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SBESTOSIS is a form of pneumonaconiosis resulting from pro- 
longed inhalation of ashestos dust. The name “ashestos,” literally 

“unburnable,” is not that of a specific mineral but is a term applied to a 
number of different minerals whose characteristic feature is a structurc 
composed 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 are 
stiffer than others, but many are sufficiently flexible to be spun into 
yarn and woven on modified textile machinery. 

The asbestos minerals are silicates of variable composition and belong 
to the serpentine and the amphibole groups. Listed below are the more 
conmmon varieties. 

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

Serpentine group: chrysotile. 

- - The bulk of the ashestos of commerce is chrysotile, 3Mg0.25i0),,.- 
: ~ 2H,0, which is mined on this continent principally in the Thetford region 
* .. . of the Province of (Juchec, Canada. and in Vermont. Crocidolite and 

. 7. -amosite also are used commercially but in much smaller amouuts. 
Chrysotile occurs as veins in serpentine, a mineral of similar chemical 
composition, which exists in massive form and is made up of microscopic 

o fibers without the parallcl orientation characteristic of chrysotile. The 
700 .. massive, bluish black serpentine, which is smooth and svapy to the touch, 
' , . s traversed hy veins of fibruus chrysotile varying in width from a 
?_—"‘:; L. barely perceptible line to 6 (15 omn.) or more inches. The fibers run 
fow g . aross the vein and not lengthwise with the formation. 

Qf,:;-: ) From the Saranac Laboratury of the Edward L. Trudeau Foundation. 
."‘.3.:-;' This series of studies of asbestosis, initiated at the Saranac Laboratory muore 

&«*’\» O than twenty years age by the late Dr. Leray U, Gardner, director of the laboratory, . 
.;.;}-{ o was nearly completed at the time of his death in Qctobcr 1940. A!though partial 
£y %" reports and informal reviews of some of the experiments had been given from time 

e
 t’“
_"

 
£

 
3

 

.
 

.
 

o
 '.- to time by Dr. Gardner, this paper presents for the first time a complete survey 

of the entire experimental investigation. «t P 
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© Tuberc, 45:762, 1942. 

Attention s directed to the nuneral brygeste, Mptniiorn wieeh = 
often found in the same formations with serpentine and chrysatile and 
may be fibrous in structure. Except for the manufacture of magnesium, 
brucite has no commercial value at present because its fibers are not 
sufficiently flexible to be used in textiles, but they are capable of 
repeated longitudinal subdivision. Unlike other asbestiformy minerals, 
brucite is not a silicate, and for this reason it has been a valuable tool in 
an experimental evaluation of the action of fibrous minerals on lung 
tissue. 

EXPERIMENTAL ASBESTOSIS 

For many years studies? have been carried on at the Saranac 
Laboratory in an investigation of the cause, nature and development of 
asbestosis. The present paper is devoted to experimental asbestosis, 

.= O, : it L N LT Lkl M *‘. v 
"y 

Fig. 1.—Human asbestosis (P-36-144). The photomicrograph reveals 2 bronchi- 
ole (right center) with a smooth muscle bundie at its inferior margin and with an 
extensive zone of collagen deposition largely obliterating the surrounding alveolar 
structure. The black foci are macrophages containing inctidental pigment. 
Asbestosis bodies are present but arc not apparent at this magnification (X 200}. 

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

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

1. (a) Garduer, L. U, and Cummings, D. E.: Studics on Experimental Pneu- 
mokoniosis: V1. Inhalation of Asbestos Dust; Its Effect upon Primary Tuberculous 
Infection, J. Indust. Hyg. 13:65 and 97, 1931, (b) Gardner, L. U.: Chrysotile 
Asbestos as an Indicator of Subtile Differences in Animal Tissues, An. Rev. 
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W one of were species s il charactenistic tissue changes which are . 
similar 10 the lesions of iman ashestosis (fig. 1). Since the life spanof -~ -~ 
the experimental animal is relatively short, it is not possible to produce 
the characteristic lesions in animals under conditions identical with the 
usual industrial environment. Consequently, to obtain a complete evalu- 
ation of the tissue response to inhaled particulate and fibrous material, 
it is necessary to accelerate the reaction by emploving higher concentra- 
tions of dust than would ordinarily he encountered in industry. \While 
conditions of exposure are thus different. the information vielded bLy 
animal experiments is invaluable in furnishing a better understanding of 
the reaction of the human organism to inhaled asbestos dust. 

ExpeximMentAL METHODS 

For investigating the tissue reactions of experimental animals to the 
various asbestos minerals, two types of technic have heen emploved. 2 
namely. the inhalation method and the injection method.” In inhalation : £ 
experiments, groups of animals—up to 100 or more guinea pigs and . b2 
sometimes smaller numbers of rabbits. cats. dogs. rats or mice—are . k. 
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kept for eight hours a day in a cubical dust room. R ft. (2.5 M) in 
dimension, in which a cloud of ashestos dust is maintained by a rotating 
paddle in a dust hopper.!* At intervals during the experiment a few 
animals are killed and the tissues examined to determine 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 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 by injection 
experiments. only inhalation procedures will reveal whether the dust can 
be inhaled. pass the natural defense barriers of the hody and reach the . 
pulmonary tissue in gquantities sufficient to cause damage. Injection 
methods are useful, however, because they make certain that contact 
occurs between the dust particles and tissues and because they allow 

. accurate estimation of the dosage and of the potential capacity of that 
dose to produce reaction. The intratracheal method is particularly 
valuable when one is dealing with fibrous minerals like asbestos, since 
it jermits observation of the effect of the fibers on pulmonary tissue. 
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Tissve SuscerriBiLITY 

Unlike free silica, asbestos does not produce specific effects in all 
organs of all species of animals. The comparative data presented in 
table 1 are hased on completed observations and therefore differ slightly 
from a preliminary report.'* Fine quartz introduced into various organs 
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of contact with the tissuc, In cats, rabbits and mice a few of the fibers 
show an atypical coating after much longer residence in the lungs. In 
rats the hodies are rarely seen, and in dogs none coukl be found. 
Although the evidence is incomplete, it appears that the formation of 
the asbestosis body prevents the fiber from damaging the tissne. Many 
of the points mentioned above will be elaborated on in subsequent para- 

Fig. 2—1. lnman asbestosis bodies. This collection of ashestosis horlies was 
found in the lung shown in figure 1. The usual variations of size and configuration 
are represented (X 400). 

B, guinca pig asbustusis body. This one is similar to sume of thuse shown in 
A4 (X 40). 

+ . 
R T NL IO 

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

Four large scale inhalation experiments have been conducted in this 
laboratory with various formis of asbestos dust. In each of these investi- 
gations, more than 160 animals were used, and the experiments were 
carried on for periodds 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 ball-milled, and long fiber asbestos dust. 

Kinc's FLoars Assestos Dusr 
The first inhalation experiment conducted at the Saranac Laboratory 

with asbestos dust was begun in 1928. Animals inhaled the dust for 

Tasre 2~Chemical Analysis of Asbestos Dusting Materials 

-~ 

Type of Asbestos B8iOs FesOz A)O» CreOa MnO MpgO Ns:0 Ke0 
. [S——— 

Ring's floats......... 3% LX) . . Ban . * 
Sbort fber........... 1T 900 140 OM 009 8B 014 0% 
long Bber........... 3840 582 078 d 0.08 40,18 006 008 

M
 

* Not determined. 

%
 

o
 

TasLe 3.—Petrogrophic Analysis of Asbestos Dusting Moterials 
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King's flosts *: The approximate composition, Lased on particles (except chrysotile) smaller 
thano 10 wicrons and reported as percentages obtained from particle counts, wes chrysotile 14, 
serpentine 40, msgnetite 12, carhonstes 36, tale 12, other minersin 4. For chrysotile, fibers up to 
20 microns jong were Included, 

Bhort fiber ¢: The material, before being hall milled, contained s preponderance of fibrous 
ehrysotlle and platy (nonflbrous) serpentine. The approXximste compositiup, hy pereentage, Was 
ehryaotile 17, serpentine 53, magnetite 10, quarts 2, brucite 5, other minernls, including dolomite, 
actipolite snd tremolite, 11. 

Long fiber i: The material consisted principally of the Bibrous ssbestos miperal chrysotile. 
Bhreds of nooseparsted Bbers 5 to 15 micrope in diameter and up to 50 niicrons in jeogilh were 
present. The approximate ecomposition, by perrentage, wae chrysotile 75, serpentine 15, mag- 
petite 5, Lrurite 2, other mioerals, among which were caleite and chloritic snd micaceous 
minerals, 3. Only s trace of quarts was obeerved. 

T
 
-
 

* The ansaiysis of the King's floats sshestos, made by Dr. . 8. Hurlhut Jr,, of Harvard 
University, has bLeep reported elsewhere (Huribut, C, 8., Jr., and Williams, €. R.: The Mig- 
ersiogy of Asbestos Dust, J. Indust. Hyg. & Toxicol. 17: w2, 1935). ) 

t For the short fiber ashestos snd the long Siber asbestos the petrographic snalyris was 
supplemented with x-ray diffrection exsmination. 

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

Composition and Atmospheric Concentration of the Dust —The dusting material, 
a commmercial variety of asbestos known as King's floats. was composed of short 
fibers, ranging in length from 1 mm. to 1 micron or less, and of particles which 
also varied in size. It was obtained from the Thetford, Quebec, plant of the 
Asbestos Corporation of America, and analyses (tables 2 and 3) reveal that the 
amount of fibrous chrysotile was only 14 per cent, a rather Jow value. 
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4 , Impinger samples taken soon after the experiment was started indicated that 
the dust concentration was at first quite low, the average dust count being only 
6.0 million particles per cubic foot of air by the standard light ficld technic and O.R 
million for particles and fibers greater than 10 microns. After the inhalation 
experiment had been under way for about two ycars, the speed of the rotating paddie 
in the dusting machine was increased and for the remaining 10 months of the experi- 
ment co‘nsidcrabl,\' more dust was dispersed into the atmosphere. The average dust 
count of impinger samples collected after this change was 53.7 million by the usual 
light field method and 1.6 million for particles and fibers 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. The 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, Ethyl 
aicohol instead of water was used as the collecting fluid in all subsequent experi- 
ments. 
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Tasrt d—Summary of Inhalation Experiment with King's Floats Asbestos Dust 

NEAT ’ Maximum 
t . Maxi- Survival 

(R mum After 
- Dust Ex- Dust Ex- 

. D . sUre ure ; Nature of Experiment Animals - Mo e T Results 
RN Dust exposure contiouous through- 5 guines pigs 4 ] Typics! peribronchioler Sibrosis after 16 montbs 

. % : out lifs 9 rabbits pil 1] ¥orcign body bronchitis 
38 rats [ [ ] Littie or po resction 

Pust cxposure followed by pro- 25 guines pigs ] » Nonprugressive fibrosis . 
longe] residencr in pormal air %5 guines pigs 1 n Nonprogressive fibrosis . 

- : ;;:;’:;: 1: : i Absorption of foreign body reaction 
Tubercnjous infection ® at start 0f 40 guidbes digs % [ ] Temporars progression of infection, followed 
st exposure . hy hesling with SLrosis 

Coutrols t infeetion: po dust ex- 23 gnides pige o t 131 Healing by resolution (one excepiion) 
pusure 

Tubercalous infectiop * after 2 mo. 12 guines pigs ] M No anpreciable incresre ip surceptibility to : 
omt dust :xponm. tben residencs tuberculous infection; bealing with Bbrosis B 

poriaul sir . . 

Cuaptrole to infection: no dust ex- 12 guines pigs [ 193¢ Healing by resolution R 
posure f 

AR e * The gainea pics were infected with low virulence Ru strain of tubercie bacillus. i 
P { Thi» meuns the survival period following infection. 
IR 

<Y Results of the investigation, briefly summarized in table 4, show that inhalation 
-~ of King's floats asbestos dust produced a typical peribronchiolar fibrosis in guinea 
A pigs but not in rabbits or rats. 
AL Reaction in Normal Guinea Pigs—Guinea pigs inhaling this dust for periods up 
¥ 4 tu 33 months had a characteristic fibrosis occurring in conical patches about the 

5, respiratory bronchioles. During this exposure the peripheral alveoli were not 
A involved. The particulate elements of the dust were transported through the 

lymphatic system to the bronchial nodes, causing no significant reaction in either 
site; the fibrous elements remained fixed at the points of original Jocalization and 
were seldum detected in the lymph nodes. 

After exposure of approximately a year a small amount of cellular reaction 
had been produced about many respiratory bronchioles (fig. 34). As more dust 
was inhaled, it continued to accumulate in the same location, and later stages of 
the disease (fig. 3 B) consisted of extensions of the original lesions. 

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

i 7. Fulton, W. B.; Houtz, R. L.; Dooley, A., and Mathews, J. L.: Asbestosis: 
o S 1. The Collection and Counting of Asbestos Dust Encountered in Asbestos Fabri- 

cating Plants, Special Bulletin 37, Peansylvania Department of Labor and Industry, 
Harrisburg, 1934, - ¥
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were phagocytosed, and many of thom were carried into the wall by migratory 
celts. Mononuclear Jeukacytes attracted to the arca caused an appreciable thicken- 
ing of the hromchiolar wall. After 16 months & delicate fibrosis made its appearance. 
The process evolved gradually, and the number of fine intercellular cullagenous 
fibers stcadily increased. As this fibrous deposit contracted, it partially closed and 

> ey 

v 

Fig. 3.—King's floats inhalation experiment: .f, lung of a guinea pig with 12 
months’ exposure. It includes a respiratory bronchiole, at the left, branching and 
becoming an alveolar duct, at the right. Note the accumulation of cells in the 
wall of the bronchiole and in adjacent alveoli (X 130). B, lung of a guines pig 
with 28 months' ¢xposure. The field includes a bronchivle, at the center. with 
peribronchial fibrosis extending into the walls of adjacent aiveoli. Note the cuboidal 
czpitl%}-‘l(i’nm lining these alveoli, This is the so-called “adenomatoid” appcarance 

X 200). 

distorted the alveuli, and with this change the alveali became lined with cuboidal 
cells. The resuit was an adenoma-like appearance ‘which frequently accompanics 
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chronic pulmonary inflammation resulting from many causes. Willis * describwed 
a similar structure in the lungs of guinea pigs inhaling silicon carbide. The longer 
asbestos exposures resulted only in more thickening of the walls of the air spaces, 
fargely due to an increase in the amount of fibrosis. The fibrous tissue always 
remained cellular and failed to show the hyalinization characteristic of silicosis. 
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Fig. 4—~King's floats inhalation experiment: A, lung of a guinea pig with 
six months’ dust exposure folloned by 35 months' inhalation of normal air, The 
reaction is rather slight, but distinct fibrosis is present (X 200). Note that 28 
months of continuous exposure (fig. 3 B) produces much more extensive reaction. 

B, lung of a guinca pig exposed to the ashestos dust for nine months and 
living thereafter in normal air for 37 months. The reaction shown is more than 
that it 4 but much Jess than the reaction in figure 3 B (X 200). ‘ 

8. Willis, H. S., and Brutsaert, P.: Tumor-like Structures in the Lungs 
of Guinea Pigs Artificially Exposed to Silica Dust, Am. Rev. Tuberc. 17:208, 

Y
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Ashostosis bodies (fig."2 B), first scen in the lungs of the guinea pigs that had 
inhaled dust for about two months, hecame more numerous and more distinctly 
scgmented with increating exposure. 

The reaction produced in guinea pigs exposed for six and nine months did not 
progress significantly during a subsequent period of 35 and 37 months when the 
animals lived in a normal atmosphere (fig. 4). Between eight and 11 months 
aiter exposure ceased. the cellular reaction in the lung had been completely replaced 
by thin strands of fibrous tissue. At later periods the scar tissue was less in 
amount, but in the last animal killed, 37 montls after discontinuing dust exposure, 
some fibrosis was still visible. 

Reaction in Guinea Pigs Infected with Tubercle Bacilli ot the Onset of Dust 
Inhalation~0Of the group of 40 guinea pigs infected with attenuated tubercle 
bacilli. R; strain,® at the time that dust exposure was begun, 31 died or were 
killed before the completion of two years of the exposure and were reported in the 
paper by Gardner and Cummings.’* Seventeen of these died from intercurrent 
pneumonia. Briefly, the results were as follows: Ten revealed some evidence of 
spread of the tuberculous process (fig. S 4); in 6 of these it was confined to 
the lungs, and in the other 4 the abdominal viscera also were involved Extension 
of the infection was first seen after seven months of dust inhalation: during the 
next 20 months more than half of the animals showed actively spreading tuber- 
culosis, and in 3 of them small cavities had developed. During the last eight 
months no animals exhibited any evidence of active infection although in half of 
them the healed fibrous scars of previous spreads were obvious. . The scars were 
more extensive than is characteristic of either tuberculosis or asbestosis alone. 

The nine animals which were still alive after two years of dust 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. 5B). In the remaining five the tuberculous foci 
showed evidence of having previously spread locally ; in four of them, by the time 
of autopsy, the foci were healed, with excessive fibrosis; in the fifth animal there 
was a generalized chronic tuberculous pneumonia in one lobe, and in the other 
lobes there were isolated primary tubercles, which were still .active but had not 
spread. 

Reaction in Guinea Pigs Imfected wwith Tubercle Bacilli After Establishment of 
Asbestosis—Twelve guinea pigs, after inhaling King's floats 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 nontuberculous 
infection. The remaining six animals were killed at intervals up to 14 months 
after infection. The subpleural tubercles were no more numecrous in the dusted 
animals than in the nondusted controls, but a considerable number werc jound in 
the depths of the lung about foci of asbestosis. The tuberculous component of the 
combined reaction showed only slight local extension about lesions in the lungs 
and tracheobronchial lymph nodes. Caseation was found in tubercles 114 months 
old, but by 5} months it had completely disappeared, leaving only scar tissue. 
Foci of fibrosis still persisted in the last animal, which was killed 14 months after 
infection. 

Reaction in Rabbits—Rabbits exposed to the asbestos dust for periods up to 
19 months showed a foreign body type of reaction of low grade, but no fibrosis. 
Although their lungs contained particulate elements of the dust, fibers were not 
present, indicating that the upper respiratory mechanism of the rabbit is adequate 
to exclude fibrous foreign bodies. Two rabbits, after inhaling dust for six and 19 
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9. Steenken, W., Jr., and Gardner, L. U.: R, Strain of Tubercle Bacillus: 
Its Dissuciation and Virulence of Variants in Normal and Silicotic Guinea Pigs, 
Am. Rev, Tubere. 54:51, 1946, ) 
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months, lived in normal air for more than two years. At autopsy neither animal 
. : arasET showed any evidence of cellular reaction or fibrosis in the terminal bronchioles, nor 

' ; Loy 5 g were there any ashestosis bodies. 

Reaction in W hite Rats—All the rats had acquired an infection, resulting in 
: the formation of pulmonary abscesses, before they came to autopsy. Apparently, so 
: much heavy mucus obstructed their bronchi that very few fibers could have entered 
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Fig. 5-~King's float inhalation experiment: .4, hung of guinca pig infected 
with R, tubercle bacilli and then exposed to dust for 24 months. A bronchiole is ! 
shuown just shove center. Surrounding it is some collagen deposition, together 
with typical epithelioid cell infiltration of the wall, Nute the luck of encapsulation 
and the peripheral cpithelioid cell pneumonia, which illustrate a spreading tuber- 
culous process (X 200), 

B, Jung of a guinea pig infected with Ri tubercle bacilli and then exposed to } 
dust for 35 months. Note the sub leural distinetly encapsulated cascous focus, the 
calcibeation’ at the right border of the lesion and the absence of cells in adjacent 

. alveoli, all of which illustrate a healing tuberculuus process (% 200). . 
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their Jungs. 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. 

Summary and Interpretation of Inhalation Experiment with King's 
Floats Dust—The findings in the experiment with King's fluats dust can 
be summarized under two headings: 

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

2. Efiect of the inhaled dust on tuberculosis in guinea pigs. In guinea 
pigs infected with attenuated tubercle bacilli and then placed in the 
dust room, the results were more variable than is usual in an experi- 
ment of this type. A few animals showed no sign of progression of the 
infection; in most of them there was evidence of temporary progression 
with subsequent healing ; in one animal the tuberculous process remained 
active to death. In contrast. when guinea pigs after being infected are 
exposed to quartz dust instead of asbestos 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 of the infection?® Guinea pigs 
infected with attenuated tubercle bacilli aiter the termination of two 
years' ashestos dust exposure did not show progressive disease. The 
only madification of the infection was in its localization, a few bacilli 
being retained in the peribronchiolar fibrous tissue, with tubercles 
forming there in addition to the usual tubercles beneath the pleura. 

In view of the variability of the results, the unusual nature of the 
response 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 tuberculous infection are justified by this 
experiment. 

Snorr Fiaer Assestos Dust 

Since hazardous dusts like quartz are most effective in producing 
fibrosis when the particles are 3 microns and less in size, an inhalation 
experiment was performed to determine whether this condition is true 
for asbestos dust. It was thought that a short fiber asbestos dust 
consisting almost entirely of fibers and particles smaller than 3 microns 
would initiate an accelerated tissue response and produce an advanced 
reaction in a shorter time than did the King's floats dust. which con- 
tained fibers from 1 mm. to 1 micron and less in length as well as much 
particulate matter. : 

Composition and Atmospheric Concentration of the Dust—The dusting materia) 
for this experiment was the remains of fibers collected in dust bins of an asbestos- 
{abricating plant after a carding operation and screened to pass 200 mesh. Since 

10. Vorwald, A. I._?'Pntt. P. C.; Durkan, T. M.; Delahant, A. B and Bailey, 
D. A.: Siderosis: A Benign Pneumoconiosis Due to the Inhalation of Iron Dust, 
Tudust. Med. & Surg. 19:170, 1950. 
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. the material as received contained many long fibers, it was ground in a steel hall 
: mill to reduce practically all the particles to 3 microns or less in size. When 

used alone in the standard dusting machine, this finely ground ashestos tended to 
pack in the hopper, and it became necessary to mix one volume of the unground 
material with three volumes of the ground to generate a sativfactory dust cloud. 
It is pertinent to mention here that the addition of the small quantity of unground 
asbesios was unfortunate, because it confused the interpretation of results. 

The composition of the short fiber asbestos as received is disclosed by the 
chemical and petrographic analyses given in tables 2 and 3. Samples taken before 
and after grinding yielded about the same values on analysis, indicating that there 
was no contamination from the mill or loss of water content. 

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

Size-frequency measurements of air-floated dust from inside the cages at a 
magnification of 1,300 X revealed a great preponderance of fine particles, nearly [ A
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Tasre S~Summary of Inhalation Experiment with Short Fiber Asbestos Dust 
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\ Maximum 
.Q Maxi- Survival 
] mum After 
h }f Dust Ex- Dust Ex- , 
J . i posure, posure, - 

E Nsture of Experiment Animals Mo, Mo. Rerults 
"‘. - Dust exporure todtinuous throngh- 46 guines pige 3 ] Rate of resction shout the saine as ip exinri- 
i out life mept with King's flosts asbestos but extent 

. of involvement very much less ¢ 
. 73 rats - -] Characterietic patehes of peribronchiolar Sbro- 
£l sis; no asbertosie bodies 
¢ 18 eats Mo [ Subplcurs! reaction only ° 
agt 7 rabbits 4a - & No Sbrosis seen grossiy: mieroscopic evidenee 
4 = . of siveociar wall thickepioy alter 40 mosoths’ 

! exposure 
Dust exposure foliowed by prolonged 13 guines pige E 4 u Progression sfter remors] from dust doudbt. 

s reridepee (D DOTTOAI Air N ’“*J%':ém cienzly estadlshed nor definitely 
% exelu 

.- 2eats % Ssme as for continuous exposure 
” 1 zabbit [ 34 s Similar to continuous exposure; evidence of 
e shght regression 

* After 32 months the animals were exposed to 100 per cent ball-milied asbestos. 
¢ The reaction sas probably due to Joog fibers in the unground msterial which was mixed with the ground ssbestos dust 

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

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

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

The type of tissue reaction provoked by the inhaled short fiber asbestos was 
essentially the same as that already observed in-the experiment with King's floats 
ashestos. The rate of reaction also was approximately the same, but the extent 
of involvement was very much less. After 16 to 24 months of exposure only a very 

; few small foci of reaction, which generally required microscopic examination for 
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Only after exposures had continued for approximately one year was there an 
appreciable tendency for dust-containing phagocytes to gather inte clumps. By 
16 months phagucytes had collected about the walls of a few of the respiratory 
brunchioles which revealed a little proliferation or infiltration of mononuclear 
cells. There were also some multinucleated cells, but they were of the inert, 
forcign body type. At 20 to 24 months the cellular clumps were sometimes quite 
prominent, and sometimes changes in the cpithelium resulted in the adenoma-like 
or “adenomatuid” appearance (fig. 3 B) previously described in the section review- 
ing the experiment with the King’s floats dust. In most of the subsequent members 
of the series the reaction remained cellular, but a few exhibited pronounced 
development of fibrous tissuc. In these few members of the xeries the col- 
fagen was pale in color and tenuous, with nu appearance of heing hyalinized. 
Diffuse chronic pleurisy was present in a few animals without evidence of pul- 

TanLe G~ Analyses of Lunas of Guineo Pigs After Prolonged Inhalation of 
Short Fiber Asbestos Dust 

Period Amount of Total 
Exporure to in Normnsl Ash, % of BiO1, S0 0f Total Nitsg, Tissuc 

Dust, Mo, Alr, Mo. Dried Lung Dried Lung % of Ash Reaction * 
Dust Exporure Contipvous During Life 

0.5 10.2% 
0.4 v 
054 10.54 
0.49 $.96 
0.3 .00 
053 30.60 
0.8 .48 
09 .07 
.78 14.48 
0.38 1420 
0.9 17569 
1.2 3846 
0.75 12.27 
0.5¢ pERHY 

-
 

-
 

posure Followed by Prolonged Residence in Normal Alr 
0.68 9.3 
0.36 736 T4 
0.52 10.21 
0.3 8.31 34+ 

3 0.5 5.31 
% 0.3 5.00 

-
 
-
 

]
 

o 480 3+ 

® The spmholc sversg'ng the ticsue reaction In esch group of guines pige reprefent wnerely 
the relative degree of resction, ranging from = (questionsbie) to 4= (the maxinmum for thic 
experimient). The rvelstionshipe spply only withio thix table and cennot be rompared with 
sybiols in otber tabics. 
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monary infection. This suggests that pleurisy may be a specific concomitant of 
asbestosis, but the evidence is not adequate to establish this point. The reaction 
of the tracheobronchial lymph nodes was more pronounced than in the previous 
experiment with King's floats asbestos, probably because more fine particles had 
been transported to the nodes in animals inhaling short fiber ashestos. The nodal 
reaction was essentially an increase in reticulum, rather than a fibrosis, with the 
original cells being preserved between the thickened reticular fibers. 

In the group removed to normal air after 20 monthy’ inhalation of dust. progres- 
siom of disease was nat definitely demonstrated, but neither could it be ahsulutely 
disproved, owing to the variability of the response in different animab. The 
reactions, from mild to severe, occurred sporadically and bore np iclationship to 
the length of time after cessation of exposure. The differences were attributed 
to variation in individual susceptibility. This view received support from the 
chemical analyses (table 6), which revealed comparable amounts of ash and silica 
in Jungs with widely different amounts of tissue change. For example, the ash 
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and silica valuves were quite similar for three animals living in dust 20 months 
and then in normal air for 14 months, yet the tissue reaction was severe in one 
animal, mild in another and only doubtful in the third. 

The formation of ashestosis bodies was at first extremely limited in both groups. 
After five months’ exposure only a very rare short body could be found, usually 
inside a cell. Some of the finest intracellular particles were surrounded by vellow 
deposits having the same color as the asbestosis body. One year’s exposure had per- 
mitted an accumulation of many longer fibers, a number of which were coated and 
seen as typical asbestosis bodies. Most of these were still short enough to be partially 
or entirely within phagocytic cells. By the twentieth month and thereafter they 

TasLe 7~ Anolyses of Lungs of White Rats Thoat Hod Inhaled 
Short Fiber Asbestos Dust 

. Amt. of Total Amt. of Tots! 
Durstion Ash, % 8102, % Total Duration Ash, % iU, & Total 
of Exyw- of Dried of Dried BiOs,% of Expo- ofDried of Dried 8i02, % 
sure, Mo, Lung Jung ol Ash sure, No. Lung Lung of Ash 

3.0 0.0 00 33 .07 23 
48 0.00 0.0 [ 8.4 0.03 15 
29 0.00 0.0 37 0.04 11 

. . 0 xp 010 0o 3 b et 
34 0,00 00 s 35 615 e 
_a‘.: 8‘?‘: fi &4 017 4 
3, .14 ! 018 - : 29 0. 33 “ 
3. 0.05 13 . 018 3R 
33 0.08 23 » 48 0.15 33 

4 38 031 3.0 5.3 0.15 28 
34 0.07 22 4.7 0.13 2 

¢ Norma! controls (80 dust exposure). 

Tanz 8—Averoge Values of A3h and Total Silica for Lungs of White Rats Inhaling Various 
Dusts for 1'arious Periods (Lungs Only, Without Included Lymph Nodes) 

e Amt. of Ash, 3 of Dried Lung Total 8i0s, % of Dried Lung Total Ril}e, % of Ashi 
8- — amans ~ et ~ 

ti00 ’;'hon Gypsum- Bhort Gryprum- Sbhort Gyprumn. 
of Ex- Fiber Ferru- Quariz Fiber Ferru- Qusarsz Fiber Ferru. Quart 
posure, Atbes. o Mix- Arbes- givous Mix- Asbes- gioous Mix- 

o 
ino tos Quariz t':vrl:‘ ture tos Quartz Chert ture tos Quartz Chert ture 

J 33 43 [ 3] L9 0.00 951 0.25 0.08 £ 113 39 2.6 
[ 34 [ [ 2] 3.8 0.09 0.51 [:¥ -] 907 35 4 36 249 
[ ] 3.5 31 2.9 34 0.05 .04 3.5 o.n 18 1.5 344 34 
& 38 4.6 2.0 3.6 0.15 1.ed 2.40 0.32 39 x4 85 .3 

10 .9 8 D] 4.1 0.15 4.40 6.00 0.28 12 w6 [<% ] [} 

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

Reaction in While Rats.~Seventy-three white rats were expused to atmospheric 
short fiber asbestos dust for periods up to 32 months. During the first 10 months 
animals were killed bimonthly and for the remainder of the experiment at less 
frequent intervals, Up to eight months the dust cells were widely scattered and 
existed in foci only sporadically. Reaction was limited to occasional slight thicken- 
ing of the septums about small accumulations of dust cells. At 10 months there 
was a suggestion of early fibrosis in a few rats, but the change was so.slight tha 
it would probubly have been overlooked without the clump of dust cells which 
atiracted attention 1o the area. Only 10 animals were exposed for frum 12 to 32 ] 
months. In each of them the lungs contained minute foci of well defined fibrosis 

. distributed like that of asbestosis but without asbestosis bodies. The lesivus, 
. wisible only at a magnification of 150 diameters or more, consisted of patches alouy 
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alvealar ducts in which the walls of the assaciated air spaces were very thick, owing 
to swullen collagen framework. Connective tissue and Foout-Bielschuwsky silver 
preparations revealed complete loss of capillary bed locally. Outside the collagen 
was a thin layer of cpithelial cells. This did not resemble the “adenomatoid” change 
characteristic of guinca pig asbestosis, Near the lesions the air spaces were 
filled with phagocytes containing gray to yellow particulate dust and a rare, long, 
naked asbestos fiher. Careful search failed to reveal even a suggestion of an 
ashestosis hody. Pleurisy was absent. The tracheobronchial nodes showed com- 
pact focal collections of monocytic cells at 12 months and, at 20 months, some 
diffuse thickening of the reticulum. In a few rats there was definite fibrosis along 
the margins of the node, extending into the mediastinal arcolar tissue, 

Results of chemical analyses made on the white rats are given in table 7, and 
the average values have been recorded in table 8 for comparison with similar 
values for rats inhaling other dusts. It will be noted that the values for asbestos 
are lower than those for quartz or chert but approximate those for the gypsum- 
quartz mixture, in which atmospheric agplutination tended 1o reduce the amount 
of dust inhaled. This condition prevailed even though the atmospheric concentra- 
tion of asbestos dust was essentially the same as that of the quartz, was one-half that 
of the gypsum-quartz mixture and was one-fifth that of the ferruginous chert. 
Since the values for ashestos are Jow, it might be inferred that the total quantity 
of that dust actually inhaled was small or that it had been eliminated from or 
dissofved within the lungs. Evaluation of these possibilities is not feasible on the 
basis of the observations derived from this study. 

Reaction in Cats~~Twenty cats were used in this inhalation experiment with 
the short fiber ashestos. Eighteen were kept in the dust room continucusly until 
put to death, the exposure period ranging from one month to ncarly 34 months. 
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 24 months, later. In general, 
the tissue response was confined to microscopic foci of fibrosis, which were in the 
walls of groups of subpleural alveoli rather than in the peribronchivlar areas. In 
one animal the change was extensive enough to be visualized on gross inspection 
of the section. Only in the animal with the longest exposure~34 months—diil 
the roentgenogram revcal definitely abnormal shadows. A roentgenogram made 
after 30 months revealed no abnormality: after 45 months. a faint motiling could 
be detected throughout both Jungs. At autupsy, nine months later, there was onh 
microscopic fibrosis in the subpleural zone plus heavy Iymphocytic infiltration about 
small bronchioles. Asbhestosis bodies were rare. On prolonged search a fow 
yellow atypical bodies, smooth and without haustrations, were found in two animals 
cxposed for more than a year. 

Keaction in Rabbits—~Eight rabbits werc exposed 1o dust {or perisxls extending 
frum onc to more than five ycars; the last animmal was removed from the dust 
room amd Jeft in normal air six months hefore being killed. There was never 
enough pulmonary fibrosis to be detected grossly, and there was no chromic adhvsive 
pleurisy. Microscoupic evidence of alveolar wall thickening was first detected in 
one animal after about three years of exposure and was seen in all five animals 
examined thercafter, including the one removed to normal air. One animal that 
died of paralysis after nearly four years of cxposure exhibited a reaction visible 
on gross inspection of tissue sections. The possibility of pulmonary infection in 
this animal could not be excluded. In another animal dying two years later the 
focal fibrosis was not nearly as obvious or as advanced. Arcas of involvement, 
which were largely visualized because of phagocytic reaction within the air spaces, 
tended micruscopically to become more fibrous with the passage of time, but there 
was never much encroachment on the lumen of air spaces and the structure of the 
hung was preserved. Asbestosis bidies were not detected in rabbits that died 
carly in the experiment but were seen in all animals that had been exposed to 
the dust jor mare than three vears. 
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- Summary and Interpretation of Inhalation Experiment with Short 
- Fiber Asbestos Dust.—The original purpose of the experiment was to 

evaluate the role of short asbestos fibers in the genesis of asbestosis. 1t 
was felt also that if the tissues reacted more rapidly and more extensively 
to short fiber asbestos than to King's floats there would be a basis 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 
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 fibrosis is determined primarily by factors not chemical 

» in nature. 
.‘G-"— 1 Py - . . . v \ . 
. Of the jour species exposed in this experiment, only the guinea pig 

and to a lesser extent the white rat responded with characteristic peri- 
_';3 < bronchiolar fibrosis. - The cat reacted “with atypical subpleural fibrosis 
;;‘i‘ ‘ and the rabbit with only slight parenchymal fibrosis. 

Ty 

:‘?}; Bair-Mnien Assestos Dust 
;.::3:' In the inhalation experiment with short fiber asbestos dust a small 
S, quantity of unground short fiber asbestos was mixed with the ball- 
¥ milled product in order to generate a suitable dust cloud. When that 
,;_"3 experiment failed to produce an accelerated tissue reaction, in com- 
e parison with the response initiated by King’s floats, it became apparent 

that the biologic activity of asbestos is not increased by a reduction of 
fiber size. Thus the possibility arose that the tissue reaction observed 
was due sclely to the relatively few long fibers of the unground asbestos 
and that the short fibers of asbestos had no more than a very insignificant 
role in the production of asbestosis, a concept not in accord with 
previous experiments concerning pneumonoconiosis. Consequently 
another inhalation experiment was started in which only ball-milled 
ashestos was used. 

Composition and Atmospheric Concentration of the Dust.—The dusting material 
was the ball-milled. short fiber asbestos used in the previous inhalation experiment, 
but unground material was not mixed with it. Owing to the tendency of the 
material to form small spherules which prevented much of the fibrous portion from 
fluating out of the dusting machine, the dispersal of the dust was not entirely 
satisfactory. Therefore, after an initial seven months of operation. steel wire 
hruvhes were attached to the inside surface of the hopper and to the rotating paddle 
to disintegrate the spherules and release the fibers. This arrangement gave satis- 
factury results and was used for the remaining 21 months of the experiment. 

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

The dust concentration during the first seven months of the experiment was 
t of air. After the wire brushes were 
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instalicd, the dust counts were higher, and the over-all average for the remaining 
21 months was about 150 million. 

Size-frequency studies of atmospheric dust collected inside the animal cuges 
revealed that nearly 99 per cent of the components suspended in the air could he 
classified as clumps or particles; only ahout 1 to 1.5 per cent was fibers. Onc third 
1o one hali of the fibcrs were longer than 10 microns, indicating a concentration 
of long fibers of about 0.8 million. This figure is about one-hali the estimated 
value of 1.4 million for the short fiber experiment. 

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

Reaction in Guinea Pigs—The experiment was started with 100 guinea pigs. 
As the dust exposure proceeded, there were 39 accidental deaths, 32 of these being 
due to pneumonia in an epidemic. The 61 pigs remaining exposcd to the dust were 
killed at intervals during exposure, except for 16 guinea pigs transierred to normal 
air after 28 months of dusting. For the first year of exposure practically the only 
reaction to the dust was the presence of scattered phagocytes and an occasional 
minute asbestosis body. At 16 and 20 months no gross response was visible on 
the tissue section, but microscopically peribronchiolar foci of inflammatory cells 
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Tasne 9.—~Summary of Inholation Experiment with 100 per Cent Boll-Milled 
Asbestos Dust. 

Msximum 
Mazi- Survival 
mum After 
Dust Dust 
Expo- Expo- 

Nature of eure, sure, 
Experiment Mo. Mo. Results 

Dust exporure con- k] No apprecighle pulmonary pesction 
tinuous through- 0 No sugeerstion of ssbhestovis 
out life %4 NO BuggRvstion Of ASLESIOSIn 

Dust exporsure fol- Fihrosis typical of sshestosis was 
lowed dY pro- present 12 mo. sfter exporure 
Jonged residente ceaxed in ap smount sufficient to 
in pormal air be visille grossiy: rsmalier foel 

eould he geen microscopically at 
2 mo. and § TMmo. afier lermida- 
tion of exporure 

could be seen. At 24 months (fig. 6 4) there was still no change large envugh to 
be scen with a hand lens, aithough microscopic examination revealed ccllular 
accumulations about terminal bronchioles and many more asbestosis bodies, chiefly 
within ceclls. The lungs of animals exposed for the full dusting period of 28 
months and afterward living in normal air for two months revealed the chanpges 
described above and also very slight peribronchiolar fibrosis. For expoced animals 
living cight months in normal air the findings were similar, but at 12 monthe three 
of four animals showed grossly visible characteristic peribronchiolar fibrosis with 
adenumatoid change (fig. 6 B). 

The tracheobronchial nodes were essentially normal until exposure had been 
continued for more than a year and a half. Animals killed at 12 mouths and at 
16 months revealed a few minute collections of phagocytes containing particles 
but practically no fibers large enough to be recognized as such. After 20 months 
of exposure many monocytes filled with yellow granules were present. At 30 
months there had been a slight increase in reticulum but no fibrosis, No further 
changes occurred in the nodes. Asbestosis bodies were not seen in the nodes of 
any of the guinea pigs. : 

Minute ashestosis bodies were observed in the lungs as early as three months 
after exposure hegan, but they did not become numerous until 16 months had 
clapsed. The hodivs were short and practically all were intracellular, although at 
20 numths some were lang enough to project beyond the cell borders. It is 
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N OINUNIIRIAL UYGlENE AND Qo PailioN 11 MErdciN 

imiportant to note that in the later months of exposure there was a distinct increase 
in the number of long fbers, up to 70 microns in length, in the lungs with the 
formation of characteristic long asbestosis bodies. 

Chemical analyses (table 10) of the lungs revealed that considerable dust had 
been retained in the luugs. After 24 months of continuous exposurc the average 
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Fig. 6.~Ball-milled ashestos inhalation experiment: A, lung of 2 guinez pig 
with 24 months' dust exposure. A bronchiole is shown at the center, with a shight ‘ 
accumulation of phagacvtic cells but without the formation of collagen (X 200). . : 

- B, lung of a guinca pi% with 28 months’ dust exposure and then 12 months 
<. inhalation of normal air. The reaction ix much like that shown in 4. but there is 

et a slight depusition of collagen, most apparent at the left (X 200). 

value for total silica, per cent of ash, was 25.37. This should be contrasted with 
. . the average value of 14.34 (table §) for animals exposed 24 months to the short 

* e - fiber asbestos dust. . 
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ok iLb ET AL—>TUDIES OF ASBESTOMS 2l 

In view of the high values for silica obtained with the animals exposed to 
100 per cent hall-milled dust, it is important to note that their pulmonary response 
was much less than that of animals exposed for 24 months to the short fiber 
ashestos in the previous experiment. This again indicates that the biologic activity 
uf asbestos inhaled into the lung is nut increased by a reduction in size of the fibers. 

Reartion in White Raots and Mice—In this experiment 40 rats were exposed 
for periods up to 20 months and 24 mice for periods up to 12 months. In neither 
species did even a suggestion of asbestosis develop, and reaction was limited to 
phagocytusis of inhaled particles by widely scattered dust cells which remained 
free in air spaces or were transported tu the tracheobronchial lymph nodes. No 
ashestosis hodies were found in the rats, but in the mice there werce a very few 
small, nonhaustrated forms within phagocytes. 

Tase 10~ dnalyses of Lungs of Guinea Pigs Exposed to Dust in Inhalation 
Experiment with 100 per Cent Baill-Milled Asbestos Dust 

Period Amt. of Total 
Exposurc to iu Normnal Ash, % of 8i0s, % of Total KUz, Tissue 

Dust, Mo. Alr, Mo. Dried Lung Drisd Lung %t 0of Ash Reacuon * 
Dust Exposure Contipuous During Life 

| 685 0.1 .28 
1 0 i %0 00 705 

435 0.3 3.0 ° 
1 8 0.2 90 

] ¢ U0 0.3 7.40 
| 5.05 0.6 10 0 

$.00 0.7 1247 
3 0 36i 032 6.13 53¢ 056 977 ° 

5.10 .0.38 .31 
s ° 5.08 0.5 sa5 

302 0.39 bR o 
s o 435 0.5 1.5 ° 

§ 565 L2 216 
12 ¢ 162 145 2522 [ 

§ 5.40 102 1B.96 
® ° 1501 11 204 e 

§ 5.65 1.5 + s 
© ° 153 13 20 + 

1 630 155 2905 
u s {85 1.2 2170 > 

Dust Exposure Followed by Prolonged Residence in Normal Air 
. 3785 137 163 

® t 867 23y 53 
535 .08 12,90 = N 3 5.9 657 YR -+ 

: } 8.3 0.84 1- 
= 12 1537 06t 1241 2+ 

® The srmbols sveraging the tiscue resction in ench group represent nerdy the relutive 
degree of resction, raning from © to == (quesiiopabile) tu 2+ (the maXimun atwerved in this 
experimnent), The reiationsbips apply only within this table and canuot be compared Wwith 
symbois ip other tabics. 

Swmmary and Interpretation of Inhalation Experiment with 100 per 
Cent Ball-Milled Asbestos Dust—The tissue reaction observed in this 
experiment was not as intense as that in the previous tnvestigation with 
short fiber ashestos. The reaction was slower in development and less 
extensive even though more dust accumulated in the lungs. Since there 
were fewer fibers longer than 3 microns in the material used in this 
experiment. the results tend 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 reduc- 
tion in size of ashestos fibers does not increase the biologic activity of 
asbestos inhaled intn the lung. : 
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22 INDUSTRIAL HYGIENE AND OCCUIAHION M, MEDICIAN 

The finding of long asbestosis bodies in animals that had inhaled the 
hall-milled material is an example of the difficulty of completely eliminat- 
ing long fibers from a large volume of asbestos as required for an 
inhalation experiment. ' 

In regard to the progression of the tissue reaction after the animals 
had been removed from the dust, observed in this experiment but not in 
the others, the following interpretation is offered: When the reaction is 
well developed at the termination of exposure, the contraction of the . ] 1 
fibrous tissue obscures any progression that may have occurred; in this 
experiment, howevet, since the reaction observed was less mature, its 

o subsequent progress was more readily apparent. : 
> ; g': 2-5‘,‘ Loxc Fimer Asmestos Dust : 

m"‘» Since inhalation of short fiber and of 100 per cent Lall-milled asbestos ' 
oo dust did not result in acceleration of the tissue reaction in comparison { 
5 ;;,-33 with that produced by King's floats, the hypothesis that short fibers of 
< A asbestos were of minor importance in the etiology of asbestosis was ’ 
> given added support, and attention was directed to the view that the ¢ 
T :; long fibers were of primary significance in that etiology. The King's { 
3}}"1 floats asbestos used in the first inhalation experiment had a rather low : 
ot content of fibrous chrysotile and contained considerable serpentine and PRy 
Eér v other impurities. Therefore, it was decided to conduct a new inhalation { 
SN experiment with a purer form of chrysotile which would be richer in long H 
:"T:E; fibers. - : 
?' f_"-i‘ Composition and Atmospheric Concentration of the Dust—The dusting material 4 
,S.\ - employed in this investigation was obtained from an asbestos fabricating plant. "}gz Samples of several varieties of long fiber asbestos dust were first submitted to the , 
2:: Saranac Laboratory for examination, and one of these, which was low in magnetite : et _g and chromite and had a fibrous content estimated to be about 75 per cent, was i 
3}'; «elected as most suitable. Steel wire brushes, iastened to the inside surface of ) 
;7 % . the hopper and to the rotating paddle as in the preceding inhalation experiment. $ »” 
%.3,‘; were used to open up the bundles of asbestos and liberate more fibers into the ' 
S atmosphere. ! 

»
” 

o
y 

The composition of the long fiber asbestos used is indicated by the chemical 
and petrographic analyses given in tables 2 and 3. Analysis of air-suspended 
material from the dust room disclosed that about 60 per cent of the long fiber dust 
was chrysotile and about 20 per cent serpentine; as already nuted. the composition 
of a similar air-floated sample of ball-milled, short fiber dust was 15 per cent 
chrysotile and 60 per cent serpentine. . 4 3 

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

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

Guinea pigy, cats, rats and mice were employed in this inhalation experiment. 
-The results, summarized in table 12, are described in greater detail below. 
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e VORWALD ET AL—=NTUDIES OF ASBESTOSIS 23 - 

Reaction in Gwinea Pias.—The experiment was started with 100 guinea pigs. ".‘f“« 
After exposure had heeu carried on for a year, a severe epidemic of pnenmonia "?f“ 
arose in the dust room and about one third of the animals died or were killed. To ,‘ "o'u 
replace them, 38 more guinea pigs were added to the surviving group. Histulugical ULy 
examination revealed lesions in the lungs after eight months of dust exposure, ‘?1" s 
consisting of cellular connective tissue about the terminal bronchioles (fig. 7.1). At bR 12 months there were adenomatoid changes in the adjacent parenchymal areas, sl ? : . 
and by the sixteenth month (fig. 7 B) definite fibrosis was present in these areas B Mfi. as well as around the bronchioles. The fibrous lesion could be seen macro- - "é,’;f-' 
scopically at 20 months. From this time on the reaction increased in extent and hL A 
in the amount of collagen, and by the thirty-fourth month, it had fanned out . R 23 

TasLe 1l.—Size-Frequency of Atmospheric Long Fiber and 100 per Cent Ball- T é- 
Milled Asbestos Dust Collected Inside Canes #o 

Grsins, % Fivers, < r 

<3 316 >0 <16 >0 Clumps, Type of Asbestos - Microns Microns Microbs Microns Mxrons %m Tutal 
Long BDE...vniirnen, GB4 .1 00 5.8 8.7 1.0 00 
Balimilled «..cvveveee. W06 MY 0.0 [ X3 0.6 3.e 0 

TasLe 12—Summary of Inhalation Experiment with Loug Fiber Asbestos Dust 
— w— 
— — w——— 

Maxirnum 
Maxi- Survival 
mum After 
Dust Dust 
Expo- Expo- 

Nsture of sure, sure, 
Experitment Animals Mo. Mo. Rerxults 

Dust exposure con- 117 guines pigs 36 ] Definite Abrosie in 16 mo, 
tiouous throughb- 4cas [ 0 Siowly developing Bibrosis first seen 
out life C st 24 mo. 

20 rats % o Msrked peribronchiolsr fibross first 
scen at 24 mo. 

20 mice 5 [ Limited resction: po fibrosis 
Dust exposure fol- 12 guines pies 20 " Cleariar of inflummsatory reaction 

Jowed by pro- and definite contraction of Shrous 
lopped residence tissye 
ip pormal aiz § guives pigs 9 ] Cearipg of infammatory reaction 

apd siight contraction of fitrous 
tissue 

Seats 18 U Similar to continuous expusure 
group: suggestion of progression 
in ont of the two snimals 

considerably into the parenchyma {(fig. 84). The lesions were rather sharply 
localized and the extensions from different bronchioles showed no tendency to 
fuse, even in animals exposed for the maximum period of three years. Althongh 
the intrapulmonary reaction sometimes reached the pleura. there was no involve- 

. ment of that membrane. Emphysema was not detected at any point. Some thicken- 
ing of the larger bronchi with a chronic inflammatory infiltration was revealed. 
but it was considered no more than would be produced by a similar period of 
inhalation of any dust. 

In guinea pigs exposed to the dust for 20 months and then removed to normal 
air, there was a marked tendency for cellular inflammatory reaction to clear. This 
effect, accompanied by contraction of the fibrous tissue, resulted in a diminishing 
size of the focal lesions. None of these animals, kilied at various periods up to 
14 months after exposure, revealed lesions as large as those in the group killed at 
the end of the 20 month exposure period or those in animals which remained in the 
dust room for more than 20 months. Fourteen months after dust exposure ceased, 
the foci in four of the six remaining ruinea pigs were so small that they were 
visible only with a hand lens (fig. 8 B). 
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28 INDUSTRIN. HRYGIENE AND OCcUPTION AL MEDICINE 

In the group exposed for 27 months and then transferred to a normal atmosphere 
the responise was quite similar to that in the 20 month exposure animals mentianed 
above. Small foci were always visible on gross inspection of sections of all 
guim:.a pigs of the 27 month series, but in no instance was there evidence of the 
reaction. 

Fig. 7=Lung fber ashestos inhalation experiment: .4, lung of a guinca pig 
with eight monthy’ dust exposure. The bronchiole at the center alrealdy shows an 
accumulation of phagucytic cells, and there is a slight depusition of collagen. Com- 
pare with Agure 6.4, shuwing the reactiun to ball-milled asbestos aiter 24 niouths 
(X 200). : 

B, lung of a guinea pig with 16 months’ dust exposure. Again nute a bronchiole 
with its surrounding reaction, consisting of fibrusis and wilenomatuid change. Col 
Lagen depmsition is now seen in the walls of adjacent alveodi, at the right (X 200). 

. 

Ia the tracheobronchial lymph nodes reaction wwus first visible at the third 
" month of exposurc. By the eighth month patches of collular comertive tissue 

- 
e 
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FORIALD KDL L—=N1UDIES OF ASBESTOSY 25 

began te appear in the medulla, and by the fourteenth month most of the nade 
had Ieen replaced by collular connective tissue. This picture, which resembled 
that in carly silicosis, persisted to the end of the experiment. Sume animals shawed, 
as a variant, heavy shects of diffuscly distributed monacytes and large active giam 
cells, but there was never any necrosis or hyaline formation. The spindle-shaped 

L 4 

Fig, 8~Long fiber ashestos inhalation experiment: .1, fung of a guinea pig 
with 34 months' dust exposure. A bronchiole is seen at the lower center; the 
farge arei above it represents the involvement of alveolar walls, Compare with 
fgure 7 1 and note the increased extent of reaction (X 200). 

B, lung of u guinea pig with 20 months' dust exposure and then 14 months’ 
living in normal air. The reaction is essentially like that shown in fiure 7 #: 
The bronchiole at the right center is surrounded by fibrous tissue with adenomatoid 
change at the rizht. There is residual scarring in the walls of adjacent alveoli at 
the left. It is apparent that no progression has occurred (X 200). 

new cells were vellowish from fine pignient granules that stained for iron. No 
fibers or asbestoss. Ivadics were seen, 
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* A ame o e PRSI T 2 - 

] T 2% INDUSTRiAL HYGIENE AND OCCUPATIONAL MEDICINI 

Although asbustesis bodics were found in fhe lung as carly as one month 
after exposure began, they were rare and hard to find. At five months more 
were visible, ‘chiefly coiled inside giant cells, and 8t eight months many bodics 

TasLe 13.=Analyses of Lungs of Guinea Piys Exposed 10 Dust in Inhalation 
Experiment with Long Fiber Asbestos Dust 

Period Amt, of Total 
Exposureto in Normal Ash, % of 8i0:. < 0f Totsl 810z, Tissue 

Dust, Mo. Alr, Mo, Dried Lung Dried Lung 9% of Ash Reaction ¢ 
Durt Exposure Contiouous During Life 

435 0.4 1.10 
1 [ 4.38 0.08 2.11 

437 0.04 0.9 o 
o5 0.05 1.2 2 0 448 0.05 138 438 0.08 146 > 
9 0.05 130 

3 s 438 0.05 11 T 0.06 1.0 + 
: 7 0.08 175 
: s 0 Y| . o1t g 
i . 408 .08 % + 

.2 0.10 2.2 A ° o2 0.01 ] - 3 [E.] i R b=y “ on 138 - 
2 0 A - S 3 Fo o “‘5 3 536 o8 . 5.9 . 
3 296 038 120 
2 » o o5 035 2 ?\1, 316 0.8¢ 1309 1+ 
- 34 0.3 1090 
B 20 °o ¢ 30 0.0% nB& . 

v S 338 0.2 1439 24 
2 842 0.35 10.18 5-;! u i 8.32 029 8.2 4+ 
2 t 340 0% nsn o 2 = o 135 0.49 13.35 3+ 
o] . . 1 0.37 10.55 
3 » v 3.03 0.3t 1.92 
"& ) 338 0.2 6.10 “+ 
- 3.85 050 : 8.60 Lol L s is.m 0.6 1,43 o 
ix.l‘ 834 x . + 

-‘:‘5 Dust Exposure Folloned by Projonged Renidence in Normal Afr 
7= 4 0.3 1.0 YA » ° 280 0.49 138 

g 44 358 0.52 1.5 2+ 
oAl 202 21 7.23 C %3 2 4 3:.51 0.27 930 2+ 
Xer 3 T 0.2 575 
pigd o 10 “0 .2 5.07 2+ 
53 { 5.01 on 419 . 
s » M 1 5.0 038 355 + 

{ 3.40 0.39 1.5 
n o P854 0.49 33.15 4+ 

256 051 5.5 L 3 i 54 018 o 24+ 
139 0.35 9% kg LT i 035 Fyt t+ 

- ° 18, 0 5.9 
* L2 0.3 8.3 e+ 

* The symnbole aversging the tissue reactinn in eseh group represent merely thr relntive 
degree of reaction, renging from 0 to = (questionable) to &< (the maximum for this expwri- 
;»rm:.." ‘!‘hc; kw;tstioushiw apply only within this table snd rennot bhe compared with symbols 
n ot tables, 

were free in connective tissue. They became fairly abundant as exposure con. 
tinued, although in some later animals the asbestosis bodies were only moderatcly 
numerous, ’ 

It is important to note from analyses of the lungs (table 13) that even though 
". the tissue response at any given period of time was much greater in the guinea 

PR 
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H .7 s% ; VORIFALD ET AL==STUDIES OF ASBESTOSIS 7 
o T 

A, R ‘N ; ’ pigs of this experiment than in those exposed to cither short fiber or ball-milled 
. ;v 3 asbestos, the amount of mineral matter in the lung ash was much less. 
R = ’,:z Reaction in Cats—Four cats inhaled the long fiber asbestos dust for periods of 
W _';,gwi: 14, 25, 33 and 42 months, respectively, and were immediately killed. Two other 

] = cats, after being exposed to dust for 18 months, lived in a normal atmosphere for 
padtyl. Bt an additional 24 months. Fourteen months’ exposure was sufficient to produce 

1% - % ,fié cellular accumulations of phagocytes around terminal bronchioles and peripheral 
; s ] arterioles together with compact collections of similar cells in the tracheobronchial 

lymph nodes. At that time there were no typical asbestosis bodics, but smooth, 
pointed, yellow fibers were seen very rarely, With continued exposure, up to 42 

o vl s S months, reaction in the locations noted progressed to the formation of cellular con- 
?‘.{, “,}e o nective tissue which made well defined sheaths about the respiratory bronchioles 

w R W# ) and arterioles, marked lymphoid hyperplasia and lymphoid infiltration of bronchiolar 
s 'f"f Pl ] walls (fig. 9). Typical asbestosis bodies were not formed, although there was 

s Vg ' 
A 

£ YL P 

i 

s ‘.‘!é»" v 
5 A 

i ‘ 

£ i ! :"‘z 

R e LT 
ST 3 € 

A A 

! ot 
ot Bivd 

"R S . T ST Fig. 9.—Long fiber asbestos inhalation experiment: Lung of 2 cat with 42 
R % months® dust exposure. Two bronchioles are shown with adjacent cellular reaction 
“? and collagen deposition (X 200). 

“ XSRS . . . 
'& TR -~ an occasional fiber, smooth, yellow and pointed. Pleurisy was not present. The 
N e reaction was similar in Jocation to that in the guinea pigs, but fibrosis was much 

3 sher . slower in development. Roentgenograms of cats made aiter exposure periods of 
5,&%: 25, 33 and 42 months, respectively, failed to demonstrate cvidence of pulmonary 
g 3 Ry e lesions, 

f %3:‘* /5 Reaction in Rats—Although 20 rats were placed in the dust room, many died 
' i from pneumonia and were not suitable for study. Five animals, of which one was =N ’ 

exposed for 19 months and four for 25 months, were free from pulmunary infection 
and offered a basis for tentative conclusions. In the 19 month animal, the reaction 
was just beginning. All four animals killed at 25 months showed a well marked 
peribronchiolar fibrosis. After a long search, only two small, smooth asbestosis 
bodies were found in the 19 month animal and none was found in the 25 month 
animal. Thus these animals exhibited fibrosis without asbestosis bodies or Sbrosis 
accompanied by only a very infrequent asbestosis body. 
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. the series of injection experiments reported in table 14 were perfurmed. 

or more in dust and died or were killed without showing an appreciable degree 
of pulmonary infection. The reaction to the inhaled dust was limited to phago- 
cvtosis by mononuclear cells. Usually these were widely scattered through the air 
spaces: a limited number were grouped about the terminal hronchioles, producing 
some thickening of their walls. There was no suggestion of fibrusis. 

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

Swmmary and Intcrpretation of Inhalation Experiment swith Long 
Fiber Asbestos Dust—The purpose of this experiment was to evaluate 
the importance of long fibers in the tissue response to inhaled asbestos. 
The results, in comparison with those of previous investigations, indicate 
strongly that long fibers are chiefly responsible for asbhestosis. Thus. 
the reaction in guinea pigs developed earlier 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 peribronchiolar fibrosis was produced in 
cats, although in a previous experiment with short fiber dust peribron- 
chiolar fibrosis did not develop in this species. 

The cause of the cellular fibrosis in the lvmph nodes of the guinea 
pigs is'not clear. It did not occur in other inhalation experiments with 
asbestos. ' ’ 

. INJECTION EXPERIMENTS 
Since the inhalation experiments reported above strongly suggested 

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

ExremiMexTs Using InThatracnean Tecnyic 

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

Comparison of Fibrous and Nonfibrous Dusts—To demonstrate that 
the ability of asbestos to produce fibrosis resides in its fibrous character, 
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Tasr 1 amparisan of Reactions to Chrysotile and Scrpentine Injected 
Intratracheally 

DNosager: Esrh animal nas given an intratrachesl injretinp of 0.5 er. of 8 § per cent suspension 
of the dust. Two weeks Iater another gimilar injection was given. Touta! ammnunt of dust 
fnjectrd was 50 mg. 
Animnls neal: Six grouys of 9 guines pigs escd (one group for each tyie of dust). 
Periods at which animals were killed: Oope or two aninais (o eseb group at 1, 2, 8, 6% and 12 
mopths after last ipjection, 

Preparation of dust: Chrysotile (ball milled) unheated: Ball milled for 1,176 hr., dried and 
reground in agatc mortar. 
Chryrotile (ball milled) igpited: Ball milled chryrotile heated for 2 hr. at about 700 ¢, then 
ground in sgatle mortar £ or § min. 
Chryeotile (ibrous) uphested: Ground in agate mortsr to pars N0 mesh. 
Chrysotile (Sbrous) ignited: 200-mesh material hested for 2 br, st shout 700 C. No further 
grinding. 
Serpentine (ball milied) unbeated: Ball milied for 1,45 hr., dried and reground iu agste mortar, 
Serpentine (ball milied) ignited: DBall willed serpentine hested for 2 hr. st about 00 (., then 
ground in agate mortsr 2 or 3 min. 

Size 0f . - 
Minrral Dunt Particles Results 

Chrysatlle S microns sand Gripding destroyed espacity to esuse fibrosic. At 1 mo. 
(hall milied) lees considersble inflammatory edema sud cellular prolifers. 

unheated tion and locslization of dust particies ghout hromehi 
oler; st 2 mo., oniy 8 very stight proliferative resction; 
at 6, 83 and 12 mo., widely seattered small mononuciear 
phagoryter. At 12 mo., & few nucroscopic patehes of 
thin alveolar wall thickening with some sdenomatoid 
change in portion of air spaces abutting on thickenrd 
hronchi. No sshestoris hodies eeen. 

Chrysotile § microns and Reaction limited to large foreign body giant oells witbout 
<ball milled) Jess production of filbrous tiesuc. - 

igpited . 
Chyrotile #0-30 wmicrons A Q@istinet fibrosie. Reaction loculined to connective tissue 
(fihrous) SPProX. about terminal bronchioles: littie within those tubes. 

usbeatad Ountraction esused adenomatoid appearance of sir 
spaces given off directly from terminsl bronchioles, 
Reaction ares became mnalicr witl progress of time: o 
pew regions involved. No chronic plrurisy smeb at Doints 
sbutting intrapulmonary change. At ) mo, enomderabie 

* infammatory edemms and foci of eellular proliferstion; 
at 2 mo. well marka] rellulsy proliferation and Shrosis 
oceurring foeally ahaut respirstory hronchinies, This 
reaction developed hefore ssbentoris hodicrs had formed 
and wae as sdvanced as that produecd by 2 yr. inhala- 
tion of asbestos duxt. At G mn., teaction loss extsnsive 
thay at 2 mo., spparently due to roniraction of fihrous 
tiscue; asbestosis bodier were abuudunt. At Sy me., 
reaction stil less extensive, econfined to the immnediate 
vicinity of the amall terminal hronchioles, where the sear 
tissue was quite dense and was becoming hyaline in char- 
acter. Bometies it even obliterated the hropehale. 
Arbestosis bodies bad hecome searce. At 12 mo., the 
well developed peribronchiul and intrahronciial sdeno- 
matoid areag 0of fiiroris had produced eopsudierahle dis. 
tortion. More peripherally were patelies of pnctimanitis 
with eoesinophilic inSitrativn, some of whieh was Leing 

. transforined into ALTOUS tizsue. Thexe seemied tu be pre. 
eursors of the Jucalized, Jiffuse patches of thin slveolar 
wall Sbrosis seen eisewbere. 

Chrysotile 20-50 microns Resetion limited to lurge foreign lunly giant celle without 
(fitrous) SPprox. proliferation. Hesting the fibers, which made then 
ignited Lgittle, destroyed their capacity to produer significant 

resction. 

seroentine 3 microns and Dust relatively insetive. At 1 and 2 mo,, slmiple phago- 
(ball milled) Jess eytoris without proliferation: at é mo., no chance 

ushested except possibly Jymphold cell fofiitration; st 8l wmo., a8 
slight chropie poeumonitie; st 12 mo., only a little 
poewmmonitis witbout suggestion of Hbrosis. 

Serpentine Smicronssnd Dt relatively jnsctive. Reaction essentially the same as 
(ball milind) Jeas for unbeated serpentine. With {gnited scrpentive, jess 

fenitel tendency for dust to be carried to Lronchial nodes. 
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: ,‘g .- 30 INDUSTRIAL HYGIENE AND OCLUPATION AL MEDICINE 
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Fig. 10.—Comparison of reactions provoked by injected long fiber and ball- 
milled ashestos dusts: A, lung of a guinea pig which four months before had 
received an intratracheal injection of long 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 intratracheal 
injection of ball-milled asbestos dust. A bronchiole is shown at the right. In 
contrast with A, note that only a few cells have accumulated about the bronchiole 
and that collagen deposition is absent (X 200). 
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, 

VORIWALD ET AL—~STUDIES. OF ASBESTOSIS. . 31, . - 
The tests were made with Jong fiher chrysotile, unheated, and with 
chrysotile that had been ignited to destroy its flexible structure or ball 
milled to reduce the length of fiber to 3 microns and less. At the same 
time control tests were miade with serpentine, whicli has the same 
chemical composition as chrysotile but is nonfibrous. A review of the 
findings reveals that only the unheated, long fiber chrysotile produced 
typical peribronchiolar fibrosis and that ball-milled material containing 
only fibers less than 3 microns in length failed to cause filrosis (figs. 
10 and 11). Fibers subjected to ignition also had lost their capacity 
to cause serious tissue damage. Ignition produced important changes 
in the chrysotile fibers, among them being loss of water. an alteration 
from a flexible to a brittle structure and possibly other changes. Experi- 
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Fig. 11.—Serpentine injection experiment: Lung of a Guinea pig that had 
P received an intratracheal injection of this dust four months before. A bronchiole 
b is shown at the leit center. The phagocytic cells exhibit little predilection for 

the bronchiole and collagen deposition is absent (X 200). A
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mental studies concerning this observation will be reported in a separate 
publication. 

) Comparison of Various Long Fiber Dusts.—Some very interesting 
findings are disclosed by the results of the experiments recorded in table 
15. First, all the long fiber asbestos minerals tested, with the exception 
of anthophyllite, produced typical fibrosis. The characteristic peri- 
bronchiolar reaction caused by three representative long fiber asbestos 
minerals—chrysotile, amosite and crocidolite—is shown in figures 104 
and 12. \Why anthophyllite behaved differently from the other asbestos 
minerals is not entirely clear. 

Second, with the mineral brucite, which is not a silicate but is a 
fibrous forin of magnesium hydroxide, a characteristic fibrosis like 
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‘bama, —tomparison of Keastion 1o 1 wrous Long Fioce iusts Ingecied 
Iutratracheally 

Dosage: Two injectione of 05 e, 0f & § per frut suspension given (e wocks spnrt, Totsl 
dure was W mg. 
Anlmals used: Fromw € to 9 gulnen pign for each dunt. 
Periods at which snimuls were killed: Usnally at 1, 4, 8 sl {2 wonths ufter Innt fujoction, 
Sise of dust particles: Separatvd so that most Bbers were from & to 30 microns jong. ' 

Minersl Results ) 
Cherysotiic Distinet fibrosin. Ahfitions] Information given oppoaite chirysotils (8brous) . 
(et ford) unheated, fn table 14, S 

Chrsrotile Reaction virtunlly kieutieal with thet to Thetlord ehryeotiis, Both Sbrosis © 
(Arizona; low s aslwslorit hodies pruduced with an asbestox containing very littie . 
irun eoutent; fron. Pibrosie vecurred an phugs within terninal bronchivies and as finer .. 
0.2% Fez0s) deposits at yeriphery. Fibrosin deyeloped befure ashestosls hodies wers 5. ", 

seen atd wus fu eellulur atate well furmed wt one wobid. With sge, -5} 
fibrous tissue contracted and oreupied smnlier stea but was more deas, . . % 
Adenumatoid changes witnflar 10 thoee with Thetfond chryxotlie. Pleutisy " 5, . - ¢ . Jmited (o hinmedinte vicinity of carly reaction shout aress of msssive | 6. 
localization. Asbestasis bodicd forsaal but wepe few. At 1 Mo, after 0 - 
Injection, minute foel of Mmonunsckar proliferstion sbout bronehivies and . . 
In areas of atelectnsic: at 1% nw., heavy geritronchiolat patebes of L 
fbruxie often with paplilury projeetions partially elosing fumea of - 
bronehiok; mdenomatold spivarsies marked; conneetive tinsne reaction 
shomed bewyy colingen but oo hyaimization; st 2 mo,, minute foel of 
well suntursd fhrosis phowl broneluoles: 6t 6 mn, wature ssheviols 
Abronis with evidonce of cuntinction: consideesble chronle pneumoniiis 
with infiliration of Iymphocytes and costnophiiv, At ® mo., smsll iptre. 
bronchiolay fibyous pugs with focd of wope delieutse Abroxe st periphery. 

Amosite Typleal Abrous endobronchiolitis and pweribroneliolitin: with formation of 
wtypien] asbextoxin tunbion, [fausteation of bodies began befors 4th mo. 
after injevtion, well develogeed by sth e, Bordies porvint after 12th mo. 
Rewetion at t wo, iesvy eutobiranetuolitis und peribroncluolitie sirends 
showing fibrous echanges: stelectanie and fibrosis with some prerosis st 
site of massive loealization of dust. At § mo., bheuvy, widely seattersd 
endobronehiolitis uml jporibronchiohitis, now filrous, with marked Jdefor- 
mity of bronchioles and with an adenomutoid appesrance At & and 10% 
mMo.. Feaction I ung essenthully the same as 8t 4 mo, At 12 ma,, forl of 
Abrons sndobronehiolitia and peribronchiolitis sUI Inrge, with wore denne 
pear tiesgue wnd more defnnunity of hronciasl tubes but no sxtension into, 
or stelectasis of, periphers! parenchyms. 

Crocidolite Advanced fibrous endobronchiolitiv and peribrouehiolitic. Readed aahes- 
(Bolivia) . tosis Dodies noted at 8 mo. At 1 no,, esrly fihrous endohronchinhitis apd 

peribronchiolitis; many giant ooli= aml some Jymiphorytic resction. At 4 
mo., small areas of emdobronchiolitis seatiered throughout the lung: 
ecllular fibrosin, At R and 17 ., spras of bronehioliti sinalier breanuse 
of eontraction of denee sear tivene: at 17 mo., merked lymphocytie infil 
tration and adenomatoid sppearanes, 

Crochlolite . Typical sdvanes] fibrous sndobronchiolitis wiid peribronchiolitis prosduced 
(8. Africa) by 0.55- suspension (1 er. tatal dove); most snimale woukl not tolerate 

: ususi 8% suspension. Fibroeie well deveiopm] hefore ashestotis hodies 
seen. At 4 mo., well developed ihrous bronchinlitic with Iymphoeyies and 
giant erlls and adennmiatobl chunee. At S mo., typical hrouchiolitic not 
quite ax extenslve or as heavily #hrous as with 8 3% suepepcion, other- 
wise the sume Muny sdeeply atained fibere with n woml proportion of 
haustrated ashestoris bLodies, At 12 0., heavy fibrous broochiolitie, 
more peribroncliolitie and sndobwonchiolitie, with Ismphoesytes sod glant 
eolls: very marked adenomatoil sppesrance. 

Aunthophyllite Lymphaocytie mfiitration srd giant ectis it po fibrosic, A very {rw ntypical 
ashiertosis hodies. At 1 3n0., many seattered for of intratironchiolnr dust 
withiout massive loealization: lymuhoeytic inflitraiion of walls and & frw 
giant eclle. At R and 12 ma., little svisdenen of duct; a few brenchioles 
and hronchi with giant eells in adjarent alveoll amd with Iymphoertie 
infllitration of walls, 

Tremolite Pihrosia about hrouchioles. At 1 mo., areas af dust lnealization with eol 
Japee of alveoll and inflitration with arute inflamnmtary ecdic, maero. 
phages and miant eelle. Within the ares were & few fuei af fibrons tiewup 
and numerniis arens of hypertrophy of alvealnr epitheliom Many bron- 
chinles packed with fibers, At & mo., EPucTal sppearsies of beon 
unchangad: pleura slightly thirkened over beavy Ineulizntions of dust. An 
occasiona) segmented asbhestosis hody feen. At S mo., wany ford of fiere 
tn hronchioles and alveolar duets with eeliuiar reaction ac beioge: wieo, 
some foel showed distinet collagen depasition, At 12 and 1S mo., reaction 
as betore with fibrode ahant bhronehicks more spparent bwenuen of eon. 
traction and decrease of inflanunation. Giant evliv prominent. Teura 
markedly involved. 

Broeite Typical Ahrous endobronchiolitix and peribronchiolitie like regetion to 
asheetop minerals, At ) wo., extensive sudobronchiotitic amd poribron. 
shiolitic with ginnt eolle; dense Abraue loope within bronehioles und ecliu- 
Inr Abrosis about then: mlenomataid change preent. AL 2 mo., heavy 
intrahronchiolar and peribronchiolar tibrosis producing marked deformity 
with distortion of tulws wnd olbteration of surronmbing alr spaees] 
fibrosis paie without hyatinization but with few nuekis no peorosis Tyl 
eal ashowtosls hodice sson, At 4 and & wo,, Hitle change: fihrone tisate 
eontracting, At 0% mo, dense fibrons bronchiohie with asbextosic 
bovdics. No pleutiny. No extension to surrounding nng. 

brosis within & year. At 1 mo, no reaction inside hronchinlen: in 
Glams woel ml’m"‘imwrnl aip spaces el of ginnt eelis packal with fine spicales of 

glans with lymphoeylie infiltration of aidjneent wall=: no nsbwestovic boddies, 
At 2 min., reaction Jess intense than &t 1 mo.l {air-sizodd clumps nf olon. 
gated glunt phagoeyies eontainiing spiendee A partiels of glnse no 
endubronchitin. At 3 met & mo,, renction still diminishing, A 12 mo,, 
foeal areas of pheumoiiic with sa hrosis or epcdabranehitis; waderate 
awmber of smooth Iron-taining fbers, 
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FORW.ALD ET AL~STUDIES OF ASBESTQSIS 33 

that produccd by the ashestos minerals was obtained (fig. 13 4). Since d 
the brucite used contained only 0.90 per cent silica as an impurity, it is . 
obvious that a siliceous component is not an essential factor in the 
developient of asbestosis. 

+ ¢ ‘ Y b < 

eA e : . . Sl tiea Bt el : : ) e ai"..\;‘;a: Fig. 12Amosite and cracidolite injection experiments: A, lung of a guinca 23 
FRAS pig four mumths after an intratracheal injection of amosite. The inflammatory ,’ 
wite reactiun exhibits pronounced accumulation of cells and collagen depasition (x 200). . . 

-y AR " " . s - - 
{ & oLt B, lung of a guinca pig four months after an intratracheal injection of cracido- ) « 
Jewt oo lite As in A, peribronchiolar accumulation of cells and deposition of collagen are e 
w7 shown (X 0). 7 

< oo | he . 

N Third. no fibrosis resulied from the injection of glass woo! fibers € . ] g 
Boooom T (fig. 13 B), even though glass wool resembles asbestos in many ways. 

L N However, there are fundamental differences. A glass wool fiber 3 microns 
. 

- 
AV ude P e 
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L e wmeeew wesmaentnd 13 6 HUERUC OF OXNITEIDElY 

: fine filaments which impart to the fiber a high dcgree of flexibility. Tt 
: would secm that this structure and the associated flexibility are important 

factors governing the capacity of a mineral to produce peribronchiolar 
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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 nonsiliceous fibrous mineral there is peribronchiolar accumulation ; 
?f cgjls)md deposition of collagen similar to that shown in 4 and B of figure 12 
X . ’ 

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

. . _ this magnifieation (X 200). ! 
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FORWALD ET AL~STUDIES OF ASBESTOSIS® -~ 3§ 
.t 

fibrosis. Experimental studies concerning “this owt;n‘.wnig& i 
reported in a separate publication. i . 

Tasrz 16.~Comparison of Reactions Produced by Long Fiber and Short Fiber 
Dusts Injected Intratracheally 

dose was 50 mg. 

Mineral 

Chrysotile 
(Thett 

Amosite 

Crocidolite 
(Bolivia) 

AnthophyDite 

Tremolite 

Brucite 

Stae of 
Dust Particks 

‘Loog Sber, 
50 m 

Sbort Aber, 
20 microns 
and less 

Long 8Bber, 
20-50 microns 

Bbort fiber, 
30 microns 
and less 

Sbhort fiber, 
8 microns 

- and less 

Sbort fiber, 
20 microns 
and less 

Long fber, 
20-50 microns 

Bbort fAiber 
(made by 
erushing long 
fibers wit! 

Dossge: Two injections of 0.5 e, 0f & § per eent surpension given two weeks apart. Total 

Animals used: BSiz groups of gulnes pigs. 
Periods st which animals were killed: 1, 2, 6§, B3 and 33 months after injection. 

Results 

A distinet Sbrosls. Refer to ehrysotie (8brous) o 
beated (o table 1¢ 

No fibrosis. Refer to ebrysotils (>all milled) unbes in table id. R4 ® ) 1 
Typieal Sbrous endobronchiolitis and peridroschiolitis 

Refer to table 15, 
Reaction Hmited to phagoeytosis with Jrmphoeytic infll 

tration of sdjscent walls. Short fibers packed inside 
swollen phagocytes: louger ones free; some eostad to 
form typical asbestosis bodies. At 1 tpo, after injee- 
tion, alvecli econtained good.sized giant celly; most 
phagoeytes were within sir spaces and hsd pot 
wigrated to walls. At { wo., free extraceliniar fibers 
had worked themselves Into interstitial tiscue, where 
there was extensive proliferation of Iymphoid cells and 
monoeytes but no Abrosis. At 8 mo. foreign bLody 
yoattion with soms pneumopitis, no broanchiolitis. 
Typical asbestosis hodies present. 

Advaneed fibrous endobronebiolitis svd peribronehio- 
litie. Refer to table 15. 

No fibrosis. At 1 1mo., air spaces compresssd and 
lareely filled with giant celle packed with dust needies. 
Walls heavily ipfilirated with monocyies and iymph- 
old cells. At ¢ mo., s moderate degree of ecellular 
infiitration of walls; small gisnt eclis packed with 
dust spicules. At ¢ and 91 mo., macses of giant eells, 
eontaining mineral particles, jo small bronehi but not 
fn respiratory broncbioles: smaller ones widely seat- 
tered in termina) air spaces. Numerous sshestoxis 
bodies. No resction in eonnective tissue. XNo endo- 

. bronchial proliferation. At 12 mo., many seattersd 
small monocytes packed with dust. No endobron- 
chitis. No peripheral fibrosis. In lyrwpb node, slight 
reticulosds; no fibroeis. 

Lympbocstic inflitration and giant eelis but so defnite 
fibrosis. Refer to table 15, 

No fibrosis and practicaliy no sshestosis bodies. At 1 
mo., foeal eollectiont of dust-filled monocytes and 8 
few giant eeils: at ¢ mo., come adennmatoid epithelial 
resction; at R mou., simple pneumonitis with phago- 
evtosis of short fibers: at 12 mo., iroiated and sharply 
Jocalized collections nf dust oells inside air spaces 
sbout terminal srterioles. Reaction in walls limited 
to lymphotd cell ipfiltration. No #ibrosis. In Jymph 
me. peaction limited to slight promioenee of reticu. 

Fibrosis about bronehioles. Refer to table 15. 
Simple foreign hody resction. No scute inflammation. 

Ko secumulation of dust in or about terminal bron- 
chioles. No endobronchitie. At 1 mo., seattered small 
gisnt cellsn apd eonsiderable inflitration of adjacent 
walls with ytea and Jymphoid cells. At § o, 
Httle ehsnge.except more cellular inflitration of eon. 

‘ mective tissue. At 8 mo., lynphold infiitration and 
thickening of walls about some but not all terminal 
bronchioles. 

Typical fihroue endobronebiolitis and peribronchiolitis 
Jike reaction to asbestos mineralc, Refer to table 15. 

Tnert type of reaction. At 1 mo. after injection, smsil 
monoeytes widely scattered through air spacee: focus 
o1 steloctasis with lymphoid infiltration of compressed 
alr-space walls, No epdobropchial resction as with 
chrysotiie. At 2 mo., resetion similar to that at 1 
mo.; typical asbestosis bodies seen. At 12 mo.. small 
elumps of loactive duat-filied phagocytes; no Sbrosis. 
No presctiop in lympb nodes. 

Comparison of Long Fiber and Short Fiber Dusts—With quartz 
dust it has heen demonstrated that the smaller the particles the more 
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3 INDUSTRIAL HYGIENE AND OCCUPALIONAL MEDICINE 

intense is the tissuc reaction and that particles larger than 3 microns 
in diameter cause little reaction. In the case of asbestos, however, the 
reverse is true and apparently only long fibers have any specific effect, 
as was suggested hy the inhalation experiments. This is confirmed by 
the data of table 16, in which a series of tests with fibrous minerals is 
reported. When the injected dust consisted of fibers 20 to 50 microns 
long. all the fibrous minerals tested except anthophyllite. as noted in 
the preceding section, produced fibrosis; when the material was prepared 
by first grinding the fibrous dust until the length of fibers was reduced 
to 20 microns and less or, in some cases, to 3 microns and less, none 
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 monthly intratracheal injections of 
100 myg. of Rhodesian asbestos fibers, 15 microns long, and the produc- 
tion of diffuse interstitial fibrosis in rabbits receiving similar injections 
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 
might obscure the peribronchiolar type of fibrosis which characterizes 
early human asbestosis. 

Exrzanexts Usine Intmavexous TECHNIC 

The experiments summarized in table 17, in which the intravenous 
method of injection was employed, show that the asbestos minerals are 
far different from quartz in their action on tissue. It has been repeatedly 
demonstrated that intravenous injection of quartz particles 3 microns and 
less in diameter will cause a typical tissue reaction with the development 
of hyalinized fibrotic lesions in extrapulmonary sites, such as the liver 
and the spleen. Asbestos minerals, however, on intravenous injection 
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. 

ExreriMExTs Usine Intraremitonear TecnHxIC 

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

OTHER EXPERIMENTS WITH ASBESTOS MIXNERALS 

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

11. King, E. J.; Clegg. J. W., and Rae, V. M.: Effcct of Ashestos, and of 
_ Asbestos and Aluminum, on Lungs of Rabbits, Thurax 1:188, 194:; abstracted, 
,Indust. Hys. Di:gu.}%?.' vol. 11 (Feb.), no. 234, 
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L w 
VORIWWALD ET AL—STUDIES OF ° ASBCSTOSI? 

ProtreciE ACTION OfF ALUMINUM Coxrouns 

When colloidal aluminum hydroxide had been added to a suspension 
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 influnmatory response evoked 
by the injected fibrous mineral was accclerated. One month after the 
last injection of the dust suspension the bronchiolitis was becoming 
fibrous. King and his associates also found that aluminum failed to 
protect pulmonary tissue from the irritation caused by ashestos fibers 13; 
in their experiments metallic aluminum was uséd instead of the 
hydroxide. 
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Foruarion or Asmestosis BoDies 

The iron in the coating of the asbestosis body appears to be derived 
from blood or tissue elements and not, as has been suggested, from the 
mineral fiber. After two kinds of chrysotile were injected subcutaneously 
into the groin of a guinea pig-—one kind containing 2 per cent and the 
other 0.2 per cent ferric oxide—the asbestosis bodies were equally 
numerous at both sites of injection and showed no difference in their 
reaction to prussian blue, the reagent which stains iron. This finding is 
in agreement with that of Giroux.!* 
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Tissvx ReacrioNn 1o Assestosis Bopies 

Asbestosis bodies recovered from human lung tissue and injected 
intratracheally into guinea pigs failed to produce a fibrous reaction. The 
material for injection was obtained by digesting with sodium hypochlorite 
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 solution the lung tissue removed at autopsy from an asbestos worker. 
The asbestosis bodies could be seen in the guinea pigs for at least 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 be maintained in vivo for a vear or longer and 
which renders the fiber incapable of producing fibrosis. It thus appears - 
that the coating is a protective mechanism. This thought was expressed 
by Beintker as early as 1934.2* 
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THEORY OF I1RRITANT 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 away to leave silica in a form 
capable of irritating tissues. According to this hypothesis asbestosis 
is merely an indirect silicosis. Several facts make the chemical theory 
untenable: Intratracheal injection of brucite fibers, which had a silica 

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

13. Beintker, E.: Uber die Asbestosiskérperchen: cherkungm u dgt ‘Arbeit 
von Beger, Virchows Arch. f. path. Anat. 288:527, 1934. 
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i 13 content of only 0.90 per cent, caused typical fibrosis like that produced : 
i‘i%ffip by the asbestos minerals; free silica particles increase in potency as the ‘g ; 
,t‘:‘., particle size becomes less, but asbestos fibers shorter than about 10 to ' 
3 20 microns are relatively innocuous; aluminum hydroxide neutralizes ‘B 
g the irritating effect of quartz but not of ashestos; serpentine has the . 
‘;*: i same chemical composition as long fiber chrysotile, but it produced only ‘ : 
> : an inert type of tissue reaction; there is a wide range in the chemical | 
5233_ composition of the minerals which do cause asbestosis (table 19). In ‘B 
gi. . view of this evidence it seems more likely that ashestosis is caused by an H 
"fi- unusual mechanical irritation due to long asbestos fibers, this irritation } 
% being related to the peculiar filamented structure of the fiber and the f 
Fz-. associated flexibility, which are possessed by no other foreign body . 
3*'”“ studied. Thus. ignition of chrysotile fibers changed their structure and ! 
é{‘ . made them inert, although the same fibers, before being heated. would i 
P have produced fibrosis (table 14). Further support for the theory of 
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- effect of a dust on tuberculous infection would be placed helow an active 

asbestos fibers into the peritoneum, where there is also a degree of 
mobility, but not by 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, but some 
attention was given to other phases. such as susceptibility to infection. 
The only experiment in which the effect of asbestos dust on a pulmonary 
infection was studied was the first inhalation experiment, carried on 
with King’s floats dust. It is unfortunate that, owing to the lack of 
adequate facilities at that time, infection studies could not be made in the 
vther inhalation experiments also. 

SuscermmiLity ro Tusercriovs INrFecTiON 

The development of a tuberculous process initiated at the beginning 
of exposure to dust, and also of a tuberculous infection superimposed 
on an established asbestosis, was described in preceding sections of this 
paper. It may be stated that asbestos when classified according to the 

CRMC-Motley1000-Subj-001050 

: '\:; 5 . s . 3 . . . .y s .‘5; N mechanical irritation is that asbestosis occurs in an organ of high mobility { 
iP5 ~the lung~-and that a fibrous reaction can be produced by injecting . 
{ ’5‘ PN ; 

- Tasiz 19.—~Analyses of Fibrous Minerals ; v 
HE b — 

N Igoition Loss * 
- o $10: FerOs FeO AlOs Cs0 Mz0 N0 K0 <08C. >105C. Yol 3 
oWt - Fitrous Minerals % % % % % % % % % L ° 3 
| 3_’ c o Amonite.......... eeeee 4028 4.08 F-T 1.00 2.01 828 0.3 0.0 0.66 538 Y A 
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N . Apthophyliite......... 3.0 0.57 ceens 0.32 0.44 037 0.52 0.15 0.27 4.08 .38 ! 
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%"_‘ ............ %% 8B ... OM 003 3895 0% 006 430 40 we | 
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T, FORWALD ET AL—STUDIES OF ASBESTUSIS 

dust like quartz hut above an inert dust such as iron oxide. In animals 
infected with attenuated tubercle bacilli, quartz causes the infectious 
process to progress until the animal dies of tuberculosis. Inert dusts 
have no effect on the infection, and the Jesions 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 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 guinea pigs infected with attenuated tubercle 
bacilli after being exposed to asbestos dust for slightly more than two 
years, progressive disease did not develop. The only modification of 
the infection was one of localization, a few hacilli being retained in the 
fibrous terminal bronchioles and foriming tubercles there, in addition 10 
the usual foci beneath the pleura. Such tubercles healed in a few months. 

Suscerrisiiry 10 NoxTusErculous InrrecTiow 

There was no specific experiment concerning the effect of inhaled 
ashestos dust on nontuberculous infection. Intercurrent pneumonia was 
rather common among animals 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 asbestos dust on nontuberculous infection. Nevertheless, 
since such epidemics are not uncommon in inhalation experiments with 
other dusts and even in the colony of normal animals, it is felt that the 
inhalation of asbestos dust does not exert a significant effect on the 
susceptibility to nontuberculous pulmenary infection. 

COMMENT AND SUMMARY 

Owing to the vast amount of data included in this investigation, it 
seems 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 guinea pig. the rat and the 
rabbit. but not the mouse and the dog. develop peribronchiolar 

fibrosis of the lung similar to human ashestosis after being exposed 
by inhalation or intratracheal injection to long chrysotile asbestos 
fibers, 

Both inhalation and injection experiments provide ample support 
for this statement. Figure 8 A reveals the cellular fibrosis that occurs 
in guinea pigs following inhalation of long fiber asbestos; figure 9 shows 
the fibrosis caused in the cat by inhalation of long fiber asbestos dust. 
Similar but less extensive fibrosis occurred also in rats and rabbits 
(table 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. Long ashestos fibers are essential in the production of the peribron- 

chiolar fibrosis; short fibers are incapable of producing this reaction. 
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. 42 INDUSTRIAL HYGIENE AND OCCUPATIONAL MEDICINE 

Inhalation experiments with ashestos dust suggest, and intra- 
tracheal injection experiments confinm, that peribronchiolar fibrosis is 
produced by asbestos fibers between 20 and 50 microns in length but not 
by particles shorter than 20 microns (tables 16 and 18). This indicates 
that the minimum length oi fiber possessing the capacity to produce the 
tvpical peribronchiolar fibrosis in animals is somewhere between 20 and 
50 microns. Pointed studies have not been carried out to determine 
the upper limit of effective fiber length. It appears, however, that that ’ 
limit will be determined by the inhalability of the fiber. ' 
C. The mode of action of the long asbestos fiber in the production of 

asbestosis is primarily mechanical rather than chemical in nature. 
The evidence for this conclusion has been reviewed in a preceding 

scction, page 39. The flexible. filamented structure of asbestos fibers 
plays an essential part in the irritating action, since the solid, inflexible 
fibers of glass wool do not produce fibrosis (fig. 13 B). 

e D. Typical experimental asbestosis was produced by the inhalation of 
) an atmospheric suspension containing an average of 138 million 

asbestos particles per cubic foot of air by light field count, of which 
less than 1 per cent consisted of fibers longer than 10 microns. 
In the inhalation experiment with 100 per cent ball-milled asbestos 

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 atmospheric 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. 

S E. The duration of exposure required to develop the pulmonary reaction 
e to inhaled asbestos dust is inversely proportional to the concentration 

of long fibers in the atmosphere; as the concentration is increased, 
the reaction develops in shorter time. 
The basis for this statement appears in the data of the inhalation 

experiment with long fiber asbestos. For that experiment the average 
concentration of the atmospheric dust was about 40 million particles per 
cubic foot of air, and size-frequency determinations disclosed that 6.7 

M per cent of the air-suspended material consisted of fibers longer than 
10 microns (table 11). Thus, by calculation, it is estimated that the con- 

" centration of the longer fibers was 2.7 million (6.7 per cent X 40 mil- 
lion). The lungs of animals exposed to the long fiber asbestos dust 

% revealed that the pulmonary reaction developed in approximately one- 
half the exposure time required for its development in animals inhaling 
the ball-milled product, for which the concentration of the longer fibers 
was-only 0.8 million (0.6 per cent X 138 million). 

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

*_* The experimental investigation shows, in fact, that on discontinuance 
+!* of exposure there was an appreciable clearing uf the mature pulmonary £ 
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I"OKWALD ET AL—STUDIES .OF ASBESTOSIS ' ~.'. 

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 assumed that, following attainment 
of fibrotic maturity, the same process of contraction would ensue as was 
noted for the mature lesion. . 
G. The formation of asbestosis bodies represents a coating of the fibers 

by blood and tissue elements, which results in loss of ability of the 
fiber to produce fibrosis. 
Intratracheal injection of asbestosis bodies failed to produce the 

typical asbestotic tissue reaction in experimental animals. The cessation 
of progressive reaction observed soon after exposure terminates may be 
due to the formation of asbestosis bodies. 
H. Aluminum hydroxide failed to neutralize the fibrosing action of the 

long fiber asbestos. ’ 
Aluminum hydroxide added to the suspension of chrysotile asbestos 

prior to intratracheal injection did not retard or prevent the development 
of asbestosis in rats. 
1. Inhalation of asbestos dust did not alter significantly the final outcome 

of experimental tuberculosis in two series of guinea pigs exposed to 
the dust. 

The apparently mild influence of asbestos dust is in distinct contrast 
to the stimulating effect exerted by inhaled quartz on a tuberculous 
process in the lung. The interpretation must remain tentative, however, 
since it is based on an investigation limited to two series of guinea pigs 
exposed to only one kind of asbestos, namely, King’s floats: Table 4 
shows that when the infection was coincidental with the onset of dust 
exposure, there was temporary progression of the infectious process, 
with subsequent 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 after a period of dust exposure, viz., superimposed 
on a background of established silicosis. As indicated above, this more 
sensitive test, when applied to asbestos dust. failed 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. 

This investigation was made possible by the generous financial support of & 
group of companies of the asbestos industry. 
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