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“ASBESTOSIS is a form of pnewmonoconiosis resulting from pro-
longed inhalation of ashestos dust.  The name “asbestos,” literally
“unburnable,” is not that of a specific mineral but is a term applied to a
numler of different minerals whnse characteristic feature is a structure
compased of long, parallel, flexible fibers. This structure is unique
because the fibers are capable of repeated longitudinal subdivision to
units of molecular proportions.  In length the fibers vary from a few
microns to 6 or more inches (15 or more cm.). Some varieties arc
stitfer than others, but many are sufficiently flexible to he spun into
yarn and woven on modified textile machinery. B

" The ashestos minerals arc silicates of variable composition and belng
to the serpentine and the amphibole groups. Listed below are the more
conumon varietics. :

Amphibole group: actinolite, amosite, amphibole, anthophyllite,
crocidolite and tremolite. : - '

Serpentine group: chrysotile.

The bulk of the ashestos of commeree is chrysotile, 3Mg0.28i(),.-
2H,0, which is nuined on this continent principally in the Thetiord region
of the Province of (ucbee, Canadi. and in Vermont.  Crocidolite and

‘amiosite also are used commmcrcially but in much smaller amouuts.
- Chrysotile occurs as veins in serpenting, a mineral of similar chemical
composition, which exists in massive form and is made up of microscapic
fibers without the parallel oricutation charicteristic of chrysotile.  The
massive, bluish black serpentine, which is smoaoth and suapy to the touch,
. is traversed hy veins of fibruus chrysotile varying in width from a
barely pereeptible Jine 10 6 (15 on.) or more inches. The fibers run
across the vein and not lengthwise with the formation.

.- From the Saraizac Iabaratury of the Fdward L. Trudeaun Foundation.
This scrics of stulies of ashestosis, initiated at the Saranac Laboratory more
than twenty years agn by the late Dr. Leroy Ul Gardner, director of the laboratary, ..
“was ncarly complcted at the time of his death in October 1946, Although partial
h reparts and infarmal reviews of somie of the experiments had been given from time
.- to time by Dr. Garduer, this paper presents fur the first time a complete survey
of the entire experiinental investigation,
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Attention s dhirected o the vuneral brooes Mz o wineh s
often found in the same formations with serpentine and chrvsotile amd
may be fibrous in structure.  Lxcept for the manuiacture of magnesium,
brucite has no commercial value at present because its fibers are not
sufticiently flexible to be used in textiles, but they are capable of
repeated longitudinal sulxlivision.  Unlike other asbestiiormy minerals,
hrucite is not a silicate. and fur this reason it has been a valuable tool in
an cxperimental evaluation of the action of fibrous minerals on lung
tissue.

EXPERIMENTAL  ASHESTOSIN

For many ycars studies® have bLeen carricd on at the Saranac
Lahoratory in an investigation of the cause, nature and devclopment of
ashestnsis.  The present paper is devoted to experimental asbestosis,
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Fig. 1.—Human ashestosis (P-36-144). The photonticrugraph reveals a brouchi-
ole (right center) with a smouth muscle bundle at its inicrior margin and with an
extensive zone of collugen depositiun largely obliterating the surrounding alveolar
structure.  The hlack foci are macrophages cumtaining incidental pigment.
Asbuestosis undies are present but are not apparcnt at this magnification (X 200).

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

Althuugh in mian asbestosis is a chronic discase with diffuse pulino-
nary fibrusis which requires years to develop, it is pussible to reproduce

1. (a) Garduer, L. U, and Cumimings, D. E.: Studics on Experiinental Pnew-
mokoniosis : V1. Inhalation of Asbestos Dust: Its Effect upun Primary Tubicreulous
Infection, J. Indust. Hyy. 13:65 and 97, 1931, (b) Garduer, I.. U.: Chrysotile

 Asbestos as an Indicator of Subtile Differeinces in Animal Tissucs, Am. Rev.
* Tuberc. 45:762, 1942.
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oot of neae species of annal elaractenstie tasue changes whicly are

similar 10 the lesions o Inoman ashestosis (Ag. 1). Since the life spanof -+ -

the experimental animal is relatively short, it is not possible to praduce
the characteristic lesions in animals under conditions identical with the
usual industrial environment.  Conscquently. to obtain a complete evalu-
ation of the tissue response to inhaled particulate and fibrous material,
it is nevessary to accelerate the reaction hy employving higher concentra-
tions of dust than would ordinarily be encountered in industry. \While

animal experiments is invaluable in furnishing a better understanding of
the reaction of the human organism to inhaled ashestos dust.

ExrextMENTAL METHODS

For investigating the tissue reactions of experimental animals to the
various asbestos minerals. two types of technic have heen employed.

namely. the inhalation method and the injection method.” In inhalation

experiments, groups of animals—up to 100 or more guinea pigs and
sometimes simaller numhers of rabbits, cats. dogs. rats or micc—are
kept for eight hours a day in a cuhical dust room, R ft. (2.5 M.) in
dimension, in which a cloud of ashestos dust is maintained by a rotating

. paddic in a dust hopper.’® At intervals during the experiment a few

animals are killed and the tissues examined to detcrmine the nature
and the extent of the dust reaction. Some animals are exposed for
periods up to three years. The injection experiments are used to deter-
mine in as short a time as possible whether or not a particular dust has
a potential capacity to produce inflammatory reaction when in direct
contact with tissues of the body. The method involves injecting the
dust, either dry or suspended in fluid, into the animal by the intravenous.
the intraperitoneal, the intratracheal or another route. *

Long term inhalation experiments furnish information on which
great reliznce is placed when estimating the degree to which a dust might
constitute a respiratory hazard to industrial workers. Even though an
atmospheric dust may be potentially dangerous, as indicated by injection
experinents. unly inhalation procedures will reveal whether the dust can
be iuhaled. pass the natural defense barriers of the hody and reach the .
pulmonary tissue in fuantities sufficient to cause damage. Injection
methods are useful, however. because they miake certain that contact
occurs between the dust particles and tissues and Dbecause they allow
accurate estimation of the dosage and of the potential capacity of that
dose to produce reaction. The intratrachcal methnd is particularly
valuable when one is dealing with fibrous minerals like asbestos, since
it zermits observation of the ¢fTect of the filiers on pulmnnary tissue.

Unlike free silica, ashestos does not produce spevific effects in all
organs of all species of animals. The comparative data presentud in
table 1 are hased on completed ohservations and therefore differ slightly
from a preliminary report.**  Fine guartz introduced into various organs
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of contact with the tisstie,  In cats, rabbits and mice o few of the fibers i
show an atypical coating after much Jomger residence in the lungs,  In S
rats the luxlics are rarcly seen, and in dogs nunc could be found. :
Although the evidence is incompleie. it appears that the formation of .
the ashestosis bady prevents the fiber irom damaging the tissue.  Many '
of the puints mentioned ahove will he elahorated on in subsequent para- ;
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Fig. 2—c1. huneay aslwestosis bodies.  This collectigs of asbestinis benlics wis
found in the lung shown in figure 1. The usual variations of size aud contiguration 3
are represented ()2 A0). 3
B, puinca pig asbestusis hudy.  This onc is similar o some of thuse shown in B

A (% W0). <
. :,:

graphs dealing with the actual experiments.  For presentation our .
investigation is divided into two sections, one dealing with inhalation 3
experiments and the other with injection experiments. -3
NN 3
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Four large scale inhalation experiments have been conducted in this
laboratory with various forms of asbestos dust. In cach of these investi-
gations, more than 160 animals were used, and the experiments were
carried on for perinds ranging from two to more than five years. The
four kinds of ashestos dust employed are designated as King's floats,
short fiber, 100 per cent hall-milled. and long fiber ashestos dust.

Klsi:’s .Froatrs Asarstus Dust
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The first inhalation experiment conducted at the Saranac Laboratory "
with asbestos dust was begun in 1928. Animals inhaled the dust for 1 §
jd58.
Tanee 2—Chemical Analysis of Ashestos NDusting Aloteriols . Ef‘é
LN
N - l::’._ b ﬂ’lé-"
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® Not determived.

Tasee 3.—Petrogrophic Analysis of Ashestos Dusting Alaterials

Kiog's floats *: The approxiinate compnsition, basedt an particles (except chrysatiie) smaller
than 10 wicrour and reported as pereentages ohtained (romn particle counts, was ehrycotile )4,
serpentine 40, magnetite 12, esrhonsler 18, Lalc 12, other mineruils 4. For ehrysotile, fluers up to
20 microns long were included. .

Shart Aver b The material, lefore being ball milie), enntginel 8 preponderance of Abraus
ehrysotile and platy (noufibrous) serpentine. The approxiuate sompasitive, hy perrentage, was
ehrysotile 17, serpentine 55, magnetite 10, Quarts 2, brurite 5, other mioersls, Including dolomite,
actinolite and tremolite, 1.

Loog fiber ¢: The material consistnd principally of the Shrous asdestns niineral chrysotile.
Shreds of nonseparated fibers 3 to 19 microns in diameter add up tu SO micrans in lrogth wepe
present. The spproxiinste romposition, by prrrentage, was chrysolile 35, serpentine 13, mug-
petite 5, Lrueite &, other mintrale, amoog whirh were ea!tite and chloritic and wicarcous
miperals, 3. Oaly a trace of Quarts was obrerved.

* The anslysis of the Kinz's floats astestos, made by Dr. . K. Hurlbat Jr,, of Hurvared
University, has Leep rrpurted elcewmhere (Murlbut, C. 8., Jr., sint Williews, (. 1t.: The Miu-
erslogy of Astestos Dust, J. Indyst. Hyg. & Tonicol. 17: 2w!, a0,

t For the short fiher u hrtos and the looe filer asdestor the prtrographic anslysis was
supplesncuted sith x-roy diffrsctios exsininatioo.

periods up to 33 months. Soie guinea pigs with six and nine months’
exposure lived for an additional three years after cessation of their
exposure. A preliminary report'* presented observations afier 29
months of exposure, At that time observations covered a period of only
214 vears and the conclusions as to the ultimate cffects of inhaled
ashestos dust were provisional.  Those conclusions are substantiated by
results of the completed study, which is reported as follows.

Camposition and Atmuspheric Concentration of the Dust.—The dusting matcrial,
a commiercial variety of ashustos known as King's floats, was conypserd of short
filbwers, ranging in length from 1 mm. to ] micron or less, aud of particles which
also varicd in size. It was obtained from the Thetford, Quelnx, plant of the
Ashestos Corperation of America, and analyses (tables 2 and 3) reveal that the

" amuunt of Gbeous chieysotile was only 14 per cent, a rather low value. -
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Impinger samples tiken soun alter the experiment was started judivated that
the dust concentration was at first quite Jow, the average dust count bing oniy
6.0 million particles per cubic foot of air by the standard light field technic and 0.8
milliun for particles and Abers greater than 10 microns.  After the inhalition
experiment had heen under way for about two years, the speed of the rotating padidie
in the dusting machine wa~ increased and fur the remaining 10 months of the experi-
ment considerably more dust was dispersed into the atmasphiere.  The average dust
count of impinger samples collected after this change was 53.7 million by the usual
light ficld mcthod and 1.6 million for particles and Abers larger than 10 microns. It
is probable, however, that the true values of the dust concentration were higher
than the counts given in this paragraph. Thc impinger samples for the King's
fluats experiment were collected in water, but later studies T have shown that
counts of impinger samples of asbestos dust taken in water are not reliable. Fihy!
alcuhol instead of water was used as the collecting fluid in all subscquent experi-
ments. .
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Tamr 4.—Summary of Inhalation Experiment with King's Floats Asbestos Dust

Maximum
Mazl- Burvival
mum After

Dust Ex- Dust kx-

. ; . posure, posure,
Nature of Exprriment Anlmals Mo. Mo. Results
ust eXpOfuUTe continuous through- 84 puines pigs b ] [ ] ‘I'ypiral p-ribronchiolar ibrosis after 1 : monthe
out lfe 9 1abbdits i [] Forvign body bronchilis
18 rats [ [ Little or DU resction
ust espreure fullowed Ly pro- 28 guines pigs [] 3 Nonprugressive flhenejs
inugemi revideuee in normal sir 85 guines pigs - 1 n Nooprugressive fibrusis
: ::::::: l: : l Absorption of foreign bndy reection
Tulereulons lafection * at start ot 40 guines pigs B ° Wemporary procression ot lofection, foliveed
duet expuesure . . by hesling wilb fAtrotis
Coutrols 1o ofeetion: Do dust ex- 23 guives pigs [} 331  Hesliug by rerolution (one exeeptivn)
pusulc
Tuteridlons infectico ® after M mo. 12 guines pigs » u No apprerishle increuse jo suserptidility to
of durt expocure, then residence . tuberculous Infection; bealing with SLrosls
In porinel air . .. R . .
Coutenls to lofection: po dust ex- 12 guines Digs [} 19¢ Healing by resolution

t Thi> means 1w survival perivd following Infection.

* The guines picr were infected with low virulepce Ra strain of tuberele baclllus.

Results of the investigation, bricRy summarized in table 4, show that inhalation
of King's fluats ashestos dust produced a typical peribronchiolar fibrosis in guinea
pigs but not in rabbits or rats. :

Reactiun in Narmal Guinca Pigs.—Guinca pigs inkaling this dust for periods up
to 33 months had a characteristic fibrosis occurring in conical patches about the
respiratory bronchioles. During this expusure the pesipheral alveoli were not
involved. The particulate elements of the dust were transported through the
lymphatic systein to the bronchial nndes, causing no significant reactiun in either
site; the fbrous elements remained fixed at the points of original localization and
were seldum detected in the lymph nodes.

Aiter exposure of approximately a year a small amount of cellular reaction
had been produced about many respiratory bronchioles (fig. 3A4). As more dust
was inhaled, it continued to accumlate in the same location, and Jater 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 respiratury bronchioles. There they

7. Fulion, W. B.; Houtz, R. L.; Dooley, A., and Mathews, J. L.: Ashustosis :
1. The Collection and Counting of Asbestos Dust Fncountered in Ashestos Fabri-
<ating Plants, Special Bulletin 37, Pennsylvania Deparunent of Labor and Industry,
 Harrisburg, 1934::,- ‘o
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were phageacstosal, amd many of then were carriod into the wall by migratury
cells. Moninuchar Jenkecytes attracted G0 the arca caused an apprevishle thicken-
e of the bronclwelae wall.  After 16 nnths 3 delicate Abrosic made its appearance. _ T =
The prucess evalved gradually, awd the auvunher of fine interecllular cullagenous B ﬁﬁg&;ﬁ
filers steadily increased.  As this fibrous deposit contracted, it partially closed and \ <
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Fig. 3—King's floats inlialation experiment: o, lung of 3 guinca pigg with 12
months’ expusurc. It includes a respiratory broncluole, at the leit, hranching and
bevrmning an alveolar duct, at the right. Note the accumulation of cclls in the

cclls. The result was au adenoma-like appearance “which frequently accompanies .
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wall of the bronchiole and in adjacent alveuli (X 130). M, lung of a guinca pig ‘7

with 28 months” exposure,  The ficld includes a bronchivle, at the eenter, with o3
peribromchial Abrusis extending into the walls of adjacent alveoli. Notc the cubnidal o
cpithelium lining these alveoli. This is the so-called “adencinatoid” appearance 3

(x 200). . 3,

3

.o disturted the alveoli, and with this change the alveali became lined with cubvidal =
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chronic pulmanary intlammation resulting from many cansce.  Willis * deseritued
a similar structure in the lungs of guinca pigs inhaling silicon carbide.  The longer
asbestos exposures rerulicd only in mere thickening of the walls of the air spaces,
largely due to an increace in the amuunt of fibrosis. The fibrous tissue always
remained ccllular and failed to show the hyalinization characteristic of silicosis.
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Fig. 3.—King's fluats inhalation experiuent: A, lung of a guinea pig with
six mutithy” dust expusure followed by 35 maonths’ inhalation of noemal air. The
reaction is rather slight, but distinct fibrosis is present (X 200).  Note tha: 28
months of continuvus expnsure (fig. 3 8) pruduces much more extensive reaction.

B, lung of a guinca pig exposerl to the ashestos dust for nine months and

living thereafter in normal air fur 37 months.  The reaction shown is more than
that i A but much less than the reaction in figure 3 /8 (X 20). .

8 Willis, H. S., and Brutsacrt, P.: Tumwor-like Structures in the Lungs
of Guin-a Pigs Artificially Exposed to Silica Dust, Am. Rev. Tuberc. 17:268.
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Aslustusic hodics (fig."2 B), firat seen in the Jungs of the guinca pics that had
inhaled dust for ahout two months, hccanmie more numerous and morc distinctly
segmented with bicreasing exposure.

The reaction produced in puinea pigs exposed for six and nine months did nut
progress significantly during a suhscquent period of 35S and 37 months when the
animals lived in 3 normal atmousphere (Ag. 4). Rotween eight aid 11 months
aiter uxposure ccased. the cellular reaction in the lung had been completely replaced
by thin strands of fihrous tissue. At later periods the scar tissuc was loss in
amwunt, but in the last animal killed, 37 months after discontinuing dust "D“""“"j_b
sumic fibrosis was still visible. ’

Reaction in Guinea Pigs Infected tiith Tubercle Racilli at the Ousct of Dust
Inhalation.—Of the group of 40 guinea piEs infected with attenuated tubercle
bacilli. R, strain,® at the time that dust exposure was begun, 31 dicd or were
killed hefore the completion of two ycars of the expmsure and were reported in the
paper by Gardner and Cummings.’s  Seventeen of these died from intercurrent
pncumonia. Bricfly, the resultsy were as follows: Ten revealed some evidence of
spread of the tuberculous process (Ag. 5 A4); 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
ncxt 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 hepled fhrous scars of previous spreads were obvious. The scars were
more extensive than is characteristic of either tubcrculosis or ashcstosis alone.

" The nine animals which were still alive after two years of dust exposure 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 no
evidence of progression (fig. S B). In the remaining five the tuberculous foci
showed evidence of having previously spread locally ; in four of them, hy the time
of autopsy, the foci were healed, with excessive fibrosis; in the fifth animal there
was a generalized chronic tuberculous pneumonia in one lohe, and in the other
lobes there were isolated primary tubercles, which were still .active but had not
spread.

Reuction in Guinco Pigs Infected with Tubercle Bocilli After Establishinent of
Asbestonis—Twelve guinea pigs, after inhaling King’s Aoats asbestos 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 nontuberculuus
infection. The remaining six animals were killed at intervals up to 14 munths
after infection, The subpleural tubercles were 1o more numeraus in the dusted
animals than in the nundusted controls, but a considerable number were found in
the depths of the lung about foci oi asbestosis. The tuberculous component of the
combined reaction showed only slight local extension ahout lesions in the lungs
and tracheobronchial lymph nodes. Caseation was found in tubercles 1% months
old, but by 545 months it had completcly disappeared, feaving only scar tissuc.
Foci of fibrosis still persisted in the last animal, which was killed 13 suouths afier
infection. :

Reaction in Rabbits.—Rablits exposed to the asbeatos dust for pericds up to
19 moathis showed a foreign body type of reaction of low grade, but no filirusis.
Although their fungs contained particulate elements of the dust, fibers were not
presemt, indicating that the upper respiratory mechanism of the rabbit is adequate
to exclude fibrous fureign bodies. Two rabbits, after inhaling dust for six and 19

9. Steenken, WV, Jr., and Garduer, L. U.: R, Strain of Tubercle ilacillus:
Its Disswiation aml Virulenee of Varisuts in Normal and Silicotic Guinea Pigs,
Am. Rev. Tubere. $34:51, 1946,
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months, lived in mermal air f6r mare than two years. At aulegey neithier aninial
showetd any eviderxe of cellutar reaction or fibrosis in the terminal brunchioles, nor
were there any ashestosis bodies.

Reaction in White Kats.—All the rats had acynired an infection, resulting in -
the farmation of pulmonary abscexses. before they came to aulopsy.  Apparently, so
much beavy mucus ohstructed their bronchi that very few fibers could liave entered
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Fig. 5.—King's Hoat inhalation experiment: .4, lug of guinca pig iniccted
with R, tuberele bacilli and then exposced to dust tar 24 mouths. A bronchiule is
shown just above center.  Surréunding it is somie cullagen deposition, together
with typical epithelivid cell infiltration of the wall. Note the Liek of encapeulation
and the peripheral cpithelioid cell pneumunia, which illustrate a spreading tuber-
culous pricess (K 200). .

B, lung of a guinea pig infected with R, whercle hacilli amt then exposed to
dust for 33 mouths. Nute the subpleural distinctly encapaulated cascous fivue, the
cakcibcatim at the right border of the lesion wml the absence of cells in adjacent

. _alvwli._ all of which illustrate a healing tuberculuus process (X 200).
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their lungs. In a few of the rats, an occasional asbectosis bady wac discovered.
but there was no Abrosis. This phase of the experimient was considercd untuc-
cessful.

Summary and Interpretation of Inhalation Experiment with King's CLAIMED
Floats Nust.—The findings in the experiment with King's fluats dust cmPRIVILEGED
be summarized under two headings: . BY ocr

1. Eficct of the inhaled dust on normmal aninals. The King's
floats dust causcd a characteristic peribronchiolar fibrosis in guinca
pigs but not in rahbits or rats. . The Abrosis did not increase significantly
in extent after the dust exposure was discuntinued.

. USDC SD Mise:

Confidentisi information. not to be copisd.

2. Eficet oi 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 type. A few animals showed no sign of progression of the
infection ; in most of them there was evidence of temporary progression
with subscquent healing ; in one animal the tulerculous pracess remained
active 10 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 any progression oi the infection.’® Guinea pigs
infected with attenuated tubercle bacilli after the termination of two
years’ ashestos dust exposure did not show progressive disease. The
only madification of the infectiun was in its localization, a few bacilli
being retained in the peribronchiolar fibrous tissue. with tuhercles
forming there in addition to the usual tubercles hencath the pleurs.
- In view of the variability of the results, the unusual nature of the
responsc and the high proportion of deaths due to intercurrent pneu-
monia, it is felt that only tentative conclusions as to the influence of
ashestos dust on the course of tuberculc.:s infection are justified by this
experiment. :

under Court Order in Hept vy, Qwens

Snour Fipex Assrstos Dust

Since hazardous dusts like quartz ate most effective in preducing 1
fibrosis when the particles are 3 micrens and less in size, an inhalation B3
experiment was performed to determine whethier this condition is true ~

for asbestus dust. It was thought that a -short fiber ashestos dust
consisting alinost entirely of fibers and particles smaller than 3 microns
would initiate an accelerated tissue response and produce an advanced
recaction in a shourter time than did the King's laats dust, which con-
tained fibers frum 1 . to 1 micron and less in length as well as much
particulate matter. -

Compusition and sltnospheric Concentrytion of the Dust.—The dusting material

for this experiment was the remains of fibers collected in dust bins of an asbestos- .
fabricating plant after a carding operation and screened to pass 200 mesh. Since

~10. Vorwald, A J..?fPrall. P. C..: Durkan, T. M.; Delahant, A. B and Bailcy,
D. A Siderosds: A Benign Pocumuconiusis Due to the Inhalation of Iran Dust,
Tindust. Med. & Surg. 19:170, 1950, : ’
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the material as reccived contained many long fibers, it was grount in a steel hall
mill to reduce practically all the particles to 3 microus or less in size. When
used alone in the standard dusting machine, this Anely ground ashestoc temeded to
pack in the hopper, and it became necessary to mix une volume of the unground
material with three volumes of the ground to generate a satisfactory dust cloud.
It is pertinent to mention here that the addition of the small quantity of unground
asbestos was unfortunate, because it confused the interpretation of results.

The composition of the short fiber asbestos as ruecived is disclused by the
cheniical and petrographic analyses given in tables 2 and 3. Samples taken before
and afier grinding yiclded about the sainc values on analyais, indicating that there
was no contamination frum the mill or loss of watcr content.

The dust concentration varied during the experiment, the light field counts for
atmaspheric samples collected iuside the animal cages with the impinger apparatus
ranging irom 83 million to 182 million. The average of counts was 130 million for
the first year of the experiment, 134 million for the second ycar and 140 million
for the third ycar. C

Size-frequency micasurements of air-floated dust from inside the cages at a

smagnification of 1,300 X revealed a great preponderance of fine particles, nearly

TasLx 5.—Summary of Inhalation Espcriment with Short Fiber Asbestos Dust
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Nature of Experimeat

Durt expofure cofitlouous Lthrough- 48 gulnes pigs Y [] Rate of resction shout the saine as v exinsi-
out life . . weot with Kug's flusts astnstos but extest
of invelvement very juueh les t
13 rats ” Chsractenistic patehes of peribroochiolar 8bro-
. SR B0 ashestOsis hodies .
18 cats Me [ ] Bubpleurs) resction oaly * .
7zabbits . ae ] No 8Urosis seet grus:y: microscopic evidepee
- . A - : . of alveolar ssll thickeaiog altesr ¢ monibs’
exposure
Durl exposure {ollowed by prolonged 13 guines plgs » M Progression after renovs] from dust Aoudt-
residence in DoTmAl alr . . luld—r:’t:‘:hcr elearly estadblished por defnitcly
. ' exelu
Seets n T Esme as for cootisuous exporure :
1reddit «a° . [ Blmilar to contiauous exposure; erkirnre of

Maximum
Mexzi-  Burvival
mute After
Durst Ex- Durt Ex-
posure, posure,
Animals Mo. Mo.

Results

alight regression

¢ After 32 monthe the anitusls were ¢xposd to 100 per cent hall-milled asbestor.

1 71w reaction ses probably due to long Sders in the unground material which wes mixed with the grouad asbestos dust
10 prejuce 8 sativfactory dust cloud. . R

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.

Fuur species of animals—guinea pigs, white rats, cats and rubbits—were vsed in
this expcriment. The results of the dust exposure, suminarized in table 5, are
presented in greater detail below.

Reuction in Guinea Pigs.—Eighty guinea pigs were vriginally placed in the dust
room, but 21 of them were later climinated from the experiment and killed because
of enlargement of the cervical lymph nodes thought to be due to intercurrent
infection of the upper respiratury tract. Of the uther 39 aniinals, 46 reinained in
the dust roun until they were killed or dicd at periods up to 34 months, and 13
animals were transferred to normal air after being exposed tuo the dust for 20
months. ) .

The type of tissue reaction provoked by the inhaled short fiber ashestus was
essentially the same as that already observed in the experiment with King's fluats
asbestos. The rate of reaction also was appraximately the same. but the catent
uf involvemcut was very much less. After 16 to 24 months of expusure only a very
few small foci of reaction, which generally required microscopic examination for

. z~dgtection, had been produced in the guinea pigs.
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Orly aiter expuesures had vemtinued for approximately one yvar was there an VE
apprevishle tenduncy v dust-containing phagocytes to gather into clumps. Ry _'---AL. D.-.'
16 months phag.cytes had colleeted about the walls of a few of the reapiramv';’l"\-‘-VILEG&D
brunchinles which revealed a little proliferation or infiltration of monanuclear BY QCFE

symbols in gthrr tables.

memary infection.  This suggests that pleurisy may be a specific concumiitant of
ashestusis, but the cevidence is not adequate to establish this pmint.  The reaction
of the tracheubrouchial Iyniph nodes was more pronsunced than in the previous
experiment with King's fluats asheitos, probably because more fine particles had
been transported to the nades in animals inhaling short fiber ashestos. The nndal
reaction was cssentially an increase in reticuluin, rather than a fibrosis, with the
original cills heing preserved between the thickened reticular fibers.

In the group ranoved to nurmal air after 20 months' inhalation of dust. progres-
sion of disease was mit definitely demonstrated. but neither coulil it be ahsulutely
disproved. owing to the varialility of the response in different animals.  The
reactions. fraam mild to severe, occurred spuradically and bore ng iclatiunship to
the Iength of time after cessation of exposure. The differences were attributed
0 variation in ixlividual susceptibility. This view received support from the
chemical analyses (table 6), which revealed comparable amounts of ash aud silica
in lungs with widely different ammunts of tissue change. For example, the ash

47 ¥ o .
' e P .
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cells. There were also some multinuclcated cells, but they were of the inert, H
forcign bedy type. At 20 10 24 months the cellular clumps were sumetimes guite gg
prominent, and somictimes changes in the cpithelium resulted in the adenoma-like 3
or “arldenvimatuid™ appearance (fig.-3 B) previously described in the section review- n2E
ing the experiment with the King's floats dust. In maost of the subseyuent memhbers ;sr_.
of the series the reaction remained cellular, but a few cxhibited proncuncerd a8gs
development of fibrous tissuc. In these few members of the scries the col- i‘gg.
. . . - . O &b
lapen was pale in color and tenuous, with no appearance of being hyaliniral. W rEt
Ditfuse chronic pleurisy was present in a few animals without evidence of pul- ] !E:
s
Tang 6.—.dnalyscs of Lunus of Guinca Pius fter Prolonyed Inkalation of ‘; 5;3
: Short Fiber Ashestas Dusi 3 gg;
¢ £
3 —— —— - -‘I-E
- Prrimd Amount of Total E éf.'-'
Laposure to  In Nonnal Ash, ¢ of Sy, % of Tatal Sitez, Tissvse
Dust, Mo. Ale, Mo. Prist Lung Dried Lung %o Ol Ash Reacrtion *
- Dust Exporure Coptinvous Duriax 1ife
i 5.2 0.5 0.2
[+ ] 4.8 0.6 vs
PR 054 10.534 +
L 5.0 0.49 2.
. ° 476 o 9.00
9 053 10.00 -
{506 0.8 1448
P * 1613 o I o+
. {1342 0.8 1448
b 1 5.0 038 1.0 3+
353 0.5 1599
» ° 185 1 0 “
[ 1, 0.7% 1087
u . 1 63 036 BN “
Dust Exposure Followrd by Prolonged Resldence 1o Noarmsl Air
® - ‘ 518 a8 2.%
5.11 0.% [ 3+
[ R} [ X - 30.21
® » 394 a3 e L 7S
wn 0.5 8.7
0 u 318 0.5 5.00
: 477 ['% -4 4.00 24
® Tle symiois sveruging the tirsus reartion in eseh proup of guinen pige represent inercly
the prrialive degree of seaction, ranging fram = (guestionabl) to 4= (the maximn for this
experisnenty. The seiotionshipe apply only within this table anid cunnot e comporni with
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and silica values were quite similar for three animals living in dust 20 awmths
and then in normal air fur 14 menths, yet the tissue reaction was severe in one
animal. mild in another and only doubtful in the third.

The formatinn of ashestinis bodies was at first extremely limited in both groups.
Aflter five months’ exposure only a very rare short hody could he found, uswally

inside 2 cull. Some of the finest intracellular particles were surrounded by yellow c‘g
. - . [] L)
depnsits having the same color as the ashestosis budy. One year's exposure had pwr- ing
mitted an accumulation of many longer fibers, a numher of which were coated and -;:
sevn as typical ashestoris hodies. Most of thesc were still short enough to be partially =g;
or entirely within phagocytic cclls. By the twenticth month and thereafter they 5§§§
. SBa%
. $d¢3:
Taste 7.—.4dnalyses of Lungs of 1i'hite Rats That Hod Inhaled s 238
Short Fiker Ashestos Dust L s
oee
== S2E3L
Amt.of  Tolal Amt.ot  Total )
e ShE SRS S M SRL SGE g b 3
of Exine.  Of Dt of Dri s, of Expo-  of Ini -0 Dri Kitg, & 33
sute, Mo. lung Jung ofAsb  surs,Mo.  Lung Luog of Ash CLAI . g D E §§5
1 om Y 13 ont 2 E €88
TR B I A - e
e ) 0 :
ae 24 o.m 0.0 e BY
23 a0 oo
L X [ X [ L] :': :': !':
3 o a0 A g5 a. =
s 33 0.3 3.4 )
::Jz :-?; i} a4 0.1 “w N
1, 3 2 3 .2
s :".' °'z 1 3 0.18 ¢
2 .05 13
.“ 0.1¢ 38
33 0.08 23 10 .6 0.3 13 :
‘ 3 omn 20 53 0.13 23
34 0.07 13 41 043 28

® Noniusl routrolr (00 dust cxposure),

Tane 8.—.lverage. Falues of Ash and Tatal Silica for Lungs of White Rats Inhaling Various
Dwsts for 'arions Perinds (Lungs Only, Without lucluded Lymph Nodes)

Amt. of Ash, % of Dricd Jung Total 5i0s, % of Drind Lung Totnl Kilis, S of Ash :

Irurs: —- PSS A— ey A - 5 — ;

tinn  short Gypruin. Shnrt X Ogpsuw- Short | Gyp-u '

of Ex.  FYiler . Ferru. Quartz  Fiber . Ferrv- Quarts  Fivber . Ferru- Qu .
teture, Asbes- ginous Mix-  Asboes- ginous Mia-  Aslies. ginous )

Mao. tos  Quertz Uhrrt  ture tos Quartz Chert ture tos  Quarta (hert
33 3 (1) 29 0.00 051 0.25 0.04 2.0 ns 39 -
3.4 49 89 33 0.0 0.5 o .07 33 IR ] 8
33 I8! 29 3.4 0.05 2.0 1.6 0.1 16 Qs 4.4
3e “s an 3.6 0.15 1.4 2.40 0.2 39 pIX ] 203
9 .8 11 (B} 0.13 440 800 0.28 32 %6 $3.2

were relatively numervus although still rare in comparison with the findings in the
King's Auats experiment,

Reaction in Ihite Rats—Scventy-three white rats were expused to atmnspheric
short fiber ashestos dust for perinds up to 32 mumbs.  During the first 10 momh.
animals were killad bimanthly and for the remainder of the experiment at less
frequent intervals. Up to cight months the dust cclls were widely scattercd and
existed in fui only sporadically. Reactiun was limited to occasiomal slight thicken-

ing of the scptums abuut small accumulations of dust cells. At 1} mounths there
was a suggestiom of carly fibrosis in a few rats, but the change was sa.slight that
it would proiuibly have been overlooked without the clump af dust cclls which
attracted attention to the arca. Only 10 animals were expused for from 12 to 32 .
months. In each of them the lungs contained minute foci of well definad fiirosis 1
distributed Jike that of asbestosis but withuut asbestusis badies.  The lesinne,
_visible only at a maguificatiun of 150 diamncters or more, cumisted of patches along
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alveular ducts in whirh the wallc of the assaciaterl air spaces were very thick, owing CLAIMED

to swudlen cullagen franmwewark.  Connective tissue and Fout-Biclschow sky ‘“‘TPRIVILEGE
preparations revealed eomplete Juss of capillary bed locally.  Outside the coliage OCF

was a thin layer of cpithelial cells.  This did not resemble the “adenomatuid” change. BY
characteristic of guinva pig asbestosis.  Ncar the lesions the air »paces were
fllad with phagiwytes comaining gray to yellow particulate dust and 2 rare, lung,
naked asbestns fiher.  Carciul scarch failed to reveal even a sugpcstion of an
ashestosis hody.  Pleurisy was ahsent.  The tracheohronchial nodes showed com-
pact focal collections af munocytic cells at 12 manths and. at "20 monthe, wane
diffuse thickening of the reticulum.  [n a few rats there was definite fbrosis alung
the margius of the node, extending into the mediastinal arcular tissue.

1ed
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Results of cheniical analyses made an the white rats are given i table 7, and
the average values have been revorded in table 8 for comparison with similar
values for rate inhaling other dusts. It will be nated that the valies for asbwstos
are lower than those for quartz or chert but approximate thwse for the gypcum-
quartz mixture, in which atmospheric agplutination tewded to redice the anwsunt
of dust inhaled. This condition prevailed even thaugh the atnunpheric concentra-
tinn of asbestos dust was essentially the xamic as that of the quartz, was ene-half that
of the gyprum-quartz mixture and was one-fifth that of tiw ferruginous ehert.
Since the valucs fur ashestos are Inw. it might be infereed that the tetal gquantity .
of that dust actually inhaled was small or that it had been eliminated from or
dissolved within the lungs. Fvaluation of these pussibilities is mnt feasible on the
. basis of the abservations derived from this study.

Recaction in Cats—Twenty cats were used in this inhalation experinrent with
the short fiber ashestos, Fighteen were kept in the dust fowm cantinumusly unijl
put to decath, the exposure period ranging from one muath to nearly 34 months,
The other two were remuoved to normal air after a dust exposure of 31 anaths ;
une of these was killed five months, and the other 24 munths, later. In general,
the tissue response was confined to microscopic foci of fibrosis, which were in the
walls of groups of subplcural alveoli rather than in the peribronchiolar arcas. In
one animal the change was extensive enough to be’ visualized on grane inspevtion
of the sectiun.  Only in the animal with the longest exposure—34 months—dil
the rucntgenngram revcal definitely ahnormal shaduws, A roentgenopram made
after 30 months revealed no abnormality : after 45 months, 3 faim maottling evuld
be detccted throughout both lungs. At autupsy, nine suonths later, there was only
microscopic fibrosis in the subpleural zone plus heavy lymphacytic ntiluration atwant
small bronchioles.  Asbestosis bodics were rare.  On pralinged scarch a fow
yellow atypical budies, sinooth and without haustrations, were fuund in twoe animals
exposed for more than 3 year. .
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Reactivn in Rahbits.~ Eight rabbits were exposer] to dust for periods extevding
frum one to minre than five yecars; the last animal was removed from the dust
roum awd left in pormal air six months hefore being Killed. There was never
envugh pulinonary fibrosis to be detected grossly, and there was no chromic adlsive
pleurisy.  Microscupic evidence of alveolar wall thickening was first detected in
one animal after about three years of exposure and was sevn in all Ave animals a
examined thercafter, sncluding the one removed tu normgl air. One animal i
il of paralysis wlter nearly foue years of exposure exhibited a reaction visible
oun gross inspection of tissue sections.,  The possibility of pulmonary infection in
this animal coulld put be excluded.  In another animal dying two years later the
fical fibrusis was nut ncarly as obvious or as advanced. Areas of invulvement,
which wure largely visualized because of phagocytic reaction within the air spaces,
teuded micruseapically to become more fibrous with the passage of time, but there
was nover much encruachment on the lumen of air spaces and the structure of the
fung was preservid. Asbostinis bialics were not detected in rabbits that died
carly in the expeeiment hut were seen in all animals that had becn exposed to
the dust for nuwe than three years.,
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Summary and Interpretation of Inhalution Lxperiment swith Short
Fiher Asbestos Dust.—The original purpose of the experiment was to
evaluate the role of short asbestos fibers in the genesis of ashestosis. 1t
was ielt also that if the tissues reacted more rapidly and more extensively
to short fiher asbestos than to King's floats there would he a hasis for
believing that the action of asbestos is in part, at least. a chemical one
as postulated for quartz. This experiment, in which the tissue reaction

(LAY AYEY NTH MEDICING

was slower and less extensive than that in the previous experimenPRIVILEGE

with KNing's floats dust, indicates that the capacity of inhaled ashestos
fibers to produce fibrosis is determined primarily hy factors not chemical
m nature.

Oi the iour species exposed in this experiment, only the guinea pig
and to a lesser extent the white rat responded with characteristic peri-
hronchiolar fibrosis. * The cat reacted with atvpical subpleural fibrosis
and the rabbit with only slight parenchymnal fibrosis.

BaLL-Minien Asegstos Dusr

In-the inhalation experiment with short fiber asbestos dust a sinall
spuantity of unground short fiber asbestos was mixed with the hall-
milled product 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
that the biolagic activily of asbestos is not increased by a reduction of
fiber size. Thus the possibility arose that the tissue reaction observed
was due solely to the rclatively few long fibers of the unground asbestos
and that the short fibers of ashestos had no more than a very insignificant
role in the production of asbestosis, a concept not in accord with
previous experimeats concerning pneumonoconiosis. Consequently
another inhalation experiment was started in which only ball-milled
ashestos was used. : ' o

Composition ond Atwospheric Concentration of the Dust.—The dusting material
was the ball-milled. shiort fiber asbestos used in the previous inhalation experiment,
but unground material was not mixed with it. Owing ta the temdency of the
matcrial to form small spherules which prevented much of the fiirous portion from
Auating out uf the dusting machine, the dispersal of the dust was not entirely
satisfactury.  Thercfore, after an initial seven months of nperation, steel wire
hrushes were attached to the inside surface of the hopper and to the rotating paddie
to disintegrate the spherules and release the fibers. This arrangement gave satis-
factory results and was usud for the remaining 21 nionths of the experiment.

The compotition of the raw asbestos used is shown in tahles 2 and 3. Pctro-
pgraphic and x-ray diffraction examination of stmuspheric dust, cullected in the
dust romn with an elcctrostatic precipitator after the installatiun of wire brushes.
inlicated that about 15 per cent of the air-suspended material was chrysotile, and
alwiut 60 per coent, serpentine: of the balance, magrietite cumprised 10 per cent.
brucite 3 per cent, quartz 2 per cent and uther mincrals 10 per cent.  During the
scven month period befure the wire brushes were wsed, the chrysotile content of
the atmnspheric dust was somewhat lower than 15 per cent, but reliable values
were nut oblained. *

The dust concentration during the first seven nionths of the experiment was

“.. . about 100 millicn particles per cubic foat of air. Aler the wire brushes were
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installid, the dust counts were higher, and the over-all average for the remaining
21 munths was about 150 million. )
Size-freyucncy studies of aunospheric dust collected inside the animal cuges
revealad that nearly 99 per cent of the components suspended in the air could I
classified as clumps or particles; only abnut 1 to 1.5 per cent was fibers. One thind
to onc hali of the Alers were lunger than 10 microns, indicating a concentrativn

. USDC SD Mies:
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of long fibers of about 0.8 million. This figure is about one-hali the estimated

valuc of 1.4 million for the short fiber experiment. . 3
Guinea pigs, rats and mice were used in the inhalation experiment with the 100 AL _‘

per cent ball-milled asbestos dust. The results are summarized in table 9. S & ,‘}éff
Reaction in Guinea Pigs.—The experiment was started with 100 guinea pigs. CLAIMED & - p'r.zi

As the dust exposure procecded, there were 39 acvidental deaths, 32 oi thuse Ixing
duc to pncumonia in an epidemic. The 61 pigs remaining expoused to the dust were PRIVILEGE?. '
killed at intervals during exposure, except for 16 guinca pigs transferred to normal BY OCF .
air after 28 maonths of dusting. For the first ycar oi exposure practically the only o
reaction tu 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 scetion, but microscopically peribronchivlar foci of inflammatory cells

Froauced under Court O

TasLe 9.—Swumary of Inhalation Experiment with 100 per Cent Ball-Milled
< Asbestos Dust

.Maximum
Maxk Burvivsl
mum After
. Dust Dust
Expo- Ezxpo-

2 mo. aod 8§ mo. sfter termine-
tloz of exporure

r,
)

Nature of - sure, - sute, r.
Eaperiment Animals Mo. Mo, Results 14
Dust exposure con- B4 guines pigs % [ No spprevintde pulinonary reaction )
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could be scon. At 24 months (Ag. 6.4) there was still o change large enough to
be scen with a hand Iens, although microscopic examination revealed cellular
accuniulations about terminal bronchioles and many more asbestosis hodics, chicfly
within cells. The lungs of animals exposed for the full dusting period of 28
months aud alterward living in normal air for two months revealed the changes
describud above and also very slight peribronchiolar fibrosis. For expuised animals
living cight months in normal air the Aindings were similar, but at 12 monthe three

. of four animals showed grossly visible cluracteristic peribronchiolar fibrosis with
adenomatoid change (fig. 6 B).

The tracheobronchial nodcs were essentially iormal until exposure had heen
countinued for more than a year and a half. Animals killed at 12 mwnths aml at
16 mmths revealed a few minute collections of phaguweytes containing pacticles
hut pructically no fibers large envugh to be recognized as such.  After 20 months
of expnsure many mwmicytes filled with yellow granules were present. At 30
nemths there had been a slight iixrease in reticulum but no fibrosis. No further
changtes uccurred in the nodes. Asbestosis bodics were not seen in the nodes of
any of the guinea pigs. : ’
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Mimute ashestusis bodies were observed in the lungs as early as three months
after exposure hegan, hut they did not become numerous until 16 months had
clapsed.  The beslice were short and practically all were intracellular, although at
2 awmiths somie wery bang enough to project Leyond the eell borders. It is
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formation of characteristic long asbestosis bodies.
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important to note that in the later months of exposure there was a distinet increase
in the numher of long dhers, up to 70 micrans in length, in the lungs with the

Chemical analyses (table 10) of the hungs revealid that considerable dust had
been retained in the lungs.  After 24 months of coutinuvus exposure the average

Fig. 6.—bBall-milled ashwestos inhalation experiment: . lung of 2 guinca pig
with 24 months’ dust expusure. A bronchiole s shown at the center, with 2 slight
accumulatiun uf phagecytic cells but withuut the formation of collagen (X 210).

B, lung of a guinca pig with 28 months' dust exposure and then 12 monthy’
inhatation of normal air. The reaction is miuch like that slvanvn in .1, but there is
a slight depaosition of collagen, most apparent at the Jeft (X 200).

value fur total silica, per cent of ash, was 25.37. This should be comtrasted with
the average value of 14.34 (table 6) for animals exiured 24 months to the short
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In vicw of the high values fur silica oblined with the amimals expined tn
100 per cent ball-milled dust, it is itnportant to note that their pulmonary respaonse ﬁ

. wt®
was much Jess than that of aninials exposed for 29 monthe to the short fiber ru‘;.
ashestin in the previous experiment. This again indicates that the biolagic activity pi‘i'-l

of ashestos inhaled into the Jung is not incrcased by a reduction in size of the fibers, -dt N

Reactivn in IWhite Rats and Mice.—In this experiment 40 rats were expused i"yf"— o
fur perieeds up 10 20 months and 24 mice for periuds up to 12 menths.  In neither “‘:;'“.'
specics didd even a sugguestion of asbestusis develop, and reaction was limited to :‘i.&
phagoeytusis of iuhaled particles by widely scattered dust cells which remained i

free in air spaces or were transported tu the trachevbrunchial lymph nodes. No
ashestusis budies were fuund in the rats, but in the mice thers were a very iew
small, nonhaustrated forms within phagucytes.

ibuted except in sccordance

Tase 10.—.Inalyscs of Lunas of Guinca Pius Exposed to Dust in Inhalution
Expertment twith 100 per Cent Ball-Milled Ashestos ust
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*The svbols averaging the tissue reactivn In each group represent werely thwe peiatlve
degree 0f reaction, ranging (rom o 10 <= (questiooalide) tu 24 (the matimmn vheerves] in this
experimvent). The relutiomebips spply unly within this takle snd eannul be comparal with
symitsots o other tables.

Stanuary and Interpretation of Inhulation Fxperiment wwith 100 per
Cent Ball-Milled Asbestos Dust—The tissue reaction observed in this
experitent wis not as intense as that in the previous investigation with
short fiher ashestos. The reaction was slower in development and less
extensive even though more dust accumulated i the hings.  Since there
were fewer fibers longer than 3 wicrons in the materia] used in this
experiment, the results temd to confirm the interpretation made in the
summary of the previous short fiber experiment that the reaction is not
primarily chemical in nature, and to support the impression that recuc-
tion in size of asbestos fibers does not increase the biologic activity of
ashestos inhidal i the ung. -
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& INIUIINIAL HYGIENE AND Qo 1 iaN 11 MDY,

The finding of lmg ashestosis bodics in animals that had inhaled the
hall-milled material is an example of the difficulty of campletely sliminat-
ing long fibers from a large voluinc of ashestos as required for an
inhalation experiment.

g

In regard to the progression of the tissue reaction after the animals
had hicen removed from the dust, observed in this experiment but not in
the others, the following interpretation is offered: When the reuaction is e
well developed at the termination of exposure, the contraction of theCLAIMED !
fihrous tissuc obscures any progression that may have occurred; in tﬁ’nRIVILEGE.
experiment, however, since the reaction observed was less maturc, itsBY OCF
subsecquent progress was more readily apparent.
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Loxe Fisen Asprstos Dust

Since inhalation of short fiber and of 100 per cent Lall-milled asbestos -

dust did not result in acceleration of the tissue reaction in comparison L T

with that produced by King's floats, the hypothesis that short fibers of
asbestos were of minor importance in the etiology of asbestosis was

- given added support, and attention was directed to the view that the
long fibers were of primary significance in that etiology. The King's

floats asbestos used in the first inhalation experiment had a rather low

content of fibrous chrysotile and contained considerable serpentine and
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other impurities. Therefore, it was decided to conduct a new inhalation Ti =
experiment with a purer form of chrysotile which would be richer in long h ! )
fibers. - I,

Cowmposition and Atmospheric Concentration of the Dust—The dusting .materi:l - i

employed in this investigation was obtained from an asbestos fabricating plant
Samiples of several varieties of long fiber asbestos dust were first submitted to the
Saranac Laboratury for examination, and one of these, which was low in magnctite .
and chromite and had a fibrous content estimated to be about 75 per cent, was
. sclected as most suitable. Steel wire brushes, fastened to the inside surface of
the hopper and to the rotating paddle as in the preceding inhalatiun experiment,

. . o
4% 10 s Shmimw Nt G o8 W @ oo

were used to open up the bundles of asbestos and liberate more fibers into the - L i
atmusphere. : e } ‘-‘

The composition of the long fber asbestos used is indicated by the chemical f '.’
and petrographic analyses given in tables 2 and 3. Analy,is of air-suspendcd H
material frun the dust room disclosed that about 60 per cent of the Jong fiber dust : ,‘
was chrysotile and about 20 per cent serpentine; as alrcady nuted. the cusnpusition ‘ 7
of a similar air-floated sample of ball-milled, short fiber dust was 15 per cent »
chrysotile and 60 per cent serpentine. 3 ¥y

The dust cuncentration as revealed by impinger sainples taken iuside the animal ) ; -
cages was much lower than the concentration for the experiments with short fiber } B
or ball-milled dust. For the first year of the experiment with long fiber achestus 4 TS
the average of the light ficld counts waus 32 million particles per cubic fuot of air: -
for the scvemd year, 48 million; for the third year, 39 millivn; and for the fourth &
year, 43 million. "3

The siac-frequency of atmospheric samiples of the long fiber asbestos dust 3
aid of the ball-milled dust is shown in table 11. Both samples were collected n
with the electrustatic precipitator. It will be noted that there was far more «

fibrous matcrial in the long fiber dust.

Guinea pigs, cats, rats and mice were employad in this inhalation experiment.
.The results, summarized in table 12, are duscribed in greater detail Il
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Reuetion in tiwinea Pins.—The experiment was started with 100 guinea pigs.
Adter exjosure hald been carricd an for 3 year, a severe epidemic of pucunmania
arose in the dust rewsm and ahout onc third of the animals died nr were killal, To
replace them, 38 more guinca pigs were added to the surviving group. Histulugical

cxamination revealed lesions in the lungs after eight months of dust exjacure, s
cansisting of ccllular connective tissue about the terminal bronchinles (fig. 7 1), At ?%
12 manths there were adenomatoid changes in the adjacent parenchymal arcas, $8
and hy the sixteenth month (fg. 7 B) dchinite Abrosi, was present in these area« 52
as well as around the brouchioles. The fibrous lesion could be seen macro- 5 ;sg.
scopically at 20 months. From this time on the reaction increased in extent and } - 2B &

in the amount of collagen, and by the thirty-fourth month, it had fanned out . § "53_;

L)

Tamk l.—Size-Frequency of Atmospheric Long Fiber and 100 per Cent Ball- RN '_55 !oi:
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Tare 12.—Swnmary of Inhalation Erperiment with Lang Filer Ashestos Dust

Maximum
Mazlk Burvival
mum After

Dust Dust
F.spo- Ezxpo-
Nature of sure, sure,
F.xperiment Agimals Mo. No. Results
Dust exposure co8- 117 guinea pigs 36 0 Definite Nbrosi< in 18 mn.
tiouous through- qcats [ 4 ] Slouily developing Slirosis first sren
out life - at 24 mo.
0 rats 2% [ Maerked peribroncbiolar fibrusis first
seen at 24 mo.
. 20 mlce oS ° Litnited preaction: no Alrosix
Dust exposure fol- 13 guines pigs - " Clegring of Inflanunatory reaction
lowed by pro- afl deflnite contrartinn of fibrous
lopced reridence tiszue
in oormal sir 9 gulpea pigs 27 1 4 C'raripg of inflammatnry praction
. apd slight contrartioo of Atruur
tissur
2eats 10 2% Similsr to econtinuour expusure

group: sugrcstion of progrvvcivo
1o one 0f the two ap.mals

conxiderably into the parenchyma (fig. 8.1). The lesions were rather sharply
localized and the extensions from different bronchioles showed no tendency to
fuse, cven in animals exposed for the maximum period of three vears. Althaugh
the intrapulmonary reaction sometimes reached the pleura, there was no invulve-
ment of that membrane. Emphysema was not detected at any point.  Some thicken-
ing of the larger brouchi with a chronic inflammatory infiltratiun was revealed.
but it was considered no more than would be produced by a siumilar perind of
inhalatiun of any dust. )

In guinca pigs exposed to the dust for 20 months and then remuved to normal
air. there was a marked tendency for cellulur inflammatary reaction to clear.  This
cffect, accompanied by contraction of the flirnus tissue, resulted in 3 diminishing
size of the fural lesions. None of these animals, killed at various perinds up to
14 menths after exposure, revealed lesions as large as those in the group killud at
the end of the 20 month exposure period or those in animals which remained in the
dust roumn for more than 20 monthe. Fourteen months after dust expusure ccasad,
the {nci in four of the six remaining guinca pigs were so small that they were
visible emly with a hand bens (ig. 8 ).
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In the group cxpnsed far 27 snanths and then transfereed to a narmal wtonephere
the response was quite similar to that in the 20 month expunore animals mentinne!
alove. Small foci were always visible on gross inspection of seetions of all
guinc.a pigs of the 27 month series, but in no imstance was there evidence of the
reaction.

Fig. 2.=~lung fiber ashestos inhalation experiment: o, luog of a guinca pig
with cight months® dust exposure. The bruncinole at the center alrealy shows an
accumulation of phagueytic cells, and there is a slight deposition of collagen. Com-
pare with figure 6 -, shuwing the reactiun to ball-milled ashestos aiter 24 manths
(x 20). :

B, lung of a guinca pig with 16 months’ dust expo:ure.  Again nute a hronchivle
with its surrounding reactiun, consisting of filirusis and advnanatoid change. Col-
Ligen depmsition is now seen in the walls of adjacent alveali, at the right (X 200).

. In the tracheobronchial lymph nodes teaction was first visible at the third
’ mauth of expuaure. By the eighth aumth patchies of cellular comiertive tissue
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had Ireen replaced by ccllulae conneetive tissue. ‘This picture, which resembicd

that in varly silicosis, peesisted 1o the et of the experiment, Seane animals showed,

ac a variaut, heavy shects of diffusely disteibuted monoeytes and large active giant

cells, hut there was never any mcrosis or hyaline formatinn,  Fhe spinlle-sligned
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Fig, 8.=long fiber asbhestos inhadation experiment: L f, Jung of a guinea pis
with 34 manths’ dust exposure. A brihiole is seen at the lower center; the
large arca above it represents the invedvement of alveolar walls.  Compare with
Erure 7 1 and note the incrcased extent of reaction (X 200).

R, lung ol a guinea pig with 20 months” dust exposure and then 14 months’
living in vopmal air.  The reaction is essentially like that shown in tiguee 7 1
The hronchiole at the right center it surroutided by filicous tissue with adenamatoid
chanue at the riaht.  There is eesiduad scarring in the walls of adjacent alveoli at
the left. 1t is apparent that no progression has uecurrad (X 200).

pew colls were sellonish feom fine pigment granules that stained for iron. No
fibers ur asdneslosy - Jealics were seen.
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: Althuugh astestnais bodics were found in the g as carly av one month

after expnsure began, they were rare and hard to And. At five mumths more
were visible, chiefly coiled inside giant cells, and at cight montlis many budics

. N - . e
Tauver 13.—Aualyses af Lungs of Guinco Piys Lxposed to Dust in Inhalctiion g
Espeniment with Long Fiber Asbestos Dust 3%
LEE
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4 34 u ° XS 03 1258
poat S 318 0.34 10.91 i 2
o 34 0.4% jLE]
Fy 2 [] ’ m 0.49 13.63
‘e : 335 0.52 1450 2+
.42 0.35 1018
s ° ’ P 039 Y] 3+
\ 3.40 0.9 1.5
n . ® N ST XTI 1318 3+
N 33 0.37 10.53
g ) ° 308 - 0.31 n.e
;‘56 . . EY I 24 8.1 “
AN 3.85 [ X Y X
‘.&" - H ° ‘uo 014 T “ 1
y H . €10 0.5 ] 1
e 5 o Fei 033 180 "
=it Dust F.xposure Followed by Prulongat Residence o Normal Alr
- EE 2
s 334 . 0.43 12.22
WYy w » ° S 0.4 e
e - Lass 0.2 ns 1+
Sl . 3 29 0.1 -] )
ooy 0 281 0.27 [ X7 2 2+
3 Cfeas 0.4t 573
L © Lex 0 o7 1+
tsm 0.7 417 -
> " Y 0.18 3.55 + .
{30 0.19 11.51 1
% ° 1354 0.19 315 3+
. 3 ' 26 0N X
= p & 1} 0.1 (%1} 1+
319 0.95 19
% 1 in 0% ] 1+ l
» ‘i o™ (&
= {23 0.2 81 T+
® The symbls averscing the tissue reactinn in esrh group represent merely the rrintive »
-cree of reaction, runging from 0 1o == (questionable) ta 4+ (Uw seaniimum for this exi=ri-
toenld. The telutionships apply only within this table and csnnnt te eomparcd with symhule .
tn other 1ablis. 3
1
were frce in connective tissue. They bucamme fairly abutidant as exposure con-

tinued, although in some later animals the asbestosis bodics were only mederately
auInerous. '

It is important to note from analyses of the lungs (table 13} that even thaugh
- the tissuc response at any given period of time was much greater in the, guine:
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Reaction in Alice.—Out of 20 white mice used in this experiment, 11 Lived a vear
or more in dust and dicd or were killed without showing an appreciable degree
of pulmonary infection. The reaction to the inhaled dust was limited to phago-
cytusis by mononuclear cells. Usually these were widely scattered through the air
spaces: a limited nunber were grouped about the terminal bronchioles, producing
some thickening of their walls. There was no suggestion of fbrosis, :

V ?".'{‘ L

o+

Ry 7 Y

Numerous asbestosis Iadics were observed in anitals killed late in the experi-
ment.  Thus these animals exhibited asbestosis bodies without fibrosis,

I L]
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Swwmmary and Interpretation of Iuhalation Experiment vith Long
Filer clshestos Dust.—The purpose of this experiment was to evaluate =
the impurtance of long fihers in the tissue responsc to inhaled ashestos.
;. The results, in comparison with those of previous investigations, indicate
D " steongly that long fibers are chiefly responsible for ashestosis.  Thus,
. the reaction in guinea pigs developed carlier and became more extensive
in this experiment than in previous experiments in spite of a smaller
concentration of atmospheric dust and a lower mineral content of the
lungs. Furthermore, typical peribronchinlar fibrosis was produced in
cats, although in a previous experiment with short fiber dust peribron-
chiolar fibrosis did not develop in this species. o

The causc of the cellular fibrosis in the lymph nodes of the guinea
pigs is not clear. It did not occur in other inhalation experiments with
ashestos. ) ‘
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: INJECTION EXPERIMENTS

Since the inhalation experiments reported above strongly suggested
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 preciscly.
Alsu, by the use of controlled dosages, the relative capacities of various
ashestos minerals to produce reaction could be compared. In these
injection experiments, guinea pigs, rabbits, rats and dogs werc used. and
the mineral dust was injected by the intratracheal, the intraperitoneal
and the intravenous technic, but not all the technics were used for cach
species. For the purpose of simplification the findings in each series of
tests, except for dogs, have been condensed and reported in talles, to . l
which reference will he made later. In the case of dogs. only onc test
was miade, and since the findings were negative. no detailed report is
included.
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As the ashestos minerals do not cause typical advanced fibrosis in
extrapulmonary tissue, the intratracheal technic is the preferred way of o 2
introducing filrous dust into the experiimental 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 Fibrows and Nonfibrous Dusts.—To demonstrate that
the ability of asbestos to produce fibrosis resides in its fibrous character,
the series of injection experiments reported in tuble 14 were perfunncd.
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Thwage: Farh snimal sar given an inttetracrheal inhirtiop of 0.5 ¢r. of a 5 per cent susin-nrion
af ide dust. Two werks later another similar injrrtinn was given. Tuilst susunt of dust
injeciad uwes N mg. !

Anbisnle neml:  Sin grom= of 9 guines pies each (one proup for rach tyje uf dust).

Perinie at which snintale were killed: Oue or two aniinsls iu eseli group st 1, 2, 6, #'%5 and 12
months afler last injectinn,

Iveparstion of dust: Chrysatite (Lefl mille)) upheated: Hall milles] for 1,176 br., dri<) sud
regrouied in seste morter.

chrysatile (hull milled) Ignited: 152l milled ehrysoulle heated for 2 hr. at shout 5w (', 1heo
grouud in agste mortar 2 or 3 mn.

Uhrysotile (Abrous) unheated: Ground in scate mortar 10 pars T meh,

nrysatile (8Lfous) ignited: Aw-mesh mateninl bheated for 2 hr. et abaut 00 . No Turther
griodine.

Nerpentine (ball milled) unbeated:  Bull wiliet for 3,4% be., dried snd fectouud tn seate tiurtar.,
brepgeentine (Ball millnd) ignited:  Hall milled serpeutine leate] for 2 hir. at alwut 00 (2, e
grouud in sgete mortar 2 or 3 min.

Size of . e .
Mineral Dust 'articles _ Rerulte .-
Clhirysotlle I microns and  Grinding destroxed espacity to esnse fihrosls, At 1 o,
(halt wilted) lers cunsiderable inflamnmatnry erdema sl ecllular preditera- )
< about bronchi.

upheated tion and locmlization of duet parti

. vler; ot 2 mo,, only s very slight Jruliferstive reactioon:

at £, »'3 and 12 wo., wiilely seatter~t sinall moponcl-ar

. . phagorytes. At 12 mn, 8 few uicrascopic patchrs of

thio siveolar wall thickening with »otwe sdenomatoid

- ehange In portion of alr spacer ahutting ou thicheurd
: bLronchi. No ashestoris 10Qick sevn.

Chrysatlle 3 microns and Reaction limited to lurge {nreign hanly gisnt cells wilhout i

(ball iilled) less production of Sbrous tissue, -
izpited . )
Chyrotile 20-30 microas A distinct Ahrosie. Resction luwalized 16 cvunrctive lissue
(Ahrous) APProux. ahout terminal bhroachioles: little within those tules,
uohrcatal Ountrsction csused aikrnomatoid apprarence of air

spaces given oft dirrelly fruie terminel broachioles.
Resction area beeame sinalicr with procress of tiue; po
pew regions lovolved. No ehronie pleurisy sveo st points
- abutting lotrepulmonary change. At 1 mo. ennsiderable
* inflstmustory cdetns and (oei of ecllular prodiferntion;
: ) st 2 mo. well marknl relluler proliferation smi fAhrasis
occurriug focally about pespirainrey hronchioles, Thin
reaction developnal Felore arbestosie luliex had (ormel
and was as sdvanen] ac thet produeed by 2 yr. inhala.
tion of sshestoa Ju=t. At G min, praction hss extansive
thau st S mo., spparently die to rontrurtion of Alirvus
tinsye; astwstoein bodies were stanviant, At sy Mo,
reaction still lesz extensive, confinl tu the fnnundiote
vieinity of the suull terminal bronchiol's, where the scar
tizsue was quite Jeuse and was b 15 hyaline lo char-
acter. Sometitnes it even obliteratl the hronchiole.
Astuntosis Dodicy had hecume semire. At 12 mo., the
well developn] prribronchinl and intrabsonchial sidenoe
tnatoid srrax 0f Alronis el procducnl ecosiderabile o
tortion. More periphicrally were palehes of pncusnun
wilh eorinophilic in8ltrativn, some af shich wee twing
trapslotined i0to Alirous tissue. These seetnml to be pre-
cursors of the lucslizel, diffuse pateins of thin slveolar
wall fibrosis scen elsewhere.

Chrysotile 2020 microns Reaction linitel to laree foreien tunly gisnt celle without
(Mhruus) SPProN. proliferativn.  Hesting the (hers, which madr thein
Ignited Lritth, deetroyes) their capacity to produe: signiftcmnt

rraction. . .

Kerw-nline 3 niicrons and Inist relatively inasetive. At 1 and 2 tno., simple phngo-

(hiall mill~y) Iran eytusis without pruliferstiou; st ¢ mo., ne chauge
unbested exrept posslbly lynmiphold evil infiitration; at sy wu., 8

slight ehronie pnruanonitis: at 12 o, ouly u little
prcumonitis witbout suggestion of Uhrosis.

Kerpentloe 3 wierons apd Dust relatively tuactive. Kueartivn exsentiaily the sume as

(bsll milird) bers for unhested scrpautine.  Wilk ignited serpentiue, beas
tgattnt . tesuleacy fur dust to be earricd tn Lronchial posles.
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Fir. 10.—Comparison of rcactiuns provoked by injected lung fiber and ball-

milled aslwstos dusts: A, lung of a guinea pig which four munths bLeiore had
received an intratracheal injection of lung fiber ashestos dust. Note the peri-
bronchiolar accumulation of cells with collagen deposition.  The bronchiole chiefly
involved is in the midst of the reaction (X 200).
] _B, lung of a guinea pig which four months before had received an imtratracheal
injection of ball-milled asbestos dust. A bronchiole is shown at the right. In
contrast with /§, note that only a few cells have accunmiulated about the bronchiule
and that collagen -deposition is absent (X 200).
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The tests were made with long fiber chirysatile, unheated, and with BY ocr

chrysotile that had been ignited to destroy its flexible structure or Lall

milled to reduce the length of fiber to 3 microns and less. A\t the same

time control tests were made with serpentine, which has the samc

chemical composition as chrysotile but is nonfibrous. A review of the

findings reveals that only the unheated, long fiber chrysotile produced

30
. o, §
.

typical peribronchiolar fibrosis and that hall-milled matcrial containing 3
only fibers less than 3 microns in length failed to cause flirnsis (figs. L
10 and 11). Fibers subjected to ignition alse had lost their capacity 5"." STret
to cause serious tissne damage. lgnition produced important changes (7~-g 3
in the chrysatile fibers, among them heing loss of water. an alieration E'... oL
- . . - . ~ .
from a flexible to a brittle structure and possibly ovther changes. Experi- 2. 58
: - i
YNf e T AT A O : :
\f X . ) "( ~—_
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Fig. 11.—Scrpentine injection experiment: Lung of a Guinea pig that hud
received an intratracheal injection of this dust four nnmths hefore. A bronchiole
is shown at the left center. The phagoeytic cells exhibit little predilection for
the bronchiole and cullagen deposition is abseat (X 200).
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mental studies concerning this observation will be reported in a separate
publication. '

Comparison of Varivus Long Fiber Dusts.—Some very interesting
findings are disclosed by the results of the experiments recorded in talle
15. First, all the long Aber ashestos minerals tested, with the exception
of anthuphyllite, produced typical fibrosis. The characteristic peri-
bronchiolar reaction caused by three representative long fiber asbestos
minerals——chrysotile, amosite and crocidolite—is shown in figures 10 4
and 12. \Why anthophyllite behaved differently from the other asbestos
mincrals is not entircly clear. . :

Sccond, with the mineral brucite, which is not a silicate but is a
fibrous form of magunesium hydroxide, a characteristic fibrosis like
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ol l.n.l_.-- I--m_m leefeope 4th mo.

Heavtion st t me, beary cololr litls aml peeribronetuclitis siready
showing fit * changrs: alekvine sl 0L Is with sumne nectusia gt
site of nna e liealleathn of Jdurt. AL 1 tun, heavy, widely sentters|
ewlotivauchtalitis aml peribrouchioditis, now fitrous, with marked Jdetor.
mity of bronrhioles and with ap witenngs rapee, AL S and 104
T i eseentjully J forl ot
Bhrans endabgonehlulitie
prar tissue aml ure Jdeformi rhigl Lodbwes 16t 16 Fatensiva lute,
or stelectusls of, prripherul parenebyine.
Advaneml fihrous en ronchinlitis andg geribironelioltis,  Newderd getos.
tosia haulies noted a mo. At TIno, eully ‘Miohronehlalitis and
many glant ellv a ylie reaetion. At &
& ol eminbirunchiok senlicrted mghout the tung:
ecllutre fbpraats. At A and )P 1 arras uf bronehiolitis mualiee leeniee
ol enutraetion of drvee sear (lsrte; at 127 mo., merked Ipmphoeytic infl-
tratinn sl sdenoinatoi) apgesratier,
Typical advanced Ahtuus eadubtrunchintitis anid peritronchintitis prosineed
by 0.5 suspensing (1 fr. tatal duse); most spinmle woulid
usunl 5% suepeusion. F
seen. AL 4 mo., sell Jr
giant erlix i
quite as extensly
witg the snte. b Mreas with m cienl progentlion of
haustruted ashestosia dunflies, At 12 W heuvy firuue heouchbaditis,
more jeribzonchiolitic aned enilobronetic . with Iymphoeytes and ginnt
1 very tatkel Aslennmninkl appwarabee.
*tis bl un ik A very {ew ntypieat
seattereal foei ot futendenorhiolar et
without ingesive loealization: 1 shueytie Infitiration of walls aml a {rw
ginnt celly, At R mnel 12 tua,, little evidenee af dust: 8 fow bronehiohs
and hroneh) with gisnt orlle in osljurent alveali gl with leaiphocytic
intiltration of walls,

Fibrosis about bronchinlee, At ¥ mo,, areas af slust loealization with eal.
lagse of alvenll grel inAftraticn with reute inftsome v oevlls, maecon
phages and glant eelle.  Within ties ares were a few Alraits ticene
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oces Tumiy geen. AL S

in hronehioles and atveolar duets with Aellidae reertio : .
amine foel shawer] distinet enllagrn depnsiticn. A1 12 and 1€ un, rencling
‘a¢ lefare with fibrecit obant bronehioke nte appareat leeanse 6f eon.
trartion anl deerrase of ntlammation,  Glany sl promient. Pieurs
markedly fuvolved.

Typical Bhrous endoheonchinlitis and  peribroenchintitic liks peaction to
asheetos minderals, At ) mn., exirmajve eindobrauchiolitie and peeibican.
ehfolitis with ginnt el stense Alraue oo within branchioles amd el
lar Abroxls abour them: A e, henvy
Inteabiranchinine aml jogribe e wearhest slefoeat
i 1 of tutec i

buwlirs. No pleuriry. N
No Nurnsix sithin a year.
jevipheral nie vpaes el
glasa with tyuiphoeylie
At 2 wmo., reartion leve dnten
gated glant phiapeeviee fur
clubebronehific. At 1 sl < an X i -
foen! arens of seumeititis with ve fHepasis o cadebrenehilis; mwlerate
aumlber uf suenth fronstaining @lere,

ndinge

. an ecactlon inside hrapehi
i evlle paeked with ff
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tuwlies n t after 1200 mo, -

Results .-
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HeacUnn virtuaily birntieal with that e Thetlord ehrysotile, Joth llhro:h: . .=.
8inl anlertisle dunbbis prostued with see Aslestne cuntamining very little x
iron. wix eeutted 89 gl iy tegiinnt hesy R+
tejminits ry. Fiby I bela heulies wers R
peen moul LY JErTl With gge, an
el enTony ey wu LIt Was OTe steaeg. T .‘B_

e o Uhese with Thetfond chrysotile. Plouriey i

Hmited to tunnstlate vicinity ol carly renchen ghout areas of fussive {
lneallznt i Aslwationin tusmilics foabogesn] | AL ) e, alter :
Injevtion, winuie forl of uagontriar gorl v
e arems of atrbvtncis; B0 1% . tenvy g 8
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ehironie paewnoniltg #"

with mAlteati At 8 ino., samel {atre- »

brunetilolar Al th fond oof were ddelicnte Alizonda wt periphery. .

M Lt

s

%08 006

aot to be copled,
ributed except in sccordance

raation,
roduced or dist
's order.

-l:h thie Court

Confidential info
re)



i

<28P30 8,300 STUA uw_-“
e U} 34P3XS PRINQTJIISTP 20 paanpo.
ou_.-vuomwu lh 03 30U ‘uofiwmIOjul [BFIUSPEIUCY

enty 08 2060 v I¥ SETETSATY BETUIS)

9

P
33
Since

the brucite used contained only 0.90 per cent silica as an impurity, it is
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The inflanunatory

A, lung of a guinca
teactinm exhibits pronouncaed accumulation of cells and collagen depnsition (x 2009,

OF ASBENTQOQNIN

AL =NTUINEN:
<uh gluss wool rescibles asbestos

However, there are fusdamental ditferences. A glass woo

Iy

NN YR

As in 4. peribronchinler accumulation of cells and deposition of collagen are

0 shown (N 2W).

Third, o Hbresis resulted from the injection of glass wool fibers

B, long oi a guinea pig four months aftce an uttvatracheal injection of crocilo-

Fig. 12—Amusite amd erocidulite injection experiments :
pie four wombe afier an intrateacheal injectiun of amasite

(hg. 13 11), even the

lite.
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obvious that a siliccous component is not an essential factor in the

development of ashestosis.
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in diamcter s a solid rod which in short lengihs s fairly rigid,
while an asbestos Ailier of the same diameter is a bundle of extremely
_fine filaments which imipart to the fiber a high degree of flexibility, It
would secm that this structure and the associated flexibility are important
factors governing the capacity of a mineral to produce perilironchiolar
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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 nonsiliccous fibrous mincral there is peribronchiclar accumulation
¢(;( c;lola and deposition of collagen simnilar to that shown in .4 and &8 of figure 12

X 200). '

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 sectiun and the
other in longitudinal scction. Below the latter is a thick-walled blowd vessel. The
brouchioles are without reaction and can b~ considered normal for comparison with
other figures. Glass wool fibers are present in this field but cannot be scen at
this magnification (X 200). .
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F'ORW.ILD ET AL—STUDILS OF ASBESTOSIS - 3%

fibrosis. Experimiental studics concerning this obsen':.tion.‘wm‘t-,e .
reported in a scparate publication, . .

Tasex 16.—Comparison of Reactions Produced by Long Fiber and Shart Fiber

Dusts Injected Intratracheally b ‘;'
3t
L&
Dosege: Two injectlons of 0.5 ec. of & § per ceat suspension given two weeks apart. Total E§§
dose was M Mg, i : '3 o
ADpimals umd: Bix groups of guipes pigs. 3
Paslods at which animals were killed: 1, 2, 6, 5% and 12 moaths stter injection. ﬂg:g
s —D ]
Sim of - 2 :
Miperal Duat Particles Results - 3dsY .
. 5935%
iy Chryentile ‘Long Sher, A distloet Abrosis. Refer to chrysotile (Burous) mo- L
Sﬁ» __& (Thetlord) ‘351)‘#!"05- Nhf‘l'“d :.n ul\:l'u u. o e (bay . % 3 gg:
T > \ rt fleer, o Bhrosis. er to ebrysot milled) unheated ¥ OSMIL
N _gﬂ‘g; $ microos in tadle M. : FLEety
i % . sod less : § «°8
€3 Amosite Looe Biher, Tyuicsl fidrous endobdbronchiolitis and perihronchiolitis. . PV .
2050 microns Refer to tsble 15 SR THY
Short Atwr, Resction linited to phagoeytlosis with iIymphoeytie Infl. . < pATEL
%0 microns tration of adjacent wells. Short filers packed toside i E co¥
aod less swollen phagocytes: louger ones free: same coatrd to ok
form typical aslestosia hodles. At ) mo. after injee. %
tion, alreoll contained good-gsireal glant celis; most .
. phagorytes were withio air spaese and had not N
. migreted to weils. At ¢ 100., free axtracelluler BLera LA s
had worked themselves Intn Interstilial tiscue, where et _l.;"‘#;:
there was extensive proliferation -of 1yuiphoid eelle nnd LA F 2t T
monncstes hut no Abrosis. At § mo. foreign hody N -7
reaction with sems 1§ itis, no br NWtis - &
: Typicat srhestania hadies present. - .
Croeidolite Long fiber, Advenced flbrous endohrouchiolitis and perihronchio-
(Bolivia) 2030 wnlerooy _litis. Refer to table 15
Short fiber, No fluroris. At 1 1m0, sir spaces compressed and
%0 microns lermely Alent with gispt crlle packed Bith dust nradlen
and ess Walls hesvily ioflitrated with monoocytes and Ilymph.
old celis. At ¢ ma., a morerate dexree of celiuler
inflitration of walls; small gisnt clls pacted wmith
dust spicules. At o and 9% 1n0., masses of giant eells,
containing micers! particles, In smal! dbrogehi but pot
fo respiratory hronchioles: sipaller ones widely seat.
.. .o . tered (o tarminal air spaccs. Numerous sshestodis
. : . bodies. No reaetinn ip connrctive tissue. No eodo-
: - . brooehial proliferation. At 12 rno., many seattered
. . emall monocytes packed with dust. No enduhron.
- -t ehitin. No peripheral fibzorsls. 1o ilymph pode, slight
. R Lntifulodl: no flurogis,
AnthopbsTite Long 8ber, - ympbhocytic inflitrstion and glant vells dot po definite
) ad 20.5) inlcrons - __Obrosls. Refer to talle 15. A .
Sbort fiber, No fibrosis and practicslly nn achestnsis bodles. At )
3 microns mo., foeal enliretions of dust-All~t monocyter and a
aod less few giant crll?: at 4 0., come gdenninatoid epithelial
reactino: at A mie, siinple ppsunionitis with phego-
crtosis of short fiwrs: at 12 1n0., isoiated nod sharply
* Incalized collectinus af dust eells Inside sir sparca
sbout tenninnl arterinles. Reaction ip walle limitmi
to Iymphald cell infiitentinan, No fivrasis. {n Iymph
;\uode. resction linited to slicht prownluence of reticu-
m.
Tranolite Lonk fider, Fibrotis about bronchioler. Refer to table 15.
20-70 ruictons
Bhort fincy, Simple forelen hody resction. No seute jofiammalion.
0 miczons No sccumulstion of durt in or ahout terminal brun.
a2d levs chioles. No codabranchitis, At 1 mo. scattersl small
gisnt eellv and eonsideradle Inflitzation of adisemt
walls with monoeytes and lymphoid eells. At § o,
Uttle ehinngr.exeent more ecllular Infllization of coo-
" nretive tivsue. At 8 moO., Iyinpholl inflitration snd
thirkening of walls ahout soine twit not all trrminal
brouchivles,
Brucite Long fAber, Typical fihrous endahroneblolitts nnd_ geribronrhiclitis
. 350 mirrons like reaction to atbestos minerals. Refer to tsble 15.
Khort fder Ipert type of reaction. At ) mo. ofter Injection, smal
(made dy monueytes widrely seattered through air spaces; fovus
erushing long of atelcctasia with lymphoid Inflitrating of comprersed
fibers with alr-spsre walls. No endoLronchial teaction ss ®ith
TuLber polico chryantile. At % wo., tesetion nimilar to that et )
man) mo.; typical asbestosls bodies sren. At 12 1no.. amall

clumps of toactive dust-Blin] phogocstes; 00 8droals.
No reartiop In lymph nodrs.

Cowmparison nf l.ong Fiber and Short Fiber Du:l:.—Wilh.quanz ‘
dust it has heen demonstrated that the smaller the particles the more. -
* T e
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intensc is the tissuc reaction and that particles larger than 3 micronsBy "EGEL
in diameter cause littie reaction. In the case of asbestos, however, the C
reverse is true and apparently only long fibers have any specific effect,

as was sugprested by the inhalation experiments. This is confirmed by

the data of table 16, in which a scries of tests with fibrons minerals is

repurted.  \When the injected dust consisted of fibers 20 to 50 microns

long. all the fibrous minerals tested except anthophyllite. as noted in

the preveding section, produced fibrosis ; when the material was prepared

-
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by first grinding the fibrous dust until the length of fibers was reduced : ;5

to 20 microns and less or, in some cases, to 3 microns and less, none =g

of the injected dusts caused fibrosis. , . ED

These results differ from those of King, Clegg and Rae. who g i

3 reported the production of reticulosis comparable to the experimental Skt
i’,‘é silicotic nodule in rabbits receiving monthly intratracheal injections of i
ko, . 100 myg. of Rhodesian asbestos fibers, 15 microns long, and the produc- 34
:‘), : tion of diffusc interstitial fibrosis in rabbits receiving similar injections g .=§

of short fibers, 2.5 microns in length. We believe this dose, especially
in the long term rabbits, is highly excessive. In our experiments the
. dosage was kept low in order to minimize untoward reactions which
. B might ohscure the peribronchiolar type of fibrosis which characterizes
early human asbestosis. '

ST
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Exrouvexts Usine Intravexous Trcusic

The experiments sutnmarized in table 17, in which the intravenous
method of injection was employed, show that the ashbestos minerals are .-

x

far different from quartz in their action on tissue. It has Leen repeatedly 2
demionstrated that intravenous injection of quartz particles 3 imicrons and R
less in diameter will cause a typical tissue reaction with the development . ,'~‘-
of hyulinized fibrotic lesions in extrapulmonary sites, such as the liver ; ,
and the spleen.  Asbestos minerals, however, on intravenous injection LR
generally produce only 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. ' HE
. ).

Exrouments Usine Intearomstoxrar Tecusic

The results of injection experinients with the intraperitoncal technic
are given in table 18. It will be noted that the lonyg fiber dusts produced
a fibrous reaction while dusts composed of particles 3 microns and less
in size caused only an inert type of response. Thesc experiments indi-
cate also that the fbrosis initiated by the irritation of ashestos fibers is

Y
B

not restricted to the lungs, as was formerly assumed, but can be pro- :
duced in the peritoneum as well. .
OTHER EXPERIMENTS WITIl ASUFESTOS MINEKALS 1

. B

A number of additional experimients were cunductud to throw more T

- . - &
light on specific phases of the asbestusis problem. ) 1

)
M

11 King, E. J.; Clege. J. W, and Rae, V. M. Fileet of Addwstos, and of
~ Asbestos and Aluminum, on Lungs of Rabbits, Thorax 1:183, 194.; abstracted,
. Indust. Hyg. Dig:.bt._l947.. vol. _ll (Feb.), no. 2.
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When colloidal aluminum hydroxide had been added tu a suspensionB
of long fiber chrysotile prior to injecting this suspension intratracheally
into rats, the aluminum compound did not prevent the irritation of tissue
due to chrysotile.  If anything, the acute inflaunnatory response evoked
by the injected filirous mineral was accelerated.  Oue month after the
last injection of the dust suspension the hrounchiolitis was becuming
fibrous. Kiny and his associates also found that aluminum failed to
protect pulmonary tissuc from the irritation caused by ashestos fibers 2

in their experiments metallic aluminum was uscd instead of the
hydroxide. '
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ForuaTioN or Aspestosis  Bouirs

The jron in the coating of the ashestosis body appears to be derived
from blood or tissue elements and not, as has been suggested, from the
mincral fiber. After two kinds of chrysotile were injected subcutancously
into the groin of a guinea pig—one kind containing 2 per cent and the
other 0.2 per cent ferric oxide—the ashestosis 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.!* '

ity <

Tissvx Reaction 10 Asuesrosis Bouirs

Asbestosis bodies recovered irom human lung tissue and injected
intratracheally into guinea pigs failed to produce a fibrous reaction. The
material for injection was obtained by digesting with sodium hypochlorite
solution the lung tissue retnoved at autopsy from an asbestos worker.
The asbestosis bodies could be seen in the guinea pigs for at lcast a year
aiter injection. This experiinent shows that the ashestosis body has a
rather resistant coating which is not destroved by modcrate hypochlorite
treatinent, which may be maintained in vivo for a vear or longer and
which renders the fiber incapable of producing fibrosis. It thus ajipears -
that the coating is a protective mechanisin. This thought was expresscd
by Beintker as early as 1934.1*

"_’)u'- A

£hY

b

SN
: ﬁ."-'\;".'.;‘; %

THEORY OF ]RRITANT ACTION

Two hypotheses have been proposed to explain the tissue irritation
and reaction caused by asbestos fibers: the chemical and the mechanical.
In the chemical theory, which is based on experience with quartz, it is
assumed that the asbestos minerals dissolve in the body fluids and that
in this process their bases are leached awiy to leave silica in a form
capable of irritating tissues. According to this hypothesis asbestosis
is merely an indircct silicosis. Several facts make the chemical theory
untenable: Intratracheal injection of brucite fibers, which had a silica

3

v
HAS)

4

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

13. Beintker, E.: Uber die Asbestosiskdrperchen: Bemerkungen zu der ‘Arbeit
von Beger, Virchows Arch. f. path. Anat. 203:527, 1934, . e
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content of only 0.3) per ceut, caused typival fibrosis like that produced
by the asbestos minerals; free silica particles increase in poteney as the
particle size Leconies less, but asbestos fibers shorter than ahout 10 1o
20 microns are relatively innocuous; aluminum hydroxide ncutralizes
the irritating effect of quartz but not of ‘ashestos; serpentine has the
same chamical composition as long fiber chrysotile, but it produced only
an inert type of tissue reaction; therc is a wide range in the chaical
composition of the minerals which do cause asbestosis (table 19). In
view of this evidence it seems more likely that asbestosis is caused by an
unusual mechanical irritation due to long asbestos fibers, this irritation
being related to the peculiar filamented structure of the fiber and the
associated flexibility, which are possessed by no other foreign hody
studied. Thus. ignition of chrysatile fibers changed their structure and
made them inert, although the same fibers, before being heated. would
have produced fibrosis (table 14).  Further support for the theory of
mwechanical irritation is that asbestnsis occurs in an organ of high mohility
—the lung—and that a fibrous reaction can be produced by injecting

TasLe 19.— dnalyscs of Fibrous Mincrals

Ignitlon Loss

$i0: Fe:0s FeO A0 CaO MgO Nar0 K:0 <105C. > I103C.
Pilsrous Minerals [ [ 3 [ 3 [ 3 [ % % [ 3 [ L-3 %
AMOsite...eenennnnnns X ] 400 ns 1.00 10 (L (%] 020 068 s
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Bruchte.....coevren.ane e 238 0.6 004 31.00 o.m 0.16 053 .08
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- effect of a dust on tuberculous infection would be phicerd helow an active
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asbestos fibers into the peritoneum, where there is also a degree of
mwobility, but not hy injecting them into other extrapulmonary organs
such as the liver, the spleen and subcutaneous tissue.

COMPLICATIONS -

The experimental investigations with ashestos minerals were con-
cerned primarily with the effect of the dust on normal tissue, hut some
attention was given to other phases. such as susceptibility to infection.
The ouly experiment in which the effect of ashestos 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
uther inhalation experiments also.

SuscrrnimiLity 10 Trsiscriovs Inmamiox
The developiment 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 asbestos when classified according to the
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dust like gnartz hut above an inert dust such as iron oxide. In ‘";”ﬁflt\ﬁ?gcgg
infected with attenuated tubercle bacilli, quartz causes the infeclidusBY-‘dCFu

process to progress until the animal dies of tuberculosis. Inert dusts -
have no ciTect on the infection, and the lesions usually heal and the
discase disappears.  Ashestos dust is in a different category. In the
experimental investigation, when the fibrous dust was being inhaled dur-
ing the evolutiun of the infection, there was spreading of the tuberculous
process for a time, but usually the stimulus for continued proliferation of
the tubercle bacilli was not sustained, the progression was arrested and
healing followed. In guinea pigs infected avith attenuated tubercle
bacilli aiter being exposed to asbestos dust for slightly more than two
years, progressive discase did not develop. The only modification of
the infection was onc of localization, a few hacilli being retained in the
fibrous ternminal bronchioles and forning tubercles there, in addition to
the usual foci beneath the pleura. Such tubercles healed in a few months.
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SUSCEPTINILITY TO NONTURERCULOUS INrrcTiay

Th-re was no specific experiment concerning the effect of inhated
ashestos dust on nontuberculous infection. Iutercurrcnt pneumonia was
rather common among animals exposed to ashestos dust, the frequency oo
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 ashestos 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 pulinonary infection.

COMMENT AND SUMMARY

" "Owing to the vast amount of data included in this investigation, it
seeins most convenient to summarize and to state as concisely as possible
the various observations which emerged from the experiments and to
follow each with a brief résumé of the evidence. '

" A. Various species of animals, including the guinca pig. the rat and the
rabbit. hut not the mouse and the dog. develop peribronchiclar
fibrosis of the'lunyg similar to human ashestosis after heing exposed
by inhalation or intratracheal injection to long chrysotile asbestos

fibers. _ . F:
Both inhalation and injection experiments provide ample support herg

. . . 5

for this statement, Figure 8 A4 reveals the ccllular fibrosis that occurs ;;";f
in.guinca pigs following inhalation of long fiber ashestos; figure 9 shows ';“l'g
the fibrosis caused in the cat by inhalation of fong fiber asbestos dust. A

Similar but less extensive fibrosis occurred also in rats and rabbits
(talle 1). Mice and dogs failed to respond. This variation in response.
of different species to identical dust exposures is still to be accounted for.

B. Lony ashestos fibers are essential in the production of the peribran.
chiolar fibrosis; short fibers are incapable of producing this reaction.
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Inhalation experiments with ashestns dust  sugpest, and intra-
tracheal injection experiments coufirm, that peribronchiolar fibrosis is -
produced by ashestos fibers between 20 and 30 microns in length but not
by particles shorter than 20 microns (tables 16 and 18). This indicates
that the minimum length of fiber possessing the capacity to produce the
typical peribronchivlar fibrosis in animals is somewhere hetween 20 and
50 microns. Poiunted studies have nnt beeu carried out to determine
the upper limit of effective fiber length. It appears, however, that that -

. USDC SD Mise:

nformation, not to be copied,

produced under Court Order in Hart v, Qweos

3. limit_will be determined by the inhalability of the fiber.

e C. The mode of action of the lony asbestos filer in the production of:}

';':.' g asbestosis is primarily mechanical rather than chemical in nature. E
::. The evidence for this conclusion has been revicwed in a preceding :':;
X scction, page 39. The flexible: filamented structure of ashestos fibers 2
£ plays an essential part in the irritating action, since the solid, inflexible H

dust containing 0.6 per cent of fibers longer than 10 microns (table 11)
typical fibrosis was obtained (table 9). The evidence presented shows .
at least that an atmosplieric concentration 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
asbestosis 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 duration of exposure required to develop the pulmonary reaction
to inhaled asbestos dust is inversely proportional to the concentration
of long fibers in the atimosphere; as the contentration is increased,
the reaction develops in shorter time. '

The basis for this statement appears in the data of the iuhalation
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 wiil-
lion). The lungs of animals exposcd to the lonyg fiber asbestos dust
revealed that the pulmonary reaction developed in approximately one-

%

xS
2o
-

e fibers of glass wool do not produce fibrosis (fig. 13 B).

i D. Typical experimental asbestosis was produced by the inhalation of
OO - ' _an atmospheric suspension containing an average of 138 million
= ashestos particles per cubic foot of air by light field count, of which
[ _ less than 1 per cent consisted of fibers longer than 10 microns.
é, i In the inhalation experiment with 100 per cent ball-milled asbestos
'.'.;_'-.._' -
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IMm-.25 half the exposure time required for its development in animals inhaling ;
!:'%} ; the ball-milled product, for which the concentration of the longer fibers : :

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

The experimental investigation shows, in fact, that on discontinuance
exposure there was an appreciable clearing of the mature pulmwnary

. was only 0.8 million (0.6 per cent X 133 nillion). j
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- lesions, due to contraction of the fibrous tissue. In contrast, an imma-
ture tissue respunse, evidenced primarily by cells with little or no
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 ashestosis bodies represents a coating of the fibers
by blaod and tissue elements, which results in loss of ability of the
fiber to produce fibrosis.

Intrateacheal injection of ashestosis bodies failed to produce the
typical asbestotic tissue reaction in experimental animals. The cessation
of progressive reaction obscrved soon after exposure terminates may be
duc to the formation of ashestosis bodies.

H. Aluminum hydroxide failed to neutralize the fibrosing action of the
long fiher asbestos. . )
Aluminum hydroxide added to the suspension of chrysotile asbestos

privr.to intratracheal injection did not retard or prevent the development

of asbestosis in rats. _

I. Inhalation of ashestos dust did not alter significantly the final vutcome

of experimental tuberculosis in two series of guinca pigs exposed to .

the dust. T

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 luny. The interpretation nust remain tentative, however, "
since it is based on an investigation limited to two serics of guinea pigs
exposed to only one kind of asbestos, namely, King's floats: Table 4
shows that when the infection was coincidental with the onset of dust
exposure, there was temporary progression of the infectious process,
with subscquent healing; when infection was initiated after 26 months of
dust exposure, the course of the tuberculosis was not appreciably altered.

The latter finding 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 initiated alfter a period of dust exposure, viz., superimposcd

on a background of established silicosis. As indicated abuve, this more

sensitive test, when applied to asbestos dust. iailed to demonstrate that

the latter had an adverse influence on a tuberculous infection. The

inability of asbestos dust in that experiment to affect unfavorably the

tuberculous process furnishes strong support for the interpretation that

inhaled asbestos dust has no more than a mildly unfavorable effect on

pulmonary tuberculosis.
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. SBESTOSIS 15 a form of pneunionoconiosis resulting fromm pro- 7~ o .0
- U7 . . . k “ . " oqe . 4
n- / longed inhalation of ashestos dust. The name “ashestos,” literally 7, - e
v “unburnable,” is not that of a specific mineral but is a teri: applied toa* . -,
number of different minerals whose characteristic feature is a structure , "} i “‘f
3 . . . . [P ol v !
composed of long, parallel. flexible fibers. This structure is unique = = .
because the fibers are capable of repeated longitndinal suldivision to _r
unmits of molecular proportions. In length the fibers vary from a few ‘-' o
microns to 6 or more inches (15 or more ¢m.). Some varicties are . 7§
stiffer than others, but many are sufficientlv flexible to be spun into z 0 .y‘;f'
yarn and woven on modined textile machinery. rr/ty
. . L. .. At
The asbestos minerals are silicates of variable composition and belong “?:/[ J
to the serpentine and tite amphubole groups. Listed Lerow arc the :norei'/’ el
common varicties. rQ _

Amphibole group: actinoiite, amosite, amghibole, anthophyilite. i
crocidolite and tremolite. .

Serpentine group: chrvsotile.

The bulk of the asbestos of commerce is chrysotile, 3N g0.2510...- Ny
2H.QO, which is mined on this continent principally in the Thetiord region N
of the Province oi Quebec. Canada, and in Vermont. Croidelite and e
amosite also are used commercially but in much smaller amounts. -
Chrysotile occurs as wveins in serpentine, a mineral of sinniar chenucal ) :—/‘
composition, which exists in massive form and is made up of microscopic .____’3/ e
fibers without the parailel orientation characteristic of chrysotile. The ?/ L
massive, bluish black serpentine, which is smouth and soapy to the touch, 7 4 7 °
is traversed by veins oi fibrous chrysotile varyving in width from a _ 27 i
bareiy perceptible line 1o G (13 em.) or more inches. The fibers run 1 _!:L"_ -
across the vein arnd not lengthwise with the formation. ' .f? . -,J"v vt
_ ST A
From the Saranac Laboratory of the Edward L. Trudea Foundatinn. c!-._‘o'
This series of studies of asbestosis. initiated at thie Saranac Laboratory more !'\, ' v
than twenty years ago by the late Dr. Leroy U. Gardner. director of tite laboratory, ) _)-"/
was nearly complcted at the time of his death in October 1946, Althiough partial d(‘ ,
A :

reports and informal reviews of some of the experiments had been given frem time
to time by Dr. Gardner, this paper presents jor the first time a compiete survey
of the entire experimental investigation. ﬁ
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2 I.’\'DUSTRI’HYCIE.\‘F. AND OCLUPATIONAL .\”cmz A I

‘o Attention is directed to the mineral hrucite, Mg 1. .Q, which is o o
' e often found in the same formations with serpentine and chrysotile and S sin

’ may be fibrous in structure. 7 wuept for the manuiacture of magnesium, the

, brucite has no commercial value at present hecause its fibers are not P
: sufficiently flexible to be used in textiles. but they are capahle of use
repeated longitudinal subdivision. Unlike other asbestiforin minerals. aiic

: brucite 1s not a silicate, and for this reason it has heen a valunable tool in i
. an experimental evaluation of the action oi hbrous munerals on lung tior
tissue. - con

EXPERIMENTAL ASPESTOSIS : ans:

For many years studies! have been curried on at the Saranac the

Laboratory in an investigation of the cause, nature and development of
asbestosis. The present paper is devoted to experimental asbestosis,
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_- cont:
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g the i
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" '
“ gTC.‘l.
' Fig: 1.—Human asbestosis (P-36-144). The photomicrogrash reveals a bronchi- cons:
e ole (right center) witit 2 smouth muscic bundle at it~ nterior niarwin and with an :
o extensive zanc of collagen depousition largely obiiteratinge the sarrounling alveolar atmo
i structure. The black foci are macrophages ¢ooianing _i.-::i'i_'.-n::.l pigment. exper
Asbestosis bodies are present but are not apparent at tivs magnincation (X 200). be in
b - and in it are described the experiments made on animals with varicus . pulm
o kinds of asbestos dust. Another report, to be prepared and issued at a meth:
! H : . . : . . '
r 7 - future date, will be concerned with human asbestosis and will cover occur
] -~
A +* 1 the health aspects of workers who have been exposed to ashe:tos dust in accur:
i an industrial environment. dose.l.
, . .. .. e valuai
. _ Although in mian asbestosis 1s a chronic discase with diffuse pulmo- 1, . :
i . . . . y I it perr
i . nary fibrosis which requires vears to develop, it is possible to reproduce .
M 1. (8) Gardner, L. U, and Cummings, D. E.: Sturdies on Experinicntal Pneu- :
q mokontosis: V1. Inhalation oi Ashestos Dust; Its Efect upon Primary Tuberculous Tr
"' Infection. J. Indust. Hyg. 13:05 and 97, 1931. (b) Gardner, L. U.: Chrysotile organ:
. Asbestos as an Indicator oi Subtile Differences in Animal Tissues, Am. Rev.
] : —ry 1019 table 1
i \ Tuberec. 43:702, 1912,
) \ from a
1
i
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VORWALD ET..-IL.TUDIES OF ASBESTONIS 3 "

in one or more species of animal characteristic tissue chanres which are !

similar to the lesions of human asbestosis (fig. 1). Since the life span of

~the experimental animal is relativelv short, it i< not possible 11 praduce

the characteristic lesiuns in ammals under cunditions tdentical with the

ation of the tissue response to inhaled particulate and fibrous material,
it is necessary to accelerate the reaction hy emploving hicher concentra-
tions of dust than would ordinarily be encountered in industry. While

usual industrial environment. Consequently. to obtain a comnlete evalu-[' ,
H
)

conditions of exposure are thus different. the informatinn vielded bhy{/
'
i

animal experimerts is invaluahle in furnishing a better umlerstanding of!
the reaction of the human organism to inhaled ashestos dust. |

ExPERIMENTAL MEeETHODS

For investigating the tissue reactions of experimental animals to the -
various asbestos minerals. two types.of technic have heen emploved.
namely. the nhalation methad and the injection method. In inhalation
experiments, groups of animals—up to 100 or more guinea pigs and
sometimes smaller numbers of rabbits, cats. dogs. rats nr niice—are
kept for eight hours a dav in a cubical dust room, ¥ it. «2.3 M) in
dimension, in which a cinud of asbestos dust is maintained I a rotating
paddle in a dust hopper.:* At intervals during the experiment a few
ammals are killed and the tissues examined to deterinine 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 not a particuiar dust has
a potential capacity to produce inflammatory reaction when in direct
contact with ussues of the budy. The method inveives hijecting the
dust, either dry or suspended in fluid, into the animal by the intravenous,
the intraperiton~al, the intratracheal or another route.

Long termi inhalation experimients furnish informatiun on which
great reliance is placed when estimating the degree to which a dust might
constitute a respiratory hazard to industrial workers. Even though an
atmospheric dust may be potentially dangerous. as indicated Ly iniection
experiments, only inhalation procedures will reveal whether thie st can
he inhaled, pass the natural deiense barriers of the body an< reach the
pulmonary tissue in quantities suficient to cause damage. Injection
methods are useful, however. bhecause they: make certain that contact
occurs bLetween the dust particles and tissues and because ther allow
accurate estimation oi the dosace and of the potential capacitv of that
dose to procduce reaction. The intratracheal method 1s rnartcularly
valuable when one is deaiing with fibrous minerals like aslesics, since
it permits ohservation of the effect oi the fibers on pulmonary tiscuc.

_ Tisste SusceemmiuTy
Unlike free silica. ashestos does not produce specific effects in all
organs of all species of animals. The comparative data prescnted in
table 1 are based on completed ohservations and therefore diifer slightly
from a preliminary report.'® Fine quartz introduced into varinus argans
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of various animals (guinea pig, rabbit; rat, mouse, cat, dug, chicken and
even tadpole) eventually will produce silicotic nodules but at different

. rates. Similar introduction ! long filer ashestos has resulted in a

fibrous reaction in the lung and, to a lesser extent, in the peritoneum
but nct in other organs of the guinea pig, the rabbit. the cat and the whute
rat. In our experience the lungs of the dog and the white mouse failed
to respond with fibrosis, aithough Schuster # has reported such changes
in a dog that lived in an asbestos-fabricating plant. This variation. in
species and in organ susceptibility is vet 10 be accounted for?3; it is
presumed that in the susceptible animals the zreater reaction of the g
to ashestos, far exceeding the reaction oif uther urgun tissues, is due
principally to the greater mobility of the lung.

Pectitan CHARACTERISTICS OF .\SRFsTuS

Experience has demonstrated that most oi the nonfihrous dust
particles inhaied into the lungs of nan and anunal are 10 microns or less

Tasre |.—Reaction to Long Fiber Chrysonle in [unns oi Maon and Other
Stpecies of Animal

Species Mode of Fxposure Filirosts © Asbestusis Bodles
Man....cciiiiienan Inhalation “+ Numerous
Guioes pig......... Inhaistion and ioje~etion 24 Moderately numerons
Babbit............. Inhalation snd i3jection + ~ Raresoil stypieal

Inhalativo and ia)ection
Inhalation sad Injecticn
Inhalation

Rare as! ntypucal
Very rare
Rarean:t ntypieal

R.

- ———

PICRUTRSAL . L SN 5 - i

~—

oot +

Dog.vviiiiiiiias lajectica Noae

*The symlwils 2t 4+ reler to the cegree of tissue rraction,

in maximum dimension. Larger particles apparently do not wain access
to the lungs, because. first, large particles settle in air so rapidly that
few remain suspended in the atmosphere breathed and. cecond, large
particles are more effectively removed by the protective mechanisins of
the upper respiratory tract. In the case of fibrous materials these factors
have less influence and fibers 100 and even 200 microns in length have
been found in the terminal air spuces of human lungs. In <muil lzhbora-
tory animals exposed to asbestos dust the maximum length of fiber
found in the lung rarely exceeds 60 microns.

A large proportion of nonfibrous particulite 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 ashestos fibers are first
discovered in the respiratory hronchioles. 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 Suscept:bility to Industrial Dusts
Inhaled into the Lungs, Am Rev. Tuberc. 62: (IB) 13, 1930.

4. Milter, W. S.: The Lung, Sprirgneld, 11, Charles C Thomas, Publisher,
1937.
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VORWALD ET ._4‘7'u01£5 OF ASBESTOSIS s@)

own essential Lining is a low cuboidal type of epithelium but, as their
name implies, they actually function in respiration throuch lateral
alveoli distributed along their walls. Tither these alveoli or the abrupt
change in the character of the lining epithenum, or the small diamcter
of the respiratory lirunchiole. or the cambination of all three factors is
responsible for. retention of the fiber at this site. Only after ashestosis
is well established are appreciable numbers oi fibers seen in the more
peripheral air spaces. lurther explanation is required to clariiy this
observation.

Rate oF Tissve REacTioN To Aspestos FiBers

The affected tissues react muck more rapidly to ashestos than to
quartz dust. For example, in rats receiving asbestos fibers by intra-
tracheal injection fibrosis of a characteristic type is visible as early as
one month aiter injection; for quartz dust the latent period is two
months or more. Thus. the development of nodular filirasis due to
inhaled silica lags bLehind the deposition of dust to a greater extent than
does the evolution of the diffuse rea.:ion to asbestos. This resuits in a
difference in the degree of pro.ression which follows termination of
exposure to dust. For example, on discontinuance of exposure the
nodules of silicosis become larger, to a limited extent, for a considerabie
period of time, whereas the fibrosis of asbestosis increases ior only a
short time. Subsequently, the asbestotic fibrous tissue contracts: this
process oiten distorts the adjacent pulmonary tissue and may. as a resuylt,
progressively interiere with cardiorespiratory function.

Aspremnsis Bonirs

The peculiar structure known as the asbestosis body or “curious
body™ is a.specific concomitant of asbestosis.* The typical body 1s a
golden yellow, beaded or haustrated rod, which may be eitiier straigiie
or curved (fig. 2). Oiten one or both ends are bulbous like a dumhbell.
The bodies vary considerably in length, and dimensions up to 23
microns have been recorded.

It is belteved that ashestosis bodies are inhaled fibers on whivh pre-
tein and iron pigmeunt of tissue origin have been deposited.* Glovne *®
observed reproduction of these bodies in guinea pigs nine mwunths aiter
subcutaneous injection of fibers rendered iree of iron. The hndics are
abundant in man and in the zuinea pig (tabie 1) but are much larger
in the iformer, probably because the larzer-sized air passages admit
fibers of greater dimension. In guinea pigs they form aiier about 70 days

5. Gloyne. S. R.: (a) The Formation of the Asbestosis Body in the Lung.

~Tubercle 12:393. 1931 (&) The Asbestosis Body, Lancet 1:1351, 1932, (¢) Gard-

ner and Cummings.}s

6. Lynch, K. M., ang Smith, W. A.: Asbestosis Bodies in Sputum and Lurng,
Jo Ao M. AL 93:635 (Augz. 30) 1930, Simson, F. W. and Strachan, A. S.:
Asbestosis Eodies in the Sputum: A Study of Specimens from 20 Workers 'in an
Asbestos Mill, J. Path. & Dact. 34:1, 1931. Gardner and Cummings.'» Gardner.'b
Gloyne.sa. b
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of contact with the tissue. In cats, rabbits and mice a few of the fibers
show an atypical coating after much longer residence in the lungs. In
rats the hondies are rarely seen, and in dogs none could be found.
Although the evidence is incomypuete, it appears that the formation of
the asbestosis body prevents the fiber from damnaging the tissue.  Many
of the points mentioned ahove will be elahorated on in subsequent para-
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Fg human ashestosis bodies. This cciiection of asbestosis bodies was

found in the lun: sitown i ngure 1. The usual varistnms of size and connguration

are represented (X WYL .
B, guinea pig asbestosis body. This one is simiiar to some of thuse shown in

A (X +0). : .

graphs dealing with the actual experiments. For presintation our
investigation is divided into two sections, one dealing with inhalation
experiments and the other with injection experiments.
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o VORWALD ET .—STL'DIES OF ASBESTOSIS "

INHALATION EXPZRIMENTS

Four large scale inhalation experiments have been conducted in- this
laboratory with various forms oi asbestos ist.  In each of these investi-
gations, more than 1(4) animals were used, and the experiments were
carried on for periods ranging irom two to more than five vears. The
four kinds of ashestns dust emploved are designated us King's floats,
short fiber, 100. per- cent -ball-nniled, and long fber asbestos dust.

e r——— —a— . — -y

B e
.

Kinc's Froars Assestos Dusr

The first inhalation experiment conducted at the Saranac Lahoratory
with asbestos dust was begun in 1923. _\nimals inhaled the dust for

Tasre 2.—Chemical Analysis of Asbestos Dusting Materials

e g s -
L'

Igalk

- tion - kS

Type of Asbestos 810s FerOs Al:Os Cr-Os MO C80 MgV Na:O K:0 CO: Loss Total :
: ———— H
a8 * hd 0.67 5.0 . . . 12,74 97.13 14 5 )

9.00 140 - 014 009 08 W 0.4 020 094 1400 loo.11 ’ !

$32 0.7 * 0.0 0.1 W.ls  0.08 008 057 1400 99.78 ' .

* Not determined. ] :

' | [

. .
TABLE 3.—Petrographic Analysis of Asbestos Dusiing Materials i’ : .

I = f E
‘ - Eizg’s foats *: The spproximate composition, bac: ! .n particles (exeent chrreotils) «<mallrr ‘ N

. thaa 10 microus and reparted ae [pwreentages ohlaine:; ram pest:cle conar+, was cnrycotile 14 -
1 serpentine #. magpetite '2, esruonates Is, talc 12, otder minerai» 4. For chryvotile, Obers up to .
' 200 microns lozg were 1ncluded, -

Short fiter 40 The mnatenial, befure beigg bull milles!, enntainal 8 prependeranes of 840U
ehrysotile and p'aty (Lonft Us! st 2l The g CLIMmAe € Lnnnation, hE nreentacs was

ebrysoliie 1T, ~ RERNRE UTY ST CAMUSEITW 1 23 355 o, vileranauerals, il sodonte,

actizolite and trer:oute, ll. P !

. Long fiber t: The material consist~d principally of the 8brous asbestoc minersl ehrysotile. . Tl e
- Shreds of nonserarated.flers. 3 (o 15 mlcruns In d:ameter and LD 10 ) inlerons 10 lsogih &ore ! B
‘present. The auprox:miale compositicd, DY perceciiyse, was ¢nrysotile 73, -erpentine 15, raag- ! . . '.':.
petite 5, brueite I, ther minerais. atnnor which were cslcite sad ehioritic anud miesceous <
munerals, 3. Only a trace of Quariz way olserved. . 4 R 3

‘ :

* T ansiysis of the King'e foate astectos, made Ly Dr. C. & Hurlhut Jr., of Harverd :. Caw
Choiversity, has beez 7rporfled eicrwhera tHurlbut, C. S .Ir.. Willlamr=, (*. R.: The Mio- . v . T

erelogy of Astrestos Duset, J. Jodu~t. Hrg. & Tomieol 17: 7070 1uu0). : .
t For the s!:0mt Gher genm<tos anf (e in2g £ 77 ashestus the petrographic analysis was N 2
supplermenied with x-ray Jiffracrizon « xamination. .

periods up to 33 months. Some guinea pigs with six and nine nionths’
exposure lived for an additional three vears aiter cessation of their ; 7&
exposure. A preiiminary report:* presented observations after 20 ) -
months of exposure. At that time observations covered a period of only ' . ;
214 vears and the conclusions as to the uitimate effecis of ‘inhaled ,
asbestos dust were provisional. Those conciusions are substantiated by i
results of the completed study. which is reported as follows. . ; -
Composition and {tmospitcric Concentration of the Dust.—The «lusting material, l
a commercial variety of asbestos known 3s King's flnats. was composed of short . ,J,_
fibers, ranging in length irom | mm. to | micron or less. and of particles which ' ’ x
also varied in size. [t was ottiained from the Thetinrd, Quebee, piant of the v‘ -
Asbestos Coarporation of incrica. and analyses (tables 2 and 3) reveal that the ~ : s
amount of fibrous chrysatile was only 14 per cent, a rather low vaiuc. o :
i :
! :

1
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¥ 8 INDUSTRIAL HYGIENE AND OCCUPATION.AL MEDICINE . : b
.- . . . H
' . Impinger samples taken sonn after the experiment was started indicated that : were phag(‘t‘
. i the dust concentration was at first quite low, thie avcerage dust cuunt buing only . cells. Monor

6.0 million particles per cubic foot of air by ' . stanlurd light field tecimic and 0.3 ing of the bre

million for particles and fibers greater than 10 microns.  After the inhalation : The process

experiment had been under way for about two years, the speed of the rotating paddle fibers steadils

; in the dusting machine was increased and for the remaining 10 months of the experi- : ;
. ment considerabiy more dust was dispersed into the atmosphere. The average dust ’ ,
? . - . . - - .
" count of impinger samples collected aifter this chance was 33.7 miilion by the usual
light ficld method and 1.6 million for particles and r...ers larger than 10 microns. [t
'
is probable, huwuver, that the true valucs of the dust concentration were higher
' “than the counts given in this paragraph. The imninger samples for the King's
floats experimuent were colleccted in water, but later studies 7 have shown that
counts of impinger sampies oi asbestos dust taken in water are not reliahle. Ethyl
alcohol mistead of water was used as the collecting fluid in all subsequent experi-
ments.
s TaBLe 4 —Summary of Inhalation Expemiment uith King's Floats Ashestos Dust
Maxinmum st
‘| Maxl- Survival i —.1 v _) ./—5 v -
‘ Dum Alv e VL O N vt
. Dust Ex- Durt fit- Hiad w " R
porure, Lestire, : HE PR
Nature of Experiment Anizals Mo. do. . Results .
‘ Dust expDOSUre continuous through- o4 guizea pigs 3 0 Typical peribro~~binlae Ahrosls alter 18 maonthe
i out Ufe v raboile . %) 0 Yureign Loty bronchits
. 18 rats 6 0_  Little or 2o reactiog
{ Dust exposure followal by pro- 15 guinea pigs Te E- 3 Nopprogreaatte Ahensis
‘ . louged redidence in normai air 25 guines DIES 1 av Nooprugressive Dtirosis
1eautnt ¢ 3 1 Absorption of fore.ka body reaetion
, 1ttt 19 H O ‘ore.
. ‘Tuiberculoue [3lection * at start of #0 guinca pigs 3 0 Temporury procres-ion of Inlaction, folivwey
Just exposure . Le Reansg with titross .
‘Coutruls (o julcetton: 2o duet ex- 22 gulnea pige [} Lt Hosting ©y resvlut.on (uhie esecpting ’ .o
pusure ] ;
X Tulereulous inf~ct'ng ® after B Hacs pivs 28 u No appreciabls freesas dnowee pril "oy 10 » N
‘ ul dust evposure, Und Tusaaciite tul= feslous 1%« . g with IIrrees
in goriual aw : o~ ;
| Controls to !afection: no dust ex- 12 guincs pigs [} 191t Healing by resolution < N W
A J'
1
\ * The guinea pigs were infected with Jow virulmece Ru |t‘n|n of tubercle blclllm. . \‘.‘?'
*§ t This nieans the survival period lolowing ltfvetion. > ~
] . .. . A}
i Results of the investigation, briefly summarized in table 4, show that inhalation e -
of King's Joats asbustos dust produced a typical peribronchiolar fibrosis.in guinea . ""
! pigs but not in rabbits or rats. : §
_ Reaction in Normal Guiea Pias.—Guinca pigs inialing this dust for periods up ) .
! to 33 months had a characteristic nbrosis occurring in conical patclies about the . : ,
_: respiratory bronchioles. uring this exposurc the peripheral alveohh were not - ...
- involved The particulate (lements of the dust were transported through the ) \ )
- lyruphatiz sy<tem to the bronchial nodes, causirg no significant rcaction in cither . K“ f
oo site; the &brous clements remained fixed at the points of original loaluanon and B 4 ";
|
" were seldrm detested in the lymph nodes. : .
o ' After exnncure of approximately a year a small amount of cellular reaction . L d
had ‘been preaduced aout many respiratory broacinicies tng. 3.1). As more dost 3 Fig 3K
“was inhalsd. it coutinued to accumulate ia the came location, and later stages of ; months’ expos’
the disease (4g. 3 8) consisted of extensions of the original lesions. becoming an i
L - L . . )

“Apparently, the inhaled Abers were caught in the pocket-like alveoli that - . :;‘zll: 9,‘6 ";‘:O:;
are given o from the lateral walls of the re:pizatnry bronchioles. There they , peribrorckial £
" i : . . epithelium lin:
! . 7. Fulien, W. B.; Houtz, R. L.; Dooley, A., and Llathews, J. L.: Asbestonis: ! (X 200).

1 ' I. The Collection and Counting of Asbestos Dust Fncountered in Asbestos Fabri-
! cating Plunts, Special Bulietin 37. Penasylvania Department of Labur and Industry, : distorted the a
R Harrisburg, 1934 cells. The re:
o e—— e —— -
‘
T T T T T I T R, Y R T T, T . - T o s T e
Y T : .




. ' ! : .

VORWALD ET AL.—S.o/Es OF ASBESTOSIS 9 " .

{ ;

-were phagocytosed, aid many of thern were carried into the wall by micratory ; 1
cells. Mononuciear leukocytes atiracted to the area caused an appreciable thicken- )

ing of the bronchiclar wall. After 16 months a delicate Ahrncis made its appearance.
The process evolved graduaily, and the number oi ¢ ¢ intercellular colligenous

filxcrs steadily increased. As this fibrous deposit contracted. it partially closed and :
[N )
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months’ exposure. fndes a 'tspxratorv ..ronchnolc at the | ( ~a : __" 2
becoming an alveular Cuct, at the nigit.  Note the accumulaticn of cells in e f pE4n
wall of the bronchinie and n adjacent alveols (X 130). 2, lung of a cuinea piz : o
with 23 months’ exposure. The field inciudes a bronchiole, at the ceuter, with ] £
peribronchial fibrosis extending inta the waiis of adjacent alvecli. Note the cuhmdai { ~x
epithelium lining these aiveuli. This is the so-<called “adenomatoid” appearance ; S
(x 200) : Z
X 200). . e
- . ' 9
distorted the alveoli, and with this change the alveoli became lined with cuboidal i >
. . . B ]
cells. The result was an aderoma-like appearance which frequently accompanics ! -
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Asbestosis bodics (fig. 2 B), first seen in the lungs of the guinea pigs that had
inhaled dust for about two months, became more numerous and more distinctly
segmenteu with increasing exposure.

The reaction prwiuced in guinca pigs expose. for six and mine months did not
progress significantly during a subsequent period of 33 and 37 months when the
animals lived in a normal atmosphcre (fig. 4). Dutween eigit and 11 menths
after exposure ceased. the celiular reaction in the lung iiad been conipleteiy renlaced
by thin strands of fibrous ussue. At later periods the scar tissue was less in
amount, but in the last anmal kilicd. 37 months atter discontinuing dust expousure,
some fibrosis was still visible.

Reaction o Guinea Pigs Infected with Tubercle Riciili at the Orset of Dust
Inhalation —Of tte group of 40 guinca pigs infccted with attenuated tidwrcic
bacilli, Ry strain® at the time that dust exposure was beyun, 31 died ur were
killed before the completion of two years oi the expusure and were reported in the
paper by Gardoer and Caommings.'® Seventeen oi thesc died - from intercurrent
pncumonia. Briefly, the results were as iollows: Tun reveaied some evidence of
spread of the tuberculous process (fig. 5 4); in 6 of these it was coniared to
the lungs, and in the other 4 the abdominal viscera also were involved. Extencion
of the infection was Arst seen after seven monti:e of dust inhalation: dures the

‘mext 20 months more than half of the animals showed actively spreading tuber-

culosis, and in 3 of themn smail cavities had developed. Duriig tne last eigint
months no anmmals exhibited any evidence of active iafection althnugi: in kulf of
them the healed nhrous scars ot previous spreads were obvinus. The scare were
more cxtensive than is characteristic of ecither tuberculusis or ashcstusis zlone.
The nine animals which were still alive after two vears of dust exposure were
killed at intervals during the following year. In four of them the pmimary foci
of infection were healed with fibrosis and even calcification, and there was no
evidence of progression (fig. 58). In the remaining five the tubercuious fwi
showed evidence of having previously spread locaily; in four of them. by tie o
of autopsy, the foci were hcaled. with excessive fhrosis: in the Sith arimgi there

lobes there were isolated primary tubercles, which were stiil active but had not
spread.

Reaction im Guinea Pigs Infected with Tubercle Bacilli After Estcrlisiment oi
Asbestosis—Twelve guinea pigs. aiter inhaling King's floats ashestos dust inr 25
months, were infected with tubercle bactili and then removed to normal air.  Six
of these animals dicd within seven weeks, five from intercurrent nontu~ercuiuue
infection. The remaining six animals were killed at intervals up to 13 montis
after infection. The subhplcurzl tubercles were no mare mumer-us in the -

was a generalized chironic tubercuious pnenmionia in one lnhe. and i s

[44]
animals than tm the nondusted controls, but a considerable number were tound in
the depths of the lung about foci of asbestosis. The tuhercuious component of the
combined reaction showed only slight locu! extension about lesions in tite lungs
and trachcobronchial Iymph nodcs. Caseation was found in tubercies 173 monthe
oid, but by 51 months it had compietely disappcared, ieaving only scar tissue.
Foci of fbrosis still persisted in the last animal. which was killed 14 menths aiter
infection. ' ’

Reaction im Raliits. —Rabbits exposed to the asbestos dust for geriods up 10
19 months showed a fordgn body type of reaction of low gradc. but no nbrosis.
Although their lungs contained particuiate eiements of the dust, fibers were not
present, indicating that the upper respiratory mecpanism of the rabbit is adequate
to exclude fibrous Toreign bodies. Two rabbits, aiter inhaling dust for six and 19

9. Steenken, W.. Jr. and Gardner, L. U.: R: Strain of Tubercie Bacillus:
Its Dissociation and Viralence of Varants in Normal and Silicotic Guinea Pigs.
Am. Rev. Tuberc. 54:51, 1946,
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months, lived in normal air for more than two years. At autopsy neither animal
shuwed any evidence of cellular reaction ur fibrosis in the terminal bronchioles, nor
were there any astestosis bodies.

Reaction in [1*hite Rats.—All the rats had acquired an- infection, resulting in
the formation of puimonary abscesscs, beiore tiey came to autopsy. Apparently, so
much heary mucus ohstructed their bronchi that very few hbers couid have entered
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Fig. 3. —Kinz's foat inkalation experiment: .. lunge of guirea pig iniected
with R, tubc.c‘g bactiii and then expuosed to dust fur 2< months. A bronchiole is

shown just ab wve center, Se errquniing it is some coliugen depasition, tocether

with typical cpitheii
and the peripieral vmitheitoid ceil preuioma, which iilucirate a spreading tuber-

“t cell infiitration of the wail. Note :ne lack of encapsulation

culous process {x Zidl).

B, lung of a guinca pig intected with Ry tubercie bacilli and then exposed to
dust for 33 mrntis, _.\ote the subplcural distinctly ercapiiated casewus focus, the
calcification at the richt border of the lcsiun and the ansence of ceils 1a adjacent
alveoll, all of wiich jllustrate a healing tiherculous process (X 20)).
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VORW ALD ET f'srumss OF ASBESTOSIS m"

their langs. In a few of the rats, an occasional asbestosis body was discovered,
but there was no fibrosis. This phase of the experiment was considered unsuc-
cessful.

Suwimary and Interpretation of Inhalation Experiment with King's
Floats Dust.—The findings in the experiment with King’s {luats dust can
be summarized uncer two headings:

1. Effect of the inhaled. .dust on normal animals. The King's
floats dust caused a characteristic peribronchivlar 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 tulcrculosis in guinea pigs. In guinea
pigs mfected 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 type. A few animals showed no sign oi progression oi the
infection; in most of them there was evidence of temporary progression
with subsequent heaiing ; in one animal the tuberculous provess remained
active to death. In contrast,-when guinea piss aiter heing infected are
exposed to quartz dust instead of ashestos dust. the infections process
continues to progress and eventually causes the death oi the animals.
On the other hand. iniected animals exposed to a harinless dust like iron
oxide do not show any progression of the infection.’®* Guinea pigs
infected with attennated tubercle bacilli after tlie termination.of twn
vears' asbestos dust exposure did not show progressive disease. The
only modification of the infection was in its localization, a few bacilli
being rctained in the peribronchiolar nbrous ussute, with tubercles
forming there in addition to the uswal tuhercles beneath the pieura

In view ol the variability «! the results. the unusual nature of the
response and the high propurtion of deaths due to intercurrent pneu-
monia, it is felt that only tentative conclusions as to the influence of
asbestos dust on the course of tuberculous infection are justified by this
experiment.

. Seosr Frzer Aspestos Dust

Since hazardous dusts like quartz are most effective in producing
fibrosis wiien the parucies are 3 microns and less in size, an inhalation
experiment was periormed to determine whether this condition is true
for asbestos dust. It was thought that a short Aber asbestos dust
consisting almost entirely of fibers and particles smailer than 3 microns
would imitiate an accelerated tissue respon=e and produce an advanced
reaction in a shorter time than did the King's floats dust. which con-
tained fibers irom 1 mm. to 1 micron and less in length as well as auch

particulate matter.

Composition and Atmospheric Concentration of tne Dust.—The dusting material
for this experiment was the remains of fibers collected in dust bins nf an asbestos-
fabricasing plant aitcra carding operation and screened to pass 200 mesh. Since

10. Vorwald. A. J.: Pratt, P. C.: Durkan, T. \M.; Delahant. A. B.. and Bailey,
D. A.: Sidcrosis: A- Benign Pncumoconiosis Due to the Inhalation of Iron Dust,
Indust Med. & Surg. 19:170, 1930.
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the material as received contained many lang fibers, it was ground in a steel ball
mill to rcduce practically all the particles tu 3 microns or less in size. \When

. used alone in the standard dustie hachine, this finely ground asbastos teaded to

pack in the hupper, and 1t became necessary to mix onc volume of the unground
matenal with three voiumes of thie ground to gencrate a saftisiactory dust cloud.
[t rs pertinent to mention here that the zddition ot the small quantity of unground
asbestos was unifortunate, because it confused the interpretation of results.

The composition of the shart fther asbestus as received is disclased by the
chernical and petrographic analyses given in tables 2 and 3. Samples taken buiore
and after grinding yiclded ahout the same values on analysis, indicating that there
was no contamination trom thie miil or luss of water content.

The dust concentration vanied during the experiment. the light fic.l counts for
atrnospheric samples coiiccted inside the animal cazes with the impinger apparatus
ranging from &3 nuilivn to 182 nuition. The averuee of counts was 130 million ior
the first year of the experiment, 134 million jor the second year and 140 miilion
for the third year.

Size-frequency measurements of air-fluated dust from -inside the cages at a
magnification of 1300 X revealed a great preporvicrance of fine particles, nearly

Tarre S.—Summary of Inhalation Experiment utith Short Fiber lsbestos Dust

Maz!izum
Mazxi- >urvival
e Alter

Dust Ex- Dust Ex-
posure, posure,

Nature of Experimeat Animals Mo, Mo. BResults
Dust exposurs conticuous through- 46 guwces Digs b 0. Rste of react:on shout the «amer ue in rxperi
out lite - T SI't€ 7. floals astae!Oos but entrct

Dust exposure foCowed by Droloaged 13 guioes pixs
residence 12 pormasl air -

sery tnuch isee

T rats 32 ]
1S3 cats E R 0
T rapbity a7 ] 1mirrosronic ey
0! 3a-~"yr wil
¢ sxpotre
i Progresens at1er remocsal from

excluded X
Saz.s ay inr onat:luouserposure
Similsr o coNtiuous exposurc:
slgbt regreenivn

b ¢
.

2 cata o
1 rsdolt [-2d

SO S S P I

s patetem ot peribroneniolar ghro.

BIFI LTI N
ful=reither ri-orly estadlistie:] gur delfnitely

evulerZer of

® After 32 mocths the aniMals were exnosed to 10N per eeat ball riiisd schestos,
¢ The resction wsas prot.ably due to ;udg Lhers 1= the gogrousd rmalerial wnich was mixed with the groucd ssZestos dyo:

to produce s sslitiactiory cdust cioud.

20 per cont of the particles seen being smailer thin 3 microns. [t was estimated
that approximateiy 1 per cent oi the dust was in the form of fbers greater than
10 microns in length

Four species of animals—guinea pigs, wiite rats, cats and rabbits—were used in
this experiment. The results of the dust exposure, summarized .in table 3, are
presented in greater detail below. o

Recztion in Guinea Pigs.—E:Zhty guinea pigs were originaiiy placed in the dus:
room, but 2! of them were later eitm:nated irom the cxperiment and killed because
of emlargement oi the cervical lymph nodes :nougihit tn be due tu intercurrent
infectinm of the upper respiratory tract  Of the other 39 animals, 49 remained in:
the dust rosm until they were kiilled or died at periods up to 34 months, and 13

. animals were transierred to normal air after being exposed to the dust for 20

months.

The type cf tissuc reaction proveked by the tnhaled short fiber asbestos was
essentially the same as that already cbserved in the experiment with King's floats
asbestos. The rate cf reacticn aiso was approximately the same, but the extent
of invalverient was very much less. After 16 to 23 months of exposure only a very
few small foci of reaction, whick gerneraily required microscopic examination for
detectiun, had been produced in the guinea ‘pigs.
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. Only after exposures had cuntinued for approximatcly 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 ruspiratory
bronchiolcs which revealed a little proliferation or intitration of menonuclear
cells. There were abvo some muitinucleated celis, 1. they were of the incert,
foreign body type. At 20 to 24 months.the cellular clumps were somcuinies quite
prominent, and swnetimes chances in the cpitheiium resulted in the adenoma-like
or “adenomatoid™ appearance (fg. 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 scrics the rcaction remained cellular, but a iew exhibited pronounced
development of Abrous tissuc. In these few members of the series the col-
lagen was pale in color and tenuous, with no appearance of being hyvalinized.
Diffuse chirunic pleurisy was present in a jew animals without evidence ot -

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

Period Amournt of Totsl
Exposure to  In Normnal Ash < of Stus, S of Total Mide, Titsue
Dust, Mo. Alr, Mo. Dried Lung Drind Lung %% Ol A=l Reaction *
Du-t Exjuveure Coatinuous Dunug Life
502 .51 10.21
12 1] 458 0.46 10.08
| 518 054 10.534 -
S 0.49 92.%
13 " [t 0.43 gm
405 033 RIR7Y] *>
{ 5.53 0.58 14 48
e 0 { 6.43 0.¥0 ol T
5.42 0.78 HR °
u 9 1 530 018 14.2 S PE
35 0.98 7.9
-2 ° 3 8 1.7 1948 . -
{60 0.73 1037
H 0 R XY 0.56 15.11 i
Du«t Exposure Followed by Prolonged Hesilence 12 Norrual Air
56 (Wb
0 ' 3 tu 0. e
© At w2
10 S 0.3 1+
677 0.5
) " 518 6.2
[%ys = T+

® The stmibmle arvrraging the ticane rractiog ln eaeh grour of guinea
the reialine decree nf regetion, fanc g (7010 == (QuettiONAl-i0) TA 4= flhe MmNl ’
expertment). The rriatiuvnships sppir OBlY Witnip 1his tolie 33d CACDOC le «uinpufe] Will
symbols Io other tat.les, :

monary infection. Thic sueeests that nleurisy may he a <necific conenmitant of
asbestosis, but the evidence 1s nnt scequate to e>iabi:r-h ifis jennt. The reacticn
of the tracheobronchial Ivinpii nodes was more pronounced than in tiie previous
experiment with King's faats asbestos. probablv because minre nane purticies had
been transported to the nodes in snimais inhaling shore r asbestos. Tie nodal
reaction was essentially an iucrease in reticuivm, rather than a fibresis. with th
ariginal cells beins preserved between the thickened reticuiar Fbers.

In the group rermoved to narmal air aiter 27 months’ inhalation of dust. progres-
sion of disease was pot desiniteiv demonstrated. but neiter couid it be alsolutely
disproved. owing to the varizbility nf{ the respense in ciderenmt amimals. The
reactions, from mild to severs. cccurred sporacicaliv ard bore no riiationship to

the length of timc after cescation of exposure. The differences were attributed
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to wariation in individuai susceptibility. This view received support from the t 2
chemical analyses itable 6), which revealed comparable amounts of ash and silica } 3
in hmgs with widely different amounts of tissue change. For example, the ash b £
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ard silica values were quite similar. for three amimals living in dust 20 months
and then in normal air jor 14 months, yet the tissue rcaction was severe in one
animal, mild in another and only doubtiul in the third.

The formasivn of ashestosis bodics was at frst extremely Jimited in both groups.
After five months’ exposure only a very rare short body could be ifvund, usually
mnside a cell. Some of the finest intracellular particies were surrounded by yellow
deposits having tl.e same color as the asbestosis body. One year’s exposure had per-
mitted an accumulation of many longer fibers, a numbcer of which were coated and
seen as typical asbestosis bodies. Most of these were ruil short enouxh to Le partially
or arirely within phagocytic cells. By the twenticth month and thercaiter they

TABLE 7.—Analyscs of Lunas of White Rate That Hed [niled
Short Fiter Astcsics Dnst

Amt. of Total Amt. of Total
Duration Ash, T Sie, T Totsl Durstlon  Ash. Si0:, ‘- Tot
of }.x0- of Diried of Dried S, ‘p of bxpo. of Dirted ol Detesd So,
sure, Mo. Luog Lung ot Asb rure, Mo. Lung Luoy of Ash
39 0.00 0.0 3.1 007 2.1
.3 0.00 0.0 [} 3.4 0.05 13
29 . (o} 3.7 (YK 11
q9° 36 v.00 0.9
33 0.0 00 . se
T 2.0 00 38 e i
3.4 oo 0.0 8 3.5 0.15 3.4
3.5 0. 2 4.4 LA 4.9
1 3.6 N3 ) {as 0.5 .2
Y 0.09 3.2
3.2 0.% 15 9 o 24
33 0.08 23 10 4.8 0.3 1
3 3.8 0.11 3.0 5.3 015 28
4 .07 2 ' 7 0.i3 2.3

® Normal controls (00 dust exporure).

Tanste 8—Azeroge Values of Ask cnd Total Silica for Luncs of 15 iite Ruts Inhaiiva [Farious

Dusis for "cricus Porinds Cfooves Gl 11700 w0 Inclwded Lol Nodess

Amt. of Ash, . of. Dried Lung Total S10s, % of Dried Lucg Total Sitv:, S5 01 Ash
Duars. - e o -~ —_— —
toa Sdort Gypeum- Short (iypstim. Shost Glypsin-
ot Ex- Fiber Ferru. Quartz  Yiter Ferru- yuartz  Floer Ferru- Qunrez
DoFure, Aflesy- g:nous  Mix. Ashes gicous JLix- Astes. gwoous AlLix-
Mo. tos  Quartz Chert ture tos Quartz (bert ture tos wusrtz  (hert ture
3 3 59 23 0.00 [« 70 (13~ 0.03 s 1.7 9 2.4
YD e 9 ] 33 0.09 0.51 0.32 0.07 S5 1:.4 3.8 0
3.5 3l 29 3.4 0.05 2. RS 211 18 (335 TN K
s 8 9.0 3.6 0.5 144 2.0 0.32 29 pat R | M5 1
9 3 N 41 0.15 1.9 6.9 0.o8 te A e 4.1
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were relatively numerous although still rare in comparison with the findings in the
King's fluats expsriment.

Reaction in 13"hite Rats.—Seventy-three white rats were expnsed to atmospheric
short fiber ashestos dus¢ for perinds up to 32 months. During the first 10 months
antmais were kilicd bimoutnly ard for the remainder of the experiment at less
frequent intervals. Up to eight montis the dust cells were wideiy scattered and
existed in foci oniv sparadically. Reaction was limited to accasivnal =light thicken-
ing of the septums azbout smail accumulations of dust cells. At 10 months there
was a soggestion of early fbrasis 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. Ouly 10 animais were exposed for irom 12 to 32
months. In cach of them the lungs contained minute foci of weil defined fibrosis
distributed like that oi asbestosis but without ashcstosis bodies. The lesions.
visihle only at a maguification of 130 dian:cters or more, consisted ui 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.: Conncctive tissue and Foot-Bielschowsky silver
preparations revealed complete loss of capiilary bed Fwally, Qutside the collagen
was a thin laver of epithelial cells. This did not resceabie tiie “adenantatoid” change
characteristic of . guinca pig ashestosis. Near the lesions the air spaces were
filled with phagocytes containing gray to vellow particuiate dust amd a rare, long,
naked asbestus fiber. Carciul search failed to reveal even a sucgestion of an
asbestosis body. Pleurisy was absent. The tracheobronchial nodes showed com-
pact focal collcctions oi mounucytic cells at 12 mentins and, at 20 menths, some
diffuse thickening oi the reticulum. In a few rats there was dehnite tibrosis along
the margins oi the nude, extending intn the mediastinal arcolar tissue.

Resuits of chemical analyse< made on the wistte rats are given i table 7, and
the average values have been recorded 1o table B tor cumparison with similar
values for rats inhaling other dusts. 1t will be noted ihat the vatues fur asbestos
are lower than those for quartz or chert but approanimate those for the gypsum-
quartz mixture, in which aimospheric agglutination tenced to reduce the amount
of dust inhaled. This condition ; revailed even thaugh the atmosplieric concentra-
tion of asbestos dust was essentially the <ame as that of the auartz. was . ne-lali that
of the gypswm-guartz mixture and was onc-fith that of tie ferriuimous ciwrt.

- Since the values for ashestos are low, it ‘might be infcrred that the total quantity

of that dust actually inhaled was <mall or that it had leen eiimmated iram or
dissolved within the lunes.  Evalunatien of these possibiiities is net fvasible on the
basis of the ohservations derived irum this study.

Reaction in Cats.—Twenty cats were used in this inhalation experiment with
the short fiber asbestos. Eighteen were kept in the dust room continuuvusiy untii
put to death, the expusure period rancing from one munth to neariv 34 montis.
The other two were removed to normal air after a dust exposure of 31 months;
one of these was killed five months, and the other 14 monzii, later. In general
the tissue response was cenfined to roscopic foct of fhrosic, whicis were in tie
walls of groups of subpleural alveeii rather than m the peribronchiolae arcas. In
vne animal the chance was extensive enough ta he visuziizod on greoas dnswenon
of the section. Only in the ammal with the loncest eaposure—324 months—riid
the roentgenozram reveal defnitely ahnormal shadows. A roentgenacram made
aiter 30 months reveuled no abnormalitv: aiter 43 months, a faint mottling couid
be detected throughout both lungs. At autcpsy, rine morntis later, there was only
mivruscopic fibrosis in the subpleural zone plus heavy lymiphocytic infitration about
small bronchinles. Ashcstosis bodies were rare. On -ralenged scarch a few
yellow atypical bodies, smoeth and without haustrations, were found in twa aniinals
exposed for more than a vear.

o

Reaction in Rabbits—Tight rablits were exposed to dust for perieels extending
from one to more than five years: the last animal wa> removed from tiie dust
room and leit in nurmal air six monthis before being kilicd. There was never
enough pulmonary fibrosis ta be detected grossiy, and t':ere was no chronic adhestve
pleurisy. MMicroscopic evidence of alvevlar wall thickenine was first detzcted in
one animal after about tliree ycars of exposurc and was scen in all itve animals’
examined thercaiter. including the one remaved to nermnal air. One .
died of. paralysis atter reariy four vears of expesure exiibited a react .n visihle
on gross inspection of tissue scctinns.  The possibility of pulmonary infcction in
this animal could aot be excluded. In another animal dyving two years later the
focal fibrosis was not nearly as obvicus or as advanced. Areas of involvement,
which were largely visualized because of phagocytic reaciion within the air spaces.
tended microscopically to”become more nibrous with the pascage 6i time, but there
was never much encroach:nent on the lumen of air space. and the structure of the
lung was preserverll  Asbestosis bodies were not detected in rabbits that died
carly in the experiment but were scen in all animals that had been exposed to
the dust for more than three vears.
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Summary and Interprciation of Infalation Experiment :5th Short
Fiber Asbestos Dust.—The original purpose of the experiinent was to
evaluate the role of short ashestos Rbers in the cencsis of asbestosis. Tt
was felt also that ii the tissues reacted minre rapidiy and more extensiveiv
to short fiber ashestos than to King's tloats there would be a basis for
believing that the action of asbestos is in part, at least, a clicinical one
as postulated for quartz. This experiment, in which the tissue reaction
was slower and less extensive than that in the previous experiment
with King's floats dust. indicates that the capacity of inhaled asbestos
fibers to produce Abrosis is determined primarily Ly factors net chemical
in nature.

Of the four species exposed in this experiment. only the guinea pig
and to a lesser extent the white rat responded with characteristic peri-
bronchiolar fibrosis. The cat reacted with atvpical subpleural fibrosis
and the rabbit with only slight parenchymal fibrosis.

BALL-MiLLED Assestos Dust

In the inhalation experiment with short fiber ashestos dust a small
quantity of unground szhort aber asbestus was mixed with the ball-
milled prod.ict in order to generate a suitable dust cloud. \When that
experiment failed to produce an acceierated tissue reaction. in com-
parison with the response initiated by King's floats, it hecame apparent
that the biologic activity of asbestos is not increased by a recluction oi
fiber size. Thus the possibility arose that the tissue reaction observerl
was due solely to the reiativeiy few loz ithers of thic ungrouid asbestos
and th:at the shart Aber: of ashesing had 1o more than a very insiznificant
role in the jroduction of asbestosis. a concept not in accord with
.previous experiments concerning pneumonoconiosis. Consequently
another inhalation experinient was started in which only hall-mulled

asbestos was used.

Composition and Atmospheric Concentration of the Dust.—The dusting material

was the ball-milled. short Sber asbestos used in ti:e previous inhalation experiment,
but unground material was not mixed with it. Owing to the tendency of the
material t. farm small sntierules which prevented much of the Alrous @ ~rtion irem
floating out of the dusting machine. the dizpersal of the dust was not entirely
satisfactory. Therefore, aifter an initial seven months of operaticn, stcel wire
brushes were attached to the incide surface of thz happer and to the rntating paddle
to disiutegrate the si;ihcrules and release th: tihers.  This arrangement gave satis-
factory results and was used for the remaiung 21 munths of the experiment.
- The compusition of the raw ashestos usel is shown in tables 2 and 3. Petro-
graphic and x-rav 4ifraction examinaticn of atmospheric. dust, collected in the
dust roomi with an clectrostatic precipitator aizer the installatinn of wire brushes.
indiczted that abuut 13 per cent of the air-suspended material was chrysotile, and
aboat 69 pcr cent, serpentine: of the balance, magnctite comorised 10 per cent,
brucite 3 per cent, quartz 2 per cent and ciiier minerals 10 per ceat. During the
seven month period before the wire brushes were used, the chrysatile content of
the atmuspheric dust was scmewhat lower than 15 per cent, but reliable values
were not obtained

The dust concentration during the first seven months of the experiment was
about 100 million particles per cubic foot of air. .\fter the wire brushes were
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installed, the dust counts werc higher, and the over-all average for the remaining
21 months was about 150 million.

Size-frequency stodies of atmospheric dust collected incide the animal cages
revealed that nearly 99 per cent of the componcnts suspended in the 3ir could be
classified as clumps or particles; only about 1 to 1.5 per cent was Abers. One third
to one half of the fibers were longer than 10 microns. indivating a concentration
of long fibers of about 0.8 miliion. This figure is about one-hall the es:imated
value of 1.4 million ior the short fiber experiment.

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

Reactiom in Guinea Pigs.—The experiment was started with () guinea pies.
As the dust expusure procecded, there were 39 accidental deuthis, 32 of these betig
due to pneumonia in an epidemic. The 61 pigs remaining expored to the 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 exposure practically the oniy
reaction to the dust was the presence ot scattered phagocytes and an occasiunal
minute asbestosis body. At 16 and 20 months no gross response was visible on
the tissue section, bit microscopically peribronchiolar foci of inilanunatory celis

TABLE 9.—Summary of Inkglation Experiment usth 100 per Cent Ball-Milled
Asbestos Dust

Maximum
Max{. Survival
mum After

Dust Dust
Ixpo- Expo-
Nature of nure, sure,
Experiment An!mals Xo. Mo. Results
Dust expoeyre con- 34 guines pigs "84 __ _ 0.7 No appreciahls pulmenary reactinn
tipuns througn- O rats BN 0 No suggestion of aspestnng
out Ute 24 cice 12 [/} No sukgeat:0n 0f g:besluss
Dust exTnrure fol- 16 guinea pigy 3 12 Fibrosis typical of ssticetosls Tae
lowed DY pro- I present I mn. ”
loz gtd recirbrzce . crasC ) in B8P B .
in Jorinal s : — e vieiblly KIos-ivi e HY
Dot 4
o N could lLe seea microwopically at

2 mo. azd 8§ mo. alter term:da-
“ Hon of exporure

could be seen. At 24 months (Ag. 6.) there was still no ch:ange large enough to
be seen with a hand lens, alihough microscopic examination revealed cellular
accumulations about terminal bronchicles and many more asbestosis bodies. chiefly
within cclis. The lungs of animals exposed for the full dusting period of 23
months and atterward livine in rormsz) air for two months revealed tiie changes
described above and also very slight peribronchiclar fibrosis. For expased animais
living eight months in normal air the findings were similar, fur 2212 months_three
of four arimals showed grossiy visible characteristic peribrenchiolar fibrosis with

aaenmmatoid chanze (ng. 6 B).

T—The tracheobronchial nodes were essentially normal unul exposure had been
continued for more than a year and a haif. Arimals %ilied at 12 menths and at
16 months revezied a few minute coiiections of phagacytes containing particles
but practically no fibers large ennush to be recognized as such.  After 20 months
of exposure many monocytes filled with vellow grancles were present. At 30
months there had been a slicht increase in reticuivm but no fAbresis. No further
changes occurred in the nodes. Asbestosis bodies were not seen in the nodes of
any of the gumea pigs. ’

Minute asbestosis bodies were observed in the lungs as early as three months
after exposure began, bu: they did not become numerous unti! 16 months had
elapsed. The bodics were short and practically all were intracellular, although at
20 months sume were long enough to project beyond tire cell borders. It is
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important to note that in the later months of expusure there was a2 distinct increase . In vie'u
in the number of long fibers, up to 70 microns in length, in the lungs with the l’ 100 per cn
formation of characteristic long asbestosis hedies. . wias much
Chemical analvses (table 10) of the lungs revealed that considerable dust had ' asbestus in
been retained in the lungs. After 24 months of continuous exposure the average b o asbestd's
; Reactipr
'}' for periods
Y species dnl
. plugucyw_;:
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smiasii, monh
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Fig. 6.—Bali-milled ashestos inhalation experiment: o, lung of a guitea pig short ﬁbeﬂ_

with 2+ menths' dust exposure. A bronciioic 15 siown at the center. with a siignt
accumulaticn of phacecytic cells but witiout thie furmation of coilagen (32 200).
B, lung of a guinea pig with 28 months’ rdust exposure and then 12 months’
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inhalation of nu:mial air. The reaction 1s much bike that shown in .4, Lut there is experiment.
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value for total silica, per cent of ash, was 23.37. This should be contra:ted with
the average value of 14.34 (tabie 6) for animals exposed 24 months to the short
fiber asbestos Gust. '
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In view of the high. values for silica obtained with the animals expus. ! to
100 per cent ball-milled dust, it is important to note that their pulmonary :csponse
was much less than that of animals exposed for 24 mortiis to the short fiber
asbestos in the previovus experiment. This again indicates that tic biologic activity
of asbestos inhaled intu the lung is not increased by a reduction in size of the tibers.

Reaction in 1V hite Rats gnd Mice—In this experiment 40 rats wore exposed
for periods up to 20 months and 24 mice for periods up to 12 montns. In neither
species did even a suggesticat of astbestosis develop, and reaction was limited to
phagocytosis oi 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, nunhaustrated forms within phagocytes.

Tame 10.—Analyses of Lunas of Guinea Pias Erxposed to Dust in Inhalation
Experiment uqth [W per Cent Ball-Milled Asbestos [ust

Period Amt. of Total
Exporure to In Norwal Asp, oot 8101, < of Toltal S0, Tiseye
Dust, Mo. Alr, Mo. Dried Lung Dried Lune ot Arh Reaction *
Drast Expnsure Contlguous During Life
455 21 23
1 ° .30 © 030 103
435 . 0.2¢ 5.60 ]
4.68 0.7 4.9
[ 4.0 0.34 1.0
{1 5.u5 0.61 12.01 (
5.60 0.70 12.47
s [} 3.07 0.82 6.33
5.7 0.8 937 )
5.0 039 -
-} [} 5.0%° - 03 TAT
502 039 72 0
s 455 0.52 11.%6 [
. § 565 1.28 .16
2 1621 145 =23 0
9. 1.02 HR= ]
18 0 3 5.0 111 a'e3 -
} 5.6 1.8 200
2 ° {52 1.3 el =
{ 630 185 .06
n ° ) 5.3 1 T -
Dust Exposure Folowed by Prolooged Residence in Normal Ale
i} 1.57 a8
= ' 8.0 219 2504 o+
.23 0.63 1209
= 4 5.98 08 1453 +
. <} 6.29. R} 13.08 .
5 12 &z om 12.41 24

® The symhels avarag:ng the f.tsUs reacl:on in esch Rroup frpressnt meriv th- relatice
degTee 0! remction, rangiag ro6 O 1o == (jur-ti02alle) to ?- (lle mAXiMUID obsery~] i e
expericieat). The r~~latioaships afply only withia this tabie acd candol be compared with
symbols 1o other tables.

Summary and Intcrpretction of [nhalation Experinent with 100 per
Cent Ball-)illcd Asbestos Dust.—The tissue reaction observed in this
experiment was not as intense as tha: in the previous investigation with
short fiber asbestos. The reaction was slower in deveinpment and less
extensive even though more dust accumulate | in the lungs.  Since there
were fewer fibers lenger than 3 nmicrons m the material wsed in this
experiment, the results tend to confirm the interpretation made in the
summary of the previous short fiber experiinent that the reaction is not

primarily chemical in nature. and to support the impression that reduc--

tion in size of zsbestos fnibers does not increase the biologic activity of
asbestos mhaled into the lung.

TR YRS AT T T o e X
- . - PREES O

- P op—p—— = —— ———= p———

e

- ———— e

. -

FEx]

.,..,

. T et W T Ty ] T v Sy [ V7 ey P TV Y



, ' 22 I.\'DUSTRI!! HYGIENE AND OCCUPATIONAL Q_DICI.\'E o
: 1

The finding of long asbestosis bodies in animals that had inhaled the
At

i ball-milicd material is an exan:pie of the ditficuity of completely climinat- ,
; ing lorg fibers irom a large voiume ol ashestos as required for an :;:
‘ i ' inhalation experiment. ) exa
i In regard to the progression of the tissue reaction after the animals || con
i /‘7’ had been removed from tite dust, vbserved in this experiment but not in : 12
: P f the others. the following interpretation is ofiered: When the reactiun is ::d
; L] [ well developed at the termination of exposure, the contraction of the ) sc;n
, 4+ hlrous tissue obscures any prozression that may have occurred; in this in
: e 2 "experiment, however, since the reacticn ovhserved was less mature, its ' :
o ' ‘subsequent progress was more readilv apparent. l Tas
| ;i - \ i
J .'; Loxc Fisem Assestos Dusr =
0 Since inhalation of short fiber and of 100 per cent bail-miiled asbhestos
dust did not result in acceleration of the tiszue reaction in compari-on ;
| ‘ with that produced by King's floats, the Livpothesis that short fibers of ) i
; asbestos were of minor importance in the ctiology of ashestosis was __f
given added support, and uttention was directed to the view that the :
! long nhers were of primary sigmicance in that etiolagy.  The Ning's Tar
; . floa:s asbestos used in_the nrst_iniaiation exmnmem had a rather low _ =
! X “content of fbrous chr\ sotile_and _contained co u.on«menl le serpentine_and___ :
o other xmonrmes. Theretore. it was decided to conduct a new inhalation
l‘ ) experiment with a purer form of chiryvsatile which wou | he richer in I g
fihers.
| . .. .. . . . oy
‘ Composition and 4tmusprheric Concevtration of the et —The dusting raterial v
empioyed in this vestigni:on was aainad fromoan wsbestos Lbrieating slant -
, Sanples of several varieties of lung fircr ashestus dust were nrst ;ubn}i:rcd to the S
- “ . Saranac La.boratory for examination, and on:_u-.' these. wiich \\'n"-l:-w 1 magnetie e
T and chromite and had a Abrous content estimated o be about 73 per cent, was o
' selected as most smtable. Steel wire brushes. fastencd to the inside surface of ::
I the hopper and to the rotating saddle as in the preceding inhalation experiment.
;! were usal to open up the bundles of ashestes and liberate more fibers intn the
. !! atmosphere.
: The comnposition of the lene Ater achestos used is indicated by the cherical —_—
} and petrugraphic aralyses given in tables 2 and 3. Anaivsis of air-suspended ‘_
‘) ) material fro_m the dust room disclosed that a';out ¢4) per cent of the long tiher 'd}:sx ;-’0“-‘1‘
1 , was chrysotile and about 20 per cent serpentine: as already noted. the compusitinn ocal:
i of a simiiar air-floated samplc of “ali-miiled. snort fber dust was 13 ner cent futc.
- ,, chrysotiie and G0 per cent serpentine. ) the ¢
. “ The dust concentration as revealed by impincer samples taken inside the animal mcnt
N . cages was much lower tnan the counesriration for the experiments with short roer ing &
' or baii-miiled dust. For the &rst vear of the experiment with lung fiber a:bhestos ,b“: {’_
i . the average of the light field counts was 32 million particles per cubic font of air: inhak
T for the second year, 43 miiiicn: for ‘tize third ycar, 39 million, and for the fourth Ia
!.' year, 43 miilion. ' air, ¢
i - The size-frequaxy of atmospheric samples of the long fiber asbestas dust cffccg.
;-' and of the buil-mulled dust is siiown in table 1l. Both samples were coliccted :;u <
'ii with the electrostatic precipitator. It will be noted that there was far more th:“a
' fibrous material in the long fiber dust. dust 1
; Guinca pigs, cats, rats and niice were emploved tn this innalation experiment. the ic
The resuits. summarized in tahie 12, are descrined in areater detail below. : visiple
|
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Reaction in Guinca Pigs.—~The experiment was started with 100 guinca pigs.
After exporure had been carried on for a year, a severe epidemic of pneumonia
arose in the dust rom and about one third of the animals died or were killed. To
-replace them, 3R more guinea pigs were added to ti: surviving group.  Histalogical
examination revealed les:uns in the lungs aiter cight months of dust exposure,
consisting of cellular connective tissue abaut the terminal bronchioles (fig. 7 .4). At
12 months there were adenamatoid changes in the adjacent parenchymal areus,
and by the sixteenth month (fig. 7 B). definite Shrosis was present in these areas
as well as around the branchicles. The fibrous lesion could be seen macro-
scopically at 20 months. From this time on thie reaction increased in extent and
in the amount of coilagen, and by the thirty-fourth month, it had fanned out

TaBLe 11.—Size-Frequency of Atmospheric Long Fiber and 100 per Cout Ball-
Milled Asbestos Dust Coilected Inside Cages

. Gratos, < Fibers, %
— e - e
<3 s-10 > 10 < 10 > 10 Clumps,
TYpe of Asbestos Microus Microns JMicrons Microns Milerons o Total
Loog fiter.. .4 1.1 00 hoit] 8.7 19 0
Ball'm!lled ....ccne.... 0.6 4.8 9.0 U3 0.6 3.2 g

TasLe 12.—Swummary of Inhalation Exterivent with Long Fiber Ashestos Dust

Mazxirsum
Maxi Survival
mum Alter

; Dust Duee PR -
. - Expo- Expo- » ® .
. Nature of nre, sure, / P
Experimesnt Animals Mo. Mo. | - Resuits

Dust exporure con- 117 rutaes pigs T 2. Nefinite Blrncee g .
tizuous through- 4Cutls 4 v SE WY LIVeLtng tusin freg sren
out iile at 2§ mo.

M rats pA3 (<] Xarked peribroncninlar fihrocs Arst
sezoat Jyomn
D mice 3 0. Lizited reaction: io fihroc:s
- ————

Dust exposure fol. 12 gutaea pigs 20 14 ;  Clearing of intloinmatary renction
lowed by pro- - s2d ¢+faite contrurct!on of Nhrous
looged re<idence tiswie
in normal air 9 gulnes piga o 9 C'sariaz of i{aflamunatory reacting

and elight coatrartiog ol Alrous
. treue
2eats 13 - ] Similar to eontinuons exposure
gTOUD; rugeesticn o! progression
ia one of the two az:mals
considerably into the rarenchvma (Ag. S.4). The lesicns were ratiier sharply
Jocalized and the extensions irom diferent br nchioles showed no tendency to
fuse, even in animals exposed for the maximum period of three vears. Although
the intrapulmonary reazticn sometimes reached the pleura, there was no involve-
ment of that membrane. Emghysema was not detectzd at any point. Scme thicken-
ing of the larger brencht with a chronic indammatory infiltration was revealed.
_but it was ccnsidered no more than would be praduced by a similar period of
inhalation of any dust. . :

In guinea pigs exposed to the dust far 20 months and then removed to normal
air, there was a marked tcndency for ceilular indammatary reaction to clcar. This
effect, accompanied Ly contraction of the fbhrous tissue, resulted i a dumnishing
size of the ijocal lesions. None of these animals, killed at various periuds up to
14 months after exposure, reveaicd lesions as large as those in the group killed at
the end of the 20 month expasure period or those in animais which remained in the
dust room for more than 20 months. Fourtcen monins aiter dust ¢xposure ccased,
the foci in four of the six remaining guinea pigs were <o small that they were
visible only with a hand lens (fig. & B).
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24 INDUSTRI.-!L‘)'GIE.\'E AND QOCCUPATION.IL MEDGINT

In the group expused fur 27 months and th:en transferred to a normal atmosphere
the response was quite similar to t':at in the 2') month expoture animals mentiuned
above. Small foci were always visible on gross in-pection of sections of ail
guinea pigs of the 27 month series, lu:t in no instance was there evidence of the
reaction.
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| . Fig. 7.—Loung fiber a:lestos inhaiutiun experiment: .4, lung of a guinea pig .
‘ . with eigiht momhs’ dust expnsure,  Ti - brornenioie at the center aircady shows an :
‘ ‘ accumiation of phagoeytic ceifs. and tiuere’is a siight depustnon of ccliaven. Com-
‘ ! pare with figure 6.4, showing the reaction 1o bail-milled astestos after 24 months
4 (X 220).
’ B.iung of a guinea pig with 16 months’ dust exposure  Again note a bronckicle
with its-surrouncing reaction, consisting of rbrosts and adensmatoid change. Col-
( : lagen deposition 15 now seen in the wiils o[ ariyacent aiveol, at the right (X 218).
L
! i In. the tracheobronchial lymph nedes rcaction was first visible at the third
P month of exposurc. By the eightn mounth patches of cellular connective tissue
i :
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VORWALD ET .'sruouss OF ASBESTOSIS zs"

began to appear in the medulla, and by the fourteenth montit nnest of the mje
had been replaced by cellular connective tissue.  This picture, which resembled
that in early silicosis, persistud to the end of the expeitment. Sume wnmals shawed,
as a variant, heavy sheets of diffusely distributed toncates amd laee active piam
ceils, but there was never any necrosis or hyaline formation. The spindle-shaped

L _' P4 \ -
H}Q 2 P

Fig. 8.—Long fber a-bestos inhalation experiiient: 4, lurg of a guinaa g
_ with 3+ mouths’ dust exporure. A bronchidie is seen at tie lawer center; the
e large area ahove it represents the involvement ot aiveolar wails.  Compare with

' figure 7 8 and noie the increascd extent of reaction ( £ 27m),

B, lung of a guinea piz with 20 months’ dust exposure and then 14 months’
living in normal air. Tiie reaction is essertially line that siewn in fcure 7 B:
The bronchiole at the rigix center is surrounded hy Firous rreaie with adennmatoid
change at the richt. There is restdual scarring tn the wails ot adjacent alventi at
the leit. [t 1s apparent that no progre:sion has occurred (¥, 200).

new cells were ycllowish [rom nAne pigment granules that stained fur iron. No
fibers or asbestosis bodies were seen.
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1 . N .
: f Although asbestosis bodics were found in the lung as early as oue month :
! after c:.qwsur: I.Jegan. they were rarc and hard to find. At five months 1. ore pigs o

. were' viuble, chiedy coiled indide ciant cells, and a: cight months many Ledies asbestc
. ,l Reo
% _ Tasie 13 —.dnolyses of Lunys of Guinea Pins Eoposed to Dust in Inhalation _ 14, 25,
- Experiacnt with Lomg Fiber dshestos Dust : aats, ‘a:
- s .
! Terint Amt ot Total - ' 2n a0

\ hin Any ta :
: Exposureto Lo Normal Ash, ‘o of SiN=, <, of Total & te cellul-.a:
' \ 8104, Tlesue

. Dust, Mo. Alr, Mo, Dried Lucg Drn~J Lung Soof Ash Resction ® arteric

. Dust Ex:x:jure (onxmuo::“r'unn' Lite Iymph
25 X 1.10 iree
H 0 I-."T-_l 0w " 11 ) POH‘..“'.

Vi c.::; 0.04 0.93 0 month:
& 4. 0.05 1.23 v
¥ z 0 Y 0.06 113 ‘ fective
iy 438 0.08 1.46 = t and art
-: 4.58_ 0.08 1.20 ' ‘alls:
4 3 ° 438 005 11 walls™
1‘1‘ 451 ... 08 1.48 - '

1 l %o 0.08 175 v

1) [} 40 LR T :

, { 5.8 047 LI - .
' i .2 0.10 2.2 :

8 ] .92 o.m 18
¥ T 0.07 ) -
4 0.2 50

. 12 0 dal 0.2 40

: L1 0.31 8.6 . .
i, o3 638 12 50 :
o 18 0 *s3 0. 12 :
:1, 3.18 031 : t+ »

. - 334 0.43 1 -
| i » " e 160 0.43 12, ’
2 3.5 L2 . 1+
i Ve 0.
: 7] 9 )3 5. 1+
[IRR i) b .
14 e 1178 3+ -
bt .
30 1] Y e
. [ 3~ Nl ‘- !
: ' . § 3.8 8. s :
i _ H ° { 60 1047 “ . ”
- 119 5.1 :
1 $ ° i *3 120 - 1
‘\’ Dust Exposure Foliowed by Protonged Residence ta Normal Air '
g LR 2.43 1222 : :
” 0 0 1.60 0.4 13.63 ;
" R . 333 0.52 1% T+ * :
: (X 021 k<! : ig.:
i 20 4. 1251 0.1 0.5) o ) Fxg..._

- ' § 48 n2; £ ; months’
: 2 10 1) 0 50r o and culiz
iy , (s 0. 419 '
i %0 14 1504 0.18 3.8 + 7 .
(‘ - ° g s 0.29 1151 : ! an occas.
] .:.-; :.;9 13 15; 3+ ; reaction
: . .y n . : .
g .7 3 ; 254 0.13 854 2+ : slower i
" 3.9 0.75 7.0 *

4 L 7 i 3 0.3 k! 24+ . 25'_ 33 ar
b - N 1 9.2 (X . lesions.

K 1) 123 0= 831 2+ !
;

' . Reac:
|’ : .
i *Th/ ercbols averagicg the 1hiee raction In cach £roup Tpreeent Tecely the reiative ) from pre
| - degres 0! reactt sarging ftom o to = 1 Yoy ta ¢= (the maNimIum for tols eaper. expgsed ¢
'J ) - l‘:kzl(;"r’::“b‘r“ ionships appiy osly with:n tnis tanle axd casoot be compared With sFmOCis d g B

. ise, and olrer
f - 3
! . _ . ) was just
f were free in connective tissue. Thev became fairly abundant as exposure con- peribronc:
{ tinued, although in some later animals the ashestosis bodies were only moderateiy ' bodies wt
i numerous. ’ : :

: It_xs imipartant to note from analyces of the lungs (table 13) that even though imal
i _ the tissue response at any given pericd of time was much greater in the guinea dccompar:
L "
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VORWALD ET AL.—STL‘S OF ASRESTOSIS 27 |

pigs of this experiment than in those expoted ta cither short fiber or ball-mitled

asbestos, the amou:t of mineral matter in the lung ash was much_Jess
Reaction in Cats.—Four cats ini:aicd the lung fiher asheet s dust for perinds of

14 25, 33 and 42 months, respectiveiy. and were immuiiately killed. Twea other

cats, after being exputed to dust ior 18 months, lived in a normal atmosphere {or
an additional 24 months.

Fourtcen months’ exposurc was sufficient to produce
cellular accumulations of phagocytes around terminal bronchinies and peripheral
arterioles together with compact coiiections of similar cells in the tracheobronchial
lymiph nodes. At that time there were no typical asbestosis bodies, but smooth,
pointed, yellow fibers were seen very rarely. With continucd exposure, up to 42
months, reaction in the locations noted progressed to the {nrmation of ccllular con-
nective tissue which made well defined sheaths abnut tiie respiratory bronchioles
and arterioles, marked Iymphnoid hvperplasia and lyvmphoid infiltration of bronchiolar
walls (hg. 9). Typical asbestosis bodies were not formed. although there was

. ———— ¢ —p— = —— ——— q—————— * ——

—p——
PR

Y "

v . . -
or L . . B
- . Cor e . -
’ . T

-y~
by
W

"Fig. 9.—Long fber asbestos inhalation experiment: Lung of a car with 42
months’ dust exposure. Two bronchioles are shown with adjacent cellular reactiun
and collagen deposition (x 200).
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an occasional fiber, smouth, vellow and pvinted Pleurisy was not present. The
reaction was similar in location to that in the guinea pigs, but nbrosis was much
slower in development. Roentgenograms of cats made aiter exposure pericds oi
23, 33 and 42 months. respeciively, Ja:ied to demonstrate evidence of puimanary
lesions. )

Reaction in Rats —Although 20 rats were nlaced in the dust room, many died
from pneumonia and were not suitabie ior study.
exposed for 19 months and four for 23 mornths, were iree frem pulmonary infection
and offered a basis jor tentative conclusions.
was just beginning.

Five animals, of which one was

In the 19 month animal, the reaction
All four animai: killed at 25 months showed a well marked
peribronchivlar fibrosis.  Adter.a long search, only two smazll, smooth asbestosis
bodies were found in the 19 month asimal and none was inund in the 25 menth
animal. Thus these animals exhibited fibrosis without asbestosis budies or fibrosis
accompanied by only a very inirequent ashestosis body.
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28 INDUSTRIAL HYGIENE AND QCCUPATIONAL MEDICINE

Reaction in Mice.—Qut of 20 white mice used in this experunent, 1! lived a vear
L or more 1n dust and rbed or were killad without showing an appreciable degree
of pulmonary infcction. The reaction to the inhaled dust was hmited to phago-
cytosis by monunucicar cells, Usually these were widely scattered through the air
spaces: a linited number were grouped about the wrmmal broncinics, producing
’ some thicke:sing of their walls. There was no suggestion of Rbrusis.
3 Numerous ashestosis budics were observed in animals killed late in the experi-
{ ment. Thus these animals exhibited asbestosis bodies without fibrosis.

i

‘l Swmmary and Interpretation of Inhalction Experiment with Long

Fiber Asbestos Dust.—The purpose of this experiment was to evaluate

the unportunce of long thers in the tissue response to inhalad ashestos,

The results, in commarison with those of previous investigations, indicate

strongly that luny nbers are chicfly responsible for ashestoss. Thus,

, the reaction i ruiniea pigs developed erchier and bhecame mers extensive

i in this expernnent than in previous experiments in spite of a smialler

f,;_ concentration of aimospheric dust and a lower mineral content of the

i lungs. Furthermore;, tvpicai peribronchiolar fibrosts was produced in

i cats, although in 2 previous experiment with short fiber dust penibron-
) chiolr Rbrosis did not deveiop in this species. _

The cause of the ceilular fibrosis 1n the fyvmph nudes of the guinea
pigs 1s ne Veers Lodid not eecnr in othier inhalation expertents with
. asbestos.

INJECTION EXPERIMENTS

Since the irhalation experiments reported above strongiv suwzested
that long fibers of asbestos are the siynificant factor in the cauzation of
. ashestosts, a series of injectiun experiments was 1navguratvd wheremn
[ the dosage and the length of the fibers could be controlled icre preciseiy.
Also. by the use of controlled dnsages. the refative capacities of various
asbestos minerals to produce reaction couid be comparcd. In these

i
é _ injection experiments, guinea pigs. rabbits, rats and dogs were used. and

) the mineral dust was injected by the intratracneal, the intraperitoneal
: and the intravenous technic, but not ail the technics were used inr each
species. For the purpase of simplification the findings in each series oi
'E . tests. except inr dogs, have heen condensed and reported in tables, to
! which reierence wiil be made later. In the case of dogs. only one test
p was made. and since the findings were negative, no detailed report is
} included. . -

li - ExreriMEXTS Ustng INtratRaCHEAL TecHNic _

,;3- : As the asbestos minerals do not cause typical advanced fibrosis in
;2 extrapulnionary tissue. the intratracheal technic is the preferred way of

introducing fibrous dust into the experimental animal. In this method
the dust suspeusion is injected by means of a <pecial needie or catheter
deep into the trachea, irom which it flows into the lungs.

Comparison of Fibrous and Nonfbrous Dusts.—To demonstrate that
. © the ability of aslwstos to produce fibrosis resides in its fbreus character,
. the series of injection experiments reported in table 14 were periorued.

hali ek O X 3

B Y

P oo e ol

LI

B AT Il



MEDICINE

it 11 lived a year
ppreciable degree
limited to phago-
d through the air
hivles, producing
usts.

te in the expeni-
rosis.

|
1ent with Long
was to evaluate
nhaled ashestos.
gations, indicate
stosis. Thus.
F:nore extensive .
ite of a smaller
| content of the
ras produced in
dust peribron-

es of the zuinea
xperinmients with

‘ongly suggested
‘the causation ol
gurated wherein
d more precisely.
wities of yarious
jared. In these
s were used. and
‘e intraperitoneal
:re used for each
;in each series ot
tted in tables. to
s, only one test
letailed report is

V1€

'anced fAhrosis in

‘prel’erred way of
In this method

'ecdle or catheter

gs.

demonstrate that

fibrous character,

were periormed.

s

AT NIRE OO FRREOY T Y HRE TR OGN € 7N OGRS T, RSP SR T T e .

0® " o
Y

W

[P
-,

Lo bt o AV

\ 4 *,.

4

Tame H.—Comporisun of Reactions to Chrysotile and Scrpentine Injected
' Intratracheally

Dosere: Fach ninioal Xxas given an iotrateacheal [njection of 0.3 ee. ot 8 3 Det ¢ent suspwnrion
of the dust. Two Wwevhe Jgter aacther rimilar lujivtion was given. Tots! samount of dust
Injected was 0 mg. .
Aniinals used: S\ gronge of o vtines pigs egeh (une KPop for cach type of Jduse).
Periods at wlich a
mopnths a(ter lact !

ul- w.re Liled: Ope or two anlinais in each group at 1, 2, 6, &3 and 12
ectien,

Preparation of sttt ¢ lryontile (Lall miled) usheathd: Hall milled for 1,175 by, uried and
regroud:t ip sKkate ruortar.

Chryrotile (ball miliet) tez-te-tr Hall milled ebryrotile hrated for 2 hir. at sbout 5.0 C., theg
ground o agate inurlor . or 3 T,

carysotile (Anroae) ucheatem): Groutid o agate mortar to pess %00 menh.

Chryrotile (BLrouse) Igu:tad: “Utarsh material beated for 2 hr. at ahbuut W C. No further
grindioe.

Seppent e (hall paled v v st Badl niledd fur Daes hir, teiedd AR TeRPOUDY (U BR Sl ILurteL,
Serpeatine (ball nulicty igrit~t: Ball miled serprztice hcated for 2 br. st shout T L., thed
ground to sgnte tnortar P op 3 M.

Size of
Mlineral Tust 'ast.-e Rraulty
Uhrysoiile Gapteruns ann Crigling dertroymd eoatnety to ranes fihTesic AU 1 o,

(hall ratled) les cubsiuerable In%aimastury ~iMna a0 eriiclae proiifera-

uohested tion and localization of Jdust partices 8Hhout Lrononi-
Qles: a8t 2 Mo, ORIy & Trry skt froiirralive regrlion:
at 6, Sty add I o, wulcly seattered ons!l tdododtch ur
phagocytes. At L& mo, s =% rnicreecnpie Datenes of
thiag alveolsr wail tr.ekering I8 en7r sdvitomAatal
ehagye [0 [OF1INT N air sparea alt?ing oo kel
BruzeRl. NO sel=stos o panla ~ceq.

Chrysotile 1 mifero:s andd Heaction HMItRd te 'azpe forown bodde piant eeds with,ot

(ball nlleed) K1) productind ol AlTuiey e,

1gaited
Cbryuotile =0 micruns A Jistdnet fLross. Rractinn loralized to FolZeclite fipsue
(8dbrons) slprox. about tersz!aml brozcrogiee: lite wat 1hee (fea,
usBested . Qootraction esused a.. LurSatuid appesfazes ot air
shaces giten off direetiy from terminsl froseficics.
Reraction sres bucatne s+ Liler with poaorese of 2t 29
oew rTRIOBS fovuivel. N rrronte plecriry even at foints -
' abuting i=ttspuirnonary coange. At 1 mo. oon
I2ammatory alerns aned foel of eelllar LrL.lerslc
at ® mo. weil marvmt ~:lular rreuiurefiod s3d ZLrnas
occurricg !ocs shnau: terpIratory hrunfinoies,  Thow
Cpemetinn sleviiga l Lo Tase gt stea® ter s higl b -
824 wa- af sJraccoes]l as that [retdeed 1§ 2 FrLoislaela-
toa of ashCatos s, At 5 Mo, raclien lree eqtenoea
' than st 2 mo ., apparentiy die (o Fontractiva of Lhro's
- tsrue; asDestusts DOnjien Wwers al:Dtagt. At~ mo,
reacting alill lexa extrmaite, confimm) to the me~liale
viclnily of the enuail teru:nal hruacniniie, Whare tne war
tissue was Quile deow an:! was lesOmMi2Z Nynlide io char-
acter. Sometmes |t assn obliterated the Lrozenine,
_ , AEDestoss bodies hal tetuine pearce. AT 12 mo., tne
- “well devetore perihirezenisl san intrehroncnial adeno-
ratold areas of fihrose et produiet o rable die.
tortion, MoOm® pTifNerally were patelies 07 Dowltnonitia
with eosinoplilic infiitranion, anms of wnich was leng
transfunined (ato fAr-rruie titsue. These Yavmed to be pre-
cursors of the Jocailznl liuse natcney of tnin siseolar
wall 8brosis s elsewhere.

Chrysotile 2030 microas Rearting limited tou laree {oreign tunly giast rells without
(Ar.rous) approx. proliteratiod. Healing the fihers. wnirh made them
Iguited brittle, destroyed their cwpacity (o produce sigdificaot

reaction.

Rerpentiae 3 inlcroos and Dust relatively (nactive, At 1 snd ¢ mo., elmple phaco.

(bl millert) Jess cytosis without praliferstion;: a4t & mo., N6 change

cobested except possidly ly:inphoid oU infAltration: at *4 mo., s

sivht rhroale preutaratis: et 12 mo, onfiy & Litle .
pocumoonitis without sugpo~tion of fbroxis.

Bertentine 3 microns agd Du:st reiatively !sactive. Reaction eswentially the same as

(ball miiled) lers for unhested serpwntine. WIH [ga!ted & o[enatine, less
lgolted

tndeacy 100 dust 1O Le catrimd to bLrupchial podes,
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r: Fig. 10.—Ccmparican of reactions prov-ked by injected long GSher and ball-
i milled astestos custs: A, lung of 2 guinea pig wrnich {cur months betore had
- received an intraztracheal injection of inng rber ashestus dust.  Note the peri-
r . bronchivlar accumuiation of cells with collagen deposition.  The bronchiole chiefly

involved is in the midst of the reaction (X 200).

B, lung of a guinea pig which four months before had received an intratracheal
tnjection of bail-milicd asbestos dust. A bronchiole is shown at the right. In
contrast with .7, note that only a iew rcells have accumulated about the branchiocle
and that coilagen depesition is absent (X 200). :
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VORWALD ET AL.—S‘)IES OF 4SBESTOSIS 31

The tests were made with long fiber chrysotile, unheated, and with

- chrysotile that had been ignited to destrov its flexible structure or ball
milled to reduce the length oi fiber to 3 microns :nd less. At the same
time control tests were made with serpentine, which has the same
chemical composition as chrysotile but is nonfibrous. A review of the
findings reveals that only the unheated. long fiber chirysotile produced
typical peribronchiolar fibrosts and that ball-nniled material containing
only fibers less than 3 micruns in length failed to cause fibrosis (figs.
10 and 11). T[ibers_subjected to ignition also had lost their capacity
to cause serious tissue damage. Ignition produced importan: changes
in the chrysotile fibers. amony them being loss of water, an alteration
from a flexible to a brittle structure and possibly other changes. Lxperi-

.'.,.‘\z:r*:l PR

. 8- -
A\l

' \'\v\".?".‘ - ~
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- » ~ “

Fig. 11.—Secrpentine injection experiment: Lunz of 3 Guinea pig that had
received an intratrachieal injection of this dust four mon:ns Lueiore, A bronchiole
is shown a: the leit center. The phacoeytic ceils exmibit iittie prediicction for
the bronchiole and collagen deposition is absent (> Z(x).

mental studies concerning this observation will he reported in a separate -

publication.

“Comparison of I’arious Lona Fiber Dusts—Soine very interesting
findings are disclosed by the results of the experunents recorded in table
15. First, a!l the lone fher ashiestos rimnerals iested. with the exception

- T T v . - - . - y T T ———— ._ .

of anthophyilite, produced tvnical Rbrosis.  The characteristic peri-

" ‘bronchiolar reaction caused by three representative long fiber a-bestos

minerals—chrysciile. amosite and crocidolite—is shown in figures 10 .4

and 12. Why anthophyllite beiiaved ditferentiy from the other asbestos
minerals is not entirely ciear.

Second, with the mineral brucite, which is not a silicate but is a
fibrous form of magmesium hydroxide, a characteristic fibrosis like
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TasLe 15.—~Comparison of Keucticus ta [‘arious long Fiber D Ingected

—

{ntrgtrocheaisy

Dosege: Two lnjections of 05 oc. 0f & & per cent gusctislun giTed 1W0 Wevks apart. Tolai

dore was X mg.

" Anlmals used:

Yromn ¢ to 9 gulnes Lige (07 cach dust.

Perlode &t whirn s0unsls were Xiilnt: Uionily 0t 1 4, % a0 12 monthe altar tast {njeetion.
Bire of Just patfivies. Separated 20 t' i maxt Qbers Werr from M 1o 3 microas log.

Mlpcrsl
Chrysottie
{Thetiond)

Chrysotiie
(Arizogs: luw
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that produced by the ashestos minerals was obtained (fig. 13.4). Siuce
the brucite used contained only 0.90 per cent silica as an impurity, it is
obvious that a siliceous component is not .u essential factor in the
development of asbestusis.

s}
e RS
- LTSN

Fig. 12.—Amusite and crocidolite dnjection expesiments: 4, lune of 2 guinca
pig four months 4ftcr an intratracheai mjection of aiosite. The mAammatnry
reaction exhibits pronounced accumuiation ol cebis and culiagen deposition (X 2U0).
B, lung of a guirca nic four montiis after an uitrutracheal injecticn of crocido-
lite. As in .4, peribroncinar accumulation of vells and depusitiun of collagen are
shown (X 200). . : ’

Third. no fibrosis resulted from the injection oi glass wool fibers
(fig. 13 F), even though glass wool resembles asbestos in many ways.
However, there are fundamental ditferences. .\ glass wool filier 3microns
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in diameter is a solid rod which in short lengths is fairly rigid,
while an asbestos fiber of the same diameter is a bhuadle of extremely
fine filaments which fimpart to the fiber a hizh degree of flexibility. It
would seem that this structure and the associated flexibility are important
factors governing the capacity of a mineral to produce peribronchiolar

Fig. 13~Brucite and glass weul injection experiments: .4, lung of a guinea
pig wiich four montas beire had recerved an intratrachcal injection of brucite.

Even with this nonsilicevus nbrous wmincral tirere ts pericronchinlar acc:muiation .

of cclls and deposition oi coliagen similar to that shown in ot and B of figure 12
1x 200). : :

B, lung of a guinea pig wh.ch fcur months beiore had received an intratracheal
injection of grlass wool. Two bronchinlcs are shown, one in cross section and the
-other in longitudinal section. Dulow the latter is a tihick-walled bloud vessel. The
bronchinles are withiout reaction azd can be considered nurmai for comparison with
other ficures. Giass woni hhers are present in this ficid but cannot be scen at
this magnitication (X 229).
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fibrosis. Experimental studies concerning this observation will be

reported in a separate publication.

TasLe 16.—Compcrison of Reuctivns Produced by .oug ['iber and Short Fiber
Dusts Injected Intratracheally

35

Dossge: Two fajections of 05 ¢c. Of 8 5 per ceRt susDenrion given tWo Weeks aDart. Total

dose was X0 ing.

Animais uscd: Six groups of gulnea pigs.
Periods st which azimals were Milvd: 3, 2, 6, 5% and 12 months after Injection.

Bt of

Migeral Dust Particles

Chrysotile Loor trer,

(Thetford) 21 ar micyoDY

Shors £rler,
3 microns
a0l s
Amosite . Locr Suer,

2D F nxrors

Ehort fter,
20 mxToLs
a0d less

Croeldo!ite Long twr,

(Dolivia) 2ele) rTiCTODS

Short Lber,
20 cierons
snd ess

Atthopbyllite Losg 2%y,
20-0 mwecrone
8bort cher,
3 mierczy
and less

Tremolite Long fher,
N-3) Cierols
Short fAter,
0 microns
s0d less

Brucite Lozg fher,
T M microsy
Short fiver

(rmade by
crushing lozg
fhers with
rebber polce-
mag)

Results

A hstinet fihrasic. Refer to chrysotile (ftrone) un-
Lentmt in tabb: 11,

No LLrusis. Heter to chrysotile (ball milled) unbeated
o table I¢.

Typirs! Obrous endobronehinlitis and peribroschiolitis.
Fefer to table 15,

luastion tim!ited to phagoeviasia with Ivmphe-ytie infl-
trution of adjaeccct walle, Short Bhers packsd {nstge
swollen [ hagocytes] lotaet ones !ree; some tontnt to
form tepecrl asrs [N BRSO S N ST SRR
L, Biveal] e e [SEESEILAVELS BEEVET-Y f SN ST S
purgucytes were luh A st rlaces unl had sot
migrated to wslls. At { s, free oxtean
hat sorked themselves tn taterstitial U te,
there s ans extensics %0 tion of rnphoid rolie and
motincyles bt no AL S omo. {orr o
reacleng wWith  <nme 1on.ng, 5o bronetugsits,
Ty :cal atbestons ha.d nt.

Atenne~l fhrous e
I tie. Keler to tabie 15

No Lhrosits. At 1 mo., sir spseces compreeted snd
larcely flled with giant eriie parkod with duer rretn=,
Walis hrarvily fpfitrated w -t mogocytes an«! !ymph-
of:! eells. At 4 m0., a modersts egree af rollllar
iofAlrration of walis; smnil giagt co~lle poackey =:1d

. At 6oen T 0., Easses of giast eelis,
Lim emrnli t-.'or"u r.ony

wie itta azd peribroachio-

iz pee 4.(»'}' “rﬂ'lr
roreed |-q(

witn uck, No esduwirnas
ro-is. 1a lympb pode, shgnt

franall ':lf-nor)'t
ehitls. No perip:neral
reticulps:e: o 8Lrome.

Lryrnpuorytic tnfitrating a=d glant cells but no delintte

««ix. Re'er to talds 15,

No fStrrauic and practirally no achastosts bodles. At 1
mo., !ocal erllactioas o! tud.iied monoertes and a
{ew plant cells: at 4 ™o, e adenomatoid epitnsls!

TERCLION] At 3 mMO.. RIM P AT 13'3 with pago-

€ytosis of short Shers: at 12 e volated azd shartyly

local.2zerl entiections of i insuie alr

stout terrunal srt fa. tieartins in wadis B

to !vmphoul cell Iz 2o, No fhrogs, 0 l\mrn

code reaction limited tr Rt pron.ienece of reticu.

o

B3

2

Fi*rosis shout bronchioles, Refer to table 15.

S!mple foreign body reartion. Yo scute (aflamnmiation.
No ncr\.mulnmn of cdutt 11 ecr ahent terming! bran.
No exAdokrone- A ™n , ceatters cmall

=nt cel'e and cons! ““rrtnt af agjrcent
wei't with monocytes 1 et oesfle, AL ¢ mo.,
Uille chance except DO ¢ i~A'tratlon ¢t con-
Certive tiisua. At 8 MO ) infliraliol ang
tre of walls about snu .. 'L' not all terminal

T fit rane sndohro~sthaiiets and reribronchiol:tis
Relzr-to tasile 13.
L jp*l‘o" «nsll
aree: (G
- '-n'ln- n. rompresced
cmenal oreactic s as with
s ~liar to that at 1
Vre serm AL (2 mo.. fmall
- pnacreyws; oo filrosis.

-~ of rractinc.
‘¢ W Iy scatliere
aiclrigsie vn:n iros
No e

r.u : r- (34 lx aclive dut
No reactioz !a lymph Coe

Comparison of Long Fiber cnd Short Fiber Dusts —\With quartz
dust it has been demonstrated that the smailer the particles the more
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intense is the tissue reaction and that particles larger than 3 microns
in diameter cause little reaztion. In the case of ashestos, however, the
reverse is true and apparentlv nnly fong fibers have any specific effect,
as was suggested by the inhalation experiments. This is confirmed by
the data of table 16, in which 3 series of tests with fibrous minerals is
reported. When the injected dust consisted of fibers 20 to 30 microns
long. all the fibrous minerals tested except anthophyllite. as noted in
the preceding section, produced fil,rosis; when the matenial was prepared
by first grinding the fibrous dust unul the length oi fibers was reduced
to 20 microns and fess or. in some cases, to 3 microns aned less. nane
of the injected dusts caused fibrosis, '

These results differ from those of King, Clegg and Rae.* who
reported the production of reticulosis comparable to the experimental
silicotic nodule in rabbits receiving monthiy intratracheal injections of
100 mg. of Rhodesian ashestos filrers. 15 micruns long, and the produc-
tion ot ditfuse interstitial nhrosis ia rabbits receiving similar injectinnz
of short fibers, 2.5 micrens in length. We believe this dose, especialiv
in the lony terry rabbits, is highly excessive. In our experiments the
dosage was kept low in order to minimize untoward rexctions which
might obscure the peribronchiolar type of nbrosis winch characterizes

carly human asbestosis.

Experiumexts Using IntravEsoes Tecuxic

The experiments summarized in table 17, in which the intravenous
method of injection was emploved. siow thit the asbestos minerals are
far different irom quartz in their action on ti~sue. Tt has been reyearedly
demonstrated that intravenoiss trjecnon ¢ quartz particles 3 micrens and
. less in diameter wiil cause a typical tissue reaction witht the developinent

of hyalinized fibrutic lesions in extrapulmonary sites. such as the liver
and the spleen. Asbestos minerals, however, on intravenous injection
generaily produce only an iner: tyvpe of reaction, as is revezled hy
the results given in the table. The reason for the early deaths in the

experiment with chrysotile particles is not clear.

Expmistexts Usine Intraperitonear TetHNIC

The results of infection experiments with the intraperitoneal technic
are given in table 18. It will Le noted that the long fiber dusts produced
a fibrous reaction while dusts comiposed of particies 3 microns and less
in size caused only an inert type of response. These experiments indi-
cate also that the fibrosis initiated bv the irritz:ion of asbestos tbers is
not restricted to the fungs, as was formerly assumed, but can be pro-
duced in the peritoneum as weil. '

OTHER EXPERIMENTS -WITIl ASRESTOS MINERALS

A number of additional experinents were conducted to throw more
light on spetitic phases of the ashestosis problem.

11. King. E. J.: Clegg, J. W.. and Rae, V. M.: FEflect of .\shestos. and of
Asbestos and Ahcninum, on Lungs of Rabbits, Thorax 1:158, 1945; abstracted,
Indust. Hyg. Digest, 1947, vol. Il (Feb.), no. 234.
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Protecrive Actiox of Aruxinuty Comrousos

When colloidal aluminum hydroxide had heen added to a suspension
of long fiber chrysotile prior to injecting this sispensinn intratracheally
into rats, the alumizium compound did not prevent the irrnation of tissue
due to chrysotile. 1f anything, the acute indammatory respense evoked
by the injected fibrous mineral was accelcrated. One month aiter the
last injection of the dust suspension the bronchiclitis was hecoming
| fibrous. King and his associates also found that aiuminum failed to
protect pulinonary tissue irom the irritation caused by ashestns fibers ' :
in their experinients metallic aluminum  was used instead of the

hydroxide.

e e e - ——

FoaxaTiON oF ASsSBESTOsIS EBomrs

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 fiher.  After rwo kinds of chryentile were infected subcurancously
into the groin of a guinea piy—one kind containing 2 per cent and the
other 0.2 per cent iferric oxide—the ashestosis bLodies were equally
numerous at both sites of injection and showed ne difference in their
reaction to prussian blue, thie reagent which stains iron.  This finding is
in agreement with that of Giroux.}!? :

“hiie

Tisste Reaction 1o Assestosts Booies
Asbestosis bodies recovered from human lune tissue and injected
intratracheally into cuinea pigs failed to produce a fibrous reaction. The
material for injection wus obtained by digesting with sodium hypochlorite
’ solution the lung tizspe ramnveld at autopsv from zn ashesins werker.

oo

The asbestosis bodies ¢ould be seen in tiie guinca pigs for at lcast a year
‘ after injection. This experiment shows that the asbestosis body has a
! rather resistant coating which is not destroved by moderate hypochlorite
treatment, which may he maintained in vivo for a2 vear or longer and
which renders the nber incapable of producing fibrosis. It thus appears
that the coating is a protective mechanism. This thought was expressed
by Beintker as early as 1934.%?

)
: _ THEORY OF IRRITANT ACTION ' ‘

Two hypotheses have been proposed to explain the tissue irritation : |
and reaction caused by asbestos fibers: the chemical and the mechanical.
In the chemical theory, which is bhased on experience with quartz, it is
assumed that the asbestos minerais dissolve in the body fluids and tha: : :
in this process their bases are leached away to leave silica in a form
I capable of irritating tissues. According to tlus hypothesis ashestosis :
is merely an indirect siiicosis. Several facts make the chemical theory
P untenable: Intratracheal injection of brucite fibers, which had a silica

12. Giroux, M.: Amiantose expérimentale: valeur pathugnomoniqu. dJu “corps
d'amiante,”” Laval mdd. 8:239, 1943,

13. Beintker, E.: Uber die A:hestosiskdrnerchen: Bemerkungen zu der Arbeit
von Beger, Virchows Arch. f. pash. Anat. 203:327, 193,
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0 INDUSTRIAL H)'!.lE.\'E AND OCCUPATION AL .'-IEDICI."

content of only 0.90 per cent, causcd typical fibrosis like that produced
by the asbestos minerals; free siiica p- rticles increase in potency as the
particle size becomes less, but asbestus fibers shorter than about 10 to
20 wiicrons arce relatively innocuous: aluminum hydroxide neutralizes
the irritating effect of quartz but not of asbestos: serpentine has the
same chemical comipnsition as long fiber chrysotile, but it produced only
‘ an inert type of tussue reaction: there is a wide range in the chemical
' composition of the minerals which do cause asbestosis (table 19).
view of this evidence it seems more litelv that asbestosis is caused by an
unusual mechanical irritation due to long ashestos hibers, this irritation
being related to the peculiar niamented structure oi the fiber and the
associated flexibility, which are possessed by no other foreign body
studied. Thus, ignition of chrysotile fibers changed their structure and
made them inert, although the samne fibers, before Leing heated. would

have producerd fibrosis (table 14).

In

IFurther suppurt for the theory of

miechanical irritation is that asbestusis oecurs in an organ of high nebility
—the lung—and that a fibrous reaction can be produced by injecting

Tastr 19.— dnalvses of Fivrous Mincrals

. - Ignitlon T.ose :
i . S10s Fei0s PeO AlzOv CaO Mg0 Nes0 K10 <G C >16C Ton
Fibrous Ainerals 3 % “* % % % LS LA % % <
| Amosite............... X 08 ma e 628 03 o0 065  5:W e
V Ampbthole............ 35.04 3.00 canse 1.8 e 3.9 0.43 012 0.2 3.60 .0
' Aothophyllite......... 3.0 0.57 0 o n.I7 052 0.15 0.7 408 3N
Bruette ... L. TR 9.2 045 N0 s199 n.ay 0.18 n 53 .84 Lo
Chrysotile............ 8.5 venes oSt . om Az 0.0 4.30 14.99 Pou
Croctdolit-, ... ... .. NN (] 101 - o LE 0.57 0.7 2.3 Pese
Tremolite............. A R (R} DA [ 0.5 )
I .
asbestos fibers into the peritoneum. where there is also a degree of
: mobiliry, but not by injecting them into other extrapulinonary organs
such as the liver, the spleen and subcuraneous tissue.
COMPLICATIONS
. The expermiental investigntions with ashestos minerals were con-
; cerned primariiy with the effect of the dust on normal tissue, but some
: attention was given to other phases. such as susceptibility to infection.
L "The only experiment in which the effect of asbestos dust on a pulmionary
I, . . . - . ~ T . . -
i infection was studied was the first inhaiation experiment. carried on
i with King’s floats dust. It is unfortunate that. owing to the lack of
; adequate facilities at that time. infection studies could not be made in the
i other inhalation experiments ai:o.
1
{ .
. . SvscermimiurTy 1™ TUumssctious INrrcTION
! . The development of a tuberculous process initiated at the heginning

' of exposure to dust. and

; paper.

aiso of a tuberculous infection superimposed

on an establizhed asbestosis, was descrided in preceding sections of this
It may be stated that asbestns when classified according to the
effect of a dust on tuberculous infection would be placed below an active

g -

covepaes e BTy Y e

fwqe e e

;
¥

dust like qu:
infected wit
process tofr
have no efi:
disease disa;
experimenta;
ing the evolt
process foria
the tubercle

healing foll
bacilli aiter

vears, progr-
the infection
fibrous term:
the usual foc:

s
v
1}

There wz
asbestos dust
rather comm
in guinea pi;g
16 to 39 per
an effect of
since such «f
other dusts =
inhalation of
susceptibilicy

Owing to
seems mos: ct
the various «
follow each w
A. Various

rabbit, L

fibrosis o

bv inhala:

fibers.

Both inha
for this stater
in guinea pigs

‘the Abrosis ¢

Similar but 1
(table 1). M
of different sp
B. Long asbe:

chiolar fibr

-



-——;,;.r;‘-mm""“"rv' N el Shaue ol b S anacab el

IORH"!LD ET 4L—‘DIE$ OF ASBESTOSIY 41

dust like quartz but above an inert dust such as iron oxide. In animals

" iniected with attenuated tubercle bacilli, quartz causes the iniectious

process to progress until the animal dies of tuherculosis.  Inert dusts

- have nn effect on the infection, and the lesinns usually heal and the

disease disappears. Ashestos 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 tuberculous
process for a time, but usually the stimulus for continued proliferation of
the tubercle bacilli was not sustained, the progression was arrested and
healing followed. In guinca pigs infected with attenuated tuhbercle
bacilli aiier heing exposed to ashestos dust for shightiv more than two
vears, progressive diseass «id not develop. Tlie only modification of
the infection was one of localization, a few bacilli 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.

SUSCEPTIBILITY T NONTURFRCULOU~ [NFRATION

There was no specific experiment concerning the effect of inhaled
asbestos dust on nontuberculous infection. Intercurrent pneumonia was
rather common amonyg aninals exposed to ashestos dust, the frequency
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 ashestos dust on nontuberculous infection. Nevertheless.
since such epidemics are not uncommon in inhalation éxperiments with
other dusts and even in the colony of normal animals, 1t 1s feit that the
ini:alation of ashestos dust dees not exert a swrnuicant etfect on the
susceptibility to nontuberculous pulmonary infection.

COMMENT AND SUMDMARY

Owing to the vast amount of data included in this investigation. it
seems mMost convenient to sununarize and to state as concisely as possible
the various observations which emerged from the experiments and to
follow each with a brie! résimé of the evidence.

A. Various species oi animals. including the zuinea pig. the rat and the
rabbit, but not the mouse and the dow. deveion peribronchielar
fibrosis uf the lung similar to human asbestosis aiter being exposed
by inhalation or intratracheal injection to long ciirvsotile asbestos
fibers.

Both inhialation and injection experiments provide anpie support
for this statement. Figure 8 4 reveals the ceilular filirosis that occurs
in guinea piys foilowing inhalation of long fiber ashestos; ngure @ shows
the fibrosis caused in the cat by inhzlation of long fiter asbestos dust.
Similar but less extensive fbrosis occurred also in rats and rabbits
(table 1). Mice and dogs faiied to respond. Tlis variation in response
of different species to ideatical dust exposures is still to be accounted for.
B. Long ashestos fibers are essential in the nroduction of the peribron-

chiolar fibrosis; short fibers are incapable of producing this reaction.

.
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. Inhalation experiments with ashestos dust suggest, and intra- - lesion:
' tracheal injection experiments confirm. that peribronchiolar fihrosis is : ture . t
produced by ashestos sibers between 29 and 20 microns in lengzth but not . fibrosi.
. by particles shorter than 20 microns (tables 16 and IR). This indicates ' of fibr.
- that the minuuum length of fiher possessin.g the capacity to produce the noted :
| : typical peribronchiolar fibrosis in animals 15 somewhere between 20 and . G T*
‘ _ S0 microns. [ointed studies have not been carried out to determine i By
a the upper limit of effective fiber length. It appears. however, that that _ fib
limit will be determined by thz irhalability of the fiber. Iz
| C. The mode of action of the lony asbestos fiber in the production of . typical
‘ 1 asbestosis is primarily mechanicai rather than chemical in nature. : of pré-
. ., =S
I The evidence for this conclusion has been revieweed in a preceding { due 15
| i section, page 39. The flexible filamented structure of ashestos fbers ! H. Al
) o ]' plays an essential part in the irritating action. since_the solid,_inflexible s lon
‘ ' fibers of class wool do not produce tlaosis (fg 1300). Ak
‘ . D. Typical experimental asbestosis was prociuced by thc_inll‘.‘llatiQn_ ot : pricr {:
| . an atmospheric suspension contaiming an average of 133 mullion . of 2:'<
| ! N . . . Lo . O . ST
‘ asbestos particles per cubic {ont of wir by liwhe ficld count of wineh . )
less than 1 per cent consisted of tibrers lorger than 10 aicrons. L If}:"?-
. . . : e ui e
| In the inhalaticn experiment with 100 per cent lall-milicd asbestos | U;c <
1 . . . - . : - .
S dust containing 0.6 per cent of fibers longer than 10 micrans (table 11) ! The
‘ . typical fibrosis was obtained (table 9). The evidence presented shows ; to t}‘c;
| : at least that an atmospheric concentration of ashestos dust containing . prnn.c-
A . less than 1 million (0.6 per cent < 133 nuiilion) fibers lonver than 10 sin-c-'- '
(I microns per cubic foot of air is capable of producine experinental o s
| . . - . cee . . . - - cNY el
‘ asbestosis in gumea pios. The actuni lowern laat of o entraton o shc‘rv‘ t
—long_siters negessary to proguce 2sbestosis in animals cannot be estab-— ( crpomr
| liskad from tlrese stedics. o with b
! ;1. E. The duration of exposure required to develop the pulimanary reaction ’ dust exs
+ . .. h . : X5
o to inlaled asbestos dust is inversely proporiinnal to the concentration ; The lacs
i of long rthers in the atmosphere; as the concentration 15 increzsed, ; d *
| the reaction develops in shorter time. . ;’St or
: ol . . . . . [o) vars:s
- The basis for this statement appears in the data of the inhalation of quars
: ) - : , L . infecticn
S experiment with lony tiber asbestos. For that experiment the average . on a‘ba.'
' . . i . . <
H concentration of the atmospheric dust was about +0 nullion particles per . sensitive
b M . Lo . . - v nsitiy
i cubic foot ¢f air, and size-frequency ceter:..inations disclosed that 6.7 : the latte:
Lt per cent of the air-suspended material consisted of fibers longer than ¢ inabil-’tv:.
i . . . .. . ity
" 10 microns (tzble 11). Thus, by ealcuiation, it is estimated that the con- * tubercuic
| : - . - ’ - ’ - - N Y . cu.L
by ' centraticn ¢! e longer fibers was 2.7 militon {67 per cent 1 30 mii- . inhaled &
. A . - . . v a
u lion). Tiie lungs of animais exposed to the Inng fiber ashestos dust i pulmonar
i ' revealed that the publinunary reaction developed in approximiately one- . : :
i hali the exposure tme required for its eveiopment in animals inhaling ; This &
B . . H] ' :
» : the ball-miiizd rroduct, {or which the concertration oi the longer fibers { group of ¢
"‘ - Tey e .- - . - . h .
F was only 0.8 mildion {0.6 per cent 3 138 miilicn). %
B _ F. Estatlished experimental asbestosis ceases to progress on discon- ‘.
Iy . tinuance of dust exposure. ¢
L] . . . . . .
I The experitienial investigation shows, in fact. that on discontinuance
“ { of exposure there was an appreciable clearing of the mature pulmonary Y
1 /
i
4
i :
| 4
Y :
!
-y
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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 no

fibrosis, continued to progress. It is assumied that, icllowing attaimnent

oi fibrotic maturity, the same process of contraction would ensue as was

noted for the mature lesion. .

G. The formation of ashestosis hodies represents a coating of the fibers
by blood and tissue elements, which resuits in loss of ability of the
fiber to produce fibrosis.

Intratracheal injection of ashestosis bodies failed to produce the
typical asbestotic tissue reaction in experimentai wumais.  The cessation
of progressive reaction observed scon aiter exposiire terminates may be
due to the formation of asbestosis bodies.

H. Aluminuin hydroxide failed to neutralize the fibrosing action of the
long fiber ashestos.

Aluminum hydroxide added to the suspension of chrysotile asl.estos
prior to intratracheal injection did not retazd or prevent the develorene
of asbestosis in rats.

I. Inhalation of asbestos dust did not alter siznificantiy the final cutcome
of experiniental tuberculosts in two series of guinea pigs expersed to
the dust.

The apparently nuild influence of asbestos dust 15 1n distinet ¢rntrast

.to the stimulating erfect exerted by inhaled quariz on a tubercuivus

process_in the lung. The interpretation must remain tentative, however,
since it is based on an invest:gation limited to two series of guinea pugs
exposed to onlv one kind of ashesros, nameiv, King's feats: 'I'.-..
shows that when the iniection was comncidental witii the onset of dust
exposure, there was omparary progression ©f the nieclions Looesiss,
with subsequent heaiing ; when infection was nutated uiter 26 montiis ¢
dust exposure, the course of the tuberculosis. was not arzreciably a 'e'ul
The latter finding is quite different from our usual experience with nuartz
dust or with mixed dusts containing quartz, wherein the adverse intizence
of quartz on a tuberculous infection i1s maniiested mio-' strikingiy when
infection is initiated after a period of dust exposure. viz., superininosed
on a background of established silicosis. As indicared above, this more
sensitive test, when applied to asbestos dust. fatled o demonstrate that
the latter had an adverse influence on a tuberculous iniection. The
inability of asbestos dust in that experiment to affect unfavoralilv the
tuberculous process furni:hes strong support for tiie interpretation that
inhaled asbestos dust has no miore than a mildly uniavorable erfect on
pulmonnr\' tuberculosis. '

This investigation was made possible by the generous fAniacial support of a

‘group of companies of tie asbesios industry.
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