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NBESTOSIS is a form of pneumonoconiosis resulting from pro-
longed inhalation of asbestos dust. The name “asbestos,” 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 structure
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 composmon and belong
to the serpentme and the amphnbole groups Lnsted below are the more
common vanetxes ‘-___ L LT Ry TV

Amphibole group actmohte a.mosnte, amphxbole anthophylhtc, :
crocidolite and tremohte A R

Serpentine group: chrysoule I T

The bulk of the asbestos of commerce is chrysotxle 3\Ig0 2510 -
2H,0, which is mined on this continent principally in the Thetford region
of the Province of Quebec, Canada. and in Vermont. Crocidolite and
amosite also are used commercially but in much smaller amounts.
Chrysotile occurs as veins in serpentine, a mineral of similar chemical
composition, which exists in massive form and is made up of microscopic
fibers without the parallel orientation characteristic of chrysotile. The
massive, bluish’ black serpentine, which is smooth and soapy to the touch,
is traversed by- veins of fibrous chrysotile varying in width from a
barely perceptible line to 6 (15 em.) or more inches. The fibers run
across the vein and not length’wi_se with the formation.

From the Saranac Laboratory of the Edward L. Trudeau Foundation.

This series of studies of asbestosis, initiated at the Saranac Laboratory more
than twenty years ago by the late Dr. Leroy U. Gardner, director of the laboratory,
was nearly completed at the time of his death in October 1946. Although partial
reports and informal reviews of some of the experiments had been given from time
to time by Dr. Gardner, this paper presents for the first time a complete survey
of the entire experimental investigation.
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2 INDUSTRIAL HYGIENE AND OCCUPATIONAL MEDICINE

Attention is directed to the mineral brucite, MgO.H,0, which is
often found in the same formations with serpentine and chrysotile 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 asbauiorm minerals,
brucite is not a silicate, and for this reason it has been 2 valuable tool in
an expenmental evaluatmn of the actlon of fibrous mmerals on lung

_ tissue. I A

zxrmusu'nu. ASBESTOSIS ."«; o

Fcr many years studies ? have been camecf on at’ the Saranac B
Laboratory in an investigation of the cause, nature and development of
asbestosis. The present paper is devoted to expenmental asbestosxs,,

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

and in it are described the expenments ‘made on ammals with various
kinds of asbestos dust. Another report, to be prepared and issued at a
future date, will be concerned with human asbestosis and will cover
the health aspects of workers who have been exposed to asbestos dust in
an indussrial 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. (8) Gardner, L. U,, and Cummings, D. E.: Studies 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.: Chrysotiie
Asbestos as an Indicator of Subtile Differences in Animal Tissues, Am. Rev.
Tuberc. 45:762, 1942.
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VORWALD ET AL~STUDIES OF ASBESTOSIS k]

in one or more species of animal characteristic tissue changes which are
similar to the lesions of human asbestosis (fg. 1). Since the life span of
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 employing higher concentra-
tions of dust than would ordinarily be encountered in industry. While
conditions of exposure are thus different. the information yielded by
animal experiments is invaluable in furnishing a better understanding of
the reaction of the human organism to inhaled asbestos dust.

ExperIMENTAL MerHoos

For investigating the tissue reactions of experimental animals to the
various asbestos minerals, two types of technic have been employed,
namely. the inhalation method and the injection method. In inhalation
experiments, groups of animals—up to 100 or more guinea pigs and
sometimes smaller numbers of rabbits, cats, dogs, rats or mice—are
kept for eight hours a day in a cubical dust room, 8 ft. (2.5 M.) in
dimension, in which a cloud of asbestos 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. AN

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 body and reach the
pulmonary tissue in quantities 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 permits observation of the effect of the fibers on pulmonary tissue,

Tissve SuscepripitiTy

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 based on completed observations and therefore differ slightly
irom a preliminary report.® Fine quartz introduced into various organs




4

4 INDUSTRI4L HYGIENE AND OCCUPATIONAL MEDICINE

of various animals (guinea pig, rabbit, rat, mouse, cat, dog, chicken and
even tadpole) eventually will produce silicotic nodules but at different
rates. Similar introduction of long fiber asbestos has resulted in a
fibrous reaction in the lung and, to a lesser extent, in the peritoneum
but not in other organs of the guinea pig, the rabbit, the cat and the white
rat. - In our experience the lungs of the dog and the white mouse failed
to respond with fibrosis, although Schuster * has reported such changes
in a dog that lived in an asbestos-fabricating plant.. This variation in
species and in organ susceptibility is yet to be accounted for?; it is
presumed that in the susceptible animals the greater reaction of the lung
to asbestos, far exceeding the reaction of other organ_tissues, is due
principally to the greater mobility of the lung.. i . ame . YL

- —"

¥ DR §
Pecvriar CrARACTEMISTICS OF AsBESTOS

Experience has demonstrated that most of the nonfibrous dust’
particles inhaled into the lungs of man and animal are 10 microns or less

TABLE 1.—Reaction to Long Fiber Chrysotile in Lungs of Man and Other :
. Species of Animal . L
1 Mode of Exposure i Asbestosis Bodles.
. Inbalstion - - - ., . Numerous .
Inbalation and injeetion . .- - Moderately numerous
Inhalation and injection ] Bare and stypiesl .
_Inhslstion and Injection . © M. Bareand stypleal
White rat.......... Inbalation and injection . Very rare ..
White mouse....... Iobalation : Rare and stypicsl
Injection Nope: . -

* The aymbols 0 to 4+ refer to the degree of tissve resction. —... R

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

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

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

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

4. Miller, W. S.: The Lung, Springfield, I, Charles C Thomas, Publisher,
1937. : .. - .. L
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own essential lining is a low cuboidal type of epithelium but, as their
name implies, they- actually function in respiration through lateral
alveoli distributed along their walls. Either these alveoli or the abrupt
change in the character of the lining epithelium, or the small diameter
of the respiratory bronchiole, or the combination of all three factors is
responsible for retention of the fiber at this site. Only after asbestosis
is well established are appreciable numbers of fibers seen in the more
peripheral air spaces. Further explanatxon is required to clarify this
observation.

Rarte or Tisste ReacrioNy 1o Assestos Freers

The affected tissues react much more rapidly to asbestos than to

- quartz dust. For example, in rats receiving asbestos fibers by intra-
tracheal injection fibrosis of a characteristic type is visible as early as -
one month after injection; for quartz dust the latent period is two
months or more. Thus, the development of nodular fibrosis due to
inhaled silica lags behind the deposition of dust to a greater extent than
does the evolution of the diffuse reaction to asbestos. This results in a
difference in the degree of progression which follows termination of
exposure to dust. For example, on discontinuance of exposure the
nodules of silicosis become larger, to a limited extent, for a considerable
period of time,” whereas the fibrosis of asbestosis increases for only a
short time: Subsequently, the asbestotic fibrous tissue contracts; this

process often distorts the adjacent pulmonary tissue and may, as a result,
progressively interfere with cardiorespiratory function.

The pecuhar structure known as the asbestosns body or “curious
body” is a specific concomitant of asbestosis.® . The typical body is a
golden yellow, beaded or haustrated rod, which may be either straight
or curved (fig. 2). Often one or both ends are bulbous like a dumbbell.
The bodies vary considerably in length and dimensions up to 250
microns have been recorded.

It is believed that asbestosis bodies are inhaled fibers on which pro-
tein and iron pigment of tissue origin have been deposited.® Gloyne *®
observed reproduction of these bodies in guinea pigs nine months after
subcutaneous injection of fibers rendered free of iron. The bodies are
abundant in man and in the guinea pig (table 1) but are much larger
in the former, probably because the larger-sized air passages admit
fibers of greater dxmcnsnon In guinea pigs they form after about 70 days

Asusrosxs Booxrs

5. Gloyne, S. R. (a) The Formation of the "Asbestosis Body in the Lung,
Tubercle 12:398, 1931; (3) The AsbeStosis- Body, Lancet 1: 1351 1932. (¢) Gard-
ner and Cummings.!s

6. Lynch, K. M., and Smith, w. A.: Asbestosis Bodies in Sputum and Lung,
Jo AL M. A, 95:659 (Avg. 30) 1930. Simson, F. W, and Strachan, A. S.:
Asbestosis Bodies in the Sputum: A Study of Specimens from 50 Workers in an

Asbestos Mill, J. Path, & Bact. 34:1, 1931, Gardner and Cummings.!* Gardner.1b
GloyneSa. b
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of contact with th® tissue. In cats, rabbits and mice a few of the fibers
show an atypical coating after much longer residence in the lungs. In
rats the bodies are rarely seen, and in dogs none could be found.
Although the evidence is incomplete, it appears that the formation of
the asbestosis body prevents the fiber from damaging the tissue. Many
of the points mentioned above will be elaborated on in subsequent para-

Fig, 2—A, human asbestosis bodies. This collection of asbestosis bodies was
found in the lung shown in figure 1. The usual variations of size and configuration
are representeds (X 400).

B, guinea pig asbestosis body. This one is similar to some of those shown in
A (X 400),

graphs dealing with the actual experiments. For presentation our
investigation is divided into two- sections, one dealing with inhalation
experiments and the other with injection experiments.
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a-'wﬁ“f*{- '~ INHALATION EXPERIMENTS =

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

Kinc's Froars Asszstos Dust

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

TaBLE 2.—Chemical Analysis of Asbestos Dusting Materials

e e ee—

tion
Type of Asbestos 810s FesOs Al1Os CriOs MO MgO Na:0 K:0 COs

Neaymemersesd

King's Boats 88 LA 4 . LI ¢

Short dber . .00 LI 04 000 3896 014 020 098
532 0.7 * 0.08 008 006 057

* Not determined. . .
-/:" R Y
TasLe 3.—Petrographic Analysis of Asbestos Dusting Materials

W

King’s fiosts *:  The spproximate composition, dased on particles (except chrysotile) smaller
tban 10 microas snd reported ss pereentages obtained from particle counts, was ehrysotile 14,
serpentine 40, magnetite 12, carbonates 18, tale 12, other minerais 4. Tor ehrysotlle, ibers up to
300 mierons long were included. - . . B .

Short fiber : The material, before being ball milled, contained & prepondersnce ot brous
chrysotfie-and platy (noofibzous) serpentine. The approximate ecomposition, by percentage, was
ebrysotile 17, serpentine 55, magnetits 10, quarts 2, brucits 8, other minersls, includiog dolomite,
sctinolite and tremolite, 1. -t o a . - .

Long fiber 1: The material consisted principaly of the Abrous ssbestos minersi chrysotlle.
Sbrede of ponseparated fibers § to 18 microns ia diameter and up to 50 microos in length were
preseot, The spproximate composition, by pereestage, was chrysotile 5, serpentine 13, mag-
petite S, brucite 2, other minersls, among whick were esleite and chloritle and micaceous
minerais, 3. Only & trace of quarts was obeerved. o .

¢ The ansiysis of the King’s flosts asbestos, made by Dr. C. 8. Hurlbut Jr., of Harvard
Colversity, has been reported eisewbere (Harl! C. 8., Jr., and Wiliams, C. R.: The Min.
eraiogy of Asbestos Dust, J. Indust. Hyg. & To 17: 292, 19385).

t For thbe short fiber ssbestos and the loog Sber asbestos the petrographic apalysis was
supplemented with x-ray diffraction 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
2% years and the conclusions as to the ultimate ' effects of inhaled
asbestos dust were provisional. Those conclusions are substantiated by
results of the completed study, ,ﬁrhich is reported as follows.

Composition and Atmospheric C oncentration of the Dust.—The dusting material,
a commercial 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 fbrous chrysotile was only 14 per cent, a rather low value.

/
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8 INDUSTRIAL HYGIENE AND OCCUPATIONAL MEDICINE

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 field technic and 0.8
million for particles and fibers greater than 10 microns. After the inhalation
experiment had been under way for about two years, the speed of the rotating paddle
in the dusting machine was increased and for the remaining 10 months of the experi-
‘ment considerably 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
floats experiment were collected in water, but later studies ' have shown that
counts of impinger samples of asbestos dust taken in ‘water are not reliable, Ethyl
alcohol instead of water was used as the collecting fiid in all subsequent experi-
ments. Tooglt. R =2 _ '

Tui.l: 4.—.§ummary “of Inhalation Experiment w!lhKu;': -I';I.oo.m;)!:bnto: Dust

* Maxzimum .
Maxi- Survival = - -
mum Atter —_—
N o . Dust Ex- Dust Ex. _° l" - ..
B ¢ ' = “posure, posure,:> " .
Katore of Experiment 1. <. Animals :. v Mo. 0. .ii .. W.2 - Besuits: -
~.  Dust exposure eontinuous through- - 34 guinea pigs --- Typleal-peribronehiolsr Abrosis after 16 wonthy
© outlite = 9rabbits . .~ Forelgn body bronchitls
© Little or po resetion
- Nonprogressive fibrosis
Nonprogressive fibrosis

Abeorption of foreign body resetion -
Temporary progression of Infection, followed

by healing with fibrosis:
Healing by resolution (one exception)

Tubereulous infection ® after alm.o. ' 12 nlnéi pigs No appreciable ineresse (n rusceptidility to
of dust exposure, then residenes .. . tuberaulous infection; besling with fibroeis

in pormal sk e ) - s i
Controls to infection: no dust €X- ' 12 guinea plgs 9%  Healing by resolution
B !

- 18 rats -
Dust exposure foliowed by pro-' £ guines pigs
. “PX! longed residence in normal alr - 25 guines pigs
. - Ceeigyd qac drabblt .o
; : .t Y 1rabbit
; ; . Tuberculous Infection ® at start of * 40 guines pigs
i g dust exposure S e -
Controls to infection: no dust ex- 28 guines pigs
posure - o .

& o881 coo !

- -

3 .
19
[}
[}
9
e
19
]
0
2

-
-

(-]

posure

/

* The guines pigs wers infectsd with low virnlence Ra strain of tubercle bacilus, -
1 This means the survival period following infection.

Results of the investigation, briefly summarized in table 4, ;how that inhalation
of King's floats asbestos dust produced a typical peribronchiolar fibrosis in guinea
pigs but not in rabbits or rats. : : ’

Reaction in Normol Guinea Pigs.—Guinea pigs inhaling this dust for periods up
to 33 months had a characteristic fibrosis occurring in conical patches about the
respiratory bronchioles. During this exposure the peripheral alveoli were not
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 localization and
were seldom 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, sthe inhaled fibers were caught in the pocket-like alveoli that
are given-off from the lateral walls of the respiratory bronchioles. There they

7. Fylton, W. B.; Houtz, R. L.; Dooley, A., and Mathews, J. L.: Asbestosis:
L The Collection and Counting of Asbestos Dust Encountered in Asbestos Fabri-
cating Plants, Special Bulletin 37, Pennsylvania Department of Labor and Industry, - -
Harrisburg, 1934, . ’ .
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were phagocytosed, and many of them were carried into the wall by migratory
ceils. Mononuclear leukocytes attracted to the area caused an appreciable thicken-
ing of the bronchiolar wail. After 16 months a delicate fibrosis made its appearance.
The process evolved gradually, and the number of fine intercellular collagenous
fibers steadily increased. As this fibrous deposit contracted, it partially closed and

Fig. 3.—King’s floats inhalation experiment: A, lung of 2 guinea pig with 12
months’ exposure. It includes a respiratory bronchiole, at the left, branching and
becoming an alveolar duct, at the right.#iNote the accumulation of cells in the
wall of the bronchiole and in adjacent alveoli (X 130). B, lung of a guinea pig
with 28 months’ exposure. . The field includes a bronchiole, at the center, with
peribronchial fibrosis extending into the walls of adjacent alveoli. Note the cuboidal

epithelium lining these alveoli. This is the so-called “adenomatoid” appearance

(X 200).

diptorted the alveoli, and with this change'the alveoli became lined with cuboidal
cells.  The result was an ‘adenoma-like appearance which frequently accompanies
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In view of the high values for silica obtained with the animals exposed to
100 per cent ball-milled dust, it is important to note that their pulmonary response
was much less- than that of animals exposed for 24 months to the short fiber
asbestos in the previous experiment. This again indicates that the biologic activity
of asbestos inhaled into the lung is not increased by a reduction in size of the fibers.

Reaction in White Rats 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
phagocytosis of inhaled particles by widely scattered dust celis which remained
free in air spaces or were transported to the tracheobronchial lymph nodes. No
asbestosis bodies were found in the rats, but in the mice there were a very few
small, nonhaustrated forms within phagocytes.

Tase 10.—dvnalyses of Lumgs of Guinea Pigs Exposed to Dust in Inhalation
E;pen'ment with 100 per Cent Ball-Milled Asbestos Dust
W

. . Perlod Amt. ot Totsl
Exposure to In Normal Asb, % of 8102, % ot Total Si0s, Tlssue
Duat_, Mo. Ailr, Mo. Dried Lung Dried Lung % ot Ash Reaction *
Dust Exposure Coantinuous During Life
: 85 . & .23
1 0 . 490 - . 0.0 1.06
435 . 0 8.60 [
4.68 0.28 490
2 . [] 4.90 . 034 T.40
- 1508 . 0.6 1201 0
- T 5.0 0.9 1247
3 -0 $.01 0.2 .38
5.7 0568 on ]
510 © 038 751
s 0 §5.09 038 T47 .
5.02 . 039 T.72 [}
8 435 .0.52 11.88 0
R 5.65 1325 216
i o len 148 . B2 0
~ . !5.46 cle - ct1Bes . _
18 - lsm TR T - I *
0 . : {s.ua 12 2.0 : .
0 _ 530 1% .61 > -
" 6.30 ‘ L85 : " .08 :
“u o v 2 5.5 o a%e *
Dust Exposure Followed by Prolonged Residenee in Normal Alr .
o8 ’ C e 735 151 R X< I ..
s.67 e R-1l +*
s s - ism : 08 . - 10 N
598 . 0.87 14.35 +
6.38 08¢ 13.00
= 12 517 0.64 124 o+

* The symbols averaging the thlné reaction. in eaeh group represent ruerely the relative
degres of reaction, ranging from 0 to <= (questionable) to 24 (the maximum observed in this
experiment). The reiationsbips apply ounly within this table and esnoot be compared with
frmbols in otber tables. .-, .o . 0 L T
Summary and Interpretation of Inhalation E.rp/erimm) with 100 per
Cent Ball-Milled Asbestos Dust.—~The tissue reaction observed in this
experiment was not as intense as that in the previous investigation with
short fiber asbestos. 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 thg
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 asbestos fibers does not increase the biologic activity of
ashestos inhaled into the lung.
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The ﬁn.ding of long asbestosis bodies in animals that had inhaled the

 ball-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. v

.. In regard to the progression of the tissue ruct:on after the ammals
had been removed from the dust, observed in this experiment but not in
the others, the following interpretation is offered: When the reactnon is
well developed at the termination of exposnre, “the’ eontractron of the -
fibrous tissue obscures any progression that may have occurred; in this
experiment, however, since the reaction observed was less mature, its
subsequent progress was more reedrly appa.rent.-%‘ Tk

- "-‘ Lone Fm:l Asu:sros Dvs'r

Since inhalation of short fiber and of 100 | pd’ cent ball-rmlled asbestos
dust did not result in acceleration of the tissue reaction in”‘comparison "
with that produced by King's floats, the hypothesis that short fibers of
asbestos were of minor importance in the etiology of asbestosis was
given added support, and attention was directed to the view that the -
long fibers were of primary significance in that etiology.. The King's
floats asbestos used in the first inhalation experiment had a rather low
content of fibrous chrysotile and contained considerable serpentine and
other impuritnes Therefore, it was decided to conduct a new mhalatron
experiment with a purer form of chrysotile whlch would be ncher in long
fibers. *

Composition and Atmospheric Concentration of tlw Dust—The dusting materizl
employed in this investigation was obtained from an asbestos fabricating plant.
Samples of several varieties of long fiber asbestos dust were first submitted to the
Saranac Laboratory for examination, and one of these, which was low in magnetite
and chromite and had a fibrous content estimated to be about 75 per cent, was
selected as most suitable. Steel wire brushes, fastened to the inside surface of
the hopper and to the fotating paddle as in the preceding inhalation experiment,
were used to open up the bundles of asbestos and liberate more fibers into the
atmosphere.

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 noted, the composition
of a similar air-floated sample of ball-milled, short fiber dust was 15 per cent
chrysotile and 60 per cent serpentine. -

The dust concentration as revealed by impinger samples taken inside the animal
cages was much lower than the concentration for the experiments with short fiber
or-bali-milled dust. For the first year of the experiment with long fiber asbestos
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 million, and for the fourth
year, 43 million.

The size-frequency ’of atmospheric samples of the long fiber asbestos dust
and of the ball-milled dust is shown in table 15. Both samples were collected
with the electrostatic precipitator. It will be noted that there was far more
fibrous material in the long fiber dust v n et .

Guinea pigs. cats, rats and mice were employed in thu inhalation’ expenmem.
The results, summarized in table 12, are described in greater detail below. .




?

VORWALD ET AL.—STUDIES OF ASBESTOSIS rA]

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

R0 o 1 SRR IR U

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

it "
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<3 310 >10 0 <10 >10  Clumps,
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TaBLE 12.—Summary of Inhalation Esperiment with Long Fiber Asbestos Dust

’ M
/ Maxi- Survival
mum . After
Dust - Dust
Expo- Expo-
Nature of sure, - ‘sure,
Experiment Animais Mo. Mo, . Results

Dust exposure con- 117 guinea pigs . 36 [ Defnite Sbroms in 16 mo.
tlnuﬂ\’u through- 4 eats - @ 0 Slo:ly developing Gbrosis first seen
out life ~ c . .8

10 rats 23 0 Marked penbnnehlohr fibrosis am
seen at & mo. .
. . _mles .8 [} Limited reaction: no Gbrosis -

Dust exposure fol- 12 guinea pigs 2 u Clearing of inflammatory resction
lowed by pro- - .- ! and definite contraetion ot ibrous
looged residesee e . .7 -
in sormal air - -. ¢ guines pigs t 44 9 - C'raring of inflammatory reaction ~

~ - ) . :ﬂd alight econtractioa of fibrous N
sue -
. Ceats . 18 ° U Bimilsr to ecootinuous

arposure
. ’ group: suggestion of progreseion
v e ie e ) {n one of the two animals

consnderably into the parenchyma (fig. 8 4). 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.. Although - L
the mtrapulmonu‘y reaction sometimes reached the pleura, there was no involve- 5
ment of that membrane. Emphysema was not detected at any point. Some thicken- . - 5
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, killed 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
ilust reom isr more than 20 months. Fourteen months after dust exposure ceased.
the foci in four of the six remaining guinea pigs were so small that they were
visible only with a hand lens (fig. 8 B).
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. In the growp exposed for 27 months and then transferred to a normal atmosphere
the response was quite similar to that in the 20 month exposure animals mentioned
above. Small foci were always visible on gross inspection of sections of all
guinea pigs of the 27 month series, but in no instance was there evidence of the

reaction.

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

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

© adt T a e .

In the tracheobronchial lymph nodes reaction was first” visible af the third.
month of exposure. By the eighth month paiches of cellular connective tissue
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- - L
began to appear in the medulla, and by the fourteenth month most of the node
had been replaced by ‘cellular connective tissue. This picture, which resembled
that in early silicosis, persisted to the end of the experiment.  Some animals showed,
as a variant, heavy sheets oi diffusely distributed monocytes and large active giant
cells, but there was never any necrosis or hyaline formation. The spindle-shaped

Fig. 8.—Long fiber asbestos inhalation ¢ periment: A4, lun? of a guinea pig
with 54 months’ dust exposure. A bronchible is seen at the lower center; the
large aréa above it represents the involvement of alveolar walls. _Compare with
figure 7 B and note the increased extent of reaction (X 200). . .

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

new cells were yellowish from fine pigment granules that stained for iron. No
fibers or asbestosis bodies were seen.
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Although asbestosis bodies were found in the lung as early 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 at eight months many bodies

\

TasLe 13.—Analyses of Lungs of Guinca Pigs Exposed to Dust in Inhalation
Expeniment with Long Fiber Asbestos Dust -
“——————M————_———“
- Period Amt.of .  Total .
Exposureto in Normal ~  Ash, %ot 810s f - Total BI Tlasue
Dust, Mo.  Alr, Mo,  Dried Lung md%. . sootu?s", Beaction *

Dust Exposurs Continuous During Lite - : N
- 4.3 ' 00 © 110 ..
1 0 o{em - 000 .. .
D s T L Y [ 0
— . . . v 4._ €. -' 1_”,,.\.“ w L
: ] R IR ~ g M8 Tt
: - btk el s M 2~
' . SO[es Tt 008 Y 1% ) ot ~
) 0. . {438 008 T o1m Lo .
: L lan . . 0.08 L V7 AR S
on 0.08 1.78
’ 0 4.63 032 - - wr . -- R
. {ees . 0.00 1.7 L o-
“n ) 010 X SO
! [} - 492 0.00 - -- 1.90
- o . 4 0.07 , 138 +
TUj48T. T o8 520
. 1 <o 02 . . o - 4.00 : -
) 836 B A
iy T 2.08 038 - 150 .7
° 28 085 1235 - -
: N 2T 034, 1091 _ 1+
: . . 34 - 048 12
iy o . {360 - 0.49 13.63
e e N K T 0.52 450 t+
LT T L - 035 . las : -~
{ ] u ° 88 0% ] 3+
+ S Y ° 3.40 0.8 1181
: L 3. 0.49 LT I L
f . 3.5 o 1055 -
i 2 0 3.0 0.34 1.2 .-
! . 388 o sio “
H . § 5.8 050. . . & - - .
‘ LAY 0 {830 . oM LIS B
410 . 037 ° oaml e !
k L ° -, jau - 03 - 128 . 44
; Dust Exporure Followed by Prolonged Beallenee in Normal Alr
. : 1.5 0.6 12.22°
L » 0 . 3o - 040 13.08 -
- lsss 0.2 10 - 2+
. g ° 0.1 793 "
. 2 ‘ 1) 0.7 950 - 24
418 0.2 5.7
2 0 3 €% 0.2 50 24+
) 5.01 0. w19
- 4 L u i 5.04 0.18 338 +
: ! f 0 3.40 0.3 11.51
' . 0.49 118 3+
u ” s 1 3.8 oM (X
3 1284 038 . . o 4
3.10 0.25 .9
n 1 ’s.u 028 X 24+
3. 0.2 8.96
i 4 31.75 028 £ t+

* The symbols aversging the tissue reaction in esch group represent merely tbe relative
degree of reaction. ranging trom 0 to = (questionsble) to ¢+ (the mazlmum for this experi-
:neng. Tb; ’remiomhipt n?ply only within this table snd csnnot be compared with symbois
D other tables. ‘

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

It is important to note from analyses of the lungs (table 13) that even though
the tissue response at any given period of time was much greater in the guinea
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pigs of this o:penment ‘than in those exposed to either short fiber or ball-nnlled
. asbe.stos, the amount of mineral matter in the Jung ash was much less. -
"*Reaction in Cats.~Four cats inhaled the long fiber asbestos dust for periods of
14, 25, 33 and 42 months, respectively, and were immediately killed. Two other
cats, after being exposed to dust for 18 months, lived in a normal atmosphere for
an additional 24 months. Fourteen months’ exposure was sufficient to produce
cellular accumulations of phagocytes around terminal bronchioles and peripheral
arterioles together with compact collections of similar cells in the tracheobronchial
Iymph nodes. At that time there were no typical asbestosis bodies, but smooth,
pointed, yellow fibers were seen very rarely. With continued exposure, up to 42
months, reaction in the locations noted progressed to the formation of cellular con-
-nective tissue which made well defined sheaths about the respiratory bronchioles
and arterioles, marked lymphoid hyperplasia and lymphoid infiltration of bronchiolar
walls (fig. 9). Typical asbestosis bodies were not formed, although there was

Fig. 9;-Long fiber asbestos -mfxalauon expefu';:eﬁt Lmﬁ of a cat with 42
months’ dust exposure. ' Two bronchioles are shown with ad;acent cellular reaction
and collagen dcposmon (X 200) .

- - . . )
an occasional fiber, smooth, yellow and pointed. Pleurisy was not present. The
reaction was similar in location tn.that in the guinea pigs, but ﬁbrom was much
slower in development. Roentgenomms of cats made after exposure periods of
25, 33 and 42 momhs, respecuvely, fanled to demonsmte mdence of pnlmonary
lesions. . -

Reaction in Ra!:—Although 20 rits were placed in the dust room, many died
from pneumonia ind were not suitable for study. Five animals, of which one was
exposed for 19 months and four for 25 months, were free from pulmonary infection
and offered a basis for tentative conclusions. In the 19 month animal, the reaction
was just beginning. Al 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 fibrosis
accompanied by only a very infrequent asbestosis body.
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Reaction in Mice—Out of 20 white mice used in this experiment, 11 lived a year
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-
cytosis by mononuclear tells. Usually these were widely scattered through the air
spaces; a limited number were grouped about the terminal bronchiales, producing
some thickening of their walls. There was no suggestion of fibrosis.

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

Summary and Interpretation of Inhalation Experiment with 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 asbestosis. 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. 1.~ . )

The cause of :the cellular fibrosis in the lymph nodes of ‘the guinea.
pigs is-not clear. It did not occur in other inhalation experiments with
asbcsto._f:. i { e S A '

Y

SET A oenon expesiewts. TS
Since. the inhalation ex;;e;'iments reported above strongly s;fg'gested
that long .ﬁb‘ers of asbestos are the significant factor in the causation of
asbestosis, a series of injection experiments was inaugurated wherein
the dosage and the Jength of the fibers cdulg be controlled more precisely.
Also, by the use.of controiled 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 minheral 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 sincg' the findings were negative, no detailed report is
included. o
Experimexts Usine INTatRACHEAL TECHNIC

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

Comparison of Fibrous and Nonfibrous Dusts—To demonstrate that
the ability of asbestos to produce fibrosis resides in jts fibrous character,
the series of injection experiments reported in table 14 were performed.




Tame 14—Comparison of Reactions to Chrysotile and Serpentine [njected
P . Intratracheaily

P e T e e

.Donn: Each aoimal was given an intratracbeal injection of 0.5 ce. of 8 3 per cent suspension
of the dust. Two weeks lster anotber similar injection was given. Total amount of dust
{njected was 50 mg.

Animals used: B8ix groupe of ¢ guinea pigs eseh (one group for each type of dust). -
Pertods st which animais were killed: One or two animals In each group at 1, 2,6, 8% and 12
montha aftar last injeetion.

Preparation of dust: Chryrotle (ball milled) unbeated: Ball milled for 1,176 br., dried and
reground {n agats mortar,

Chrysotile (dball milled) ignited: Ball milled chrysotls heated for ¢ hr. at about 700 C., thea
ground in sgate mortar & or 3 min.

Chrysottle (ibrous) unhested: Ground in sgats mortar to pass 200 mesh. -

Chrysotlle (fibrous) Ignited: 200-mesh material beated for 2 br. st adbout 00 C. No further
grinding.

Serpentina (ball milled) unbeated: Ball milled for 1,488 br., dried and reground in agate mortar.
Serpentine (bsll milled) ignited: Bsall milled serpeatine beated for 2 he. at sbout 700 C., then
ground in agate mortar 2 or § min.

Size of
Minersl Dust Particles Resuits
Chrysotile 3 microns and  Grinding destroyed eapacity to cause fibrosis. At 1 mo.
(ball milled) less considerable (nfammatory edemsa and cellular prolifera-
unheated tion and locslization of dust particles about bronchi-

oles: at 2 mo., only s very slight prollferative resction;
at 6, 8% and 12 mo., widely scattered small monoauciear
phagocytes. At 12 mo., a few microseopie patehes of
thin slveolar wall thickening with some sdenomatoid
change in portion ot sir spaces adutting on thickened
brogsehi. No asbestosis bodles seen.

Chrysotile $ microos and Reaction limited to large foreign body giant um without

(ball milled) less production of Abdrous tissue.
igpited ! Lo

Chysottle ' 20-50 microns A distinct fibrosis. Resction localized to connective tissue
(8brous) . Bpprox, about terminal bronchioles: littla within those tubes.
unhested Qontraction eaused adenomstoid appesrancs of air

spaces given off directly from terminal bronedioles.

Resction ares Deeame smalley with progress of time; no

- new regions involved. No chronie pleurisy even st points
C o~ . . abutting intrapuimonary change. At 1 mo, eonsideradle
, --. inflammatory edems snd foef of collular proilferation;
. ) st £ mo. well marked cellular proliferation snd 8dbroels
. occurring foeally about respiratory bronchioles, This

reaction developed before asbestosis bodies had formed
and wes as advenced as that produced by ¢ yr. inbala.

.. . tion of ssbestos dust. At 6 mo., resction less extensive
_ . s than st 2 mo., apparently due to contraction of bdrous
-~ tissue; sabestoels bodles wers abundant. At $% mo.,

- - reaction stlll less extensive, confined to the immediate
vicinity of the amall terminsl bronehioles, where the scar
tissue was quite dense and was becoming hysline in char-

. seter.  Sotnetimes It even obliterated the bronehiole.
- - Asbestosis bodles bad decome scarce, At 12 mo., the
well developed peribronchiat snd Iatrabronchial adeno-

" mstold aress of fibrosis had produced econsidersble dis-

, tortion. More peripherally were patebes of poeumonitis

, - . -»  with eosinophilie infiitrstion, some of which was being

. .- o . transformed Into Bbrous tissue. These seemed to be pre-

! T - ' earsors of the localized, diffuse patches of thin alveolar
. - wall fibrosis seen elsewbere.

Chrnotﬂi 20-50 mierons Reaction limited to large foreign body giant cells without

(fibrous) ApPProx. proilleration. Heating the fibers, which made them
ignited . brittle, destroyed their capacity to produee significant
N h reaction. ' ]
) Serpeatine Smicrons and  Dust reistively finactive. At 1 and & mo., simpie phago-
(ball milled) loss eytosls without proliferation; at 6 mo., no ebange
unheated except possibly lymophoid eell inflitration;: at 8% mo., s

slight chronie poeumonitis: st 12 mo., only & little
poeumonitis without suggestion ot fibrosis.
Serpentine 3 microns and  Dust relatively lnactive, Resction essentially the same as
(ball milled) less for unheated serpentine. With Ignited serpentine, less
lenited tendeacy for dust to be esrried to broncbial podes.

29
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Fig. 10.—~Comparison of reactions provoked by injected long fiber and ball-
milled asbestos dusts: A4, lung of a guinea pig which four months before had
received an intratracheal injection of iong fiber asbestos dust. Note the peri-
bronchiolar accurnulation of cells with collagen deposition. The bronchiole chiefly
involved is in the midst of the reaction (X 200).

B, hung 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).

Lo




VORWALD ET AL~STUDIES OF ASBESTOSIS 31

The tests were made with long fiber chrysotile, ‘unheated, and with
chrysotile that had been ignited to. destroy its flexible stricture or ball
milled to reduce the length of fiber to 3 microns and less. At the same
time control tests were made with serpentine, which has the same
chemical composition as chrysotile 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 fibrosis (figs.
10 and 11). Fibers subjected to ignition also had lost their capacity
to cause serious tissuc 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-

Fig. 11.—Serpentine injection experiment: Lung of a Guinea pig that had
received an intratracheal injection of this dust four months before. A bronchiole
is shown at the left center. The phagocytic cells exhibit little predilection for
the broachiole and collagen deposition is absent () 200). -

mental studies concerning this observation will be reported in a separate
publication. - ca L e ‘ Y - .-

Comparison of Verious Long Fiber Dusts.—Some very interesting
findings are disclosed by the resuits 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 10 4

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 form of magnesium hydroxide, a characteristic fibrosis like
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TanLe 15.—Comparison of Reactions to Various Long Fiber Dusts Injected
' . Intratracheally

e R R
Dosage: Two injections of 0.5 ec. of a § per cent suspepsion given two weeks apart. Total
dose was 50 mg.. .
Anlmais used: From 6 to 9 guinea pigs for each dust.
Perlods st whieh animals were killed: Usually at 1, ¢, 8 and 12 months after last injection.
Size of dust particles: Separated so that most fibers were from 20 to 50 microns long.

Minera) Results
Chrysotlle Distipet fibroais. Additlonal informatio: en opposite ehrysotile (fbrous)
(Thettord) - unbesated, In table 34 " '"-N ppo
Chrrzotle Reaction virtually identieal with that to Thetford chrysotile. Both fbrosis

(Arizons: low and ssbestosls bodies produced with an asbestos contsining wvery little
iron content; iron. Fibrosis oeeurred as plugs within terminal bronehioles and as fiver
0.2% FesOn) deposits st peripbery. Pibrodis deveioped before asbestosis bodies were
Seen and was (o cellular stats well formed at one month. -With age,

Bbrous tissue eontracted and occupled smaller ares but was more dense.

Adenomatold changes similar to those with Thetford ehrysotile. Pleurisy

. . limited to immediste vielinity of early reaction about areas of massive

B localization. Asbestosis bodies formed but were few, At 1 mo. after
- .. injection, miute foel of mononuelear proliferation about bronehioies and
ST, io areas of steectasis: st 1% mo., beavy peribronchiolar patcbes of
o fibroais often with pepillary projections partislly elosing lumen of

T . * bronchiole; sdenomatoid sppearance marked: connective tissoe resetion

. thowed heavy eollagen but no byslinization: st 2 mo., minute foc! of

well matured fibrosis about bronehioles; at 4 mo., mature asbestosls

fibrosls with evidenes of contraction; considerable chronie poeumonitis

with inflitration of lympbocytes and cotinopbile. At ¢ mo., small intza.

brooehlolar Obrous piugs with foel 0of more delieste fibroals at periphery.

Amosite Typleal Sbrous endobronebiolitis and peribrovehlolitls with formation of
stypleal asbestosis bodies. Hanstration of bodies began before ¢th mo.

after injection, well developed by 8tb mo. Bodies persist after 12th mo.

+ Resction at 1 mo, heavy endobronehiolitis and peribronchiolitls already
- showing fibrous ehanges: stelectasis and fidrosis with some necrosis at
site of massive locslization of dust. At 4 mo., besvy, widely scattered
endobronehiolitls and beribronehiolitis, now fibrous, with maerked defor-
wity ot broochioles and with ap adenomstoid appesrance. At 8 and 10%
Mo, resction In Jung eseentially the same as st ¢ mo: At 12 mo., foc) of
fibrous endobronehiolitis and peribroncblolitis still large, with more denss
scar tissue end more deformity of bronchial tubes but no extension Into,

LA or stalectasls of, peripbaral parenchyma, L .
Crocidolits : -~ Advabeed fibrous endobroneblolitis and peribronehiolitis. Beaded asbes-
(Bourln)_-- - . tosis bodles noted st 8 mo0. At 1 mo., sarly fibrons endobronehiolitis and

- peribroneblolitis; many giant eells and some lymopbocytie resetion. At ¢
: mo., small areas of endobronehiolitis scattered throughout the lung;
cellular fibrogis. At 8 sod 12 mo., areas of broncbiolitis smsller because
of contraction of dense sear tissve; at 12 mo., marked lymphoeytie infll-
i tration snd adenomstoid sppearance. -

Crocidolite Typleal advepeed fibrous endohronehiolitls apd perfbronehlolitis produced
(5. Atries) - by 0.5% suspension (1 ee. total dose);: most animsls would not tolerate
. usual 5% suspension. Pibrosis well devaloped before ssbestosis bodies
feed. At ¢ mo., well developed fibrous bropehiolitis with lymphocytes and
gisnt eells and sdenomstold ehange. At § mo., typieal broneblolitis not
quite as extensive or as beavily fibrous as with s 5% suspension, other-
Wwise the ssme. Many deeply stained fibers with & good proportion of
hsustrated ssbestosis bodies. At 12 mo., beavy fibrous bronchiolitis,
more peribronebiolitls and endobronehiolitis, with lymphocytes and giant

cells: very marked adenomatoid appearancs, . -

Anthophyhite Lymphoeytic infiitration and giant eells but no fAibrosis. A very few atypieal
bestosls bodies. At 1 mo., many scattered foci of {ntrabronehiolsr dust
without massive localization; Iymphocytie inflitration of walls and s few
glant eells. At 8 and 12 mo., little evidence of dust: a few broochioles
and broneb! with giant cells in adjscent alveoli apnd with lympbocytic
inflitration of walls.

Tremolite *  Fibrosis about broncbloles. At 1 mo., aress of dust Joeslization with col-
lapse of alveoll and inflitration with scute inflammatory cells, macro-
phages dnd giant cells. Within the srea were s few foei 0f Sbrous tissue
and numerous sreas of bypertropby of alveolsr epithelium. Many bron-
cbloles packed with fihers. At 4 mo., general appearance of lesion
unchanged: pleurs slightly thiekened over beary localizations of dust. An

- Oceasionsl segmented asbestoris body seen. At 8 mo., meny foef of fihers
in bronchloles and aiveolar duets with ecellulsr resction as before: aiso,
some foel showed distinct eollagen deposition. At 312 and 18 mo., resction
8¢ before with Sbrosis sbout bronchioles more spparent because of con-
traction and deerease of infiammation. Giant cells promivent, Pleura
markedly involved.

Brueite Typicsl fibrous endobronchiolitis and perfbrooehiolitls Uke reaction to
asbestor minerals. At 1 mo., extensive endobronchiolitis spd peribron.
chiolitis with zisnt cells: dense fibrous loops within bronehioles and eellu-
lar fibrosle shout them: sdenomstoid change present. At ? mo.. beavy
intrabropehiolar and peribronebiolar fbrosis producing marked deformity
with distortion of tubes and obliterstion of rurroundiog sir spaces:
Bbrosis pale without bysiinization but with few puciel: no necrosis. Typl-
cal asbestosis hodies seen. At ¢ and 8 mo.. little change: fibrous tissue
contraeting. At 10% rmo., dense fibrous bronehiolitis with ssbestosis
bodles. No pleurisy. No extension to surrounding lung,

Glass wool No fibrosls within s year. At 1 mo., po reaction inside bronebloles; tn _

peripheral alr tpaces clumps of giant eells packed with fine spicules of
glass with lymphoeytic infliitrition of adjacent walls: no ssbestosis bodies.
At 2 Wo., reaction lees Intense thed st 1 MO.: fair-sized elumps of eion.
gated gisnt phagocytes econtaining spicnles and particles of glsss: no
endohronchitie. At 4 and 8 mo., resction stll diminithing. At-12 mo.,
ineal aresr of rneumonitls with no Bhrosis or endobrouoehitis: moderste
pumber of smooth iron-staining fihers,

32
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that produced by the asbestos minerals was obtained (fig. 13 4). Since
the brucite used contained only 0.90 per cent silica as an impurity, it is
obvious that a siliceous component is not an essential factor in the
development of asbestosis. -~

croa

hid 48 X : - ¥ :

Fig. 12.—~Amosite and crocidolite injectipn experiments: ‘4, lung of a guinea
pig four months after an intratracheal injection of amosite. The inflammatory
reaction exhibits pronounced accunmiation of cells and collagen deposition (% 200).

B, lung of a guinea pig. four months after an intratracheal injection of crocido-
lite. As in d, peribronchiolar accumnlation of cells and deposition of collagen are
shown (x 200).

Third, no fibrosis resulted from the injection of glass wool fibers
(fig. 13 B), even though glass wool resembles asbestos in many ways.
However, there are fundamental differences. A glass wool fiber 3 microns
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in diameter is a solid rod which in short lengths is fairly rigid,
while an asbestos fiber of the same diameter is a bundle of extremely
fine filaments which impart to the fiber a high degree of flexibility. It
would seem that this structure and the associated fexibility are important

factors governing the capacity of a mineral to produce peribronchiolar
- ._-——"‘i - . . it » . ,‘.', T e el ¢ .-
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Fig. 13.—Brucite and glass wool injection experiments: A, lung of a guinea
ig which four months before had received an intratracheal injection of brucite.
ven with this nonsiliceous fibrous mineral there is peribronchiolar accumulation

?f c&l)la)and deposition of collagen similar to that shown in A4 and B of figure 12
X . .

B, lung of a guinea pi%_ 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 biood vessel. The
bronchioles are without reaction and can be considered normal for comparison with ™
other figures. Glass wool fibers are present in this field but cannot be seen at
this magnification (x 200). B S
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fibrosis. Expmmaml studies cbni:émi_ng’ this observation will

be
reported in a separate publication. .77 . . :

TaBLe 16.—Comparison of Reactions Produced by Long Fiber and Short Fiber
Dusts Injected Intratracheaily -

dose was 30 mg.
Animais used: 8ix groups of guines pigs.
Periods at which animsls were killed: 1, 2, 6, 5% and 12 months after injection.

Dosage: 'rvo'lnjccﬂona of 0.5 cc. of & 5 per cent suspension given two wu'h spart. Total

Sime of
Mineral Dust Particles Results
Chrysotils Long fiber, A distinet fidrosis. Refer to chrysottls (@brous) unm.
(Thettord) 20-50. microns hested in table 14
Short fiber, No fibrosis. Rafer to ebrysotils (ball milled) unbeated
3 mjerons in table id
and less :
Amosite Long fiber, Typleal fibrous endobronehiolitis and peribronehiolitis.
20-50 microns Refer to table 1S.
S8hort fiber, Resction limited to phagoeytosis with lymphocytie infll
20 microns tration of sdjscent wsils. Short fibers packed inside
and less swollea phsgocytes; Jonger ones tree; some costed to
form typieal asbestoais bodies. At 1 mo. after injec-
tion, siveoll contained good-sized giant cells: most
phagocytes wers within air spaces and bad not
migrated to walls, At ¢ mo., tree extraceliular fbers
had worked themselves into interstitial tissue, where
there was extensive proliferstion of lymphoid celis sad
monocytes but no fidrosis. At 8 mo, foreign body
resction with some poeumonitis, no bronchiolitis.
et . Typleal asbestosls dodies present. .
Croeldolite ;  Long fiber, Advaneed fibrous endobronehiolitis sud peribronehio-
(Bolivia) 2050 microns litis. Refer to table 15 '
Bhort A No fibrosis. At 1 mo., air spaess compressed and
20 mierons largely filled with glant eells packed with dust needles.
and less Walls beavily inflitrated with monoeytes and lymph-

Anthophyllite Long fiber,

oid cells. . At ¢.mo., s modersts degree of callular
tnfiitrstion of wally; smail giant cells packed with
dust spicules. At 6 and 3% mo., masses of giant cells,
eontaining mineral particies, iz omall brouehi but not
. in resplratory bronebioles; mmaller opes widely seat-
tered in terminsl air spsess. Numerous ssbestosls
bodies. No resetion in conneetive tissue. No endo-
bronechial proliferstion. At 12 mo., many seatterad

small monocytes pseknd with dust. No endobron- *

ehitis. No peripheral fidrosis. In lymph node, slight
reticulosls; no Abrosia. . .
Lympboeytie infiltration and giant cefls but po definite

20-50 microns - fibrosis. Befar to table 15.
Short fiber, No fibrosis and practieally no asbestoels bodiesn At 1
' 8 mierons mo., {oecal epllections of dust-filled monocytes and &
and less few giant ealls: at ¢ mo., some sdenomatoid epitbelial
resction: st 8 mo., simple poeumonitis with phago-
eytosis of short fibers: at 12 mo., isolated and sharply
loealized colections of dust cells inside air spaces
sbout terminal erterioles. Reaction in walls Umited
to iympbotd .eell infiltzation. No Bbrosis. In Iymph
node, reaction limitsd to slight promicence ot reticu-
Tremolite Long fiber, Fidrosls about bronehiolss, Refer to table 18.
- 20-50 microns : -
Lot Short fiber, - - Simple foreign body resstion. No acute inflammation.
..t e 20 microns - No secumuistion of dust in or sbout terminal bron-
: . - sndless - . - chioles. No endobronehitis. At 1 mo., seattered small
giant cells and consideradle inmflltration of sdjscent
. walls with moooeytes and lymphoid ceils. At 4 mo.,
' A * little change except mote eslluiar infiltration of con-
ST, ‘. Dective tisfoe. At § mo., lymphoid Inditration aod
O ' thiekening of walls sbout soms but not all terminal
. - T + - bronehioles. - -
Bruecite Long fiber, Typieal fbrous endobrovebiolitis and peribroaehiolitis
20-60 microns like resetion to asbestos minerals. Refer to tabie 15.
Short fider Inert type of reaction. At 1 mo, after injection, small
(meade by monoeytes, widely seattered through sir spsces; tocus
erushing loag of stelectasis with lymphoid infiitration of eompressed
fibers with air-space walls. No endobronehisl reaction ss with
rubber police- chrysotile. At & mo. resction similar to that at 1.
mag) - mo.: typleal asbestosis bodies seen. At 12 mo,, small

clumps ot {nsctive dust-Glled phagoeytes; no fibrosis.
No reaction in lymph nodes.

Comparison of Long Fiber and Short Fiber Dusts.—With quartz
dust it has been demonstrated that the smaller the particles the more

S e T T T P Y
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intense is the tissue reaction and that particies 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 by 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 anthophyilite, as_noted in .

the preceding section, produced fibrosis; when the material was prepared
by first gnndmg the fibrous dust until the length of fibers was reduced
to 20 microns and less or, in some cases, to 3 mxcrons and less, none
of the injected dusts caused fibrosis. . = =** -2 Bk

These results differ from those of King, Clegg and Rae n who
reported the production of reticulosis comparable to the experimental

silicotic nodule in rabbits receiving monthly intratracheal injections of - -

100 mg. 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 ﬁbros:s which characterizes
early human asbestosis. - ¢

RETN .. E . \
B

. "r':‘ Experiments Using Ir\mmous Tncxmc

—— . -t

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.

ExperaMExTS UsING INTRAPERITONEAL TECENIC

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 asbestos fibers is
not restricted to the lungs, as was formerly assumed, but can be pro-
duced in the pentoneum as well,

OTHER EXPERIMENTS WITH ASBESTOS AMINERALS

A number of additional experiments were conducted to thro“ more
light on specific phases of the asbestosis problem e

11. King, E. J.; Clegg, J. W., and Rae, V M.: Eﬂ'ect of Asbestos, and of
Asbestos and Aluminum, on Lungs of Rabbits, Thorax 1:188, 1946: abstracted
Indust. Hyg. Digest, 1947, vol. 11 (Feb.), no. 234.
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Tavre 17.—~Summary of Injection Experiments by Intravenous Technic

Dosnge:

Mineral

Chrysotlle
(Phettord)

Amosite

Crocldolite

Anu-oﬂny"ln

Trewmolite

{voda-fron)

‘Tromulite
{soda)

,
I

Blze ot
Dust Particles
8 microns and less
(Lall mitled
192 hir.)

I

3 nulerons and less
(ground la
agate mortar)

B.microns and less

(grouand ia
agste mortar)

8 microns and less
(ball milled
1,400 he.)

3 wicrons and less
(hatl ndlled
140 tir.)

8 microus and less
(ball millod
48 hr.)

Rabbits

7
‘Tuotal smouot of dust was 1.0 Gm., divided futo 20 equal duses (oach Jose was 8 cc. of & I per cent suspeneion) which were given twice a week for 10 weoks.

Maxhnum
Sugvival
After Last
lnjection,

Used Mo.

. The nbblu ‘did uot tolerate lutravonaous Injections of faely ground chrysotile and 8 of the 6 Jdlod

!
Resulls

i
b
d
!

[}
after 1 to § injections uf oven diluled suspensions; the other nnlinsl died after 27 lujections of one-
quarter strength suspensivn (60 dayas after firut injection). ‘Hesction lanited to fow large glant phago-
cytes of Inactive typo in itver, splovn and lungs. No thirombl of dust cells scen v puhinonary cupil-

lariks. No definite explnnnlon for tatalities discovered, but wmateriut may have been retalued In
heart, causiug local thrombi.

Advanced pulnonary Infection killed 3 animals at 9, 11 snd 17 mo. alter Isst Injection, shortening
Intended duration of experitnent and complicating picture. However, rabbits kilicd earller (3 and 8
100.) showed only fuert phagoeylosis with po progression lu the 8 mo. anlmal. The laat two (11 and
17 mo.) were probably lgc same although focal necrosts of (he liver nnd amyluid of the splecn maede
interpratation dificuit.

Reaction was that (0 an jnert substance with no chaoge o 12 mo. (Other observations at 8, 4 and [

mo.) Bimple phagocytosis of parlicies. No tendency to agglomerate and no change in ad)lceut
tissves. Qrinding the dust to sizos of 3 microns and under destroyed the fibrous structure of thia
mineral, and the injected 1aalerial reseinblod plutes rather than fihers.

Resction essentislly thet of sn Inert mineral. Observativas wmade at 3, 6, 12 and 24 mo. Only sugges-
tion ot irritating perties manifested in spicon and lymph nodes, but not liver, of the 24 mo.
rabbit. In this aoimal thers had beea proilferation of mononuelnt and lhmt cuils that was not
present in either spleen or lymph node of 12 mo. g "] lsted QLroblastio
reaction in these organs and of sny chauge In the liver condition lu.lllkl the classification of
anthophyllite ns an Inert siiicate. No flbers were retalued In Jung to demounstrate whether nsbeatosis
bodies would develop.

Resction essentislly that of aa inert minersl. Last animal killed showed a little proliferat! n and
lymphocytic lofiitration In liver, not secea enrlicr (at 3, ¢ and 12 mo.). No evidence of any aclivity in
lesions In otbher organs.

An Inert foreign body resction with no change in 24 mo.

Olmervnlionn made al 3, 6, 12 and 24 mo,

S n RPRPERERGn.G | ey




TasLE 18.—Summary of Injection Esperiments by Intraperitoneal Technic

Dosnge: Each anima] ® recelved a single intraperitoneal injection of 8 cc. of & 10 per cent dust pensi Total a t of dust Injected was 0.3 Gm.
' Maximum L y ‘
Burvival !
After !
8ize of Guinea Pigs Injection, i .
Mineral Dust Particles Used Mo, Results . h i
Chrysotile 8 microns and Jess 1% i No fbrosis or wibestosis bodies. Dust particies ingested by phagoeytes, chiefly muitinucleat s
(Thetford) (ball milted - variely. 8ix mo. alter Injection fibrous el ts ol dust app go l.‘": dluol’ved Iuv';n':e;n?; T
) 218 br.) the Insoluble megnetite, a contaminant. No resction in surrounding fat or areolar tinsué. No &
. ) - trasosporting of dust to regional lymph nodes. Observations made at lntervals {rom 1 to 30 mo. ’
, ~. . - after injection. . . .
Chrysotile Long fber 4 ] Definite fibrous reaction produced, delicate and soohyaline. Atypicsl asbestosls bodies devel
(Thettord) (through 100 mesh) but aft were unusually smait. No evidenee of extra long Obers o’;u Observations ounly e-v‘e; m' '
Amosite $ microna and less [) 18 Infection Interfered with interpretation. Dust reaction appeared to be of Inert type snd limited to
A (gﬂ:tum} in agate f’bnoeytolh with & moderats tendeney to lymphocytie inSitration. Obn-nu!mo st 3, 4, 8 and
mottar mo. :
Croeidolits 8 microns and less; 1 12 Dust focl consisted only of large mononuciear and ginut phagocytes surrounded by a misimum )
also somse long amount of cellular connective tissue. The injected dust contained pot only fne msterial that ,
spicules (ground . In Lﬂndlnc bad besn mashed Into irregular plates but also many long epicules 10 microns or more
in agste mortar) in length. No asbestosls bodies seen, sithough the longer spicules appeared siightly swollen and
& grecnish, Observations st 1, 4, 8 end 13 mo. ) . Lo
° . Aothophyliite 8 microns and less [ % Essentially inert foreign body reaction. In early animals (1, § and 8 mo.) focus 0f monoeytes and
.. (ball mitled - . small glant cells and s Hitle central necrosis. In the 4 mo, anima) thers was also alight peripbersl
; 1,400 he.) fibrosis. At 18 and 25 mo., nonprogressive mass of monocytes and glaot cells; no Gbrosis.
- i Anthophyilite Mostly 8 mierons 8 18 Reaction, which consisted of very large glant cells surrounded by a variadle number of lympho-
: | (originally and less; some : . tytes, was much heavier to these unintentionally long fibers then to the fine dust (o the experiment
1 . Jabeled tale) Abers 30 microns . .., above. There waa more or less proliferation of fAbrodissts producing cellular connective tissue
: or moce iong . visible fn areas where the quantity of foreign partieles was not so great that §t obsoured the
H , (gro:nm; in agate . reaction. Observations at 1, ¢, 8 and 12 mo. T P P |
f mortar
) Tremolite 3 microns and leas [ n Inert type of response never progressing beyond the stage of very slight lymphocytic reaction about
I Lo t (soda-iron) (blhll milled . masses of dust-filled phagocytss. - No fibrosts. Observations at 1, 4, 8 and 12 mo.
: CE 18 hr.) R ) B . .
" ' | Tremolite § microns and less [ .18 Inert nonprogressive foreign body type of resction. No fibrosis, Observations at 1, 4, 8, 12 and
} i (sode) (ball milled 18 mo. : ' o < . :
; Co 8 hr.) ' ’
', . ! Anthophyllite 100 microns and ] 12 Distinet early fibrosis produced by authophyllite and fibrous pyrophyilite with subsequent regres-
P Jesn , - slon; ecrystalline pyrophyllite inert throughout. At 1 mo., giant cells about long thick splinters;
. . Pyrophyllite 100 microuns and 1 12 st 4 mo,, definite fibrosis replacing giant ceils of anthophyilite and fibrous pyrophylilte reaction;
(O : ! (Abrous) less at 8 mo., fbroals which started st { mo. bad decreased, especislly with brous ryrophylllu. At
- Pyrophyllite 300 microns and ] 13 12 mo., reaction to sll three dusts consisted of foreign body giant cells with jymphocytes but
: ' (cryataliine) less * witbout necrosis or fibrosls. No asbestosis bodtes. - *

i ® Each animal recelviog long fiber chrysotile was given sn injection of £ ce. of a 0.5 par cent dust suspension. \
. - )
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anx:mz Action or ALUMINUM Couroom

When colloxdal 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 inflammatory response evoked
by the injected fibrous mineral was accelerated. 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 asbestos fibers 3;
in their expetiments metallxc a.lummum was used instead of the
hydroxide. A :
FommaTioN oF AsBestosis Booies

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.'*

Tissue Reacrion T0 Aserstosis Booies

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
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 destroyed by moderate hypochlorite
treatment, which may be maintained in vivo for a year 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 1934.1 ‘

THEORY OF IRRITANT ACTION

Two ‘hypotheses have been proposed to explam the tissue lrntatxon
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 dxssolve in the body fluids and that
in this process their bases are leached away to leave silica in a form
capable of irritating tissues. Accordmg 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.: Ammntose expérimentale: valeur pathognomonique du “corps
d'amiante,” Laval méd. 8:239, 1043.

13. Beintker, E.: Uber die Asbestosiskdrperchen: Bemerkungen zu der Arbelt
von Beger, Virchows Arch. f. path. Anat. 298:527, 1934, :
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content of only 0.90 per cent, caused typical fibrosis like that produced
by the asbestos minerals; free silica particles increase in potency as the
particle size becomes less, but asbestos fibers shorter than about 10 to
20 microns are relatively innocuous; aluminum hydroxide neutralizes
the irritating effect of quartz but not of asbestos; serpentine has the
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
composition of the minerals which do cause asbestosis (table 19). In
view of this evidence it seems more likely that asbestosis is caused by an

- unusual mechanical irritation due to long asbestos fibers, this irritation

. being related to the peculiar filamented structure of the fiber and the
associated flexibility, which are possessed by no other foreign body .
studied. Thus, ignition of chrysotile fibers changed their structure and -
made them inert, although the same fibers, before being heated, would
have produced fibrosis (table 14). Further support for the theory of .
mechanical irritation is that asbestosis occurs in an organ of high mobility
—the lung—ard that a fibrous reaction can be produced by injecting

TABLE 19.—Analyses of Fibrous Minerols

NaeO.
%
0.5
0.4
052
om
0.9
(X
o

FesOs Pe0
% %

MgO
%
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3037 .

5s.90

38.96

1235

052

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

" other inhalation experiments also. :

§usmn.mr 10 Tuseacurous Ixrecrion

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
effect of a dust on tuberculous infection would be placed below an active
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dust.like quartz but above an inert dust such as iron oxide. In animals
infected with attenuated 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 lesions usually heal and the |
disease disappears. Asbestos dust is in a different category. In the
experimental investigation, when the fibrous dust was being inhaled dur-
ing the evolution of the infection, there was spreading of the 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 bacilli being retained in the
fibrous terminal bronchioles and forming tubercles there, in addition to
the usual foci beneath the pleura. Such tubercles healed in a few months.

SusceermiTy To NovTuBeacutous Inrecriox

There was no specific experiment concerning the effect of inhaled
asbestos dust on nontuberculous infection. Intercurrent pneumonia was
rather common among animals exposed to asbestos 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 pulmonary mfectlon '

COMMENT AND SUMMARY

meg to the vast amount of data included in this mvestxgatxon, it
seems most convenient to summarize and to state as concisely as possible
the various observations which emerged from the expenments 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 asbestosis after being exposed
by mhalatlon or. mtratrachal 1njectxon to long chrysotile asbcstos
fibers. . to P IR )
Both mhalatxon and injection expenments prmnde ample support
for this statement. Figure 8 4 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 occurfed 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 asbestos fibers are essential in the production of the: peribron-
chiolar fibrosis; short fibers are incapable of producing this reaction.

o
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* Inhalation experiments with asbestos dust ‘suggest, and intra-
tracheal injection experiments confirm, 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 of fiber possessing the capacity to produce the

... typical 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, howevet. that that', S
limit will be determined by the inhalability of the fiber.ss swhorai,y; - .
- C. The mode of action of the long asbestos fiber in the product:on of - "
;- asbestosis .is primarily mechanical rather than chemical in nature. .- . |
' The evidence for this conclusion has béen revnewed in a preceding = -
sectxon, page 39.° The fiexible filamented structure of ‘asbestos fibers o
plays an essential part in the irritating action, since the sobd mﬂexxble .
. fibers of glass wodl do not produce fibrosis (fig. 13 B)s ¥ “» %l =
“  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 .l per.cent consisted of fibers longer thaa 10 microps.f.;. ,:

In the inhalation experiment with 100 per cent ball-milled asbestos
dust conmmng 0.6 per cent of fibers longer than 10 microns (table 11) .
typicdl fibrosis was obtained (table 9).- The evidence presented shows ' g
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 expenmental
asbestosis in guinea pigs. The actual lower limit of concentration of
long fibers necessary to produce asbstosxs in ammals cannot be estab-
lished from these studies. .

E. The duration of exposure required to develop the pulmonary reacnon

" to inhaled asbestos dust is inversely proportional to the concentration .

. of long fibers in the atmosphere; as the concentration xs increased,

the reaction develops in shorter txme. e e

" The basis for this statement appears in the data of the mhalatxon
experiment with long fiber asbestos. For that experiment the average
concentration of the atmospheric dust was about 40 million particles per
cubic foot of air, and size-frequency determinations disclosed that 6.7
per cent of the air-suspended material consisted of fibers longer than

10 microns (table 11). Thus, by calculation, it is estimated that the con-
centration of the longer fibers was 2.7 million (6.7 per cent X 40 mil-
lion). The lungs of anithals exposed to the long fiber asbestos dust
revealed that the pulmonary reaction developed in approxxmately one-
half the exposure time required for its development in animals inhaling
the ball-milled proéuct 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 dxscon-
. tinuance of dust exposure, . .- . e B s

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

ture tissue.response, evidenced primarily by cells with little or 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 ﬁbrosmg acnon of the
long fiber asbestos.

Aluminum hydroxxde added to the suspension of chrysotxle asbestos
prior to intratracheal injection did not retard or prevent the development
of asbestosis in rats.

I. Inhalation of asbestos dust dld not alter sngmﬁcandy the final outcome
of experimental tuberculosis in two series of g-umea pigs exposed to
the dust. .

The apparently mild mﬂuence 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 tuberculousinfection 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 mxldly unfavorable effect on

pulmonary tuberculosls SR o ,' .

This mvungatxon was made posnble by the generous ﬁnancal support of 2
" v group of compamu of the asbestos mdustry "~' ‘ -~
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20 INDUSTRIAL HYGIENE AND OCCUPATIONAL MEDICINE

important to note that in the later months of exposure there was a distinet increase
in the number of long fibers, up to 70 microns in length, in the lungs with the
formation of characteristic long asbestosis bodies, . YT
Chemical analyses (table 10) of the Jungs revealed that considerable dust had
been retained in the lungs. After 24 months of continuous exposure the average
. - YA

' ! .-i Vo - TR A SRR RTES 1o 1ol 3

PR |

I AR o o= AN Vi

Fig. 6—Ball-milled asbestos inhalation experiment: A, lung of 3 guinea pig
with 24 months’ dust exposure. A bronchiole is shown at the center, with a slight
accumulation of phagocytic cells but without the formation of collagen (X 200).

B, lung of a guinea pig with 28 months’ dust exposure and then 12 months'
inhalation of normal air. %he reaction is much like that shown in A, but there is
a slight deposition 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 6) for animals exposed 24 months to the short
fiber asbestos dust. - : . P N e T T
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installed, the dust counts were higher, and the over-all average for the mnammg
21 months was about 150 million. _ _ _

Size-frequency studies of atmospheric dust collected inside the anmul cages
revealed that nearly 99 per cent of the components suspended in the air could be
classified as clumps or particles; only about | to 1.5 per cent was fibers. One third.
to one half of the fibers were longer than 10 microns, indicating a contentration
of long fibers of about 0.8 million. This figure is about one-half the estimated
value of 1.4 million for the short fiber experiment.

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

Reaction in Guines 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 exposed to the dust were
killed at intervals during exposure, except for 16 guinea pigs transferred to normal
air after 28 months of dusting. For the first year of exposure practically the 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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TasLe 9.—Summary of Inlmlatwn Experiment with 100 per Cent Ball-Milled
Asbestos Dust

KRG ERrch

’

Nature of ' sure,  gure,
Experiment -~ Animals Mo. Mo, Results

Dust exposure con-  §4 guinea pigs u 0 No sppreelable puimonary resction
tinuous through- 40 Tats o0 0 No suggestion of asbestosis
out lite 2% mice 12 [ No suggestion of ast~stosis

Dust exposure fol- 16 guines pigs 2 12 Tidrosis typleal ol asbestosis was

lowed by pro- . present 1t mo. after exposure
longed residence : . ceased in an amount suffielent to
in normal air . PR - be visible grossly; mmaller foel .
: eould be seen microscopically at
- . . t mo. and 8 mo. after termina-
tion of exposure
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could be seen. At 24 months (fig. 6 A) there was still no change large enough to
be seen with a2 hand lens, although microscopic examination revealed cellular
accumulations about terminal bronchioles and many more asbestosis bodies, chiefly
within cells. The lungs of animals exposed for the full dusting period of 28
months and afterward living in normal air for two months revealed the changes
described above and also very slight peiibronchiolar fibrosis. For exposed animals
living eight months in normal air the findings were similar, but at 12 months three
of four animals showed grossly ns:ble characteristic penbronchlolar fibrosis with
adenomatoid change (fig. 6 B).

The tracheobronchial nodes were essentially normal unt:l exposure had been
continued for more than a year and a half. Animals killed at 12 months 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 yeilow 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 asbestosis bodies were observed in the lungs as early as three months
after exposure began, but they did not become numerous until 16 months had
elapsed. The bodies were short and practically all were intracellular, aithough at
20 months some were long enough to project beyond the cell borders. It is
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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. It
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 natwre, Coal e e

- . T TS e WP S ORI et - s -

. Of the four species exposed in this experiment, only the guinea pig e

and to a lesser extent the white rat responded with characteristic peri-

bronchiolar fibrosis. The cat reacted with atypical subpleural fibrosis
and the rabbit with only slight parenchymal fibrosis. ° -

T

. -

I —-mi—
4

BaLL-MiLLep Asmros‘ Dust

In the inhalation experiment with short fiber asbestos dust a small
. - quantity of unground short fiber asbestos wa$ mixed with the ball-
milled product in order to generate a suitable dust cloud.. When that
experiment failed to produce an accelerated tissue reaction, in com-
parison with the response initiated by King's floats, it became apparent
that the biologic activity of asbestos is not increased by a reduction of
fiber size. Thus the possibility arose that the tissue reaction observed
was due solely to the 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
8- - § previous experiments concerning  pneumonoconiosis. Consequently
N another inhalation experiment was started in which only ball-milled
: - asbestos 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
1 material to form small spherules which prevented much of the fibrous portion from
floating out of the dusting machine, the dispersal of the dust was not entirely
S § satisfactory. Therefore, after an initial seven months of operation, steel wire
: ' brushes were attached to the inside surface of the hopper and to the rotating paddie
’ to disintegrate the spherules and release the fibers. This arrangement gave satis-

factory results and was used for the remaining 21 months of the experiment.
“a The composition of the raw asbestos used is shown in tables 2 and 3. Petro-
|2 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
Lf about 60 per cent, serpeptine: of the balance, magnetite comprised 10 per cent,
, hrucite 3 per cent, quartz 2 per cent and other minerals 10 per cent During the

! seven month period before the wire brushes were used, the chrysotile content of
x{ the atmospheric dust was somewhat lower than 15 per cent, but reliable values

were not obtained

The dust concentration during the first seven months of the experiment was
about 100 million particles per cubic foot of air. After the wire brushes were

Py
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alveolar ducts in which the walls of the associated air spaces were very thick, owing
to swollen collagen framework. Coanective tissue and Foot-Bielschowsky silver
preparations revealed complete loss of capillary bed locally. OQutside the collagen
was a thin layer of epithelial cells. This did not resemble the “adenomatoid” change
characteristic of guinea pig asbestosis. Near the lesions the air spaces were
filled with phagocytes containing gray to yellow particuiate dust and a-rare, long,
naked asbestos fiber. Careful search failed to reveal even a suggestion of an
asbestosis body. Pleurisy was absent. The tracheobronchial nodes showed com-
pact focal collections of monocytic cells at 12 months and at 20 months, some
diffuse thickening of the reticulum. In a few rats there was definite fibrosis along
the margins of the node, extending into the mediastinal areolar tissue.

Results of chemical analyses made on the white rats are given in 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 agglutination tended to 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-ffth that of the ferruginous chert.
Since the values for asbestos are low, it might be inferred that the total quantity
of that dust actually inhaled was small or that it had been eliminated from or
dissolved 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 asbestos. Eighteen were kept in the dust room continuously until
put to death, the exposure period ranging from one month to nearly 34 months.
The other two were removed to normal air after a dust exposure of 31 months;
one oi 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 peribronchiolar 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—54 months—did
the roentgenogram reveal definitely abnormal shadows. A roentgenogram made
aiter 30 moaths revealed no abnormality; after, 45 months, a faint mottling could
be detected throughout both lungs. At autopsy, nine months later, there was only
microscopic fibrosis in the subpleural zone plus heavy lymphocytic infiltration about
small bronchioles. Asbestosis bodies were rare. On prolonged search a few
yellow atypical bodies, smooth and vmhoot haustratxons, were found in two animals
exposed for more than a year.

Reaction in Rabbits.—Eight rabbits were exposed to dust for periods extending
from one to more than five years; the last animal was removed from the dust
room and left in normal air six mouths before being killed. There was never
enough puimonary fibrosis to be detected grossly, and there was no chronic adhesive
pleurisy. Microscopic evidence of alveolar wall thickening was first detected in
«me animal after about three years of exposure and was seen in all five animals .
examined thereafter, inckiding the ooe removed to normal air. One animal that
died of paralysis after nearly four years of exposure exhibited a reaction visible
on gross inspection of tissue sections. The possibility of pulmonary infection in
this animal could not be excluded. In anothe; animal dying two years later the
focal fibrosis was not nedarly as obvious or as advanced. Areas of involvement,
which were largely visualized because of phagocytic reaction within the air spaces,
tended microscopically 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
lung was preserved. Asbestosis bodies were not detected in rabbits that died
varly in the experiment but were seen in all animals that had been exposed to
the dust for more than three years.
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and silica values were quite similar for three animals living in dust 20 months
and then in normal air for 14 months, yet the tissve reaction was severe in one
animal, mild in another and only doubtful in the third.

The formation of asbestosis bodies was at first extremely limited in both groups.
After five months' exposure only a very rare short body could be found, usually
insidé 2 cell. Some of the finest intracellular particles were surrounded by yellow
deposits having the same color as the asbestosis body. One year's exposure had per-
mitted an accumulation of many longer fibers, 2 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 twcnneth month a.nd thereafter they

Tnu 7—-Analy:u “of Lungs of White Rots That Had Inhaled
Short Fiber Asbestos Dust : R S

Amt.of  Total - . == Amt, of.~ Total - —
Durstion Ash, % 810s, % ° Total Durstion.-. Ash,%  810s.% . Total
of Expo- of Dried of Dried §i0s. % ot Expo- ofDried of Dried 8§10, %
sure, Mo.  Lung Lung of Ash sure, Mo,  lLung . lung | H

{s.l 'oo‘r -

] 34 008 | |
3.7 -

39
3.0
35 -

0. Y o { y
0.07 L

¢ Normal controls (no dust exposure),
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wie 0000000
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TasLE 8—Average Values of Ash and Total Silica for Lungs of White Rats Inhaling Various
Dusts for Various Periods (Lungs Only, Without Inciuded Lymph .Nodes)

. 7

Amt. of Ash, 7, of Dried Lung Tota) Bi0s, ‘7. of Dried Long - Total §10s, % of Ash

8-~ - ~
tion Short ' Gymum Short nnnm Short Gypsum-

of Ex- Fiber Ferru- Quartz Fiber Ferro- anrt: Fiber Ferru- Quarts

porare, Asbes- gipous Mix-  Asbes- ginous Asbes- " gioous Mix.
Mo. tos Quarter Cbert  ture tos . Quartz Cbhert mn tos Quartz Chert ture

2 33 3 59 29 % - o5 025 - 0.08 26 1n.s 2.8
4 3.4 5 5.9 3.8 .00 - 081 022 0.07 28 114 X 2.0
[} 35 1 99 3.4 . 294 3.6 0.11 Le 41.5 K 3.4
8
0

33 .8 9.0 3.6 . 1.4 2.40 o' 39 29.4 9.1

¥ “ .8 Hal 41 . 440 6.00 0.28 i3 5.8 B 6.7

were relatively numerous although sull rare in comparison with the findings in the
King’s floats experiment.

Reaction in White Rats.—Seventy-three white rats were exposed to atmospheric

. short fiber asbestos dust for periods up to 32 months. During the first 10 months
animals were killed bimonthly and for the remainder of the experiment at less
frequent intervals. Up to eight months the dust cells were widely scattered and
existed in foci only gporadically. Reaction was limited to occasional slight thicken-
ing of the septums about small accumulations of dust cells. At 10 months there
was a suggestion of early fibrosis in a few rats, but the change was so slight that
it would probably have been overlooked without the clump of dust cells which
attracted attention to the area. Only 10 animals were exposed for from 12 to 32
months. In each of them the lungs contained minute foci of well defined fibrosis
distributed like that of asbestosis but without asbestosis bodies. The lesions,
visible only at a magnification of 150 diameters or more, consisted of patches along
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~ Only aiter exposures had continued for approximately one year was there an B3
appreciable tendency for dustcontaining phagocytes to gather into clumps. By
16 months phagocytes had collected about the walls of a few of the respiratory
bronchioles which revealed a little proliferation or infiltration of mononuclear
cells, - There were also some multinucleated cells, but they were of the inert, )
ioreign body type. At 20'to 24 months the ceilular clumps were sometimes quite
prominent, and sometimes changes in the epithelium resuited in the adenoma-like
or “adenomatoid” appearance (fig. 3 B) previously described in the section review-
ing the experiment with the King’s floats dust. In most of the subsequent members
of the series the reaction remained cellular, but a few exhibited pronounced
development of fibrous tissue. In these few members of the series the col-
lagen was pale in color and tenuous;, with no appearance of being hyalinized.
Diffuse chronic pleurisy was present in a few animals without evidence of pul-
TaBLe 6.—~Analyses of Lungs of Guines Pigs After Prolonged Inhalation of
Short Fiber Asbestos Dust
Period Amount of Total
Exposure to  in Normal Asb, % of 8101, % of Total S{0s, Tissue
Dust, Mo. Alr, Mo. Dried Lung Dried Lung % ot Ash Reaction ¢
Dust Exposure Contiouous Duriog Life.
{s.oz 0.51 10.9
12 0 438 0.48 10.08
5.16 0584 10.54 =
[5.00 0.49 0.00
13 [ 478 0.48 9.00
3 0.53 10.60 +
556 0.85 1446
0 0 I Lt 0.90 14.07 24+
’ 5.42 0.7 1448
U 0 i 5.30 0.78 1430 3+
. 5.35 0.96 7%
30 0 { 83 107 1946 4+
” 0 6.08 0.75 12.37
. 635 0.98 15.11 i+
Dust Exposare Followed by Prolonged Residence in Normal Alr
o0 T 5.16 0.48 9.%
_ h 5.11 038 736 t+
6.1 0.62 0.0
% B $98 034 881 3+
[4.77 0.3 531
2 u s.18 0.8 5.00
LT 022 4.00 24 .

* The symbols sveraging tde tissue resction in esch group of gulnes pigs represent merely -
the relative degree of reaction, ranging from == (questionable) to ¢+ (the msaximum for this

expeniment). The relationships apply osly withia this table and canpot be compared with
symbols In otber tables.

monary infection. This suggests that plearisy may be a specific concomitant of
asbestosis, but the evidence is not adequate to estabiish 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

heen transported to the nodes in animals inhaling short fiber asbestos. The nodal .

reaction was essentially an increase in reticaium, rather than a fibrosis, with the
original cells being preserved between the thickened reticular fibers.

In the group removed to normal air after 20 months’ inhalation of dust, progres-
sion of disease was not definitely demonstrated, but neither could it be absolutely
disproved, owing to the variability of the response in different animals. The
reactions, from mild to: severe, occurred sporadically and bore no relationship 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
‘n jungs with widely different amounts of tissue change. For example, the ash
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the material as received contained many long fibers, it was ground in a steel ball
mill to reduce practically all the particles to 3 microns or less in size. When
used alone in the standard dusting machine, this finely ground asbestos 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 satisfactory dust cloud,
It is pertinent to mention here that the addition of the small quantity of unground
asbestos was unfortunate, because it confused the interpretation of Tesults/Siee ...

. 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 miill or loss of water content. \'énn  s-jon - -

e T g Jest ) e

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, . IS S A Sl

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
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TABLE 5.—Summary of Inhalation Experiment with Short Fiber Asbestos Dust’

e ' 2 Satam L A - ..

T e o Do L v Maxk Survival Ta v nheni —ot -

\ ter v
B PRI . SR VR PR
Nature of Expertment .- - Animaly "' v Resulta™".

U
Dust exposure continuous through-  ¢6 quines pigs - u .~ Rate of resction about the same ag in experh
out Ute ment with King's floats asbestos but extest
. \ 0f involvement very mueh less ¢
S rats ! - R Characteristic patebes of peribronehiolar fibre
‘. - als; Do asbestoais bodies . ...

18 eats L84 0 Subpleural resction only !
7 rabbits 0 .. No fibrosls seen grossly: mieroseople evideom
. . =" of slveolar wall thickening after 40 mopthr

... exposure . . ~ .y
Progression after removsl trom dust doudt
sy tnl;-nl:’el.;ber clearly established nor definitely
ex

N
Dust exposure followed by prolonged 13 guines pige 1]
residence tn pormal air

u
ielf: 31 1: . Bame as for continuous exposure

Simfar to continuous exposure; evidence o

1 rabbit [ Ad
to ¢ slight regression

¢ After 33 mooths the animals were exposed to 100 per cent ball-milled asbestos.
t Tbe reaction was probsbly due to long fibers in the unground material which was mixed with the ground asbestos ¢
to produce » sstistactory dust eloud. . .

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

Four species of animals—guinea pigs, white rats, cats and rabbits—were used in
this experiment. The results of the dust exposure, summarized in table S5, are
presented in greater detail below. - ' -

Reaction in Guinea 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 room until they were killed or died at periods up to 34 months, and 13
animals were transferred to normal air after being exposed to the dust for 20
months.,

The type of tissue reaction provoked by the inhaled short fiber asbestos was
essentially the same as that already observed in the experiment with King's floats
asbestos. The rate of reaction alsg Wwas 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
detection, had been produced in the guinea pigs.
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their lungs. . 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-

K- 2 R o N

Summary and Interpretation of Inhalation Experiment with King's
Floats Dust.—The findings in the experiment with King's floats 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 rabbits or rats. The fibrosis did not increase significantly
in extent after the dust exposure was discontinued.

2. Effect of the inhaled dust on tuberculosis in guinea pigs. In guinea
pigs infected with attenuated tubercle bacilli and then placed in the
dust room, the results were more variable than is usual in an experi-
ment of this 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 after the termination of two
vears’ asbestos:dust exposure did not show progressive disease. The
only modification of the infection.was in its localization, a few bacilli

h being retained in the peribronchiolar fibrous tissue, with tubercles
. forming there in addition to the usual g\ibercles 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 paeu-
monia, it is felt that only tentative conclusions as to the influence of
asbestos dust on the course of tuberculous infection are justified by this

experiment. ¢ i v e ot e SR
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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 asbe's.fS's. ‘dust. It was thought that a short fiber ashestos dust '-'

consisting almost entirely of fibers and particles smaller than 3 microns \
B 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
particilate matter. =~ ° I : o

C'c;mpo.n'h'on ond Ahv;a:phm'e Concentration of the Dust.=—The dusting material ] 2
for this experiment was the remains of fibers collected in dust bins of an asbestos-
fabricating plant after a carding operation and s_creened to pass 200 mesh. Since

10. Vorwaid, A. J.; Pratt, p. C.: Durkan, T. M.: Delahant, A. B., and Bailey,
D. A.: Siderosis: A .Benign Pneumoconiosis Due to the_ Inhalation pf Iron Dust,

Indust. Med. & Surg. 19:170, 1950.
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months, lived in normal air for moré than two years At autopsy neither animal
showed any evidence of cellular reaction or fibrosis in the terminal bronchioles, nor
were there any asbestosis bodies. ' :
Reaction in White 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

"‘-',"__",-':3-; Ve

Fig. 5.—King's float inhalation experiment: A, lung of guinea pig infected
with R, tubercle bacilli and then exposed to dust for 24 months. A bronchiole is

.shown just abové center. Surrounding it is some collagen deposition, together

with typical epithelioid cell‘infiltration of the wall. Note the lack of encapsulation
and the peripheral epithelioid cell pneumonia, which illustrate a spreading tuber-
culous process (X 200). . - S
B, lung of 2 guinea pig infected with R: tubercle bacilli and then exposed to
dust for 35 months, Note the subpleural distinctly encapsulated caseous focus, the

" calcification at the right border of the lesion and the absence of cells in adjacent

alveoli, all of which illustrate a healing tuberculous process (X 200).
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Asbestosis bodies (fig. 2 B), first seen in the lungs of the guinea pigs that had
inhaled dust for about two months, became more numerous and more dmmcdy
segmented with increasing 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
after 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 months after discontinuing dust exposure,
some fibrosis was still visible.

. Reaction in Guinea Pigs Infecud with Tubercle Bacilli at the Onset of Dust
Inhalation.—Of the group of 40 guinea pigs infected with attenuated tubercie
bacilli, Ry 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. 54); 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 tyberculous pneumonia in one lobe, and in the other
lobes there were tsolated pnmary tubercles. wh:ch were still actnve but had not
spread. e ey il ae

Reaction in Guinea ch: I nfecud unth Tubercle Baallt Alm E:tabluhmcnt 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 numerous in the dusted
animals than in the nondusted controls, but a considerable number were found 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 tracheobroachial lymph nodes. Caseation was found in tubercles 134 months
old, but by 5)4 months it had completely d:sappeared. leaving only scar tissue.

Foci of fibrosis still pemsted in the last animal, whtch was Mlled 14 months after
infection.

Reaction in Rabbm —Rabbits exposed to the asbestos dust for penods 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

9. Steenken. W., Jr.. and Gardner, L. U.: Ri Strain of Tubercle Bacillus:

Its Dissociation and Virulence of Variants in Normal and Slhconc Guinea Pigs,
Am. Rev. Tuberc. §4:51, 1946.
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chronic pulmonary inflammation resulting from many causes. Willis ® described
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,
largely due to an increase in the amount of fibrosis. The fibrous tissue always
remained cellular and failed to show the hyalinization characteristic of silicosis.

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

B, lung of a guinea pig exposed to the asbestos dust for nine months and

- living thereafter in normal air for 37 months. The reaction shown is more than
that in 4 but much less 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 Silim Dust, Am. Rev. Tuberc. 17:268,

1928.
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