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.NBESTUSIS is a form of pneumonoconiosis resulting from pro-
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longed inhalation of asbestos dust. The name “ashestos.” literally

“unburnable,” is not that of a specific mineral but is a term applied tv a
number of different minerals whose characteristic feature is a structure ’
composed of long, parallel. flexible fibers. This structure is unigue 4
hecause the fibers are capable of repeated longitudinal subdivision to )
units of molecular proportions. In length the fibers vary from a iew
microns to 6 or more inches (13 or more ¢m.). Some varieties are
stiffer than others, but many are sufficiently flexible to be spun into
yarn and woven on modified textile machinery.

The asbestos minerals are silicates of variable composition and helong
1o the serpentine and the amphibole groups. Listed helow are the more >
common varieties,

Awphibole group: actinolite, amosite. amplibole, anthophylilite.
crocidolite and tremolite.

Serpentine group: chrysotile. .

The bulk of the ashestos of commerce is chrysotile, IMgt1.25i6() .
2H_0O. which is mined on this continent principally in the Thetiord region .
of the 'rovince of Quebee, Canada. and in Vermont.  Crocidolite and
amosite aiso are used commercially but in much smaller amounts,
Chrysotile occurs as veins in serpentine, a mineral of similar chemical
composition, which exists itt massive form and is made up of microseopic
fibers without the parallel orientation characteristic of chrysatile,  The
miassive, bluish black serpentine. which is smaoth and soapy to the touch, :
is traversed hy veins of fibrous chrysotile varving in width from 2 '
larely perceptible fine to 6 (15 ey or more inches. The fibers run
across the vein amd not lengthwise with the formation.

From the Saranac Lahoratury of the Edward [ Tridean Foundation. .

This series of sturlies of ashestosis. initiated at the Saranae Laboratory more .
than twenty years ago by the late Dr. Leray Ul Gardner, director of the labaratory.,
was nearly completed at the time of his death in October 1946,  \lthough partial
reports and informal reviews of some of the experiments had been given from time
to time by Dr. Gardner, this paper presents for the first time a cumplete survey
of the entire experimental investigation.
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INDUSTRIDNL HYGIENE AND 0cCUPATIONAL MEDICINE

Attention i~ divected o the mineral hrueite, MaOL 1O, which s
often found i the siuie fornations with serpenting and chrysotile and
neny De fibrons mestructure, Exeept for the nanuiacture of nagnesiwn,
Lrucite has no commereind value at present bevanse ts fihers are not
satticienthy lesible o beoused meotestiles, lan they are capable of
repeated eanuchmal sudnlivision. Unbhe other asbesniopm minerals,
lrvette 1 not g stheate, aned for thes ceason it has Teens a valuable tool in
an experinental eviltatan of the actien of lbrous minerals on lung
tissue,

FNEERIMEN (AL ARBESLUNS

For usun vears studies b have heen carried on at the Saranac
[.ahoratory in an investigation of the cause, nature and developmient of
ashiestosis,  The present paper is devoted to experimental asbestosis,

Fig. l.—Humau asbestosis (P-36-144). The photomicrograph reveals a bronchi-
ole (right center) with a smooth muscle bundle at its inferior margin and with an
extensive zane of collagen deposition largely obliterating the surrounding alveolar

structure, The black foci are macrophages containing incidental pigment.
Asbestosis bodies are present but are not apparent at this magnification (% 200).

and in it are described the experiments made on animals with various
kinds of asbestos dust. Another report, to be prepared and issued at a
future date, will be concerned with human asbestosis and will cover
the health aspects of workers who have been exposed to asbestos dust in
an industrial environment.

Although in man asbestosis is a chronic disease with diffuse pulmo-
nary fibrosis which requires years to develop, it is possible to reproduce

1. (@) Garduer, L. U.,, and Cummings, D. E.: Studies on Experimental Pneu-
mokoniosis: \'1. Inhalation of Asbestos Dust; Its Effect upon Primary Tuberculous
Infection, J. Indust. Hyg. 13:65 and 97, 1931. (b) Gardner, L. U.: Chrysotile
Asbestos 2s an Indicator of Subtile Differences in Animal Tissues, Am. Rev.
Tuberc. §5:762, 1942,
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VORWALD ET AL~STUDIES OF JSBESTOSIS 3

in one or more species of animal characteristic tissue changes which are
<imilar to the lesions of hutnan ashestosis (fig. 11. Since the life span of
the experimental animal is relatively short. it is not possible to produce
the characteristic lesions in animals under cenditions identical with the
asual industrial environment. Consequently, to obtain a complete evalu-
ation of the tissue response to inhaled particulate and fibrous material.
it is necessary to accelerate the reaction by emploving higher concentra-
tions of dust than would ordinarily be encountered in industry. \While
conditions of exposure are thus ditferent. the information yielded hy
animal experiments is invaluable in furnishing a better understanding of
the reaction of the human organism to inhaled asbestos dust.

EXPERIMENTAL  METHODS

For investigating the tissue reactions of experimental animals to the
various asbestos minerals. two types of technic have heen emploved.
namely, the inhalation methad and the injection methad. In inhalation
experiments, groups of animals—up to 100 or more guinea pigs and
sometimes smaller numbers of rabbits, cats. dogs, rats or mice—are
kept for eight hours a day in a cubical dust rvom, R ft. (2.5 M) in
dimension. in which a cloud of ashestos dust is maintained hy a rotating
paddle in"a dust hopper.!* At intervals during the experiment a few
animals are killed and the tissues examined to cdetermine the nature
and the extent of the dust reaction. Some animals are exposed for
periods up to three vears. The injection experiments are used to deter-
mine in as short a time as possible whether or nat a particular dust has
a potential capacity to produce inflammatory reaction when in direct
contact with tissues of the hody. The method involves injecting the
dust, either dry or suspended in fluid, into the animal hy the intravenous.
the intraperitoneal. the intratracheal or annther route.

l.ong term inhalation experiments furnish information on which
wreat reliance is placed when estimating the degree to which a dust miglht
voustitute a respiratory hazard to industrial workers.  Fven though an
atmospheric dust may be potentially dangerous. as indicated by injection
experiments, only inhalation procedures will reveal whether the dust can
he inhaled, pass the natural defense harriers of the hady and reach the
pulimonary tissue in quantities sutlicient to cause danage.  Injection
methads are useful, however, because they nukhe certain that contaet
vecurs between the dust particles and tissues and because they allow
accurate estinuition of the dosage and of the potential capacity of that
dase to produce reaction.  The inratrachea] method s particolardy
valuahle when one is dealing with fibrous minerals like ashestos, <inee
it permits oliservation of the effect of the Ghers on pubmoenary tissue,

Tissee Sescernutary

Unlike free silica. ashestos does not produce specific effects in all
organs of all species of aninals. The comparative data presented in
table 1 are hased on completed observations and thercfore differ slightly
irom a-preliminary report.'"® Fine quartz introduced into various organs
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of various aninitls guinea pig. rabbit, rat, mouse, cat, dog, chicken and
even tadpole) eventually will produce silicatic nodules but at ditferent
rates. Similar introduetion of long tiher ashestos has resulted in a
fhrous reaction m the lng amd, to a0 Jesser estent, in the peritoneun
Lt ot i other orzans of the gnine pie, the eabbit, the cat and the white
rat. Jnooor experience the nres of the dog and the white monse Tailed
o resproned with Gibeosis, althongh Schaster = has reported sache changes
g oyl dived e asbiestos Ghricating plant, Phis variation in
species sl moorgan suseeptbilite isovet o be accomted Tor e i
presied that methe suseeptible animals the prester reaction of the g
to ssbiestos, Lar esceeding the reaction of other argan tissues, iy due

privegually o te grester mobilitn of the fuog.

Pret i CHOARMCIERISTU S uF \siEsTos

Eaperience s denmnstrated that most of the nontibrons  dust
pacticles inbaded into the fungs of man and aninid are 10 wicrous or less

Tanne L—Reaction to Lona Fiber Cheysotile in Lungs of Man and Qther
Species of Juimal

Nuves Modr of Fxposire Hihrosis ¢ Asghestoris Rovdwes

Mot Tuhslation i+ Nutnerous

THHNA U e luhalation aud injeetion i+ Moderately nuinecous
CRabato.. Iubalatien amt ingection + Rare and atypiest

bt e Inhaistiop and injection + Rare snid atyjues!

While rat.......... Tuhalation su:d ijection + Very rare

AWhbe teoriise, .. e Inhalation 0 Rare an:! atypieal

Dog. e Injection ) None

* Pl symble 8 1o 3~ reler to the degree of tissuc reaction.

i maximum dimension.  Larger particles apparently do not gain access
to the lungs, hecause, first, large particles settle in air so rapidly that
few remain suspended in the atmosphere breathed and, second, large
particles are more effectively removed by the protective mechanisms of
the upper respiratory tract. In the case of fibrous naterials these factors
have less influence and fibers 100 and even 200 microns in length have
heen found in the terminal air spaces of human lungs. In small labora-
tory animals exposed to asbestos dust the maximum length of fiber
found in the lung rarely exceeds 60 microns.

-\ large proportion of nonfibrous particulate dust inhaled into the
lung is found in the terminal air spaces (alveolar ducts, atriums, alveoli)
in all parts of the organ; in contrast, inhaled asbestos fibers are first
discovered in the respiratory bronchioles. These small passages are
immediately distal to bronchioles lined by ciliated epithelium.* Their

2. Schuster, N. H.: Pulmonary Asbestosis in a Dog, J. Path. & Bact. 34
(pt. 2):751, 1931,

3. Vorwald, A. J.: Variations in Individual Susceptibility to Industrial Dusts
Inhaled into the Lungs, Am. Rev. Tuberc. 62: (IB) 13, 1950.

4. Miller. W. S.: The Lung, Springfield, Iil., Charles C Thomas, Publisher,
1937. e e
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VORWALD ET AL~STUDIES OF 4SBESTOSIS 5

own essential lining is a low cuboidal type of epithelium but, as their
name implies, they acrually function in respiration through lateral
alveoli distributed along their walls. Either these alveoli or the abrupt
change in the character of the lining epithelium. or the small diamneter
of the respiratory bronchiole. or the combination of all three factors is
responsible for retention of the fiber at this site. Only after asbestosis
is well established are appreciahie numbhers of fibers seen in the more
peripheral air spaces. Further explanation is required to clariiv this
observation.

Rate or Tissve Reacrion To Aspestos Fisers

The affected tissues react much more rapidly to ashestos than to
quartz dust. For example. in rats receiving asbestos fihers by intra-
tracheal injection fibrosis of a characteristic type is visible as eariy as
one month after injection; for quartz dust the latent period is two
nmionths or more. Thus, the development of nodular fibrosis due to
inhaled silica lags behind the deposition of dust to a greater extent than
does the evolution of the diffuse reaction to asbestns. This results in a
difference in the degree of progression which follows termination of
exposure to dust. For example. on discontinuance ofi exposure the
nodules of silicosis become larger. to a limited extent, for a considerable
period of time, whereas the fibrosis of ashestosis increases for onlyv a
short time. Subsequently, the ashestotic fibrous tissue contracts; this
process often distorts the adjacent pulmonary tissue and may. as u resuit.
progressively interfere with cardiorespiratory function.

Asnustosts Romes

The peculiar structure known as the ashestosis hady or “curions.
bodly” is a specific concomitant of ashestosis.®  The typical body is o
golden yellow, beaded or haustrated rod. which may he either straight
or curved (fig. 2). Often one or buth ends are hulbous like a dumbhell.
The bodies vary considerably in length, and dimensions up to 250
microns have heen recorded.

It is believed that ashestosis bodies are inhaled fibers «m which pro-
tein and iron pigment of tissue origin have been deposited Glovne -+
observed reproduction of these hudies in guinea pigs nine months aiter
sulcutancous injection of fihers rendered free of iron. The bodies are
abundant in man and in the guinea pig (table 1) but are much Lirger
in the former, prohably hecause the larger-sized air passages wdimit
fibers of greater dinuension.  In guinea piys they form aiter alout 70 days

§. Gloyue, S. R.: () The Formition of the Asbestosis Bowdy in the Lunge,
Tubercle 12:398, 1931; (/) The \sbestosis Baly, Lancet 221331 1932 (o1 Giard-
ner and Cunmmnings.'s

6. Lynch, K. M., amd Smith, W. A.: Ashestenic Benlies in Sputim aud Lung,
Jo A M. AL 95:059 (Aug. 30) 1930, Simson, F. W, amd Steachan, A. S.:
Ashestosis Bodies in the Sputum: A Study of Specimens from 80 Workers in an
Asbestos Mill, J. Path. & Bact. 34:1, 1931, Garduer and Cununings.'®  Garedner.1®
Gloyne, et
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of contact with the tisswe. In cats, rabbits and mice a few of the fibers
<how an atvpical coating after much longer residence in the lungs. In
rats the lndies are rarely seen. and in dugs none could he found.
Although the evidence is incomplete, it appears that the formation of
the ashestosis oy prevents the fiber from damaging the tissue.  Many
< thwe comits mentioned ahove will be elbnrated on in subsequent para-

-

L Y S
Fig. 2.—.{, human asbestosis bodies. This collection of asbestasis bodies was
found in the lung shown in figure 1. The usual variatious of size and configuration
are represented (X +0U).
B, guinea pig asbestosis body. This one is similar to some of those shown in
A (X 400).

graphs dealing with the actual experiments. For presentation our
investigation is divided into two sections, one dealing with inhalation
experiments and the other with injection experiments.
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INHALATION EXPERIMENTS

Four large scale inhalation experiinents have been conducted in this
‘aboratory with various forms of asbestos dust. In each of these investi-
rations, more than 160 animals were used, and the experiments were
carried on for periods ranging from two to more than five vears. The
jour kinds of asbestos dust emploved are designated as King's floats,
short fiber, 100 per cent ball-milled. and long fiber asbestos dust.

King's Froars Assestos DUst

The first inhalation experiment conducted at the Saranac Laboratory
with asbestos dust was begun in 1928. Animals inhaled the dust for

TasLe 2.—Chemical Analysis of .dsbestos Dusting Materials

Type o Asbestor S10r Fe:04 Al1Os Cr:0s MnO

Ring's floats.... 3.1 8.84 ¢ *
B 1 0 ¥ 9.09 1.40 0.34 0.00
53¢ 0.18 . 0.3

* \nat determined,

TanLe 3.—Petrogrophic Analvsis of Asbestos Dusting Materials

Kiog's floats *: The spproximate comnosition, based on particles (except chrysotile) smailer
than 10 microns and reportced as percentages obtalned from particle counts, was chrysotile 14,
werpentine 40, magnetite 12, carbonates 1y, tale 12, vther minerats 4.  For chrysotile, Qbers up to
200 microns long were inciuded.

Short fiber #: The material, before bring hall milled, coutained s preponderance of Gurous
chrysotiie and platy (nonfibrous; serpeutine. The approximate compositivn, by percentage, wae
chrysatie 17, serpenting 55, magoetite 10, quartz 2, birucite 5, other minerals, leluding dolomate,
sctinolite and tremolite, 11.

Long fiber t: ‘The material conristed principally of the Bhrotis ssbestos minersl chrysotile.
Shreds of nonseparated fibers 5 to 15 mierone in iameter ami up to 30 niicrons In leugth were
present. The approximate composition, Ly percentage. was chrysotile 75, aerpentine 15, mag-
getite 3, brueite 2, other mincfsie, amonx which were ealcite amt chioritic and micaccous
minerals, 3. Oniy a trace of quarts was observed,

* The analyats of the King's floats srbestos, made by Dr. . &, Harlhat Jr, of Harvand
University, has been reported elsewhers (turihut, C. R, Jdr, aned WiHlawms, ¢, R0 The Min-
ersloxy of Ashestos Dust, J. Indust. Hyg. & Tuxicol. 173 20, 1ela),

t For the short fiber sabestor snd the fong fiher wrlestas the ytroxraphic suniyecds was
uppiemented with x-tay diffraction exmintnation.

periods up to 33 months,  Soie guinea pigs with six and nine months’
vxposure lived for an additional three years after cessation of their
exposure. .\ preliminary report ** presented ohservations after 29
months of exposure. At that time observations covered i peried of only
244 years and the conclusions as to the unltinate cffeets of inhaled
ashestox dust were provisiomal, Those conclusions aee substantiated by
results of the cnmpleted study, which is reported as follows,

Compasition and Jmospherie ong T of the st ="The dusting material,
 commercial varniety of asbestos known ax Kimgg's tloate, was compased of short
tibers, ranging i leagth from 1 nun, to 1 micran ar less, ad of particles which
also varied.in size. [t was abtained from the Thetlord, Quebwe, plant of the
Ashestos Curporation of America, and analyses (tables 2 and 3) reveal that the
amuunt of fibrous chrysotile was only 14 per cent. a rather low value.
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Impinger samples taken <ot after the experiment was started indicated that
the dust comeentration was at rst qinte Jow, the average dust count being only
60 milling particles per cubie Joot of air by the stamdard tight ficld technic and 0.8
mithen tor pacticles ad obevs geater than 10 microns. After the inhidation
catermuont el been wmder way for almast two sears, twe spoed of the eotating padidic
e the disting macime was mnotcascd el o te tenasang B monthe of the experi-
et conseletable e dost was dispersed o the atnneplicre, The averae doast
count ol unpugget samples colloorot atrar this dange was 3L7 illion by the usaad
frehit tichd aethodd amd Coosntblion wor paetacdes and e s Laveer than [0 nucrons,
is produble Bowever, that the e valies of the dust concenteatum were iggher
tun the cetnrts wiven o this arsizeaph,. The unpinger sqamples for the Kiage's
toats experient were woblected dn water, but ater studies ¥ have shown thit
cottnts ot fmpiteer samples of asbestos dust tiket i water are not celiable.  Fthyl
alcabol nstead of water wis used as the collectyg fluid in all suthsequent experi-

ments,

Tam g d~—Summary of Inhulation Experiment twith Kiny's Floats . Asbestos Dust

pusuce, posure,
Natare of Experiment Auiinaly (N Mo. Resuits
togst expenure cutitinuous through- 34 guines pigs 38 Q Typiest peribronetiiniar Abrosls aiter 18 month.
onut lite ¥ rabboits 19 0 Farelgt bosdy bronehitis
18 rats 1] [ Littk or oo reaction
Pust eaposure followed by proe 25 guines pigs [ 13 Nonprugressive Atrosis
lupeed respfence in normal air 'lstuul:,u plg» : g; . Nouprogressive fihroris
1 rablat
1 rahuit 19 FYO Absorntion ot foreisn Lody resction
Tutereulous Infectiou * at start of 40 guinea pigs <] 0 ‘l'einporvary proxression of infection, followed
st e\ prosure hy healing with ftbrosis
Coatrols e intection: no dust ex- 23 guinea pigs o Bt Healing by rerolution (one exceptivn)
busure .
Tutwreulons infection * atter 75 wo. 12 guincs pigs 20 N No appurecishle lucresse In susceptibility to
o1 dust esporute, then reshience tuberculous infection; hesling with fAbrosie
w normel 8 -
Centrole to wtection: no dust ex- 12 guinea pigs L] 19 ¢ Hesling by resolutioa

[AREL 4

Masimum

Maxi- Nurvival
g Mter

Dust Ex- Dust Ex-

 Phe goiten jugs were nfocted with low viruleoce R stralo of tuberele baelilus.
tPhis aeans (he survivael period following infection.

Rusults of the investigation, briefly summarized in table 4, show that inhalation
oi King's fluats asbestos dust produced a typical peribronchiolar fibrosis in guinea
pigs but not in rabbits or rats.

Reaction in Normal Guinca Pigs.—~Guinea pigs inhaling this dust for periods up
to 33 months had a characteristic fibrosis occurring in conical patches about the
respiratory bronchioles. During this exposure the peripheral alvecli were not
involved. The particulate elements of the dust were transported through the
lymiphatic system tg the bronchial nodes, causing no significant reaction in either
site; the fibrous elements remained fixed at the points of original localization and
were seldom detected in the lymph nodes.

After exposure of approximately a year a2 small amount of cellular reaction
had been produced about many respiratory bronchioles (fig. 3 4). As more dust
was inhaled, it continued to accumulate in the same location, and later stages of
the disease (fig. 3 B) consisted of extensions of the original lesions.

Apparently, the inhaled fibers were caught in the pocket-like alveoli that
are given off from the lateral walls of the respiratory bronchioles. There they

7. Fulton, W. B.; Houtz, R. L.; Dooley, A., and Mathews, J. L.: Asbestosis:
1. The Collection and Counting of Asbestos Dust Encountered in Asbestos Fabri-
cating_Plants, Special Bulletin 37, Pennsylvania Department of Labor and Industry,
Harrisburg, 1934,
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¢ phagocytosed. and many of them were carried into the wall Py migt.'axor_\-
. 1s. Mononuclear leukocytes attracted to the area caused an appreciable thicken-
«e of the bronchiolar wall. After 16 months a delicate fibrosis made its appearance.

- process evolved gradually, and the number of fine intercellular collagenous
- rs steadily increased. As this fibrous deposit contracted. it partially closed and

- L §

<o =
T

-

Fag, Jo—=King's floats inhabition experment: 1, lune of a0 guine pig with 12
s’ expeosure, U includes a respiratory heondhiole, at the feft, branching and
coamng an alveolar duct, @t the right,  Note the acemmsdbation of cells w the
aall of the hronchinle and in adjacent alvenli (¢ 130, i, lung of a guines pig
with 28 months’ exposure.  The ficld bixludes i bronchiole, at the center. with
peribronchial fhrosis extending into the walls of adjacent alveuli. Nate the cuboidal
unthelium lining these alveoli. This is the so-called “adenomatoid” appearance

(% 200).

distorted the alveoli, and with this change the alveoli became lined with cuboidal
cells, The result was-an adenoma-like appearance which frequently accompanies
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Hronie palpmasa s mthunngion 1esulting irom wany canses.  Willis * described

N [RIFIN H v i v )
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NATLSE N1 v b - - A .

Corecdy e e gt wwerease me the amenet o dheosis The Bhros tiesue alwivs

o b ccllrdas ad ol o slow e B s sty clgaae erisin of sihicoses
ANl ) N

Fig. 4.—King’s floats inhalation experiment: A, lung of a guinea pig with
six months’ dust exposure followed by 35 months' inhalation of normal air. The
reaction is rather slight, but distinct fibrosis is present (x 200). Note that 28
months of continuous exposure (fig. 3 B) produces much more extensive r;zctxo:.

B, lung of a guinea pig exposed to the ashestos dust for nine months an
living the;'eax'ter igu normaxi air for 37 months. The reaction shown is more than
that in .{ but much less than the reaction in figure 3 8 (X 200).

8. Willis, H. S., and Brutsaert, P.: Tumor-like Structures in the Lungs
of Guinea Pigs Artificially Exposed to Silica Dust, Am. Rev. Tubere. 17:268,
1928,
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I'ORWALD ET AL~STUDIES OF A{SBESTOSIS 1

\sbestosis bodies (fig. 2 B), first seen in the lungs of the guinea pigs that had
1 haled dust for about two months, became more numerous and more distinctly

.gmented with increasing exposure.

The reaction produced in guinea pigs exposed for six and nine months did not
rogress significantly during a subsequent period of 33 and 37 months when the
.wumals lived in a normal atmosphere (fig. 4). Between eight and 11 months
uter exposure ceased. the cellular reaction in the lung had been completely replaced
Ly thin strands of fibrous tissue. At later periods the scar tissue was less in
amount, but in the last animal killed, 37 months after discontinuing dust expusurc.
«me fibrosis was still visible.

Reaction in Guinea Pigs Infected with Tubercle Buocilli at the Qusct of Dust
Inkalation.—~Of the group of 40 guinea pigs infected with attenuated tubercle
bacilli. R: strain?® at the time that dust exposure was begun. 31 died or were
kilied before the completion of two years of the exposure and were reported in the
paper by Gardner and Cummings.!* Seventeen of these died from intercurrent
pneumonia. Briefly, the results were as follows: Ten revealed some evidence of

" spread of the tuberculous process (fig. 5.1): in 6 of these it was confined to
the lungs. and in the other 4 the abdominal viscera also were involved. Extension
of the infection was first seen after seven months of dust inhalation: during the
next 20 months more than half of the animals showed actively spreading tuber-
culosis, and in 3 of them small cavities had developed. During the last eight
months no animals exhibited any evidence of active infection although in half of
them the healed fibrous scars of previous spreads were obvious. The scars were
more extensive than is characteristic of either tuberculosis or asbestosis alone.

The nine animals which were still alive after two years of dust expusure were
killed at intervals during the following year. In four of them the primary foci
of infection were healed with fibrosis and even calcification. and there was uo
cvidence of progression (fig. 558). In the remaining five the tuberculous ioci
showed evidence of having previously spread locally ; in four of them. hy the time
uf autopsy, the foci were healed, with excessive fibrosis; in the fifth animal there
was a generalized chronic tuberculuus pneumonia in one lobe, and in the uther
lobes there were isolated primary tubercles. which were still active but had nmt
wpread. )

Reaction in Guinea Pigs Infected with Tubercle Bacilli After Establishment of
Asbestosis.—Twelve guinea pigs, after inhaling King's floats ashestos dust for 26
months, were infected with tubercle bacilli and then removed to normal air. Six
of these animals died within seven weeks, five from intercurrent nontuberculims
infection. The remaining six animals were killed at intervals up to 14 months
after infection. The subpleural tubercles were o more numerous in the dusted
animialy than in the nondusted controls, but a cousiderable number were found i
the depths of the lung about fuci of ashestusix, The tuberculous compunent of the
combined reaction showed only slight local extension about lesions in the lungs
ael tveacdumbiconchial lymph mexlex.  Caxeation was found in tubercles 1V5 months
olld, bt by 5% mooths it had completely disappeared. Teaving only scar tissue.

Feei af fibrasia Sl persisted in the fast animal, which was killed 14 months after
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Feactivag in Nablits, -Rablits expencd to the ashestos diast for perickds ap ta
1Y nwnths showal a foreign beody type ol teaction of low grade, but o fibrosis,
Although their lungs contained mtrtiuliate clements of the dust, fibers were ot
present, indicating that the upper respivatory mechanisan of the 1abbit is adepuate
to exclude fibrous foreign bxxiies. Two rabbits, after inhaling dust for six and 19

9. Steenken, W., Jr., and Gardner, L. U.: Ri Strain of Tubercle Bacillus:
Its Dissociation and Virulence of Variants in Normal and Silicotic Guinea Pigs.
Am. Rev. Tuberc. $4:51, 1946.
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Fig. 3.—King's float inhalation experiment: A, lung of guinea pig infected par
with R, tubercle bacilli and then exposed to dust for 24 months. A bronchiole is ¢
shown just above center. Surrounding it is some coliagen deposition, together '
with typical epithelioid cell infiltration of the wall. Note the lack of encapsuiation
and the peripheral epithelioid cell pneumoania, which illustrate a spreading tuber- fabr
culous process (X 200).

B, lung of 2 guinea pig infected with Ri tubercle bacilli and then exposed to :
dust for 35 months. Note the subpleural distinctly encapsulated caseous focus, the .

- calcification at the right border of the lesion and the absence of cells in adjacent Tl
alveoli, all of which illustrate a healing tuberculous process (X 200). ™
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VORWALD ET AL—STUDIES OF .ASBLSTONS 1

In a few of the rats, an occasional asbestosis body was discovercd.

their lungs. : !
This phase of the experiment was considercd unsuc-

but there was no fibrosis.
cessful,

Swmmary and Interpretation of Inhalation E.vperiment with King's
Floats Dust.—The findings in the experiment with King's floats dust can
e summarized under two headings:

I. Effect of the inhaled dust on normal animals. The Ring's
floats dust caused a characteristic peribronchiolar fibrosis in guinea
pigs but not in rabbits or rats. The fibrosis did not increase significantly
in extent aiter the dust exposure was discontinued.

2. Effect of the inhaled dust on tuberculosis in guinea pigs. In guinea
pigs infected with attenuated tubercle bacilli and then placed in the
dust room, the results were more variable than is usual in an experi-
ment of this tvpe. A few animals showed no sign of progression of the
infection; in most of them there was evidence of temporary progression
with subsequent healing ; in one animal the tuberculous process remained
active to death. In contrast. when guinea pigs after heing infected are
exposed to quartz dust instead of ashestos dust, the infectious process
continues to progress and eventually causes the death of the animals.

On the other hand. infected animals exposed to a harmless dust like iron
oxide do not show anyv progression of the infection.'” Guinea pigs
infected with attenuated tubercle bacilli after the termination of twu
vears' ashestos dust exposure did not show progressive disease. The
only meadification of the infection was in its Jocalization, a few bacilli
being retained in the peribronchiolar fibrous tissue. with tubercles.
forming there in addition to the usual tubercles lLeneath the pleura.
In view of the variability of the resuits, the unusual nature of the
response and the high proportion of deaths «ue to intercurrent phen-
monia, it is felt that only teutative conclusions as to the influence of
ashestos dust nn the course of tuberculous infection are justitied hy this
experiment.
Suort FirEm Astuestos Doost
Since hazardous dusts like quartz are most effective in producing
fibrosis when the particles are 3 microns and less in size, an inhalation
experiment was performed to determine whether this condition is true
for ashestos dust. It was thought that a short fher ashestos dust
consisting almost entirely of fibers and particles swaller than 3 microns
would initiate an accelerated tissue response and produce an advanced
reaction in a shorter time than did the KNing's floats dust, which con-
tained fibers from 1 mumn. to 1 micron and less in length as well as mnch

particulate matter,

Composition and Atmospheric Concentralion of the ust.—The dusting material
for this experiment was the remains of fibers collected it dist hins of an asbestus-
fabricating plant after a carding operation and screesied to pass 200 mesh.  Sinee

10. Vorwald. A. J.: Pratt, P. C.; Durkan, T. M.: Delahant, A, B., and Bailcy,
D. A.: Siderosis: A Benign Pueumoconiosis Due to the Inhalation of Iron Dust,

Indust. Med. & Surg. 19:170, 1950.
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the material as received contained many long fibers, it was ground in a steel ball
mill to reduce practically all the parucles to 3 microns or less in size.  When
tsed alune m the standard dusting machme, thns finely ground asbestos tended to
pack in the hopper, amd it beeame ueeesaary o nux ane volume of the unground
material with three volomes of the eeonnd 19 generate a satistactory dust clowd
[ pertinean to mention Bere that the ok htvm o the small quantity of ungroond
thestos was antertaiate, bevarse b contased the mterpretation of restlts,

Fhie compositiont o the shoct Bl asleestos as teceved is diselosed by the
chemeal and petrograplise amadvaos wiven we tabds 2 and 3 Sanples taken before
ad after griding vichded atwat the san valins i anabssis, noboathig that there
wits o contuinatton front e el cn bass o warter s ot it

The dust vencentration vaned dunng the espeonnent, the Tight hebd connts for
atmospheric samples collected toside the anmal cages with the inganger apgaratus
ranging from 83 million o 182 anthen, The sverage of coumts was L0 madhon for
the first year of the experiment, 134 million for the sceond yeur and 140 mitlion
for the third ycar.

Size-frequency measurcments of air-fluated dust from inside the cages at a

‘magnification of 1300 X revealed a great preponderance of fine particles, nearly

TasLe 3. ~Summary of Inhalation Experiment with Short Fiber cAsbestos Dust

Nature of Expetunent Animals Mo, Results
Oust exposure continuaus through: oy gumen pigs % 0 Rate of reaction ahiout the samne as 1o exper:
out lite ment with King's fluats asbestos but extent
of involvement very niuch less ¢
73 rats 2 [} Characteristic patehes ot peribronehiolar 8bro-
sis; no asbestosis bodies
19 cats Hue Q Subpleural resction only
7 rabbits [YAd [} No fibrosis seen grossly; inicroseapic evidence
of alveoiar wall thickening after 40 months’
exposure -
Dust exposurce followed by prolonged 15 guines pigs % N Progression after removs! from dust doubt
resudence in normal wir lu:r:éﬁhcr cieatly established nor definitely
exelus
2 eats k) U Same &3 for continuous exposurs
1 cabbit ae [ Similar to continucur exposure; evidence of

Maximum

Muxl  sdurvival
man After

Dust Ex- Dust Fx-

posure, posuee,
Mo.

- light regreesion

* Ater 31 months the animals were expared to 100 per cent ball-milled asbestos.
t ‘e reaction was probabdly Jue to long fibers In the unground material which was mixed with the ground asbestos dus

*u prodiice a <utistactors dust cloud.

90 per cent of the particles seen being smaller than 3 microns. It was estimated
that approximately 1 per cent of the dust was in the form of fibers greater than
10 microns in length.

Four species of animals—guinea pigs, white rats, cats and rabbits—were used in
this experiment. The results of the dust exposure, summarized in table 5, are
presented in greater detail below.

Rcaction in Guinea_Pig:.—Eighty guinea pigs were originally placed in the dust
room, but 21 of them were later eliminated from the experiment and killed because
of eniargement of the cervical lymph nodes thought to be due to intercurrent
infection of the upper respiratory tract. Of the other 59 animals, 46 remained in
the dust room until they were killed or died at periods up to 34 months, and 13
animals were transferred to normal air after being exposed to the dust for 20
months.

The type of tissue reaction provoked by the inhaled short fiber asbestos was
essentially the same as that already observed in the experiment with King’s floats
asbestos. The rate of reaction also was approximately the same, but the extent
of involvement was very much less. After 16 to 24 months of exposure enly a very
few small_foci of reaction, which generally required microscopic examination for
detection, had been produced in the guinea pigs.
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Only after exposures had continued for approximately one year was there an
appreciable tendency for dust-containing phagocytes to gather into clumps. By
16 months phagocytes had collected about the walls of a few of the respiratory
bronchioles which revealed a little proliferation or infiltration of mononuciear
cells. There were also some multinucleated cells, but they were of the inert.
{foreign body type. At 20 to 24 months the cellular clumps were sometimes quite
prominent. and sometimes changes in the cpithelium resuited in the adenoma-like
or “adenomatoid” appearance (fig. 3 B) previously described in the section review-
ing the experiment with the King's floats dust. In most of the subsequent members
of the series the reaction remained cellular, but a few exhibited pronounced
development of fibrous tissue. [n these few members of the series the col-
lagen was pale in color and tenuous, with no appearance of being hyalinized.
Diffuse chronic pleurisy was present in a few animals without evidence ot pul-

TaBLE 6.—.Analyses of Lunas of Guinea Pigs After Prolonged Inhalation of
Short Fiber Asbestos Dust

Petiod Amount of Total
Exposure to  in Normal Ash, % of Si0z, T of Total Si0z, Tiecuie
Dust, Mo. Alr, Mo. Dried Lung Driced Lung T uf Ash Riaction *
Dust Exposure Continuous Dunng Life
3.0t 0.51 10.23
12 " 4.38 0.46 1v.08
{ale 054 10.54 =
5.00 0.49 9.4
15 0 4.76 0.43 9.00
$.95 0.53 10.60 -
{ 3.38 0.83 14.40
L 0 1o 050 H0: 24
|\ 3.2 0.7% IR
u o 130 oe e 34+
t 3.5 a.06 17.59
» o 1 635 1.3 10 -
§ 6o 0.75 1257
H o 1 853 00 13.11 -
Dust Exporure Followed by Prolonged Resldener in Normasl Air
20 4 5.16 0.48 o0
5.11 0. 7.16 2+
{ 6.1 [1X5] . 10.21
- % 10 1 3.98 (X1} LI 3+
477 0.25 551
" 5.18 0.26 3.00
&7 .22 4.00 24

¢ The symbols averaging the tixeie reaction in eancli group of ulaes pies represent merely
the relutive degree of reaction, rangiug from == (guesttunable) to §+ tthe waxinm for this
experinient). The relatinnchipe appiy only within thue tabde nml entinot be comprest with
symboils [0 other talles.

monary infection. This suggests that pleurisy may e a specific concomitant of
ashestonis, hut the evidence is stot adequate to cstablish this point.  The reaction
of the tracheohronchial lymph nodes was niore pronsunced than in the previous
experiment with King's fluats ashestog, probably because more fine particles had
been trausported 1o the wsdes in aninals inhaling short fiber asbestos,  The wdal
reaction wias essentinfly an inercise in reticulim, eather than a librosis, with the
ariginal cells being preserved between the thickened eeticular Gibers,

{n the group removed o wamal aiv after 20 meths’ indabidion of dust, progees-
siun of disease was not definitely demonstrated, lut ncither conbd it he abailutely
disproved, owing to the varishility of the response in ditferent animalbs,  The
reactions, frum mild to severe, occurrcd sporadically and bore no relationship to
the length of time after cessation of cxposure. The differences were attributed
ty variation in iwdividual susceptibility. This view received suppurt from the
cliemical analyses (table 6), which revealetl comparaible amounts of ash and silica
m lungs with widely different amounts of tissie change. For example, the ash
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and silica values were quite similar for three animals living in dust 20 months
and then in normal air for 14 months, vet the tissue reaction was seyvere in one
annmal, mild in another and only doubtiul in the third.

The formation of asbestosis hodies was at lirst extremely limited in both groups.
Viter e wonths” oapostre oidy @ very vare short biedy coold e B, nsually
aside il Soame ca the tinest intraceilubar particles were suerouandad by yellow
Tepestte v e camie cobon as thie asbestosas beady, One vear's expostiee had pers
auttcd g ot of wan Toeaecr Blaces, o ntndaer o which were costed aned
seoteas tapneal wsbestomis Toadics Vost o these were st s U oncaseh 1o b g teadly
oty wathm pluees e cells By the tnentuth mewithe amd thereadter they

Canir 7 Tuadvses ot L of ity Rate That Had Tabaled
Showt b lsbestos Tast

nit. of Tolal Amt, of Tatal
Lo sl LU TR Total Durntue Ash, v e N, 0 ‘Protul
sl ages st Dl st Direed St U of Fxpuee ot et of Doed Nz,
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lusts for arions Deriods (Longs Ouly, ithout Tucluded Lymph Nodes)

At ot Neh '] of Doed faung ‘Total SIQs, S of Dried Lung Totat SI03, % ot Ash
e - R

Short Gymum-' Short

- ¥Ferru- Quartz  Flher Ferru- Quartz Fiber

3.4 4.4 5.9 29 0.00 (LX)} 023 0.08 28 ns 39 LK
RR i3 39 3.8 0.00 0.31 032 0.07 .8 114 38 2

3.3 I 9.9 34 0.05 2.9 3.45 0.11 1.6 63 U4 3.4
R¥S 18 2.0 3.6 0.15 1.4 2.4 0.52 39 204 83 9.1
1.9 ™ 141 {1 0.15 4.40 6.00 0.28 3.2 8.8 12 (5]

Gypsum- Short Gypsuin-
Ferru- Quartz
ginouw Mix. Afhes- gmnous  Mix.
tos  quartz Chert  ture tos Quartz Chert ture tos Qusrtz Chert ture

were relatively numerous although still rare in comparison with the findings in the
King's floats experiment.

Rcaction in I1"hite Rats.—Seventy-three white rats were exposed to atmospheric
short fiber asbestos dust for periods up to 32 months. During the first 10 months
animals were killed bimonthly and for the remainder oi the experiment at less
frequent intervals. Up to eight months the dust cells were widely scattered and
existed in foci vnly sporadically. Reaction was limited to occasional slight thicken-
ing of the septums about small accumulations of dust cells. At 10 months there
was a suggestion of early fibrosis in a few rats, but the change was so slight that
it would probably have been overlooked without the clump of dust cells which
attracted attention to the area. Only 10 animals were exposed for from 12 to 32
wmonths. In each of them the lungs contained minute foci of well defined fibrosis
distributed like that of ashestosis but without asbestasis bodies. The lesions,
visible only at a magnification of 150 diameters or more, consisted of patches along
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alveolar ducts in which the walls of the associated air spaces were very thick. owing
to swollen collagen framework. Connective tissue and Foot-Bielschowsky silver
preparations revealed complete loss of capillary bed locally. Outside the collagen
was a thin layer of cpithelial cells. This did not resemble the “adenomatoid” change
characteristic of guinez pig asbestosis. Near the lesions the air spaces were
filled with phagocytes containing gray to yellow particulate dust and a ‘rare, lung,
naked asbestos fiber. Careful search failed to revcal cven a suggestion of an
asbestosis body. Pleurisy was absent. The tracheobronchial nodes showed com-
pact focal collections of monocytic cells at 12 months and. at 20 months, some
diffuse thickening of the reticulum. In a few rats there was definite fibrosis along
the margins of the node, extending into the mediastinal areolar tissue.

Results of chemical analyses made on the white rats are given in tahle 7. and
the average values have heen recorded in table 8 fur comparison with suilar
values for rats inhaling other dusts. It will be noted that the values for asbestos
are lower than those for quartz or chert but approximate those for the gypsum-
quartz mixture, in which atmospheric agglutination tended tu reduce the amount
of dust inhaled. This condition prevailed even though the atmuspheric concentra-
tion of asbestos dust was essentially the same as that of the quartz. was unte-half that
of the gypsum-quartz mixture and was one-fifth that of the ferruginous chert.
Since the values for asbestos are low. it might he inferred that the tutal quantity
of that dust actually inhaled was small or that it had heen eliminated from or
dissolved within the lungs. Evaluation of these pussibilities is not feasible on the
basis of the abservations derived from this study.

Reaction in Cats.—Twenty cats were used in this inhalation experiment with
the short fiber asbestos. FEighteen were kept in the dust room continuously until
put to death, the expusure period ranging from ane month to necariy 34 munths,
The other two were removed to normal air arter a dust exposure of 31 months ;
une of thesc was killed five months, and the other 24 mouths, later. In general.
the tissue response was confined to microscopic foci of fibrosis. which were in the
walls of groups of subpleural alveuli rather than in the perihronchiolar areas. In
one animal the change was extensive enough to be visualized an griss inspection
of the section. Only in the animal with the longest exposure—34 months—dicd
the roentgenogram reveal definitely almormal shadows. .\ rocutgenogram macde
after 3) months revealed no abnormality : after 45 months, a faint mattling could
tw: edetected throughuut both lungs. At autopsy, nine months fater, there was enly
micrascapic fibrosis in the subpleural zone plus heavy ivmphacytic intiltration about
small hesmechinles,  Ashestosis bodies were rare. Oun prolonged ~carch a few
yellow atypical Inadies, smonth andd without haustrations, were found in two aninls
exposerd for more than & year.

Kteuction in Kahbits.--Fight rabbits were expoced to dust for perisds extending
freow one to more tum five years: the last animal was removed from the dust
vornr sl left jn pernid air six memths before being killed,  There was never
enough pubiesiary fhrasis to be detected grosdy, asd there was aa chronic adhesive
pleuriny.  Mictescapic evideme of alveolar wall thickening was fiest detected in
ane animad alter abeatt thee yeirts of exposare and was seen inoall five animals
examinerd thereafler, i budige the o semonod o moenmd aire One aninal that
died of paralysis aftes nearly fonn vears ol evpeane eshithited o rendtion visible
un gross imvprection of tissue scctioms, The posaibibty o padowasny infection in
this animal could not he exchaled. Lo oanother animal dyie the yeans Biter the
focal fibrosis was nut nearly as obviens o as advance] Viens of imolvetent,
which were largely visualizetl hecanse of phagicyte reavtion within the air spaces.
tended microscopically to bevome more fibraus with the passigze of time, hut there
was never much encroachment on the fumen of air spaces amd the structure of the
lung was preserved. Asbestosis bodies were not detected in rabbits that died
carly in the experiment hut were secn in all animals that had been exposed to
the dust for more than three years.
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Stwmmary and Interpretation of Inhalution Experiment with Short inswalled
Fiber . 1shestos Dust.—The original purpose of the experiment was to 21 mont
evaluate the role of short ashestos fibers in the genesis of asbestosis. [t Size-
was felt alse that i the tissues reacted more rapidly and more extensively revealec
tor short ther ashestos than 1o Kinge's floats there would be a hasis for :las;::c
bebieving that the action ol ashestos is inpart, at least, a chemical one af long
as postubted for quarty, This experiuent, in which the tissue reaetion value
wis slower dd less estensive tan that in the poevions experiment . Guir
with Kmg's tlats dust, mdbeates that the capacity of inlsded asbestos per cen
fihers to produce filitesis s deterined primarity by fiactors not ehenieal Kea
As the
. . . due to

O the Tour species exposed it this experiment. only the guinea pig killed 3
amd toa lesser extent the white rat responded with characteristic peri- air afte
branchialie tibrosis,  The cat reacted with atypical subpleural fibrosis feactor

aud the rabbit with ondy slight parenchymal fibrosis. ::‘e"‘;‘_‘
. 18

1 onature.

SALL-MLLED  \sueEstus  DUST
Tant

In the inhalation experiment with short fiber ashestos dust a swmall
quantity of unground short fiber ashestos was mixed with the ball-
milled praduct in order to generate a suitable dust cloud.  When that
experiment failed to produce an accelerated tissue reaction. in com-
parison with the response initiated by King's floats, it became apparent s
that the hiologic activity of asbestos is not increased by a reduction of Wf
tiber size. Thus the possibility arose that the tissue reaction observed tny
was due solely to the relatively few long fibers of the unground asbestos
and that the short fibers of asbestos had nno more than a very insignificant Jox
role in the production of asbestosis. a concept not in accord with tat
previous experiments concerning pneumoncconiosis. Consequently
another inhalation experiment was started in which only hall-milled —_—
ashestos was used. could

Composition and Atmospheric Concentration of the Dust.—The dusting material be sc
was the hall-milled, short fiber asbestos used in the previous inhalation experiment, accun
hut unground material was not mixed with it. Owing to the tendency of the withi:
material to form small spherules which prevented much of the fibrous portion from mont.
fluating out of the dusting machine, the dispersal of the dust was not entirely descr
<aticfactory. Therefore, after an initial seven months of operation, steel wire living
brushes were attached to the inside surface of the hopper and to the rotating paddle of fo
to disintegrate the spherules and release the fibers. This arrangement gave satis- adenc
factory results and was used for the remaining 21 months of the experiment. T

The composition of the raw asbestos used is shown in tables 2 and 3. Petro- conti
graphic and x-ray diffraction examination of atmospheric dust, collected in the 16 n
dust room with an electrostatic precipitator after the installation of wire brushes,
indicated that about 15 per cent of the air-suspended material was chrysotile, and of ¢
about 60 per cent, serpentine: of the balance. magnetite comprised 10 per cent,
hrucite 3 per cent. quartz 2 per cent and other minerals 10 per cent. During the char
seven month period before the wire brushes were used, the chrysotile content of
the atmospheric dust was somewhat lower than 15 per cent, but reliable values
were not obtained.

The dust concentration during the first seven months of the experiment was
about mq million particles per cubic foot of air. After the wire brushes were
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installed, the dust counts were higher, and the over-all average for the remaining
21 months was about 150 million,

Size-frequency studies of atmospheric dust collected inside the animal cages
reveaied that nearly 99 per cent of the components suspended in the air could he
classified as clumps or particles; only about 1 to 1.5 per cent was fibers. One third
t one hali of the fibers were longer than 10 miicrons. indicating a4 cuncentration
of long fibers of about 0.8 million. This figure is about one-hali the esumated
value of 1.4 million for the short fiber experiment.

Guinea pigs, rats and mice were used in the inhalation experiment with the 100
per cent ball-milled asbestos dust. The results are summarized in table 9.

Reaction in Guinea Pigs.~The experiment was started with 100 guinea pigs.
As the dust exposure proceeded, there were 39 accidental deaths. 32 of these heing
due to pneumonia in an epidemic. The 61 pigs remaining exposed to tite dust were
killed at intervals during exposure, except for 16 guinea pigs transferred to normal
air after 28 months of dusting. For the first year of exposurc practically the ouly
reaction to the dust was the presence of scattered phagocytes and an occasional
minute asbestosis body. At 16 and 20 months no gross response was visible on
the tissue section, but microscopically peribronchiolar foci of inflammatory cell-

TABLE 9.—Summary of Inhalation Experiment with 100 per Cent Ball-Milled
Asbestos Dust

Maximum
Maxl- survivel
mum After

Dust Dust
Expo- Expo.
Nature of syre, sure, .
Experiment Animais Mo. Mo. Resuilte
Dust expasure con- %4 guines pigs H 0 No apprecistile pulmmaney peaction
tiguous through- 40 rats 0 1} Mo suggrstion of ashectoee
out lite 24 mice P83 0 No suggestion of asbestosis
Dust exposure {ol. 16 guines pigs = 12 Fibraais typical of asbestosis was
lowed by pro- present 12 mo. after «Nposurc
longed reaidence ceased in an attount suficfent to
{n gormal &ir be visible grossiy: smaller foel
could be seen micrnscopically nt

2 mo. agd $ mo. aiter terunina-
tlon ot expoctre

could be seen. At 24 months (fig. 6.1} there was still no change large envugh to
be scen with a hand lens, although microscupic examination revealed cellular
accumnulations about terminal hronchioles and many moure ashestosis bodics, chiefly
within cells. The lungs of animals exposed fur the full dusting perixi of 28
months and afterward living in normal air for two mouths revealed the changes
described above and also very slight peribronchiolar fibrosis. Fur exposed animals
hving cight meonths in normal air the findings were simikir, but at 12 months three
of four animale shawedd grossly visible charactevistic peribeanchiolar fibrosis with
adewnataoid change (g, 6 1),

The tradheohronebial nodes were essentinlly normat until exposure ind heen
contimted for wore than a vear and o badl. Aimads Killed at 12 maonths and at
1o memths revesled G tew mmnte calfectuas o phageeytes containing  particles
It practically no bbers Bigge enonph (o e teomomized as siaelt, \ter 20 months
of expostire gy monocytes el with sellow goantles were present. A\t 3
months there hid been o slight increase in cetweahon but oo tibrsis,  No further
changes occurred in the nodes.  Ashbestenis teadivs wete niot seen in the nodes of
any of the guinca pigs.

Minute ashestosis bodies were ohserved in the lungs as carly as three months
after expusure hegan, hut they did not become numerous until 16 months had
clapsed. The hodies were short and practically all were intracellular, although at

- »d0 punths: simie were long enough to project beyond the cell borders. It is
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Fig. 6.—Ball-milled asbestos inhalation experiment: A, lung of a guinea pig
with 24 months’ dust exposure. A bronchiole is shown at the center, with a slight
accumulation of phagocytic cells but without the formation of collagen (X 200).

B, lung of a guinea Pig with 28 months’ dust exposure and then 12 monthy'
inhalation of nurmal air. The reaction is much like that shown in A, but there is
a slight deposition of collagen, most apparent at the left (% 200).
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In view of the high values for silica ubtained with the animals exposed tu
100 per cent ball-milled dust, it is important to note that their pulmonary response
was much less than that of animals exposed for 24 months to the short tber
ashestos in the previous experiment. This again indicates that the biologic activity
i asbestos inhaled into the lung is not increased by a reduction in size of the fibers.

Reaction in 11hite Raots and Mice~In this experiment 40 rats were exposed
for periods up to 20 months and 24 mice for periods up to 12 months. In nesther
species did even a suggestion of asbestosis develop. and reaction was limited tu
phagocytosis of inhaled particles by widely scattered dust cells which remained
free in air spaces or were transported to the tracheobronchial lymph nodes. No
asbestosis bodies were found in the rats, but in the mice there were a very few
small, nonhaustrated forms within phagocytes.

Taste 10.—-Analyses of Lungs of Guinea Pigs Exposed to Dust in {nhulution
Erperunent wuh 100 per Cent Rall-)Milled .isbestus Dust

Period Amt. of Total
Exposure to  in Normal Ash, % of Niy:, e of Total Siv:, Tissue
Dust, Mo. Alr, Mo. Dried Lung Dried Lung % of Ash Renction *
Dust Exposutre Cosntisuour During Life
| 4.85 0.21 4.28
1 o 1 4.0 0.30 05
4.3 0.2¢ 5.60 0
[ 4.68 [ E-X] $.00
¢ { 40 0.4 .0
(Y 0.6t 1201 [}
| 5.60 0.50 1247
3 4] 3.07 0.32 d.4>
3.0 0.5 wiv 0
5.10 0.38 i
] 1] 3.0 Q.43 T
5.0¢ 0.9 a2 0
s 435 0.52 e 0
5.65 15 26
12 ¢ } e T s 0
§ 5.90 1.02 1% B
8 o {501 1t N5 -
5.6 Lis .0
© o {32 13 2t -
) \ 6.0 185 29.05
H 0 1550 10 N30 -
Dust Exposure Follonal by Prolumemst Reditence in Normad Air
[N 137
3 ? ] 1 +
y 233 nel
= ¢ { 390 wey -
\ 4.8 0.4
b 1 1a% 0.0 %

* The symbols sversging the tissue remctlon in cacll group repeeseot mereis the relatine
degres of reaction, ranging {rout 0 to == (questivnnbled to 2+ (UHie maximom observed me this
axperiment). The reiationshipe apply oaly within this table sl egnnot e comgmesd with
«ymlols o other tables.

Swmntnry and Interpretation of Inhalation Fxperiment seith 100 per
Cent Ball-Milled [ lshestos Dast. “The tissue reaction observed in this
experitnent was ot s intense as that in the previous investigation with
short fiber asbiestos, “The reaction was slower in developnent ad Jess
extensive even though more dust aceamulated i the hings, Sinee there
were fewer fibers longer than 3 wiceons we twe neterid osed o this
experiment, the results tend (o caufirm the wterpeetation made i the
summary of the previous short filier experiment that the reaction is not
primarily chemical in nature. and to support the impression that reduc-
tion in size of ashestos fihers does not increase the hiologic activity of

- -ashestos -inhaled into the lung,
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The finding of long asbestosis bodies in animals that had iubaled the
Vall-milled material is an example of the dificulty of completely elintinat-
e long fibers from o laree volume of ashestos as required for an

halation experiment.

T regard 1o the progression of the tresne teaction after the animals
Ied e temened vom the dust, obiserved i thos experasent bt nat in
the others, the wallowmyg wrerpretation s offered ;. When the reaction is
well developed at the termmation of exposure, the contrigction of the
nhrous tisstie ohsetires s procression that say have oecurred 5w tis
eaperiment, however, suwe e teacton abserved wits fess niatitre, its

stthsequent progress wis more seadihy apparent,

fove, Frng  \surstos Th

Since inhalation of short fiber and of 100 per cent Ball-milled asbestos
dust did not result in acceleration of the tissne reaction in comparison
with that produced by King's floats. the hyputhesis that short fibers of
ashestus were of minor impurtance in the etiology of ashestosis was
wiven added support. and attention was directed to the view that the
long Alers were of primary significance in that etiology.  The King's
floitts ashestos used in the first inhalation experiment had a rather low
content of fibrous chrysutile and contained considerable serpentine and
uther impurities.  Therefore, it was decided to conduct a new inhalation
experiment with a purer form of chrysotile which would he richer in long
rihers.

Composition and . [tmaspheric Concentration of the Dust.—The dusting material
coiployed in this investigation was obtained from an asbestus fabricating plant.
Samples of several vavicties of long fiher ashestos dust were ficst submitted to the
Suranac Laboratory for examination, and one of these, which was low in magnetite
and chromite and had a fibrous content estimated to be about 75 per cent, was
selected a5 most suitable.  Steel wire brushes. fastened to the inside surface of
the hopper and to the rotating paddie as in the preceding inhalation experiment,
were used to open up the bundies of asbestos and liberate more fibers into the
atmosphere,

The comiposition of the long fiber asbestos used is indicated by the chemical
aml petrographic analyses given in tables 2 and 3. Analysis of air-suspended
material from the dust room disclosed that about 60 per cent of the long fiber dust
was chirysotile and about 20 per cent serpentine; as already noted, the composition
of a similar air-foated sample of ball-milled, short fiber dust was 15 per cent
chrysotile and 60 per cent serpentine.

The dust concentration as revealed by impinger samples taken inside the animal
cages was much lower than the concentration for the experiments with short fiber
or ball-milled dust. For the first year of the experiment with long fiber ashestos
the average of the light field counts was 32 million particles per cubic foot of air;
tor the second year, 48 million; for the third year, 39 million, and for the fourth
year. 43 million.

The size-frequency of atmospheric samples of the long fiber asbestos dust
and of the ball-milled dust is shown in table 11. Both samples were collected
with thie electrostatic precipitator. It will be noted that there was far more
rhrous material in the long fiber dust.

fGuinea pigs. cats. rats and mice were employed in this inhalation experiment.
The pesuits, summarized in table 12, are described in greater detail below.
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Reaction in Guinea Pigs.—The experiment was started with 100 guinea pigs.
Aiter exposure had been carried on for a year, a severe epidemic of pneumonia
arose in the dust room and about one third of the animals died or were killed. To
replace them, 38 more guinea pigs were added to the surviving group. Histolngical
sxamination revealed lesions in the lungs after eight months of dust exposure.
consisting of cellular connective tissue about the terminal bronchioles (fig. 7°4). At
12 months there were adenomatoid changes in the adjacent parenchymal areas.
and by the sixteenth month (fig. 7 B) definite fibrosis was present in these areas
as well as around the bronchioles. The fibrous lesion could be seen macro-
scopically at 20 months. From this time on the reaction increased in extent and
in the amount of collagen, and by the thirty-fourth month, it had fanned out

TasLe 11.—Size-Frequency of Almospheric Long Fiber and 100 per Cent Ball-
Milled Asbestos Dust Collected Inside Cages

s —

Grsins, % Fibers,

<3 310 >0 <10 >10  Clumps,
Type of Asbestos Microns Microns Microos Mlcrons Microos G Total
Long fber.....ovnv.nn. 84 1.1 0.0 5.8 a7 1.0 10
Balt-milled ......cc.enn 90.6 4.8 0.0 0.3 0.6 3.2 00

Taste 12.—Swnmary of Inhalation Experiment with Long Fiber Asbestas Dust

Mazimum
Maxi- Survival
mum After
Dust Dust
Fxpo- Expo-
Nature of sure, sure,
Expetiment Animals Mo. Reruits
Dust exposure eon- 117 guines pigs [ Definite fibirocis in 16 mo.
tinucus through. deats 42 [} Siowly devcloping fihrosis Arsy won
out life at 4 mo.
0 rats 3 [ Marked perthranchiolar fibrusie fireg
seen at 24 mo.
20 mice 0 Limited reaction: no fheasee

Diuct exposure fol- 12 guines pigs Clearing af inttatumatory renetion
lowed by-pro- asd definite contructiog of Hhrous
fonged restdence tissue
in nogmai sir 9 guinea plgs 2 Cegrine of inflanunstory rraction

and slight cantenction of fHi-rous
tirsue

seats Similar to coutinuous expasnre
group; suggeetion of progresdon
in one of the two aaimals

cousiderably into the parenchyma (fig. 8.1). The lesions were rather sharply
‘acalized and the extensions from different bronchioies showed no tendeney to
mise, even in animals exposed for the maximum period of three years.  \ithough
the intrapulmonary reaction sometimes reached the pleura, there was no invalve-
meat of that membrane. -Emphysema was not detected at any point.  Somie thicken-
ing of the larger hronchi with a chronic inflammatary infiltration was revealed.
Lut it was cousidered no alore than would be produced by o similar peviod of
mimfation of any duost,

In guinea pigs exposed to the duct for 20 months sod then vemoved B mormal
air, there was a marked tendency for ccllular inflanunatary reaction to clear. This
vifeet, accompanicd by contraction of the Gibtons tisaue, resulted in s diminishing
sice of the focal fesioms. Nome of these aninds, hilled®zt varions pecinds up to
14 months after exposure, revealed lesions as lirge s those in the gronp killed at
the end of the 20 month exposure periesd ar those in animals which remained in the
flust room for more than 20 months. Fourteen months adter dust exposure ceased,
the foci in four of the six remaining guinca pigs were so small that they were
visible only.with.a hand lens (fig. 8 B).
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In the group expresed 100 27 months and then transierred to a2 normal atmosphere
the response was quite similar tou that in the 20 month exposure animals mentioned
alwne.  Small fwi were always esible on o gross duspection of sectione of all
et pigs o the 27 manth sevies, Bt i oo instanee was there evidenee of the

teaciten

AN N |

Fig. 7—~Long fiber asbestos inhalation experiment: A, lung of a guinea pig
with eight months’ dust exposure. The brunchiole at the center already shows an
accumulation of phagocytic cells, and there is 2 slight deposition of collagen. Com-
pare_’(\)\(')ith figure 6 .1, showing the reaction to ball-milled asbestos after 24 months
(x 200).

B. lung of a guinea pig with 16 months’ dust exposure. Again note a bronchiole
with its surrounding reaction, consisting of fibrosis and adenomatoid change. Col-
lagen deposition is now seen in the walls of adjacent alveoli, at the right (X 200).

In the tracheobronchial lymph nodes reaction was first visible at the third
month of exposure. By the eighth month patches of cellular connective tissue
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began to appear in the meduila, and by the fourteenth munth most oi tie nde
had been replaced by cellular connective tissue. This picture, which resembled

that in early silicosis, persisted to the end of the experiment. Some ammals showed, .,

as a variant, heavy sheets of diffusely distributed monocytes and laryge active viam
cells. but there was never any necrosis or hyaline formation. The spindle-<hupual

g, B=-lomge Blwer astuesios mdabatio esperiment - L fone ot 0 conen o
witht 34 nemths” dist expostre, A bronednede is seen st the et center; the
Targe arca adanve 1t tepresents the sovoldvennat o dveddar walls, G engare with
tigure 7 48 and note the urcreitsed extent ot femtion ¢y 20,

B, uug of o guamest pig with 20 nnaths” dust expeesate and then 1 wonths?
living in normat air. The readtion is essentuadly bhe that shown e Gewee 778
The bronchiole at the tight center s surroded by hibvous tissae with sudeswomitond
change at the right. There as vesishoal scarring in the walls of judjacent abveali at
the left. It is apparent that no progression has occurred () 260,

tiew cells were yellowish from fine pigment granules that stained for iron. No
fibers or ashestosis bodies were seen.

k=3
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Athough ashustosis bewlics were found o the ung as carly as one auath
atter expostee hegan, they were rare awd haed to find. At five menthe more
were sl chiefy coiled mside siant cells, and at cight monthe wany  Ieadies

Fawr 14 dwrdvses of Dunas of Gained Pgs Exposed to Dust in Inhalabion
- vpervment seith Doaa [ iber shestos Dust

Lerhal Vil oot Total
F Xpovnre (o in Nermanl \sh, el Stey, * o uf ‘Fratat Riddy, Tlnaue
hyst, Mo, A, Mo Bried Luny et Lang el Ash Reaetlon ®
Pt baquesstre € anlitosas Dathg 1 1o
[ Wl [R11)
{ u 4t were wat
i 145 oA uni [’}
4465 s 1.5
2 0 443 [ XIV] Lin
4.33 (X1 1} L +
[ 4338 0.05 1.20
3 “ e 0us 1.13
6ol (X ] 1.48 -
{ 437 oR .35
5 v L (% .67
I 300 ourt 1.7% +
[ 4.2 0.10 .21
3 0 4 ow 190
{ 448 .07 158 +
IRED 028 320
18 0 { am [ 4.00
{ 5.16 0.t 3.9 +
LA 0. 1350
18 [ { 480 oL 12,23
i o 10.81 2+
[ 35t 04y lgz'j
N [ R ] 0.49 13.
2 1 0.52 % 3+
\ 033 10.18
1] ° { 0.2 8.2 -+
\ ] 0.3 1151
L4 ° 1474 0.19 1318 3+
[IRRS] 0.37 10.58
% v 1 am 0.3 1.2
LX) 0.4 a.10 -+
§ 3.9 0.30 8.60
B ° } 630 0.54 1247 “
. VL0 0.37 9.11
s 0 {25 038 1200 “"
i Dust Exposure Followed by Prolonged Residence (n Normal Afr
LR 0.43 1228
1] [} 3.00 0.49 13.63
338 0.52 14.50 4+
{292 o2 1.3
2 ‘4 X on °.50 24
418 0.2 575
20 b % 130 o 507
{ 501 [1%4] 4.19
0 u 133 0.18 s +
3.40 0.39 11581
a o ; 3 o0 1815 3+
o s l 1.56 0.3t 8.5
* 254 0.13 (£} T+
” [3 i .19 0.2 1.9
- 3.18 0.28 [ &) 4
fin 0.9 8.98
i A EX ] 131 "

*The symbols averaging the tiseue reaction in exch group repressnt mersly tbe relative
degree of reaction, ranging from 0 to == (questionable) to ¢+ (the mazimom for this experi-
:mnt:; Themulmanlhlpc appiy only within this table and cannot be ecompared with symbols
n other tables.

were free in connective tissue. They became fairly abundant as exposure con-
timed. although in some later animals the asbestosis bodies were only moderately
numerous.

It is important to note from analyses of the lungs (table 13) that even though
the tissue response at any given period of time was much greater in the guinea
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VORWALD ET AL~STUDIES OF ASBESTOSIS 7

pigs of this experiment than in those exposed to either short fiber or ball-milled
asbestos, the amount of mineral matter in the lung ash was much less.

Reaction in Cats.—Four cats inhaled the long fiber asbestos dust ior periods of
14, 25, 33 and 42 months, respectively, and were immediately killed. Two other
cats, after being exposed to dust for 18 months, lived in a normal atmosphere for
an additional 24 months. Fourteen months’ exposure was sutficient to produce
cellular accumulations of phagocytes around terminal bronchioles and peripheral
arterioles together with compact collections of similar cells in the tracheobronchial
lymph nodes. At that time there were no typical asbestosis bodies, but smoath.
pointed, yellow fibers were seen very rarely. \With continued expasure. up to 42
months, reaction in the locations noted progressed to the formation of celiular con-
nective tissue which made well defined sheaths about the respiratory bronchioles
and arterioles, marked lymphoid hyperplasia and lymphoid infiltration of bronchiolar
walls (fig. 9). Typical ashestosis bodies were not formed, although there was

R
N
-y

-

Fig. 9.—Long fiber asbestos inhalation experiment: Lung of a cat with 42
months’ dust exposure. Two bronchioles are shown with adjacent ccllular reaction
and collagen deposition (X 200).

an occasional fiber, smooth, ycllow and pointed. Pleurisy was not present. The
reaction was similar in location to that in the guinca pigs, but fibrosis was much
slower in development.  Roentgenugrams of cats made after exposure periods of
25, 33 and 42 wmanths, respectively, failed to denonstrate evidence of pulmonary
lesions.

Reaction in Rats.—Although 201 rats were placed i the dust coom, many died
from pneumonia and were not suitable for stwdy.  Five animals, of which oite was
exposed for 19 munths and four for 25 months, were fiee trom pulmunary infection
and offered a basis for tentative conclusions. In the 19 wonth animal, the rcaction
was just beginning, All four animals killed at 25 months showed a well marked
peribronchinlar fibrosis. After a long search, only two small, smooth asbestosis
bodies were found in the 19 month animal and none was found in the 25 month
animal. Thus these animals exhibited fibrosis withaut asbestosis bodies or fibrosis
accompanied by only a very infrequent asbestosis body.
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Reuction in Wiee —=0Out of 20 white mice used in this experiment, 1 lived a year
or mnre i dust and diad ov were Kitled without showang an appreciable degree
ot pulnary wivetion, The reaction to the inhalud dust was limited to phago-
G teeis by moancloar colls Usaally these were widely scattered through the air
wears o inted omnbor wore gronped about the toemmal brouchiobes, productng
ot thu hotiie o there wodils Thore was g sugeestion of filitoss,

Notereens ashestones fedines wore abiserved e ammads Kalfed ate i the experi-

et Phus those cannds o chduted sebiestosis beabios ol hlwvosis

Nz e petcopeddation o Dabdation Doypocoment wcithy I ong
I fuihpenron P Hhe prepeese ob tas esspetnnei was 1o esdndoate
the fuportance o1 borg hers in the bssie respoase toonbiaded .|Ju'~|n.~._
The resulta, n compatison with thuse of presions isvestigisons, 'fulu':m'
stromgely that fong tibers are chictly responsible Sur ashestosis.” Thns,
the reaction in guinea pigs developed carlier and becisne wore ektensive
in this experiment than in previous experintents in spite of a7 suatler
concentration of atmospheric dust and a lower wineral content of the
lungs.  Furthermore, tpical peribronchivlar tibrosis was produced in
cits, although in a previens experiment with short fiber dust peribron-
chiolar fibrosis did not develop in this species,

The cause of the cellular tibrosis in the lymph nodes of the guinea
pigs i ot clear. e did not occur in other inhalation experiments with
isbestas,

INJECTION EXPERIMENTS

Since the inhalation experiments reported above strongly s'uggcsted
that long fibers of asbestos are the significant factor in the causation of
ashestosis, a series of injection experiments was inaugurated wherein
the dosage and the length of the fibers could be controlled more precisely.
Also. by the use of controlled dosages, the relative capacities of various
asbestos minerals to produce reaction could he compared. In these
injection experiments, guinea pigs. rabbits, rats and dogs were used. and
the mineral dust was injected by the intratracheal, the intraperitoneal
and the intravenous technic, but not all the technics were used for each
species. For the purpose of simplification the findings in each series of
tests, except for dogs, have been condensed and reported in tables, to
which reference will be made later. In the case of dogs. only one test
was made, and since the findings were negative. no detailed report is

included.
- Exrerimexts Using Inteatracrest TecrNiC

As the asbestos minerals do not cause typical advanced fibrosis in
extrapulmonary tissue. the intratracheal technic is the preferred way of
introducing fibrous dust into the experimental animal. In this method
the dust suspension is injected by means of a special needle or catheter
deep into the trachea. from which it flows into the lungs.

Comparison of Fibrous and Nonfibrous Dusts—~Ta demonstrate that
the ability of asbestos to produce fibrosis resides in its fibrous character,
the series of injection experiments reparted in table 14 were performed.
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Tasce l4—Comparison of Reactions ta Chrysotile and >crpentine [njected
Intratracheally

Dosage: Each animal was given an intratrachesl injection ol v ce. of A J per eent suspension

of the dust. Two weeks iater annther suniar utjection «a< gwen. Total amount of Just

tnjected was 0 mg.

Anipals used: Six groups of 9 xwnes pigs esch tone eroup for vagh tvpe of dust).

Periods at which animals were killed: One ot two anunals in enach group at 1, 3, 6, 5% and 12

montbs alter last injection.

Prepsration of dust: Chrysotife (ball millesl) unheated: Ball millet for 1,136 hr.. dried aod

reground in agste mortsr. .

Cheysotile (bail milled) ignited: Ball milled cheysotile hested for 2 hr. &t about W0 C. thea

ground in agate mortar 2 or 3 min.

Chrysotile (Abrous) unhested: Ground in agate mortar to psss 20 wmesh.

Chrysotlle (fibrous) ignited: 200-muesh material hested for 2 hr. at about 00 L. No {urther
rinding.

gerpentfne (bal} milled? upheated: Ball milled for 1.4S8 hr., dried ausd reground in asate mortar,

Serpentine (bsll milled) Ignited: Dall mulled serpentine hested tor 2 hr. at about 00 L., titep
ground in agate mortar 2 ot § min. :

Size of
Mineral Dust Particles Results
Chrysotile 3microns and  Grninding destroyed capacity to csuse flbrosis. At 1 mo.
(hiall milled) less consuierable 1n@animatory edems and cellular prolifera-

tion and locslizacion of dust particles about braiichie
oles: at 2 mo., oniy s very siight proliferative reaction:
at ¢, 514 and 12 mo., widely seattered «thull monounckar
phagocytes. At 12 mo, & few microscopic patches of
thin aiveolar wall thickemng with sonie adenumistont
chauge 10 poftion of sir spaces abutting oa thickeuud
nhronchi. No asbestosls bodics seen.

Chrysotile 3 micrane agd Resction hmited to large foreign tuniy innt ceils wititout

unheated

(ball mitled) less production of fibrous tiesue,
fgnited

Chysotile 230 wicrous A distinet fibrosiy. Reaction loenlizmd to conneetive tinene
(fibrous) appros. about terminal bronchioles: littic within thome tutws,
unheated Contraction caugsed sienoumatond uppearance of ar

spaces given off direetly from trrinusl bronciuskes.
Resction area beeame sinaller with progress of tuue: o
new regione involved, No chrome pleuriry even at paints
sbutting intrapulmonunry change. At 1 mo, consnirrable
inflammatory cdemns and focl of eesllular proliferation:
at 2 mo. well markw! cetlular prolifezstion nnd Qlrosis
occurring focaily shout respiratory hronchiules. Thin
reaction Jdevelupsl betore sabestosie hanlies bl formed
and wax as sdvamwd ax that prodaeed be 2 yro inhulx-
tlon of asheston dust. At & mo., fvactiun lees eXteusive
than at 2 1no., spparently due to vontraction of {iheour
tissur; asbestosis Loddles sere abundant. At s .,
reactiont still lesn extenmive, confined to the imniinte
victaity of the amall termins] bronrhloies, whete the sear
tisrue was quite dense and was teconiing byaline {o char-
acter.  Sonwthines it even abiiterntot the hronehinic.
Astestomia tentien pd beeome renrve. At 12 moL, the
well develupel puriteronelind nnd Intrabronchial usheno-
mutokl arves of Ahrome hat prodoced conshiershie ois-
tartion, More peripherally mers patehes of poetimonitis
with vorinuphitic lnflitration, some of which wan being
transfurmed tnto fibroas tixase, These seeinemi to e pire-

- cureors of (he ioeailzad, difuse patehes of thun alvenlar

wall Ahrosie seen cisewhere,
Chrysitie AL aticrans Henction hsited to lnree nreren andy cinnt evile witthnt
£ 11T 1Y CYOC {1 prolifeention,  Henting  they thees, whiclh nutte them
Ingasitest hetttle, destroved thelr eapacity 1o peimditee ppetntbhant

renction,

Kerpentiie A tsteenns nald Dust eelatively Innetive. At 1 omesd 2 e, <imple phago.
(hall millmi) hran eytunls  witliout  pralfferntfon; wt o e, ne chouxe
utthaated rxrept possilidy Jysphatd oell infliention: at st e, &

«light clhironte pwtnnonitie; &1 12 mo., only & itte
Povtnonitis without suggestivn of ftroris,

Yerpentine 3 micrens sod Dust reiatively insctive. Rceuction crsentially the rauu as

(hall milled) less for unhested serpentine. With ignited serpentiie, lrus
ignited tendeaey for dust to be carried to brotcehilsl nosles.
29
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Fig. 10.—Cowmparison of reactions provoked by injected long fiber and ball-
milled asbestos dusts: A, lung of a guinea pig which four months before had
received an imtratracheal injection of long fiber asbestos dust. Note the pesi-
bronchiolar accumuiation of cells with collagen deposition. The bronchiole chiefly
involved is in the midst of the reaction (X 200).

B, lung of a guines pig which four months before had received an intratracheal
injection of ball-milled asbestos dust. A bronchiole is shown at the right. In
contrast with o, note that only a few cells have accumulated about the bronchiole
and that collagen deposition is absent (X 200).
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The tests were made with long fiber chrysotile. unheated, and with_
chrvsotile that had been ignited to destroy its flexible structure or bal™s
milled to reduce the length of fiber to 3 microns and less. At the same
time control tests were made with serpentine. which has the same
chemical composition as chrysotile hut is nonfibrous. .\ review of the
findings reveals that only the unheated. long fiber chrysatile produced
typical peribronchiolar fibrosis and that ball-milled material containing
only fibers less than 3 microns in length failed to cause fibrosis (ngs.
10 and 11). Fibers subjected to ignition also had lost their capacity
to cause serious tissue damage. Ignition produced important changes
in the chrysotile fibers. among them heing loss of water. an alteration
from a flexible to a brittle structure and possibly other changes. Experi-
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Fig. 11.—Serpentine injection experiment: Lamge of a Guinea pig that had
received an intratracheal injection of this dust four months hefore. A\ hronchiole
is shown at the left center. The phagocytic cells exhibit little predilection for
the bronchiole and collagen deposition is absent (x 2.

mental studies concerning this observation will be reported in a separate
publication.

Comparison of arious Long Fiber Dusts.—Some very interesting
findings are disclosed by the results of the experiments recorded in table
15, First, all the long fiber ashestos minetals tested, with the exception
of anthophyllite, pricduced typical fibrosis.  The characteristic peri-
bronchiolar reaction cised by three representative long fiber ashestos
minerals - chrysotile, mnosite and crocidolite < shown in fgures 10 .
and 12, Why anthivphyllite belaned difterently from the other ashestos
minerals is not entirely clear.

Second, with the mineral brucite, which is not a silicate hat is a
fibrous form of magnesium hydroxide, a characteristic fibrosis like
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TABLE 1Z.=Compurtsont of Keactions to arions Long Fiber Dusts Injected

Doeage: ‘Tua injectivns of
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T R Vel sZovman Dandiers dalwnel tagl wees “ At U o, after
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L3 U JEOPS U T 1Y LIRS FLTT AR TE (U Y H 18 Live tissate pometion
shstent iy TR TR e (oel of
wi il [IE & . bt nlure untwstoeis
th-re withe v, PEETIECRCI ] ale poeainonite

With i eation vl vngelies Ctes wind ¢ AL 9 m, siall Intea.

Iitonelaoiar fheons e wath toet of woee delleate Abroals kt peripbery.

el bt endobaorehiolitis and  peribraichiolitfa with formation of

atvinenl gebestis Wi Huanstertion of avlies begnn before dth o,

nrter geneetior, well adevelogeed by sth e, Halles petast aftee 2th o,

s Meactioonn at ! wao, heavy endohronchiolitis aml weeibronetiolitis aiready
stanatte throws chitnees: nteloetasis amt fhraas with some teetosis ot
sitee of pseetve loesheation ot dusl, At § 0., heavy, whicly sacattered
etalobrigictuonlitie. gued guetthtunchuditis, now dhirons, with marked defoe.
ity oof brotehiohes el with nn adesanatoit appearaace. At ¢ and 104
e, penetie wy e cssentialiv the same s ot § mo. At 12 mao., toet of
Htremie vtlubronehiohtis and pe ritconchinlitis »till large, with more Jdense
sent tissiie atnl tuore defornaty ot brunchiat tuhes hut no extenston futa,
or atclectasiy of, poriphersl pusenchymms.

Lcdvanes! fikeans endobranchinlitin and periticouchiniitls, Beaded asbes-
tosie benlivs potsl at ~ uto. At 1 mo., early fibrous endohronchiotitia and
jeribronchiotitis: many ant eclle and rome ivmphocytie reaction. At ¢
e, small arers of radohronchiolitis seattored throughout the lung:
eellutar Abroas, At © et 12 mo., arcas of hironehiolitis smaller because
of vontraction of dense coap tisstie: at 12 wo., marked lymphoeytie lofll
teaton aink mfenomutoid appearance.

Pypieal advavesl fheous endnbiranchiolitis snd peribronchiolitla produced
iy A5 sispenshug (1 ee. total dore): most animais would not tolerate
ustutl 3% «nspension.  Flbrosie well developal hefore sabestoris bodies
sevtl, At ¢ mn, well deselopst fihrous heonehialitis with lymphocytes sand
winne ertle and welenomatolt chanes, At < mo., typteal hronchlolitis not
quite ne extensiee o n« lieavile fibrous as with a 5% suspension, other-
Wise the snme Mauny deeply ctainet fihere with a good proportion of
hausteated asheetucie hodies, At 12 mo., heavy fihrous hronehiolitis,
mure petileonchiolitis and endohronehiolitls, with lymphoeytes and giant
evits: very marked ndeooniatoid apprarance,

{ vmphoevrie infAitration apd glant eclle hut no fibrosls. A very few atypical
asheetaeic hnlice At 1 mn., many scattered toel of intrabronchiolar dust
without ma=«ive localization: lymphoeytic infliteation ot walls and & few
giant ells At S nnd 12 mo., little evidence of dust: a few branchioles
nnd hronehi with giant cells in adjscent alveoll and with lymphoeytic
intiltration ol walls,

Fihrosis alinut heanchioles. At 1 mo., areas of dust localization with eal
lapre uf alventl and infiitration with scute Inflammatory ecells, msaero-
phages s} giant eelle, Within the ares were & few foel of fibrous tissue
and unmierous areas of hynpertrophy of alvealar epithelium. Many bron-
chlak« packet with fihere. At ¢ mo., gensral appearance of lesion
unchanged: pleura slightly thickened over beavy localizations of dust. An
ocersionsl segmented acbestoriz hody seen. At & mo., many foci of fihers
in hronchioles and alveolar duets with ecellular reaction az hefore: aiso,
somne foel showed distinet collagen depasition. At 12 and 18 mo., reaction
an hefore with finroris shout hronchioles more spparent because of eon.
traction and decrease of [nflammation. Giant celis promipent. Pleurs
markedly {nvolved.

Typieal fihrous endobronchiolltis and petihranchiolitis like reaction to
ashestos nunerals, At 1 mo., extensive endohcronchiolitis and peribron-
shiolitis with giant cells: dense fibrous loops within bronchioles and cellu-
lar fibroris ahout them: adenomatold change present. At 2 mo., heavy
Inteabronchiolar and peribronchiolar fibrosis producing marked deformity
with distortion of tubes and obliteration of surrcunding air spaces:
fibrosis pale without hyatinization but with fex nurlel: no necrosis. TyD-
cal asbestoste hodles seen. At & and 8 ma., little change: fAbrous tissue
contracting. At 104 mo., dense fihrous bronchiolitls with ssbestosis
bodles. No pleurisy. No extension to surrounding lung.

No fihrosis within a year. At 1 mo., no reaction Inside bronebioles: fm
peripheral ale *paees clumps of glant ceils packed with flue spleules of
glass with lymphocytic inflitration of adjacent walls: no sshestosis bodies.
At * mo.. reaction less [(ntease than at 1 mo.: {alr-sized clutpe of elon-
gated glant phagocytes containing spicules snd particies of glasa: no
smeinhronebitis. At ¢ aml R mo., reaction still diminishing. At 18 mo.,
fernt arsak of nneumomtis with no fibrosis or endobronchitis; moderate
nitmber of smooth lron-staining Ahers,
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that produced by the asbestos minerals was obtained (fig. 13 4). Since
the brucite used contained only 0.90 per cent silica as an impurity, it is
obvious that a siliceous component is not an essential factor in the

development of asbestosis.

}."fd‘” LR

vy U

Fig. 12—Amosite and crocidolite injection experiment~: [, o of 3 entim
pig four months after an imeateacheal injection ot aostte, The inflanummatory
reaction cxhibits promumeal accumudation of colls and eoflagen deposition (o 200,

N, lung of a guinca pig foue months after an intearacheal injecetion of eviwido-
lite. A« in . I, peribronchiolar accomutation of colis and degussition of collagen are
shawn (> 2N),

Third, no fibrosis resulted {rom the injection of glass woul fibers
(fig. 13 17), even thongh glass woal resembles asbestos in many ways.
Huwu u.therc are fundamental differences. .\ plass wool filier 3 mictons

Al
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in diameter i~ a solid rel which in short lengths is fairly rigid,
while an ashestos fiher of the same diameter is a bundle of extremely
fine filaments which impart to the fiber a high degree of flexibility. It
wortld seent that this structure aid the associted flexibility are important
factors woverning the capicity o o minerad to produce peribronchiolar

~ Ra? .

¢Fe

Fig. 13.—Brucite and glass wool injection experiments: A, lung of a guinea
pig which four months before had received an intratracheal injection of brucite.
Even with this nonsiliceaus fibrous mineral there is peribronchiolar accumulation
¢(:i c;l&;)and deposition of collagen similar to that shown in 4 and B of figure 12

X .

_ B, lung of a guinea pig which four months before had received an intratracheal
injection of glass wool. Two bronchioles are shown, one in cross section and the
other in longitudinal section. Below the latter is a thick-walled blood vessel. The
bronchioles are without reaction and can be considered normal for comparison with
other figures. Glass wool fibers are present in this field but cannot be seen at
this magnification (x 200).
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fibrosis.

reported in a separate publication.

TanLe 16.—Comparison of Reactions Produced by Long Fiber and Short Fiber
Dusts Injected Intratracheally

35

Experimental studies concerning this observation will be

Dosage: Two injections of 0.5 cc. of a 5 per cent suspension given two weeks apart. Total

dose was 30 mg.

Animals used: 8ix groups of gutlnes pigs.

Peciods at which soimals wers kilied:

Mineral

Chrysotile
(Tnettord)

Amosite

Crocidolite
(Bollvia)

Anthophyllite

Tremolite

liruelte

Sive of
Dust Particles
Long fiber.
20-50 microns
Short fiber,
3 microns

Short fiber,
20 microns
and lass

Long fiber,
20-50 microns
8hort fiber,
20 microns
and less

Short fiher,
N mierona
and lers

f.ony flhwer,
0 fas tisterons

shart Aber
(inaria by
crushitug tote
tibern with
rutibep puiice-
man)

1, 2, 6, 8% and 12 months after injection.

Resuits

A distinet fibrosis. Refer to chrysotile (@brous) un.
feated in table 4.

No fibrosis. Reter to chrysotile (ball milled) usbeated
in table 14.

Typical fdbrous endobronchiolitis and peribronchiolitis,
Rater to table 15.

Reaction limited to phagocytosis with lymphoeytic infll-
tration of adjacent walls. Short fibers packed inside
swollen phagocytes: longer ones {rec: some costed to
form typical asbestosis hodies. At 1 mo. sfter injee-
tion, slveoll contamned good-sized giant cells: most
phsgocytes were within air spaces and had not
migrated 1o walls. At § mo, {ree extraccllular fibees
had worked themseives Into interstitial tissue, where
there was extensive proliferation ot lyniphoud cells and
monocytes but no fibrosis. At 8 no. forvign twdy
reaction with some pueumnonitis, no brouchtohitis.
Typleal asbestosmis boedies present.

Advanced fibrous eniohronchiolitis and perihronehio-
litls. Refer to table 15,

No fibroms. At I mo.,, air epates compressed aad
1argely fille:d with miant celle packed with dust needlvs,
Walls hesvily inflitrated with nonoeytes and lymph.
old cells. At 4 mo, a mwlerate degree of cellulap
{nflitration of walls: amall giant cells packed with
dust spicules. At ¢ and $3> mo., masses of giant celle,
contalning minerai particles, 13 small bronehi hut not
in respiratory hronehlotes: srualler onés widely sont.
tered in terminal air epacces.  Numerous asbestoss
Lodies, No reaction in conncctive tissue. No endo-
bronchisl proliferation. At 12 mo., many scattered
small monocytes packed with dust. .No cndubron.
chitis. No peripherai fibrosis. In lymph node, slight
reticuiosis: po fibrosis.

Lymphocytie inflitration and giant cells dut no definite
fihrosfs, Refer to tabie 13,

No fihrosis and practically no ashestosls badles. At 1
mo., foeal callcctions of dust-filicd monocyter and a
few ginnt ceils: at 4 mo., some adenomatoild enithelial
reaction: at s mo., «imple pneunionitis with phago-
eytonls ot short Abers: at 12 mu., itolated and sharply
laealized eollectinns of dust cells inside alr tpares
abnut terminal arterinles. Reaction in walls limited
to Iymphaid eell infliteation. No fihraeds. In ivinph
nuile, reaction limited to -light promninsnce of reticu.

fum.
Fibruris about bronehinles. Refer tn table 1S,

Simple forcien hady reaction. No acte inflstnmatton.
No accumulatlon of Jdust in or ahout terminal lyap.
chinles. No emioheanchitie, At 1 tno., seattered small
giant eelis and ecunshicrable juditration of adiseent
walle with monoeyivs und lvinphoid eelle. A\t § mo,,
tittls change excrpt more ecliular iIntlitration ot con.
neetive tiseue, At 8 mo., Ivinphoht intlitration and
thickraing of walls ahout sawe hut not all teerminal
wranchisles.

‘Pypleal fiheous etdobranchinlitte and perthronehinlits
{lios fenetiun to Ashentow inerals. Refer to tablin 15,

ert tvpe of reactlon, At 1 mn. altep Injoetton, smatl
testeneytes whicly «atiere thmureh ale spaces: focus
of atelviasis with fvmthold intditeation of compressed
air spare wanlls. No endobronehlal reaction as with
clirysatile. At 2 mo., tenction eimiiae to that at 1
mn,: typleat ashestosls hodles seen, At 12 mo., small
elutipa of Inactive dust-Alind phaxocytes; no fihrosls,
No reaetlon In lvinph noddes.

"Comparison of Long Fiber and Short Fiber Dusts.—~With quartz
dust it has been demonstrated that the smaller the particles the more
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intense is the tissue reaction and that particles larger than 3 microns
in diameter cause little reaction.  [n the case of asbestos, however, the
reverse is true and apparently only long tibers have any specific effect,
as wiia suggested by the inbalation experiments. This is confirnted by
the data of table 1o, fn which @ series af tests with fibrons winerals is
reported. When the fnjected dust eonsested af tihers 20 @ 30 microns
long. all the tibrons pounendds tested escopt anthopdadlite, as noted i
the precedmy sectivan, produced filnoss ;s when the autenal was prepiired
Iy tirse grinding the tibrons duse ol the lenstio o fdaer cowae sedieed
h'- 20 mderons Lated less or, e soine cises, b S nactes aised e none
of the miected dusts caused fibrosis,

These results ditfer fron those of King, Clegye and Rae' whi
reported the production of reticulosis comparable o the experunental
slicotic vadule in rabhits receiving monthly intratracheal injections of
100 iy, of Rhodesian asbiestos fibers, 15 microns long, and the prodaie-
tion of diffuse interstitinl fibrosis in rabhits recetving similar injections
of shurt tihers, 2.3 microns in length, \We helieve this dose, especially
it the long term rabbits, is highfy excessive.  Tn our experiments the
dosagre wis Rept low in order to minimize untoward reactions which
might obscure the peribronchiolar type of fibrosis which characterizes
carly human ashestosis.

Expestmests Using Intravexors Tecusic

The experiments summarized in table 17, in which the intravenous
method of injection was emploved. show that the ashestos minerals are
far different from quartz in their action on tissue. [t has been repeatedly
demonstrated that intravenocus injection of quartz particles 3 microns and
less in diameter will cause a typical tissue reaction with the development
of hyvildinized fibrotic lesions in extrapulmonary sites, such as the liver
and the spleen.  Ashestos minerals, however, on intravenous injection
generally produce ouly an inert type of reaction, as is revealed by
the results given in the table, The reason for the early deaths in the
experiment with chrysotile particles is not clear.

Experinexts Usinc IxTaarertronear TECHNIC

Tlie results of injection experiments with the intraperitoneal technic
are given in table 18. It will be noted that the long fiber dusts produced
a fibrous reaction while dusts composed of particles 3 microns and less
in size caused only an inert type of response. These experiments indi-
cate also that the fibrosis initiated by the irritation of asbestos fibers is
not restricted to the lungs, as was formerly assumed, but can be pro-
duced in the peritoneum as well.

OTHER EXPERIMENTS WITH ASBESTOS MINERALS

A number of additional experiments were conducted to throw more
light on specific phases of the asbestosis problem.

11. King. E. J.: Clegg. J. W, and Rae. V. M.: Effect of Ashestos, and of
Asbestos and Aluminum. on Lungs of Rabbits, Thorax 1:188, 1946; abstracted,
Indust. Hvg. Digest, 1947, -vol. 11-(Feb.), no. 234.
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Protectne Actioxs oF Avrtamixty CoMpouxps

When colloidal aluminum hydroxide had been added to a suspension
of long fiber chrysotile prior to injecting this suspension intratracheaily
into rats, the aluminum compound did not prevent the irritation of tissue
due to chrysotile. If anvthing. the acute inflammatory response evoked
by the injected fibrous mineral was accelerated. One month after the
last injection of the dust suspension the bronchiolitis was hecoming
fibrous. King and his associates also found that aluminum failed to
protect pulmonary tissue from the irritation caused by ashestos fibers *':
in their experiments metallic aluminum was used instead of the
hydroxide.

FormaTION OF AsBESTOS'S BoDIES

The iron in the coating of the asbestosis body appears to be derived
from blood or tissue elements and not, as has been suggested. from the
mineral fiber. After two kinds of chrysotile were injected subcutaneously
into the groin of a guinea pig—one kind containing 2 per cent and the
other 0.2 per cent ferric oxide—the asbestosis bodies were equally
numerous at both sites of injection and showed no difference in their
reaction to prussian blue, the reagent which stains iron. This finding is
in agreement with that of Giroux.'

Tisste RencTioN 10 AsBEsTOosis Bonigs

Asbestosis bodies recovered from human lung tissue and injected
intratracheally into guinea pigs failed to produce a fibrous reaction. The
material for injection was obtained by digesting with sodittm hypochlorite
solution the lung tissue removed at autopsy irom an asbestos worker.
The asbestosis bodies could be seen in the guinea pigs for at lcast a vear
after injection. This experiment shows that the ashestosis bodyv has a
rather resistant coating which is not destroyed by moderate hypochlorite
treatment, which may be maintained in vive for a vear or longer and
which renders the fiber incapable of producing fibrosis. It thus appears
that the coating is a protective mechanism. This thought was expressed
by Beintker as early as 193412

THEORY OF IRRITANT ACTIUN

Two hypotheses have heen proposed to explain the tissue irritation
dnd reaction caused by ashestos fibers:  the chemical and the mechanical.
In the chemical theory, which is based on experience with guartz, it is
assumed that the ashestos iinerals dissolve in the budy fluids and that
in this process their bases are leached away to leave silica in a form
capable of irritating tissues. According to this hypothesis ashestosis
is merely an indirect silivosis.  Several facts make the chemical theory
untenable: Iatratracheal injection of brucite fibers, which had a silica

12. Giroux, M.: Amiantose expérimentale: valeur pathognomonique du “corps
d'amiante,” Laval méd. 8:239, 1943,

13. Beintker, E.: Uber die Asbestosiskdrperchen: Bemerkungen zu der Arheit
von Beger, Virchows Arch. f. path. Anat. 293:527, 1934,
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cotttent wf anly 0.0 per cent, caused typical nbrosis like that procducesd
I the asbestus mineribs: jree silica particles increase in potency as the
;‘;lt‘?u'!:' “ze Devonnies less, hat asbestos tiher~ ~horter than about 10 to
20 ureroais are reiativdh mnecnous . alumiumn lodeoxide neatralizes
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Being redated o the pecabur dlunentod structure of the tiber ad the
assocttter] Hesdhiliv, which are possessed tn no other foreygan by
stediedd.  Thus, wnition of clirvsotile fhers changed their structure and
wade tiem nerr, adtliongdy the sae Bhers, beiore being heated. wounld
have produced tibrosis ctable 143, Further support for the theory of
miechanical irritation is that ashestosis occurs in an organ of high mobhility
—the lung—and that a tihrons reaction can be produced by injecting
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ashestos fibers iuto the peritoneuni, where there is'also a degree of
mobility, but nut by injecting them into other extrapulmonary organs
such as the liver. the spleen and subcutaneous tissue.

COMPLICATIONS

The experimerttal investigations with asbestos minerals were con-
cerned primarily with the effect of the dust on normal tissue, but some
attention was given to other phases, such as susceptibility to infection.
The only experiment in which the effect of asbestos dust on a pulmonary
infection was studied was the first inhalation experiment, carried on
with King's floats dust. It is unfortunate that, owing to the lack of
adeyuate facilities at that time. infection studies could not be made in the
other inhalation experiments also.

StscerrmLty to Tuseacrrors [xrection
The development of a tuberculous process initiated at the beginning
of exposure to dust. and also of a tuberculous infection superimposed
on an established asbestosis, was described in preceding sections of this
paper. It may be stated that ashestos when classified according to the
effect of a dust on tuberculous infection would be placed below an active
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dust like quartz but above an inert dust such as iron oxide. In animals
infected with attenuated tubercie bacilli, quartz causes the infectious
process to progress until the animal dies of tuberculosis. Inert dusts
have no effect on the infection, and the lesions usually heal and the
disease disappears. Asbestos dust is in a different category. In the
experimental investigation, when the fibrous dust was being inhaled dur-
ing the evolution of the infection, there was spreading of the tuberculons
process for a time, but usually the stimulus for continued proliferation oi
the tubercle bacilli was not sustained. the progression was arrested and
healing followed. In guinea pigs infected with attenuated tubercie
bacilli after being exposed to asbestos dust for slightly more than two
years, progressive disease did not develop. The only medification of
the infection was one of localization. a few hacilli being retained in the
fibrous terminal bronchioles and forming tubercles there. in addition to
the usual foci beneath the pleura. Such tubercles healed in a few months.

SUSCEPTIRILITY T0 NUNTUBERCULOUSR IxFECTION

There was no specific experiment concerning the effect of inhaled
asbestos dust on nontuberculous infection. Intercurrent puieumonia was
rather common among animals exposed to ashestos dust. the irequency
in guinea pigs exposed in the four inhalation experiments ranging from
16 to 39 per cent. This incidental evidence suggests the possibility of
an effect of asbestos dust on nontuberculous infection. Nevertheless,
since such epidemics are not uncommon in inhalation experiments with
other dusts and even in the colony of normal animals, it is felt that the
inhalation of asbestos dust does not exert a significant effect on the
susceptibility to nontuberculous pulmonary iniection.

COMMENT AND SUMMARY

Owing to the vast amount of data included in this investigation. it
seems n0st convenient to summarize and to state as concisely as possible
the various ohservations which emerged from the experiments and to
follow cach with a brief resumé of the evidence.

A. Varions species of antmals, including the gainea pig, the rat and the

rabbit, but not the mouse and the dog, develop peribronchiolar

fibrusis of the lung similar to human asbestozis after bring exposed

by inhalation or intratrached fujection to o chresatile asbestos
fibers.

Bath inhalation and injection experiments provide sunple suppors
fur this statement.  Figure 8.1 reseals the evllufar fibrosis that oceurs
in guinea pigs following inhalation of oy Giber ashestos; Ggure 9 shows
the fibrosis caused in the cat by juhatdion of g Giber asbestos dust.
Similar bt less extensive flibrosis occurred also in rats and rabhits
(table 1), Mive aud dogs Failed to respond. This variation in response
of different species to identical dust exposures ia still to be accounted for.
B Lamge asbestos filiers ave essential in the production of the peribron-

chiolar fibrosis; short tibers are incapable of producing this reaction.
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Inhalation experiments with ashestos dust suggest, and intra-
tracheal injection experiments confirm, that peribronchiolar fibrosis is
produced by ashestos fibers hetween 20 and 50 microns in length but not
by particles sharter than 20 microns (tables 16 and 18).  This indicates
that the mininum length of fiber possesaing the capacity to peocluce the
tvpical peribronehiolar iheosis o animals s samewhere hetween 20 and
30 microns, Poaated stucddies lanve nior heen carred oat 1o determine
the upper it of effective Gber eagthe B oappears, owever, that that
fnut will be determined by the todadabiluy o the tibwer,

C. The nunle o action of the lote ashestos bher o tle procdi ton of
ashestosis s prvardy wechanical rather than chenneal w aore.
The evidence for this conclusion has been reviewed in a_preceding

seetion, page 3% The Hexible flamemted structure of ashestos iibers

plays an essentinl pare in the irritating action, since the solid, inflexible

fibers of glass wool do not produce tibrosis (g, 13 8).

D. Typical experimental ashestosis was produced by the inhalation of
an atmuspheric suspension containing an average of 138 million
ashestos particles per cubic fuot of air by light field count, of which
less than | per cent consisted of fibers longer than 10 microns.

Tn the inhalation experiment with 100 per cent ball-milled asbestos
dust containing 0.6 per cent of tibers lunger than 10 microns (table 11)
tvpical fibrosis was ohtained (table 9). The evidence presented shows
at least that an aumospheric concentratinn of asbestos dust containing
less than 1 million (0.6 per cent X 138 million) fibers longer than 10
microns per cubic foot of air is capable of producing experimental
ashestosis in guinea pigs. The actual lower limit of concentration of
long fibers necessary to produce asbestosis in animals cannot be estab-
lished from these studies.

E. The duratiun of exposure required to develop the pulmonary reaction
to inhaled ashestos dust is inversely proportional to the concentration
of lonyg fibers in the atinosphere; as the concentration is increased,
the reaction develops in shorter time.

The basis for this statement appears in the data of the inhalation
experiment with long fiber asbestos. For that experiment the average
concentration of the atmospheric dust was about 40 million particles per
cubic foot of air. and size-frequency determinations disclosed that 6.7
per cent of the air-suspended material consisted of fibers longer than
10 microns (table 11). Thus, by calculation, it is estimated that the con-
centration of the longer fibers was 2.7 million (6.7 per cent X 40 mil-
lion). - The lungs of animals exposed to the long fiber asbestos dust
revealed that the pulmonary reaction developed in approximately one-
half the exposure time required for its development in animals inhaling
the ball-milled product, for which the concentration of the longer fibers
was only 0.8 million (0.6 per cent X 138 million).

F. Established experimental asbestosis ceases to progress on discon-
tinuance of dust exposure.

The experimental investigation shows, in fact, that on discontinuance
of exposure there was an appreciable clearing of the mature pulmonary
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lesions, due to contraction of the fibrous tissue. In contrast, an imma-

ture tissue response, evidenced primarily by cells with little or ?:q

fibrosis, continued to progress. It is assumed that, following attainment’
of fibrotic maturity, the same process of contraction would ensue as was
noted for the mature lesion.

G. The formation of asbestosis bodies represents a coating of the fiber-

by blood and tissue elements, which results in loss of ability of the
fiber to produce fibrosis.

Intratracheal injection of asbestosis bodies failed to produce the
typical asbestotic tissue reaction in experimental animals. The cessation
of progressive reaction observed soon after exposure terminates may be
due to the formation of asbestosis bodies.

H. Aluminum hydroxide failed to neutralize the fibrosing action of the

long fiber asbestos.

Aluminum hydroxide added to-the suspension of chrvsotile asbestos
prior to intratracheal injection did not retard or prevent the deveiopment
of asbestosis in rats.

1. Inhalation of asbestos dust did not alter significantly the final outcome
of experimental tuberculosis in two series of guinea pigs exposed to
the dust.

The apparently mild influence of asbestos dust is in distinct contrast

to the stimulating effect exerted by inhaled quartz on a tuberculous
process in the lung. The interpretation must remain tentative, however.
since it is based on an investigation limited to two series of guinea pigs
exposed to only one kind of asbestos, namely, King’s floats: Table 4
shows that wien the infection was coincidental with the onset of dust
exposure, there was temporary progression of the infections process,
with subsequent healing; when infection was initiated after 36 months of
dust exposure, the course of the tuberculosis was not appreciubly altered.
The latter linding is quite different from our usual experience with quartz
dust or with mixed dusts containing quartz. wherein the adverse influence
of quartz on a tuberculous infection is manifested most strikingly when
infection is mitiated after a perivd of dust exposure, viz., superimposed
on a background of establishied silicosis.  As indicated above, this more
sensitive test, when applicd (o ashestos dust, failed to deonstrate that
the latter had an adverse insfluence on i tubercndons infection,  The
inability of asbestos dust in that experinient to affect unfavorably the
tuberculous process furnishes strumg support for the interpretation that
inhaled ashestus dust has no more than a mildly anfavoeable effect on
pulmonary tuberculosis.

‘This investigation wias aenle possible by the gencrous financial suppart of 2
group of companies ol the ashestos fimlastry,




