclq (simplified).

Light scattering used in conjunction with magnetic alignment of [i-
bres differentiates fibres clearly, on the above basis. Magnetic align-
ment of asbestos fibres has been studied by Timbrell (58—60). The fi-

bres can only be aligned if they are suspended in air or liquid but the

direction of alignment relative to the field is variable and unpredictable.
In special cases this 'method is useful, but not for selective sampling.
It has been applied, for example, in assessing a sample of asbestos on
a membrane filter by measuring the light scattered forwards up a
microscope tube while rotating the magnetically aligned fibre prepara-
tion (Vickers, 1788 rapid fibre counter); there have been difficulties
with fibre counts below 100 mm—2 (61). s

Selection by electrical mobility was first tried by Zebel and co-work-
ers (62). The aerosol was fed past a corona discharge producing positive
jons which were picked up by particles. The particles then passed
through a parallel plate electrical mobility spectrometer in which the
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Fig. 3. System of Zebel and Hochrainer (63) for separating fibres and isone-

tric particles. The electric field (—20 kV) lines of force are marked with

arrows, They cross the air flow lines which are vertically downwards and

draw the charged particles from the periphery to the centre of the filter.

Fibres carry greater charges Ntzan hcompact particles and are found closer
O o the centre.,
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particles deposited on the negative plate. Long fibres collect more ions
than short ones while passing the corona discharge, hence they deposit
“first in the spectrometer with shorter fibres-further downstream, fol-
lowed by particles of compact shape carrying mindinal charges.

An improved version of the apparatus was later described by Zebel
artd Hochrainer (63). It was now built on a cylindrical plan with improv-
ed charging; the charged aerosol particles were led, in a thin layer, down
the inside surface of the cy-li'nrder by using a flow of clean air, very
carefully introduced to avoid mixing. The cylinder was earthed and a
grid, covered with filter paper fonmed the base of the cylinder which

was charged to —20 kV. The inbomogenous field drew all particles
towards the centre of the filter where they were spread out radially,

the fibres with the highest moblhty being nearest to the centre. This
apparatus works well but it is- doubtful how it would grade soft chry-
sotile (Fig. 3),

Work on the automation of fibre counting by image aenaly\sns has heen
in progress for several years. The method which has received most
development is »Magiscan« in which a television camera records optical
microscope fields of a membrane filter sample. The picture is digitised
in levels of gray and fed to a microprocessor system programmed {o
read out fibre length selectively, The current stage of development is
desoribed by Kenny (64). Use with an electron microscope is projected.

10. AEROSOL GENERATORS ‘FOR FIBROUS PARTICLES

Timbrell, Hyett and Skidmore (65) describe a piston fed disperser for
putting up aerosols of the UICC reference samples of asbestos. Tt will
cope with all varieties, subject to small adjustments. Concentrations of
about 12 mg/ms in 12 /min of air obtained of particles below 5 jm
acrodynamic diameter which represents about 809 of the total aitborne
mass. Fibres up to 50 ym long are emitted, when the charge of asbestos
contains lengths up to 200 ym as well as large flocs with which the dis-

perser -deals without diffioulty; even ithe entwined, curved fibres of

chrysotile are separated. The output of dUJst is well suited to inhalation
experiments,

Hounam (66) describes a small air Jet blowmg over the top of a tube
up which a small plug of asbestos is driven by a screw. It will deal
with only a few mg of sample and disperse it over an hour or two. It is
a useful means of dispersing neutron activated asbestos.

Although they do mot disouss asbestos, a good account of the beha-
viour of fluidised bed dust generators is given by Willeke and co-work-
ers (67). Guichard (68) gives detailed designs; also Carpenter and Yerkes
{(69)whose apparatus delivers steadily 125 mg/m? in 0.28 m3/min of air.
Boucher and Lua (70) have a system yielding very high concentrations
(4 g/m3) which breaks up aggregates. An alternative arrangement to a

270

T e L

n-mmm‘

’

Davies, ‘C. N.: Diseases Associated with the Inhalation of Asbestos Dust. Avh. hig. rada téksikol_,
Vol. 37 (1986) No. 2, pp, 253~—274.

fluidised bed, which also breaks up aggrepates, has been described by
Seehars and Hochrainer (71). The behaviour of fluidised beds as a source
of glass fibre aerosols has been described by Carpenier and co-workers
(72).

.Spurny, Gentry and Stéber (73) point out that the flow velocitics need-
ed to generate an aerosol of fine fibres are too low for a bed to [luidisc;
hence no aerosol can be generated. In order to overcome this problem
they arranged to agitate the vessel containing the bed at frequencics
from 15 to 120 Hz with amplitudes of 50 to 1000 jum. This system worked
well and samples on nuclepore filters of amosite and chrysotile oblained
in this way are illustrated..

Spurny (74) discusses fibre generation and dength classification in great
detail with 82 references and some fine photographs of fibres.

Pickrell and co-workers {15) constructed a generator for glass fibres,
Such fibres which are longer than 20 wm are retained niore tenaciously
in the Iuhgs than fibres below 5 @m in tength, presumably due to »frus-
trated phagocytosis«. Commercial glass fibre mat was minced, suspend-
ed in polyethylene glycol, formed into blocks and frozen. The blocks
were then sectioned with a microtome, suspended in water, 100 jm
steel pellets added, dried and finally dispersed in fluidised bed gene-
rators. Concentrations of aerosol of 40 mg/m? resulted of which about
2/3 was in fibres below 5 pm aerodynamic diameter. The diameter of
the Fibres was about 2-jum and there were some 2000/cm? longer than
20 Lm.

Friedrichs (1) discusses problems which arise in adm\mstelmg fo ani-
mals fibres of asbestos, glass and other substances. He gives a nomo-
gram relating diameter, length and density of fibres to the number per
mg. Citing Pott’s experiments, he relates the probabilily of tumour for-
matjon following intratracheal injection of rats, to the dose; Lhresholds
and :maxima are best shown by plotting against the number of [ibres
administered.
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Saletak
BOLESTI POVEZANE S UDISANJEM AZBESTNE PRASINE

Proucavanje literature o azbestozi upuduje na to da bolest izaziva udisanje
azbestnih vlakana duZih od 10—-15 gm. Kraca vlakna uklanjaju se preko fa-
gocita iz pluéa, Meki kmizotil mnogo je aktivniji u pluéima od bilo kaje druge
vrste azbesta u izazivanju azbesloze. Vagnost topljivosti krizotila, navodno
vece nego u drugih vrsta azbesta, ni{je sipunna jer krizotil nije toksiCan za
fa%)ci-te a vliakna mogu biti fzuzetno fina i teskoih je atkriti Sak 4 uz pomod
dobrog transmisijskog elektronskog mikroskopa. Ishod moZe rezultirati usit-
njavanjem viakana po duZini prije nmegoli smanjenjem njihova promjera. -

Rak pluca takoder izazivaju duga fina viakna krizotila. Zapodinje peribron-
hijalno jer se izvijema, kosa vlakna ne probijaju kroz pluda uz pomoé rit-
mickih respiratornih pokreta. Tvrda, igli€asta, glatka amfiboina vlakna pro-
laze kroz pluéno tkivo i, ako su dovoljmo duga da izbjegnu fagocitozu, uzro-
kuju karcinom. . :

.Mezoteliom pleure izaziva udisanje dugih amfibolnih vlakana koja su iz
difnih puteva dodla u pleuru. MoZe biti izazvan direktnom injekcijom ili
aplikacijom azbestnih krizotilnih viakana bilo koje duZine u pleuru Zivotinia,
ali ne naslaje udisanjem jer sc izvijena, kosa viakna mekog krizotila ukopa-
ju u pluéno tkivo i ne putuju do pleure. ' : .

Selektiviio sakupljanje uzoraka azbestne pradine iz zraka nephodno je da
bi se iz znatne koli¢ine kratkih vlakana praSine koju uklanjaju fagociti prije
ggzlzo izazove o$tecenja, izdvojio mali dio vlakana odgovornih za izazivanje

esti, A a

Selektivni sakupljaé uzoraka mora sakupljati i zadriali vlakna duZa od
10—15 pm, promjera u rasponu 0,1—0,5 um. Nema svrhe selckcionirati viak-
na na osnovi njihovog aerodinamitkog promjera jer je taj kriterij. neosjet-
ljiv na duZinu vlakana. Opisani su neki noviji sistemi sakupljanja 1 sclekcio-
niranja uzoraka. ’ S

Pilcox Hall, Téndring, Primljeno 10. H. 1986.

Essex, Velika Britanfa
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IDENTIFIKACIJA I MOTRENJE TOKSICKIH
"KOMPONENATA U PLINSKOJ FAZI POMOCU
LASERSKE FOTOAKUSTICNE SPEKTROSKOPIJE

D. D. Bidamni¢!, I. $imonovié¢* 4 F. Harren®

Odjel za fiziku i meteorologiju, Sveutili§te Wageningen, Wageningen, Nizo-

zemskal, Zavod za nuklearnu medicinu, Medicinski fakultet Sveucili$ta u Za-

grebu, Kiinicki bolnicki centar, Zagreb? i Odjel za lasersku i miolekularnu fi-
ziku, Sveudiliste u Nijmegenu, Nijmegen, Nizozeniska®

(Primiljeno 18. 1V 1986)

U ovom se &lanku navode neki osnovni principi laserske folo-
akustiéne spekiroskopije u plinskoj fazi, kao i primjenc t¢ meto-
de u proutavanjima problema opdenile onedi$éenosti zraka. Te-
hnoloski razvoj mna polju lasera i elektronike dosegao je razinu
koja omoguéuje realizaciju jednog prakti¢nog, ckonomicnog apa-
rata (monitor-analizator) visoke osjotljivosti ¢ije se funkcionira-
nje zasnjva na fotoakustiGnom principu.

Svrha ovog ¢lanka je da zaimteresiranim &itaocima pomogne
pri dobivanju osnovnih uvida u korisnost upotrebe [otoakusticne
spektroskopije. Pritom smo se ogranigili na osnovne fizicke prin-
cipe 1 samo neke od rezultalta zabiljeZenih u radu s plinskim
komponentama.

Pojava povedanih koncentracija raznih toksi¢kih komponenata u zva-

ku posljedica je sve vedeg stupnja opce oneéiscenosti atmosfere. Ovakva
situacija postaje (ovisno o industrijskim i geografskim wvjetima) sve
ozbiljniji zdravstveni problem izloZenog stanovnidtva, pa se nckoliko
zadnjih godina opaZa postepena tendencija ka smifavanju maksimalno
dopustenih vrijednosti koncentracija,
- Usporedo s tim trendom namede se, sam po sebi, i sve akutniji pro-
blem potrebe za metodom kontrole atmosferskib i industrijskih potu- -
tanata, Realizacija ovakvih mapora omogudila bi bolji uvid u niz fizickih
i kemijskih procesa odgovornih za fenomene kao $to su na primjer
kisela kida, produkcija smoga itd. Slijedeéi su faktori vaini kao kriterij
prilikom izbora najprikladnije metode:

— sposobnost detektiranja §to mifeg nivoa koncentracija (lzv. delek-
cijska granica);

— selektivnost ili specifiénost, tj. sposobnost detekliranja odredenc
supstancije uz istodobnu prisutnost drugih interferirajuéib kompo-
nenata;
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