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EXPERIMENTAL STUDIES OF ASBESTOSIS
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AND
PHILIP C. PRATT, M.D.
SARANAC LAKE, N. Y.

ASBESTOSIS 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
varn and woven on raodified textile machinery.

The asbestos minerals are silicates of variable composition and belong

to the serpentine and 1he amphibole groups. Listed helow are the more
common varieties, *

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

Serpentine group: chrysotile.

The bulk of the asbestos of commerce is chrysotile, 3Mg0.2Si0,.-
2H,0, which is mined on this continent principally in the Thetiord 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 lengthwise 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 compieted 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 Arst 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 hrucite. MgO.I{.O. which is
often found in the same iformations with serpentine and chrysotile and
may be fibrous in structure. Except for the manuiacture of magnesium.
brucite has no commercial value at present hecause its fibers are not
sufficiently flexible to be used in textiles. but they are capable of
repeated longitudinal subdivision. Unlike other asbestiform minerals,
brucite is not a silicate, and for this reason it has been a valuable tool in
an experimental evaluation of the action of fibrous minerals on lung

- tissue.
EXPERIMENTAL ASBESTUSIS

For many years studies® have been carried on at the Saranac
Laboratory in an investigation of the cause, nature and development oi
asbestosis. The present paper is devoted to experimental asbestosis,
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-Fig. 1.—Human asbestosis (P-36-144). The photomicrograph reveals a bronchi-
ole (right center) with a smooth muscle bundle at its inferior margin and with an
extensive zone of collagen deposition largely obliterating the surrounding alveolar
structure. The- black foci are inacrophages containing incidental pigment.
Asbestosis bodies are present but are not apparent at thisﬁﬂa{g_ﬂiﬁation.(.)(lﬁﬂ.),_\

~
and in it are described the experiments made on animals with various

kinds_af asbestos dust. report, to be prepared and issued at a /
uture date, e concerned with human asbestosis>and will cover’
the health aspects of workers who have been exposed to asbestos dust-in
an industrial environment. P
ltliougliinman asbestosis ismlweniLdiscasgﬂ\‘it~l1«diﬁﬁ§e/ pulmo-
nary fibrosis which requires years to develop, it is possible to reproduce

1. .(a’) Gardner, L. I.J., and Cummings, D. E.: Studies on Experimental Pueu-
mokoniosis : VL. Inhalation of Asbestos Dust; Its Effect upon Primary Tuberculous
Infection, J. Indust. Hyg. 13:65 and 97, 1931. (b) Gardner, L. U.: Chrysotile

Asbestos as an Indicator of Subti : . . "
Tuberc. 45:762, 1942, ubtile Differences in Animal Tissues, Am. Rev.
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. I'ORI"ALD ET AL~STUDIES OF ASBESTOSIS 3

in one or more species of animal characteristic tissue changes which are
similar to the lesions of human asbestosis (fig. 1). Since the life span of :
the experimental animal is relatively short. it is not possible to produce Ty
the characteristic lesions in animals under conditions identical with the

usual industrial environment. Consequently, to obtain a complete evalu- k

ation of the tissue response to inhaled particulate and fibrous material,
it is necessary to accelerate the reaction by employing higher concentra- 5
tions of dust than would ordinariiy be encountered in industry. While
conditions of exposure are thus ditferent. the information vielded by
animal experiments is invaluable in furnishing a hetter understanding of .
the reaction of the human organism to inhaled asbestos dust. ‘

EXPERIMENTAL MeTnons

For investigating the tissue reactions of experimental animals to the ;
various asbestos minerals, two types of technic have been emploved,
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 Ny ‘ £
animals are killed and the tissues examined to determine the nature Ers =
and the extent of the dust reaction. Some animals are exposed for . iy 2

_ periods up to three vears. The injection experiments are used to deter-
_ ' mine in as short a time as possible whether or not a particular dust has
( a potential capacity to produce inflammatory reaction when in direct
contact with tissues of the body. The method involves injecting the
dust, either dry or suspended in fluid. into the animal by the intravenous.

the intraperitoneal, the intratracheal or another route.

Long term inhalation experiments furnish iniormation 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.

TissCE SusCEPTIBILITY
Unlike iree silica. ashestos does not produce specific effects in all
organs of all species oi animals, The comparative data presented in
table 1 are based on completed observations and therefore differ slightly
from a preliminary report. Fine quartz introduced into various organs

sttt
3
3
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of various animals (guinea pig, rabbit. rat. mouse, cat. dog. chicken and
even tadpole) eventually will produce silicotic nodules but at ditterent
rates. Similar introduction of long fiber asbestos has resulted in a
fibrous reaction in the lung and. to a lesser extent. in the peritoncum
but not in other organs of the guinea pig. the rabbit. the cat and the white
rat. In our experience the lungs of the og and the white mouse failed
to respond with fibrosis, although Schuster * has reported such changes

S et @ @phen

hetet 4" by

Rare and atypical
Rare and atypical

Inhalation apd injection
Inhalativn and injection

-

ki in a dog that lived in an asbestos-fabricating plant. This variation in :
: species and in organ susceptibility is vet to be accounted for?; it is :
- presumed that in the susceptible animals the greater reaction of the lung :
: to ashestos., far exceeding the reaction of other organ tissues. is due :
2 .. s g
i principally to the greater mobility of the lung. ;
Q i'
} . Pectriar CHARACTERISTICS OF ASBESTOS i
g . - . . ?
| Experience has demonstrated that most of the nonfibrous dust !
3 particles inhaled into the lungs of man and animal are 10 microns or less )
i g.
) . . . b
1 TasLe L.—Rcaction to Long Fiber Chrysotile in Lungs of Man-and Other R
fi . Species of inimal iE
B kY i
;! Mode of Exposure Fibrosis * Asbestosis Boulics : 3
.‘; - Inhalation i+ Numcrous H
}j Ighaolation and injeetion R & Moderately numerous &
{ :

o

oo+ ++

i Tohalation apd injection Very rare
’ Inhalation Rare and atypijcal
¥ ; Injection None

-

® The symbhols 0 to 4+ refer to the degree of tissue reaction.

v AM A JUSvdep

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 suspended in the atmosphere breathed and. second, large
particles are more effectively removed by the protective mechanisms of
the upper respiratory tract. In the case of fibrous materials these factors
have less influence and fibers 100 and even 2C0 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. ‘
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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

s
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2. Schuster, N. H.: Pulmonary Asbestosis in a Dog, J. Path. & Bact. 34 -
(pt. 2):731, 1931.

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

4. Miller, W. S.: The Lung, Springficld, IIl, Charles C Thomas, Publisher,
1937.
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FPORWALD ET AL—~STUDIES OF .SBESTCSIS 5

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 ashestosis
is well established are appreciable numbers of fibers seen in the more

peripheral air spaces. [Further explanation is required to clariiy this
observation.

RATE oF TisstE ReacTiox 1o AsSBEsTos Finfrs

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 oiten distorts the adjacent pulmonary tissue and may, as a result,
progressively interiere with cardiorespiratory function.

Asprstosts Bobpirs

The peculiar structure known as the asbestosis 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 dumbbetl.
The bodies vary considerably in length, and dimensions up to 230
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 hodies in guinea pigs nine months after
subcutaneous injection of fibers rendered iree 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 dimension. In guinea pigs they form after about 70 days

5. Gloyne. S. R.: (u) The Formation of the Asbestosis Body in the Lung,
Tubercle 12:5398, 1931; (b) The Asbestosis Body, Lancet 1:1331, 1932, (¢) Gard-
ner and Cummings.'a :

6. Lynch, K. M., and Smith. W, A_: Asbestosis Bodies in Sputum and Lung,
J. A, M. AL 95:639 (Aug. 30) 1930. Simson, F. \V., and Strachan, A. S.:
Asbestosis Bodics in the Sputum: A Study of Specimens from 30 Workers in an
Asbestos Mill, J. Path. & Bact. 34:1, 1931. Gardner and Cummings.’® Gardner.1b
Gloyne.sa. b
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6 INDUSTRIAL HYGIENE AND QCCUPATION.IL MEDICINE

of contact with the tissue. In cats, rabbits and mice a few of the fibers
show an atypical coating after much longer residence in the lungs. In
rats the 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 Rber irom damaging the tissue. Many
of the points mentioned above will be elaborated on in subsequent para-

F':'tg"" ;" '—Ex 31
| X L - 4

S Lewy

: . : L RS L
:'- [ ."i ]',W I‘ ca° Y
. -

. 1 - - '

N o . !'-w"‘
SOOI UF S 71 IS

Fig. 2.—4. human ashestosis bodies,
found in the lung shown in hgure 1,
are represented (X 400).

B, guinea pig asbestosis body.
A (% 400).

graphs dealing with the actual experiments.

experiments and the other with injection experiments.
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This collection of asbestosis bodies was
The usual variations of size and configuration

This onc is similar to some of those shown in

For presentation our
investigation is divided into two sections, one dealing with inhalation
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I"ORIVALD ET AL—~STUDIES OF ASBESTOSIS 7

INHALATION EXPERIMENTS
Four large scale inhalation experiments have heen 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 miore than five vears. The
four kinds of ashestos dust emploved are designated as King's floats,
short fiber, 100 per cent ball-milled. and long fiber asbestos dust.

Kixeg's Froars Asprstos Dust

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

TasLe 2—Chenical Analysis of Asbestos Dusting Materials

Izol
. tion
Type of Asbestos Si0: Fe:z03 A41:0s Cr:Ua Mo0 CaQ MpO N0 K:0 CO: loss Total
R
King's floats......... 39.32 LX) ¢ * 0T NA . . . "I 9%a3
Short flber.....ec.... 3017 2.02 1.40 0.14 0.Co 0.55 PRt 0.14 0.20 0.3 HeY 0011
Long fiber........... 35.40 5.32 0.:3 . 0.03 0.31 10.15 0.06 0.06 0.57 1. H A i
ATk
. . . Y
¢ Not determined. "'T,SJ

TasLe 3.—Petrographic Analysis of Ashestos Dusting Materials

2
4

)

2
-
T

3

than 10 microns and reported as pereentnges ohtaned trom particle counts, wne cheysotile 34,
serpentine 40, tugnctite 12, earhonates 13, tale 12, other tnincrals 4. For chrysotile, libers up to
2w microns loog were included.

Short fiber t: The material, before being ball milled, contained o preponderance of Atrous
chrysotile nnd p'ats (nonfbirous) serpentine, ‘The approsimate compusition, by pereentace, was
i chryeotile 17, serpentine 33, magnetite 1, quartz 2, brucite 5, other minerals, including Jolomite,
. actinolite snd tremolite, 11, ’

Loog fiber $: The materisl consisted principally of the fibrous ucbestos miineral chry=otile.
Shreds of nonsepsrated fibers 5 to 13 wnicrons in dinmeter and up to X microns in lengtn were
present. The approxmmate composition, by pereentage, was ehrysotile 75, serpratine Lo, mac-
Betite 3, brucite *, other minerals, nmong which were caltite and chloritic and micaccous
minerals, 3. Only o trace of quartz was observed.

(I ) King's floats *: The approximate composition, hasmt on particles (exeept chrysotle) smaller

2t
{

Y
(N

*The analrsis of the King's fioats achestos, made by Dr. €. S. luzihut JIr., of Harcard
University, has heen reported elsewhers (Hurlbut, . S...0r., and Williams, C. .2 The Min-
eralogy of Ashestos Dust, J. Imdust, Hyg. & Toxicol. 17: 22, 1035 i

t For the short fiber ashestos and the long fiber asbestos the prtrographic snalysis was
supplemented with x-ray difiraction examinatioa.

periods up to 33 months. Some guinea pigs with six and nine months’
exposure lived for an additional three years aiter cessation of their

. " * Al )

exposure. A preliminary report ** presented observations after 29 _ I
. Lo . . . EARR @g_?_{_ o

months of exposure. At that time observations covered a period of only AR o) «‘-‘3,’9'-%
. . s - F T 3

21, vears and the conclusions as to the ultimate effects oi inhaled BN é_eg.éca}?
. . . S s ¢ I3 ~ -‘; Tt

ashestos dust were provisional. Those conclusions are substantiated by - bRRE ROt s

results of the completed study, which is reported as fullows.

Composition and Atmospheric Concentration of the Dust.~The dusting material, : 3T
a commercial variety of asbestos known as King's floats, was composed of short e 2T P
fibers, ranging in length from 1 mm. to 1 micron or less, and of particles which W’“ﬁ;%
also varied in size. It was obtained irom the Thetford, Qucbec, plant of the pr Y
Asbestos Corporation of America, amd analyses (tables 2 and 3) reveal that the
amount of fibrous chrysotile was only 14 per cent. a rather low value.
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Impinger samples taken soon aiter the experiment was started indicated that
the dust concentration was at first quite low. the average dust count being oniy
6.0 miilion particles per cubic foot of air by the standard bt ficid technic aad 0.8
million for particles and fibers greater than 10 microns.  Aiter the inhalation
experiment had been under way for about two vears, 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 aiter this change was 33.7 miliion by the usual
light Seld method and 1.6 million jor particles and nbers larger than 10 microns.  ft
is probable. however, that the true values of the dust coucentration were hicher
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 ashestos dust taken in water are not reliable.  Ethyl
alcohal instead of water was used as the collecting Buid in all subsequent experi-
ments.

TABLE +—Swmmary ef Inhalation Experiment swith Kina's Floats Asbestos Dust

Maximumn
Maxi- Sursvival
s After
Dust kx- Dust Ex-
pusure, posure,
Nature of Experiment Abpimals Mo. Mo. Results
Dust exposure coatinuous through- 34 guinea pigs 3 0 Typieal perthronchiolnr fbrosis after 16 months
out life Y rablits 19 [ Forewn body bronchitis
1§ rots ] /] Little or vo reacuiod
Dust exposure followed by pro- 23 guiaea pigs [ 35 Neanapeovressive nbrosis
louged residence in normal air 25 guinea pigs 2 37 . Nutipruseesnve nbrosis
1tobint 5 ol ] . . - :
1 rabuit 19 LT ALsorplion of {oreign LOdy reaction
Tuherculous infection * ot start of {0 guicea pigs 5 0 Tewporary procreziion of infection. {olloned
Gust exposure by healing with fAbrosis
Controls to infection: no dJust ex- 23 guines pigs [} 35t Healine by re-olution (uge excepticn)
posure
Tuberculous infection * alter 5 mo. 12 guinea pius 8 u No upprevinble increase in susceptidility to
of dust exposure, then residepce tubezeutvus 1atection: keahing with sibrosis
in gormal air
Cootrols to inZection: no dust ex- 12 guibea pigs [} 19 ¢ Healing by resolution

posure

* The guinea pigs were infeeted with low virulence Ra strain of tubercle bacilius.
t This means inhe survival period following iaiection.

Results of the investigation, briefly summarized in table 4, show that inhalation

of King's floats asbestos dust produced a typical peribronchiolar fibrosis in guinea
pizs but not in rabbits or rats.

Reaction in Ndrmal Guinca Pigs.—Guinea pigs inhaling this dust for periods up
to 33 months had a characteristic fibrosis occurring in conical patches about the
respiratory bronchioles. During this exposure the peripheral 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 clements 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. 3.4}, As more dust
was inhaled, it continued to accum:late in the same location. and later stages of
the discase (fig. 3 B) consisted of extensions of the original lesions.

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

7. Fulton, W. B.; HOU‘Z.. R. L.; Dooley, A., and Mathews. J. L.: Asbestosis:
1. The Collection and Count_mg 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
cells. Monanuclear leukocytes attracted to the area caused an appreciable thicken-
ing of the bronchiolar wall. After 16 months a delicate fihrosis 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
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Fig. 3.—King's floats inhalation experiment: 4. lung of a guinea pig with 12
months’ exposure. It includes a respiratory bronchiole, at the left, branching and
becoming an alveolar .duct, at the right. Note the accumulation of cclls in the
wall of the bronchivle and in adjacent alveoli (X 130). B8, lung of a guinea pig
with 28 months’ exposure. The ficld includes a bronchiole, at the center, with

peribronchial fibrosis extending into the walls of adjacent alveoli. Note the cubnidal
epithelium lining these alveoli.

This is the so-called “adenomatoid” appecarance
(X 2C0).

distorted the alveoli, and with this change the alveoli became lined with cuhoidal
cells. The result was an adenoma-like appearance which frequently accompanics




3 ~'l'l!iuu:.‘iiim.x. - -
BTN e bl uLtii il ecauaio

; . . e
" ek . { S 3 0% o Al b i Al Al b 3 o e st & Mt # s S ot 68 s et 2 h S i e ¢ 7 o e

! W INDUSTRIAL HYGIENE AND OCCUPATION AL MEDICIN
3
l -
: chronic pulmtonary infammation resulting from many canses.  Willis © desanbed 1
' a similar structure in the lungs of guinea pigs ishaling silicon carbide.  The lonuzer
. . . . . . N . . r
H asbestos exposures restited oniy in more thickening of the walls of e air -paces, 1
o ¥ largely due to an increase in the amount of nbrosis, The nbrous tissue aiwayvs
2% oy 1% remained cellular and failed to siiow the hyaiicization characteristic of s:iicvsis.
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Fig. 4—King's floats inhalation experiment: A, lung of a guinea pig with
six months’ dust exposure foliowed by 35 months’ inhalation of normal air. The
reaction is rather slight, but distinct fbrosis is present (X 200). Note that 28
months of continuous exposure (Ag. 3 B) pruduces much more extensive reaction.

B, lung of a guinea pig exposed to the ashestos dust for nine months and
living thereaiter in normal air for 37 months. The reaction shown is more than
that in ~ but much less than the reaction in figure 3 8 (X 200).
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. 8. Willis, H. S, and Brutsaert, P.: Tumor-like Structures in the Lungs
of Guinea Pigs Artificially Exposed to Silica Dust, Am. Rev. Tubere. 17:208,
1928,
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Ashestosis bodies (fig. 2 B), first scen in the lungs of the guinca pigs that had
. inhaled dust for about two months, became more numerous and more distinctly
s, segmented with increasing exposure.
33 The reaction produced in guinca pigs exposed ior six and nine months did not
5.

progress significantly during a subsequent pertod of 33 and 37 months when the
animals lived in a normal atmosphere (fig. 4). DBetween cight and 11 mounths
aiter exposure ceased. the cellular reaction in the lung had been comipletely replaced
by thin strands of fibrous tissue. At later periods the scar tissuc was less in

amount, but in the last animal killed, 37 months after discontinuing dust exposure,
. some fibrosis was still visible.

Reaction in Guinca Pigs Infceted twaath Tubercle Bacilli at the Onsct of Dust
Iuhalation.—QOf the group of 40 guinca pigs iniccted with attenvated tubercle
bacilli, R, strain® at the time that dust exposure was begun, 31 died or were
killed beiore the completion of two years of the exposure and were reported in the
paper by Gardner and Cummings.!a  Seventeen of these died from intercurrent
pneumonia. Brieily, the results were as follows: Ten revealed some evidence of
sprcad of the tuberculous process (fig. 5A4): 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 aiter seven months of dust inhalation: during the
next 20 months more than hali of the animals showed actively spreading tuber-
culosis. and in 3 of them small cavities had developed. During the last eight
months no animals cxhibited any evidence of active iniection although in half of
thern the healed fibrous scars of previous spreads were obvious. The scars were
more extensive than is characteristic of either tuberculosis or ashestosis alone.

The nine animals which were still alive aiter two years of dust exposure were
killed at intervals during the following year. In four of themn the primary foci
of inicction were healed with fibrosis and even calcification, and there was no
evidence of progression (fig. 38). In the remaining five the tuberculous foci
showced evidence of having previously spread locally ; in four of them. by the time

- of autopsy, the foci were healed, with excessive fibrosis: in the fiith animal there
( was a generalized chronic tuberculous pneumonia in one lobe, and in the other
lobes there were isolated primary tubercles, which were still active but had not
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- Reaction in Guinca Pigs Fafected zwith Tubercle Bacilli JAfter Establishment of ER TR >
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Asbestosis~Twelve guinea pigs, aiter inhaling King's floats ashestos dust for 26 ;_:”,:’;.m.s;:ﬁ
months, were infccted with tubercle bacilli and then removed to normal air. Six 33;5}}3@“535
. . ey A Sopralae BEMITe
of these animals died within scven weeks, five from intercurrent nontuberculous & ’w‘
infection.

The remaining six animals were killed at intervals up to 14 months T
aiter iniection. The subpleural tubercles were no more numerous in the dusted
animals than in the nondusted controls, but a considerable number were jound in
the depths of the lung about foci of asbestosis. The tuberculous component of the
combined reaction showed only slight local extension about lesions in the lungs
and trachcobronchial lymph nodes. Caseation was found in tubercles 1% months
old, but by 54: months it had completely disappeared, leaving only, scar tissue.s
Foci of fibrosis still persisted in the last animal, which was killed 14 months aiter
infection. .
Reaction in Rabbits.—Rabbits exposed to the ashestos dust for periods up to
19 months showed a jorcign body type oi 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 hodies. Two rabbits, aiter inhaling dust for six and 19

etk -

9. Steenken, W.. Jr. and Gardner, L. U.: R. Strain of Tubercle Bacillus:
. Its Dissociation and Virulence of Variants in Normal and Silicotic Guinea Pigs,
. Am. Rev. Tuberc. 54:51, 1946,
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.}k o wonths, lived in normal air for more than two years. .\t avtopsy neither amimal

-

showed any evidence of cclluiar reacticn or Abrosis in ¢ terminal brougluoles, nor
were there any ashestosis bodies.
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Reaction in I'hite Rats.—Ail the rats had acqured an infection, resulting in
the formation of pulmonary abscesses. before they came 19 autopsy. Apparently, so
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_ Fig. 5—King's float inhalation experiment: {, lung of guinca pig infected
with R tubercle bacilli and then exposed to dust for 24 months. A bronchiole is
shown just above center.  Surrounding it is some collagen deposition, together
with typical epithelioid cell infiltration of the wall. Note the lack of encapsulation
and the peripheral cpithelioid cell pneumonia, which illustrate a spreading tuber-
culous process (X 200). -

. B, lung of a guinea pig mtected 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 ahsence oi cells in adjacent
alveoli, all of which illustrate a healing tuberculous process (X 200).
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; VORWALD ET AL~STUDIES OF ASBESTOSIS 13
( 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 considercd unsuc-
cessiul.

Swinmary and Interfretation of Inhalation Experiment wwith 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. [u 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 af the
infection; in most of themn 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, iniected animals exposed to a harnless dust like iron
oxide do not show any progression of the infection.’® Guinca pigs
infected with attenuated tubercle bacilli after the termination of two
years™ asbestos dust exposure did not show progressive disease. The
only modification of the iniection was in its localization, a few bacilli

: ' being retained in the peribrouchiolar fbrous tissue, with tubercles
( forming there in addition to the usual tubercles beneath the pleura.

In view of the variability of the results, the unusual nature of the
response and the high proportion of deaths due to intercurrent pneu-
monia, it is felt that onlyv tentative conclusions as to the influence.of
asbestos dust on the course of tuberculous infection are justined by this
experiment. - ’ :

Suort Figer AsBestos Dust

‘:(

Q

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

4
taadt

Cosmposition and Atmospheric Concentration of the Dust.—The dusting material
for this experiment was the remains of fibers collected in dust bins of an ashestos-
fabricating plant after a carding operation and screened to pass 200 mesh. Since

10, Vorwald, A. J.; Pratt, P. C.; Durkan, T. M.; Delahant, A. B., and Bailey,
D. A.: Siderosis: A Benign Pneumoconiosis Due to the Inhalation of Iron Dust,
Indust. Med. & Surg. 19:170, 1930.
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aox the material as received contained many long fibers, it was ground in a steel hall
2 Sraera vy BF 1in . mill to reduce practicaiiy all the particies to 3 microns or less in size. When
¢ ! " - - - e - -
X = ; used alone in the :tandard dusting maaciine, this fincly ground ashestos tended to
<L R 1 I pack in the hopper. and it became neceszary to mix one volume of the unground
7R ! ,;'4‘ material with three voiumes of the ground to generate a satisiactory dust cloud.
> &3 s i) s It is pertinent to mention here that the additiun of the small quantity of unground
E \lh‘ L asbestos was unfortunate. because it coniused the interpretation of results.
2 ::.3 . The composition of the short nber asbestos as received is disclosed by the
) et Gl l-‘, % .. chemical and petrographic analyses given in tables 2 and 3. Samples taken hefore
G ;‘ + I and aiter grinding yielded about the same values on analysis, indicating that there
= i was no contamination from the mill or luss of water content.
H The dust concentration varied during the experiment, the licht ficld counts ifor
: ;}‘ atmospheric samples collected inside the animal cages with the impinger apparatus
i . ranging from 83 miilion to 182 million. The averace of counts was 131} million for
{ the first year of the experiment, 134 miilion for the second year and 140 million
3 z h for the third year.
(2o X [! Size-irequency measurements of air-foated dust from inside the cages at a
i iy 4 '4 magnification of 1,300 X revealed a great prepunderance of fine particles, nearly
= - %> = o .;'{ .‘
P St 2] 3 A TABLE 5.—Summary of Inhalation Experiment with Short Fiber sbestos Dust
B 2 g 1) Maximum .
a’ .§o~ - i}’ Maxi-  survival .
b ] ST g Y mum Alter
3 A S i[‘} Dust Ex- Dust Fx-
' - . ‘;“ posure, po~ure, .
i i< :':. Nature of Experiment Apimals Mo. Mo. Results
e >3 Dust exposure coftinuous through- {6 guinea pigs ot bl Rate of reaction about the same a< in experi-
&eO% IR ! out life ment with Kine's tioats astwestos but exteut
H,’*}a 4~ B ot 1nvoilveent very much less ¢
Bt ') Brats 32 0 Charactenistic patelns of peribrozeniolar fbro-
AL cry hi $ig: o asnestowis bodies - b
o LAY 18 cats 54 0 Subtipleural reasetion oaly "
Y [ li‘: 7 rabbits “e o No tibrosis reen prossly: microsconic evidence
{::n Zoby! Y ’.25 oi alveniar wall thickeniuy atter iv months’
5 z e 7 é"' - - expos=ure .
Er ot SA-Aoan] i Dust exporure followed by prolonged 13 guinea pigs 2 14 Progression after removal from ddust doubt-
g % }ﬁ residence in pormal air . ful—nuithier clearly established cor deflnitely |
Pl o BH excluifed H
B % 1t 2cats 3 24 Same us [or continuous exposure
L s y M :h ° 1 rabbit 2 [ Similar to continuous exposure; evidence of .
3 TSN ~% - slight regre=siun N
= > s ’.-t . 2
L Cabe: By ® Alter 23 months the apimals were exposed to 1M per cent hall-milled ashestos, . {
PSS T ooy B t The reactios was probably «te to loog dbers in the unground material which was mixed with the ground asbestos Just
> 3 kH to produce 8 satisfactory dust cloud. N
h AR “ i :
pr23; q 90 per cent of the particles seen being smaller than 3 microns. It was estimated iH
2S B that approximatcly | per cent of the dust was in the form of fibers greater than f
e oy } . 10 microns in length. . ! H
. 3!
2 Four SPCCiCS of animals_—guinca pigs, white“rafs, cats and rabbits—were used in } 1
- - - - . . . - 13
L AR i this experiment. The results oi the dust exposure, summarized in table 3, are ; B
Lo ’f“‘ A _{ presented in greater detail below. tH
P G : . . . . . . . .« . . *+H
& L 1 Reaction tn Guinca Pigs—Eighty guinea pigs were originally placed in the dust 1K
b ATy =< 5 k room, but 21 of thein were later eliminated from the experiment and Tilled because Y-
TPy % '!1 of enlargement of the cervical Iymph nodes thought to be due to intercurrent ;
7f i 31 infection of the upper respiratory tract. Of the other 39 animals, 46 remained in " :
PRI A AR the dust room until they were killed or died at periods up to 34 months, and 13 i
@ﬁ y b animals were transicrrcd.to normal air after being exposed to the dust for 20 il
i',;,@‘-&' Bt months, ‘R,

The type of tissue reaction provoked by the inhaled short fiber asbestos was
essentially the same as that alrcady observed in the experiment with King's floats
asbestos.  The rate of reaction also was approximately the same, but the extent
of involvement was very much less.  After 16 to 24 months of exposure only a very
few small foci of reaction, which gererally required snicroscopic examination for .
detection, had been produced in the guinea pigs.
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Only aiter exposures had continued for approximately one vear was there an
appreciable tendency for dust-containing phagocytes to gather into clumps. By
16 months phagocytes had collected about the walls of a ifew of the respiratory
bronchioles which revealed a little proliicration or infiltration of moanonuclear
cells. There were also some multinucicated cells, but they were of the inert.
foreign body type. At 20 to 24 months the cellular clumps were sometimes quite
prominent. and sometimes changes in the cpithelium resulted in the adenoma-tike
or “adenomatoid” appearance (fig. 3 B) previously described in the section revicw-
ing the experiment with the King's floats dust. In most of the subsequent members
oi the series the rcaction remained ccliular, but a few exhibited pronounced
development of fibrous tissue. In these jew members of the series the col-
lagen was pale in color and tenuous, with no appearance of being hyalinized.
Difiuse chronic pleurisy was present in a few animals without cvidence of pul-

TABLE 6.—.nalyses of Lungs of Guinca Pigs Adfter Prolonged Inhalution of
Short Fiber Asbestos Dust

Periond Amount of Total
Exposure to  in Norinal Ash, S of Si0s, %o of Total Si0z, Tiesue
Dust, Jlo. Air, Mo. Dricd Lung Dried Lung € ot Ash Reaction ®
Dust Exposure Cootinuous During Lile
{ 5.02 0.51 10.23
12 o 4.33 0.46 1018
5.16 0.54 1054 s
. 5.00 0.48 9.56
15 4] 4.96 0.43 £.00
4.95 0.53 10.60 bl
§ 5.8 0.53 .10
Ed 0 1643 0.90 1107 2+
§ 5.42 0.78 14.48
bl o 1530 038 14.20 3+
. =~ 4 3535 0.96 17.59
30 o {635 177 19046 -+
{606 073 12.37
3 0 1 6.3 0.6 FERT “
Dust Exposure Followed by Prolonged Residence in Notmal \ir
5.16 0.48 250
w0 | 11 0.3 336 24
o fenn . 0.62 10.21
=0 w ! 393 0.54 8.51 34
{457 0.5 $.31
20 14 5.18 ©.26 540
4.97 .22 . 400 2+

® The symbols sveraging the tissur reaction in rach group of guinea piges represent merely
the reintive decree of resction, raneing {rom = (questionuble) to 1+ (the maxinum inr this
experiment). The relationships epply only within this tuble snd cunnot le compured sith
symbhols in other tables,

monary infection. This suggests that pleurisy may be a specific concomitant of
asbestosis, but the evidence is not adequate to cstablish this point. The reaction
of the tracheobronchial lymph nodes was more pronounced than in the previous
experiment with King's floats asbestos, probably because more fine particles had
been transported to the nodes in animals inhaling short fiber asbestos. The nodal
reaction was essentially an increase in reticulum, rather than a fibrosis, with the
original cells being preserved between the thickened reticular fibers.

In the group removed to normal air after 20 months' inhalation of dust. progres-
sion of discase was not dchinitely demonstrated, but neither could it he 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 G), which revealed comparable amounts of ash and silica
in lungs with widely different amounts of tissue change. For example, the ash
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16 INDUSTRIAL HYGIENE AXND OCCUPATIONAL MEDICINE
and silica values were quite similar for three animals living in dust 20 months
and then in normal air for 14 months, yet the tissue reaction was severe in ene

animal. miid in another and only doubtiul in the third.

The formation of asbestosis bodies was at first extremely limited in both groups.
Aiter five months’ exposure only a very rare short body couid be found, usuaily
inside a ceil. Some of the finest intraceliular particles were surrounded by vellow
deposits having the same color as thie asbestosis bady. One vear's exposure had per-
mitted an accumulation of many Jonger fibers. a number oi which were coated and
scen as typical asbestosis bodies. Most of these were stiil short enough to be partiaily
or entirely within phagocytic cells. By the twentieth month and thereaiter they

TasLe 7.—-nalyses of Lunas of IV hite Rats That FHad Inhaled
Short Fibder Asbestos Dust

Amt. of ‘Total Amt. of Total
Duration  Ash. T SiQs, % Total Duration  A-h. 7% Sude, o b Total
of Expo- of Dried of Dricd S0, % of Expo- ol Dried of Dr:d Sitre,
sure, Mo. Lung Luag of Ash rure, Mo, Lupx Lung at A~h
3.9 0.m 0.0: 3.3 [ X1k 21
. 13 LKLT) (L1 [} S [N 1.3
29 [[KT}] (L1} « it 3.7 + . 0 11
[ g 3.6 0.m 0.0
33 LXTY] we - 3 )
3 b ey 33 o i
34 ow 00 8 35 0.15 En
3.5 0.05 21 14 017 4.0
° 3.6 0.1 33 3. 0.16 12
= 2.9 0.09 32
a2 005 1.3 [ 012 3.3
3.3 0.03 23 10 4 4.6 a.%5 aa
B } 3.6 0.11 3.0 3.3 0.13 3
34 0.07 22 Las 0.1 1z

® Normal controls (Do dust exposure).

Dusts for I'arious Pcriods (Lungs Ouly, 1Fithout Inchuded Lymph Nodes)

Dura. , - A
tit;n Short Gypsum. Short Gyp:um- short Gypsum-
of EX- Fiber Ferru- Quartz Fiber Ferru- Quartz Fiber Ferru- Quartz
vosure, Asbes- gipous  Mix.  Asbes. gioous - Mix-  Asbhes. ginous  Mix.
" Mo. tos  Quartz Chert  ture tos Quartz  Chert ture tos  Quartz Chert  ture
2 33 . 43 38 = 29 002 051 - 025 0.05 26 1.3 39 2.4
4 a4 43 89 38 0.09 0.31 0.32 0.07 2.5 1 3.8 20
é 3.5 7.1 29 34 0.05 2.5 3.45 o1 1.6 13 PR Y 33
8 38 4.6 2.0 3.6 0.15 144 210 0.32 3.9 21 6.5 2.1
10 4.9 .8 11 4.1 0.13 4.0 6.09 0.23 3.2 6.6 832 6.1

Amt. of Ash, < of Dried Lung ‘Total £i0z, T of Dried Luny Total 8iNs, S of Ash

Paor

B aanenansadd bl satalatatas aad 2 o ¢

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

Reaction in IV hite Rats.—Seventy-three white rats were exposed to atmospheric
short fiber asbestos dust for periads up to 32 months. During the first 10 months
animals were killed bimonthly and for the remainder of the experithent at less
frequent intervals, Up to eight months the dust cells were widely scattered and
existed in foci only sporadically. Reaction was limited to occasional slight thicken-
ing oi the septums about small accumulations of dust cells. At 10 months there
was a suggestion of carly fibrosis in a few rats, but the cha‘ngc 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 irom 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 bodics. The lesions.
visible only at a magnification of 130 diaincters or more, consisted of patches along
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alveolar ducts in which thie walls of the associated air spaces were very thick. owing
to swollen collagen framework. Connective tissue and Fuoot-Biclschowsky silver
preparations revealed complete loss of capillary bed locally. OQutside the collugen
was a thin layer of cpithelial cells. This did not resemble the “adenvmatoid”™ change
characteristic of guinca pig asbestosis. Near the lesions the air spaces were
filled with phagocytes containing gray to yellow particulate dust and a rare, long,
naked asbestos fiber. Careiul. scarch failed to reveal cven a sugpestion 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 rcticulum. In a few rats there was definite fihrosis along
the margins of the node, extending into the mediastinal arcolar tissue.

Results of chemical analyses made on the white rats are given in tahle 7, and
the average values have been recorded in table 8 for cuomparison with similar
values for rats inhaling other dusts. It will be noted that the values for asbestos
arc lower than those for quartz or chert hut 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 ane-balf that
of the gypsum-quartz mixture and was one-hith that of the ierruginous chert.
Since the values for ashestos are low, it might be inferred that the total quantity
of that dust actually inhaled was small or that it had been climinated from or
dissolved within the lungs. Evaluation of these possibilities is not feasible on the
basis of the observations derived irom this study.

Reaction in Cats—Twenty cats were used in this inhalation experiment with
the short fiber ashestos. Eightcen 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 aiter a dust exposure of 31 months:
one of these was killed five months, and the other 24 months, later. In general,
the tissue response was confined to microscopic foci of fibrosis, which were in the

( walls of groups of subpleural alveoli rather than in the peribronchiolar areas. In

: one animal the change was extensive enough to he visualized on gross inspection
of the section. Only in the animal with the longest exposure—34 months—did
the roentgenogram reveal definitely abnormal shadows. A roentgenogram made
N . after 30 months revealed no abnormality; after 45 months, a2 faint mnttling could
be detected throughout both lungs. At autopsy, nine months later, there was only
microscopic fibrosis in the subpleural zone plus heavy lymphocytic infiltration ahout
small bronchioles. Asbhestosis bodies were rare. On prolonged scarch a iew
yellow atypical bodies, smooth and without haustrations, were found in two animals
exposed for more than a year.

N 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 months before being killed. There was ncver
enough pulmonary fibrosis to be detected grossly, and there was no chronic adhesive
pleurisy. Microscopic evidence of alveolar wall thickening was first detected in oy X 5
one animal after about three yecars of exposure and was seen in all five animals
examined thereaiter, including the one removed to normal air. One animal that

I

3
died of paralysis after nearly four vears of exposure exhihited a reaction visible ‘i‘;.,;j,-?.,q" o ]
on gross inspection of tissuc sections. The possibility of pulmonary iniection in gt.’;‘gf_?’:_
this .animal could not be excluded. In another animal dving two years later the el ¢ e oy
focal fibrosis was not nearly as 'ob\'ious or as advanced. Arcas of invelvement, :\"_' ':}:ﬁ—‘ o h&
which were largely visualized hecause of phagocytic reaction within the air spaces, FENGA D “é‘%
tended microscopicallv to become more fibrous with the passage of time, but there .,"’:‘_??‘.3,9?@“' X %
was never much encroachment on the luinen of air spaces and the structure of the ’ a8 “"ﬁf D »'P"L
lung was preserved. Asbestosis bodies were not detected in rabbits that died :_.‘2:' RESRTNTEIN

early 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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Swimmary and Interpretation of Inhaletion Experiment wwith Short
Fiber Asbestos Dust.—The original purpose of the experiment was to
evaluate the role of short asbestos fibers in the zenesis 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 hasis ior
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 ashestos
fibers to produce fibrosis is determined primarily by factors not chemical
in nature.

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

BaLL-MitLep Aspestos Dust

In the inhalation experiment with short fiber asbestos dust a small
quantity of unground short fiber ashestos was 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
previous experiments concerning pnewmonoconiosis. Consequently
another inhalation experiment was started in which only hall-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
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
satisfactory. Therefore, after an .initial seven months of operation, steel wire
brushes were attached to the inside suriace 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 2! months of the experiment.

The composition of the raw asbestos used is shown in tables 2 and 3* Petro-
graphic and x-ray diffraction examination of atmospheric dust, collected in the
dust room with an clectrostatic precipitator aiter the installation of wire brushes.
indicated that about 13 per cent of the air-suspended smaterial was chrysotile, and
about 69 per cent, serpentine: of the balance, magnctite comprised 10 per cent.
brucite 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
the atmospheric dust was somewhat lower than 15 per cent, but rehiable valucs
were not ohtained.

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
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21 months was about 130 million.

Size-ircquency studies of atmospheric dust collected inside the animal cages

revealed that nearly 99 per cent of the components suspended in the air could be
classified as clumps or particles: only about 1 to 1.5 per cent was fibers. Oue third
to one half of the fibers were longer than 10 microns, indicating a concentratiun

of long fibers of about 0.8 million. This figure is about one-hali the estimated
value of 1.4 million for the short Rber experiment.

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

Reaction in Guinea Pigs~The cxperiment was started with 100 guinea pigs.
As the dust exposure proceeded, there were 39 accidental deaths, 32 oi these being
due to pncumonia 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 occasivnal
minute asbestosis body. At 16 and 20 months no gross response was visible on
the tissue section, but microscopically peribronchiolar foci of inflammatory cells

TaeLe 9.—Sununary of Inhalation Experiment with 100 per Cent Ball-Milled
Asbestos Dust

Maximum
Maxi- Survival
mum After

Dust Dust

Expo- Expo-
Nature of

sure, sure,
Exp:nment Anfinals 3lo. Mo, Results

Dust exporure con- &4 guipesn pigs 24 ] No apprecinble pulmonary reaction
tiovous through- {0 rats 20 [} No suprestion of oshestoss
out life 24 mice 12 0 No suggestiou of asbestosis

Dust exposure fol. 16 guines pigs 28 12 Fibrosis typical ol ashestosis was
lowed by pro- present !2 mio. after rxposure
longed residence ceased in an amouaot sutliciest to
in pormal air -

be visible grossly: smaller focl
-could be seen microscopncally at
2 mo. and & mo. alter terunoa-
tion of exposure

could be scen. At 24 months (fig. 6 4) there was still no change large enough to
be seen with a 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 oi 28
months and aiterward living in normal air for two months revealed the changes
described above and also very slight peribronchiolar fibrosis. For exposed animals
living eight months in normal air the findings were similar, but at 12 months three
of four animals showed grossly visible characteristic peribronchiolar fibrosis with
adenomatoid change (fig. 6 B). :

The tracheobronchial nodes were essentially normal until exposure had been
continued for more than a year and a half. Animals killed at 12 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 flled with vellow granules were present. At 30

months there had been a slight increase in reticulum but no fibrosis.
changes occurred in the nodes.

any of the guinca pigs.

No further
Asbestosis bodies were not scen in the nodes of

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 bodics were short and practically all were intracellular, although at
20 months some were long enough to project beyond the cell borders. It is
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installed, the dust counts were higher, and the over-all average for the remaining
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important to note that in the later months of expusure there was a distinet ircrease
in the number of long fibers. up to 7V microns in tengthe in the lungs with the
formation of characteristic long asbestosis bodies.

Chemical analyses (table 10) of the lunegs revealed that considerable dust had
been retained in the lungs. Aiter 24 months oi continuvus expusure the average

- -

A <y e
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Fig. 6.—Ball-milled asbestos inhalation experiment: ., lune of a guinea pig
with 24 months’ dust exposure. A bronchiole 1> shown at the center, with a slighe
accumulation of phagocytic cells but without the formation ot collagen (X 200).

. B, lung of a guinca pig with 28 months’ dust exposure and then 12 months’
inhalation oi normal air. The reaction is much like that shown in A, but there is
a slight deposition of collagen, most apparent at the ieft (X 200).

value for tutal silica, per cent of ash, was 23.37. This should be contrasted with
the average value of 14.34 (table 6) for animals exposed 24 months 1o the short
fiber asbestos dust.

i

S AT SRR sty #, DUNY

F® 10 0 65 Prari PEPe P2 - guv § 8 >y

B . -
Ll A el d

are 8P PO da s sl B pls AT

sl e

.
Pheti i

.

1 40eep & QR e AR O § ' roy 8 1um Ny % 1 s PO b | e 1 T AN

*AFMALY .~



N G g e SRS T e o é“‘ff'm‘#" FopRte
R P e e s P e e ST
( VORIVALD ET AL~STUDIES OF ASBESTOS!S 21

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 ribers.

Reaction in iVhite 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 cells which remained
frce in air spaces or were transported to the tracheobronchial lymph nodes. No
asbestosis budies were found in the rats, but in the mice there were a very few
small, nonhaustrated forms within phagocytes.

TaBLe 10.—Aunalyses of Lungs of Guinca Piags Exposed to Dust in [nhalation
. Experiment wwith 100 per Cent Ball-Milled - sbestos Dust

Pertod Amt. of Total
Exposure to  {o Normal Ash, %o 0f 8i0z, ¢ of Totul 8i0s, Tlecue
Dust, Mo. Air, Mo. Dried Lung Dricd Lung ool Ash Reaction *
Dust Exposure Continuous During Life
| 4.85 0.21 428
1 0 1.0 0.50 7.05
1.3 0.24 5.60 0
j 4.66 0.23 4.90
2 1] 1.0 0.54 7.0 X
| 5.8 v.61 1201 0 . MY
[ 5.60 0.50 12.47 ” X
s 0 {507 0.32 6.35 iR :
(5.5 0.2 0 e Xy
- .10 0.23 ss N‘cﬁt.‘_ RO
. : 5 0 { .j.gg g.:'x'g ’?{;‘W‘*. LT 2‘-‘3;5
. - | 3.02 R - ?i*_. o 2 -}\A.’M‘.b:
. 8 /] 4.33 0.52 [} :“ s e :n:.‘ o
: § 5.65 125 P an T hy 2 :
12 0 L6 15 0 ?2"@'%‘.‘,@.
1 ° y 5.0 1.02 _2.-‘:; =&
. 6 { 3.01 .1 ponsd 'ﬁ: _&;\. 3 T4
o0 o § 5.65 1.28 LRSS
= {530 1.25 = “5‘.“ I,
o 0 {620 1.5 SFE AT e
2 5.3 121 E :,Yg 5 oEy
Dust Exposure Followed by Prolonged Residence in Normal Air _.-r."‘-f,‘;" ok >
ag 2 1735 1.57 2163 ‘@?‘.' R = s
2 I 239 2581 + ..;:"-':;,m” : 2N ‘?
. og g § 3523 0.63 12.0 4,1’5\45_5 « <
155 0.57 14.35 + "ﬁ"'f‘}:‘*’é' TRy, LS
o o ) 635 0.84 13.05 RO 2 T o AN
2 12 1517 0.6 2.4 24 %‘ o
. ."‘(’-:f":?-s'-ﬁlg{"-- SR
* The symbols averaring the tissue reaction in eacl group reprecent merely the relative Qs‘:,’;‘:“,\ Gy
degree ol reaction, ranginy from 0 to == (questionab'e) o 2+ (the maximum observed in this ) oy bt H s
experiment). The relatiooships apply only within this toble and canpot be compared with ‘q,. 1l
sybols in other tables. . &

.
y %m
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Sununary and Interpretation of Inhalation Experiment with 100 per
Cent Ball-)illed Asbestos Dust—The tissue reaction observed in this
experiment was not as intense as that in the previous investigation with
short fiber ashestos. The reaction was slower in development and less
extensive even though more dust accumulated in the lungs. Since there
were fewer fibers longer than 3 microns in the material used in this
experiment, the results tend to confirm the interpretation made in the
summary of the previous short fiber experiment that the rcaction is naqt
primarily chemical in nature, and to support the impression that reduc-
tion in size of ashestos fibers does not increase the biologic activity of
asbestos inhaled into the lung. )
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AT H The finding of long asbestosis Lodies in animals that had inhaled the

&g%v =£ i ball-milled material is an example of the ditficuity of completely eliminat-
ISR i ing long fibers from a large volume of asbestos as required for an .
\‘;Cé-% (11 I inhalation experiment.
“‘e_""‘.;‘::;: ol In regard to the progression of the tissue reaction aiter the animals :
SISy 1 L PEs RS . : . i
Rt ‘i had been removed from the dust. ubserved in this experiment but not in N
-.1‘ ‘2 the others, the following interpretation is otfered: \When the reaction is :

| A well developed at the termination of exposure, the contraction of the

i : fibrous tissue obscures any progression that may have occurred; in this

p experimment, however, since the reaction observed was less mature, its

i

subsequent progress was more readily apparent.

Loxc FioEr Aspestos Dust

Since inhalation of short fiber and of 100 per cent hall-milled ashestos
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 ctiology 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 ashestos used in the fArst inhalation experiment had a rather low
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content of fibrous chrysotile and contained considerable serpentine and
other impurities. Therciore. it was decided to conduct a new inhalation :
experiment with a purer form of chrysotile which would be richer in long
fibers.
. Composition and Atmuspheric Concentration of the Dast.—The dusting material '
. employed in this investigation was obtained from an asbestos fabricating plant.
i I Samples of several varicties of long fiber asbestos dust were ficst submitted to the :
7 Saranac Laboratory for examination, and one of these, which was low in magnetite . |
ikt and chromite and had a fibrous content estimated to be about 73 per cent, was i S
Z 4 -1 selected as most suitable. Steel wire brushes. fastened to the inside surface of ! Z
Y < 1 ,“; the hopper and to the rotating paddle as in the preceding inhalation experiment, K.
_ ;é’ ; were used to open up the bundles oi asbestos and liberate more nbers into the ] ;
=53 g .‘,( ) atmosphere. -:s
e I ?]' The composition oi the long fiber ashestos used is indicated by the chemical E
LTSS 31 and petrographic analyses given in tables 2 and 3. Analysis of air-suspended !
"--qi." < material from the dust room disclosed. that about 60 per cent of the long fiber dust g
FEAS -.«'5?1” f was chrysotile and about 20 per cent serpentine; as already noted. the composition $ $
@0. ST < of a similar air-foated sample. of ball-milled, short fiber dust was 13 per cent §
;,vt‘_..’u ¥ “f chrysotile and 60 per cent serpentine. ‘5‘
‘ _' Z 5 93] The dust concentration as revealed by impinger samples taken inside the animal 1 i
ﬁ"’ :i cages \\'as. much lower than the conccmra.non for thF expcrn.ncms wu_h short fiber ‘ s
ATl K or hall-nnllcd.dusl. ] For the first year of the experiment with long fiber asbestos
DTS !” the average of the light ficld counts was 32 million particles per cubic foot of air; ﬁ
Pt 3‘ > .'QN for the second year, 43 million: for the third year, 39 million, and for the fourth ; [
— ﬂ =g )_i‘; : year, 43 million.  H
fa’: 3 74 E:l~ The Silc'f"-‘ql"-jnc.\' of atrnosphcric.samplcs of the lung fiber asbestos dust ;
« !i‘ arfd of the ball-m:ll.cd (lusl' is shown in table 11. Both samples were coliccted b
: with the electrostatic precipitator. It will be noted that there was far more ]
fibrous material in the long fiber dust. (
. Guinca pigs. cats, rats and mice were employed in this inhalation experiment. S
The results, summarized in table 12, are described in greater detail below. é

f\;‘rf‘x‘r-"' Lt M L addereagnsnrtoncion )
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Rceaction in Guinca Pigs—The experiment was started with 100 guinca pigs.
After exposurc had been carried on for a year, a severe epidemic oi pneumonia
arose in the dust room and about one third of the animals died or were killed. To
replace them. 38 more guinea pigs were added to the surviving group. Histological
examination revealed lesions in the lungs aiter eight months of dust exposure.
consisting of cellular connective tissue about the terminal bronchioles (fig. 7.1). At
12 months there were adenomatoid changes in the adjacent parenchymal areas,
and by the sixtcenth month (fig. 7 B) definite fibrosis was present in these arcas
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

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

Gralns, 5o Fibers, %

<3 3.10 S0 <10 >10  Clumps,
'T'ype of Asbestos Microns Jlicrons Microns Microns Microns A Total
Long Ober.ccccnaensss. 634 1.1 0.0 258 8.9 1.0 10
Ball-milled ...ceveennen 90.6 4.8 0.0 08 0.6 a2 100

TasLe 12.—Summary of Inhalation Experiment wwitlh Long Fiber Asbestos Dust

Maximum
Max!- Survival
mum After
Dust Dust
Expo- Expo-
Nature of sure, sure,
Experitnent " Apimals Ao. Mo. - Results

Dust exposure con- 117 guinea pigs [} Definite fibrosis in 146 mo.
tinuous through- 4 cats [} Siowly developing Hurosis first seed
out life at 2§ mo.
20 rats 25 0 Marked peribroncbiolar fibrosis firet
scep at 2§ mo. .
20 mice (1] Limited resction: no fihrosis

23
Dust exposure fol. 12 guinea pigs 30 14 Clearing of inflammatory reuction
lowed by pro- and definite contraction of nhrous -
longed residenee tissue
in normal air 9 guinea pigs 2 9 C'earing of inflammatory reaction
and slight contraction of fihrous
tissue
2 cats 18 24 Similar to continuous exposire
group: suegestion of progression
in one of the two animsls

[X)
[r%-4

considerably into the parenchyma (fig. S.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
the intrapulmonary reaction sometimes reached ‘the pleura, there was no involve-
ment of that membrane. Emphysema was not detected at'any point. Some thicken-
ing of the larger bronchi with a chronic inflammatory infiltration was revealed.
but it was considered no more than would be produced by a similar period of
tnhalation 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 jocal 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
dust room for more than 20 months. Fourteen months aifter dust cxposurc ceased,
the foci in four of the six remaining guinca pigs were so small that they were
visible only with a hand lens (fig. 8 B).
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24 INDUSTRILIL HYGIENE AND OCCUP.ATION.L MEDICINE

In the group exposed for 27 months and then transierred to a nurmial atmosphere
the response was quite similar to that in the 20 month exposure acimals mentioned
above. Small foci were always visible on grass inspection of sections of all
guinca pigs of the 27 month serics, but in no instance was there evidence of the

reaction.
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Fig. 7—~Long fiber asbestos inhalation experiment: ., lung of 3 guinea pig
with cight months’ dust exposure. The bronchiole at the center already shows an
accunuulation of phagocytic cells, and there is a slight deposition of collagen. Com-
pare with figure 6.4, showing the reaction to ball-milled ashestos after 24 months
(X 200). .

B, lung of a gt_xinca pig with 16 months’ dust cxposurc. Again note a bronchiole
with its surrounding reaction, consisting of fibrosis and adenomatoid change. Col-

lagen deposition is now seen in the walls of adjacent alveoli, at the right (X 200).

In the tracheobronchial lymph nodes reaction was first visible at the third
month of exposure. By the eighth month patches of cellular conncctive tissue
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. VORWALD ET AL~—~STUDIES OF 4{SBESTOSIS 23 ki

( hegan to appear in the miedulla. and by the fourteenth month most uf the nade ’.::"-
had been replaced by cellular connective tissue. This picture, which resembled I

that in carly silicosis, persistcd to the end of the experiment. Some animals showed.

as a variant, hcavy sheets of diffusely distributed monacytes and large active giant R
cells, but there was never any necrosis or hyaline formation. The spindle-shaped B
-3
=
T2
yo:
-
.'._ \

RS

%
. Fig. 8—Long fiber ashestos inhalation experiment: A, lung of a guinca pig
with 34 months dust exposure. A bronchiole is seen at the lower center: the
Compare with -~

large area above it represents the involvement of alveolar walls.
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. Tlhe reaction is essentially like that shown in figure 7 B:
The Lronchiole at the right center is surrounded by fibrous tissue with adenomittoid
change at the right. There is residual scarring in the walls of adjacent 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 scen.
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z 1 . . 3 - '
H Although asbestosis bodics were found in the lung as ecarly as wune month
‘ aiter exposure began, they were rarc and hard to find. At five manths more
' were visible, chicfly coiled inside giant cells. and at cight months many bodies .
5 b4 - 5 s
il ‘ , :
A ! TaBLE 13 —.Analvscs of Lunas of Guinea Pins Exposcd to Dust in Inhalation :
4pE - o Lxperiment with Long Fider Asiestos Dust X
o "B
;A T Period Amt. ot Totsl i
X * & Exposureto in Normal Ash, <o ot S10:. v 0! Total SIO:, Tiszue -
v Y i ‘{I Dust, Mo. Air, Mo. Dried Luag Dried Lusg o0l Ash Reoction * K.
) Y Dust Exposure Continuous Dunng Lile M
il i e 0. 1.10 b
) I H 1 0 - .33 0. 21t i N
M ¥ 437 0.04 043 [ 1 H
it 1 145 0.05 3 i B
1 B 2 0 4435 0.0 115 1 5
il B 133 0.0% 146 = + H
i 4.33 0.05 1.20 g
Ay - 1! 3 [ 153 005 143 i
i - .51 0.5 Lis > ib
>4 3N T f s 003 L33 ‘H
4 - 5 0 13 0.1 167 i
5 Ni 5.03 o %y - .
S H - S fa:2 0.10 21 :
. 8 [/} 492 [ X7] 10 .
" 1 .31 0.07 153 - i
a5 :!q 4.7 0.2 5.20 H
s > B 1 0 ls.ué 0.29 10 -
) -3 L 516 0.31 5. - 3
o B 2. 0.1 I8 i
i 16 0 2.1 0.3 12,55 R H:
i 318 031 10.91 24 |
# 354 0.4 1222 :
1y - a0 ° 2.0 0.4 13.64 .
7 . k . - 353 0.52 1450 24 ;
= PV § 32 033 1018 i
3 of (E 2 0 } 332 0= 5.2 3+ ;
i 3.40 0.2 1151 '
'r v 2 0 2 33 0.9 113 1+ i
£ ) i1 2.5 0z 105 H
) 3.0 0.31 - H
*35 -:'F 3 ¢ 5‘,‘5’3 0.24 6.10 i+ I
'\ - s - v
3 5 0.30 . &m i
1t 5 1} 34 0 { G0 0.5 PENTINE i+
% 4y - . {10 037 211
4 i 36 0 L2 035 1250 “+
e 5 1 " Dust F.xposure Followed by Prolonged Retidence in Normal Air
g - 3.3t 0.4 1222
< ¥ 360 0.19 '
;r‘ N » o 153 0.52 11.59 24
3 292 0.21 7.2
S0 393 :;”4 20 4 fe,sl 0.27 9.50 2+
> b 118 0.2 575
B Nnd 20 b ‘“.so 022 5.07 24
o B . 3.01 om 419 3
&7 1 % u x .04 0.13 353 + E
oy i . { 3.40 0.39 11351 H
7 i.j i ° 1334 043 13135° 3+ by
Fa 2 3 "3.56 0.1 5.50 $
‘Ez‘?a 1 u 251 013 6% 24 3iH
3 o2 B 319 0.23 1.9 H
> fF a T ; 318 023 B3 24 ]
;
X 30 0.2 8.96 i
s 3’? = 9 1235 0.2 831 - 24 i
: i i
3 ‘ﬁ" {{ . * The symbols averacing the tiesue reaction in each rroup teprecent merely the relative -: ‘
Y E{JZ G St degree of teoction, ranging from O to == (questionably) tn 4+ (the maximum for this expen. s
‘.} J N ment). The relntionships apply only within this table and cannot he compared with syrmbola l :
: - ;I o in othrr tables. + B
- [ . E
3 i . . . . .
l{% were free in connective tissue. They became fairly abundant as exposure con- h
5 e ]' i tinued. a]th'ough in some later animals the asbestosis bodies were only moderately ' :
T ;M . numerous. B H
u'l It is important to note from analyses of the lungs (table 13) that even though by
1B the tissue response at any given period of time was much greater in the guinea 3
i .
i
H
H
0 i
b -
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pigs of this experiment than in those exposed to either short fiber or ball-milled
asbestos, the amount of mineral matter in the lung ash was much less.

Reaction in Cats—Four cats inhaled the long fiber asbestos dust for periods of
14, 23, 33 and 42 months, respectively, and were immediately killed. Two other
cats, aiter being exposed to dust for 18 months, lived in a normal atmosphere for
an additional 24 months. Fourteen months’ exposure was sutficient to produce
cellular accumulations of phagocytes around terminal bronchioles and peripheral
arterioles together with compact collections oi similar cells in the tracheobronchial
lymph 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 oi 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

J d
Ve o ‘V
N Eaeas

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

an occasional fiber, smooth, yellow and pointed. Pleurisy was not present. The
reaction was similar in location to that in the guinea pigs, but fibrosis was much
slower in development. Roentgenograms of cats made after exposure periods of
25, 33 and 42 months, respectively, failed to demonstrate evidence of puimonary
lesions. .

Reaction in Rots—Although 20 rats were placed in the dust room, many died
from pneumonia and were not suitable for study. Five animals, of which one was
exposed for 19 months and four for 23 months, were free from pulmonary infection
and offered a basis for tentative conclusions. In the 19 month animal, the reaction
was just beginning. All four animals killed at 25 months showed a well marked
peribronchiolar fibrosis. After a long scarch, only two small, smooth asbestosis
bodies were found in the 19 month animal and none was found in the 23 month
animal. Thus these animals exhibited fibrosis without asbestosis bodies or fibrosis
accompanied by only a very infrequent asbestosis body.
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28 I.\'D-L-'STRIAL HYGIENE AND OCCUPATION.AL MEDICINE

Reaction in Mice~Out of 20 white mice used in this experiment, ! 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 phaco-
cytosis by mononuclear cells. Usually these were widely scattered throuch the air
spaces; a limited number were grouped about the terminal bronchioles, producing
some thickening of their walls. There was no suggestion of fbrosis.

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 Inhalution Experiment twoith Long
Fiber slsbestos 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 chietly responsible for ashestosis. Thus.,
the reaction in guinea pigs developed earlier and hecame more extensive
in this experiment than in previous experiments in spite of a smaller
concentration of atmospheric dust and a lower mincral content of the
lungs. Furthermore, typical peribronchiolar fibrosis was produced in
cats. although in a previous experiment with short fiber dust peribron-
chiolar fibrosis did not develop in this species.

The cause of the cellular fibrosis in the lymph nodes of the guineca
pigs is not clear. It did not occur in other inhalation experiments with
asbestos. )

INJECTION EXPERIMENTS

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

ExperiMexTs Usixc IxtraTRacHEAL TECHNIC

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

Comparison of Fibrous and Nonfibrous Dusts.—To demonstrate that
the ability of asbestos to produce fibrosis resides in its fibrous character,
the series of injection experiments reported in table 14 were performed.
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Tase 14.—Comparison of Reactions to Chrysotilc and Scrpentine Injected
Iutratrachcally

Dosare: Yach animal wns given an intratracheal injretion of 0.5 ¢c. 0f a 3 per cent suspension
of the dust. Two weeks later another similar injection was given, 7Total awmount of dust
injected was 5 mg.

Animals used: Six groups of 9 guinea pigs cach (une group for cach type of dust).

Periods at which animals were killed: One or two animals in each group st 1, 2, 6, 5% aond 12
months after last igjection,
Preparation of dust: Chrysotile (hall milled) ughcated: Ball milled for 1,176 hr,, dried and
reground in bgate mortar.
Uhrysotile (ball milledd) ignited: DBall milled chrysotile heated for 2 hr, at about 00 C., then
ground in agate mortar 2 or 3 unu.

Chrysotile (fibrous) unheated: Ground in arate mortar to pass 20 1nesh.
Chrysotile (librous) ignited: 200-mesh matcerial heated for 2 hr. st about 700 C. No further
grioding.
Serpentine (Lall milled) unheated: Dall milled tor 1.4SS hr,, dried and reground in awate mortar,
Serpentine (Lrall nilled) ignited: Ball milled serpentine heated for 2 hr. at about 700 C,, then
gtound in ugate tnortar 2 or 3 mia. .

: Size of
Mineral Dust Particles Results

Chrysotile 3 microns and  Grinding destroyed capacity to csuse fibrosis, At 1 mo.
(ball milled) less copsicrable infiummutory edema and ccllular prolifera-
uphvated tion and localization of dust particles about bronchi-
' oles: et 2 no,, only & very slight proliferative reaction:
at 6, &% and 12 mo., widely scattered small roononuclear
pharocytes. At 12 mo., A few jnicroscopic patchvs of
thin alveolsr wall thickening with some adcnomatoid
change in portion of air spaces abutting on thickened

bronchi. No asbestosis bodies seen.

Chrssotile 3 microns and Reaction limited to large foreign body giant cells without
(ball milled) less production of fbrous tissue.
ixpited

Chysotile 20-30 mnicrons A distinet fibrosis. Rcaction loealized to connective tissue

(fibroux) approx. = about terminal bronchioles: little withis those tubes.

usheated Contraction caused sadenomatoid sppearance ol air
spaces given off directly {rom terminal bronchioles.
Reaction ares became sinaller with progress of time: po
pew regions involved. No chronic pleurisy even at poiots
abutting intrapulmonary change. .\t 1 mo, considerable
inflammatory cdemn anid foei of cellular proliferation;
a8t 2 mo. well marked ceilular proliferation and fibrosis
occurring focally about respiratory bronchioles, This
reaction developed Lelore asbestosis bodics had formed
and was as advanced as that produced by 2 yr. inhala-
tion of asbestos dust. At 6 mo., reaction Jess extensive
than at 2 mo., apparently due to contraction ol fibrous
tissue; ashestosis bodies were abundant. At &% mo.,
rcaction still less cxtensive, confined to tbe Immedinte
vicinity of the smail terminal bronchioles, where the scar
tissue was quite dense and was becoming byaline in char-
scter. Sometimes it even obliterated the bronchiole.
Ashestosis Lodies had become scarce. At 12 mo., the
well developed peribronchial and intrabronchial adeno-
matoid areas of fibrotis had produced considerable dis-
tortion. More peripherally were patches of pneumnonitis
with eosinophilie inflitration, some of which was being
traosformed into flhrous tiesue, These seemed to be pre.
cursors of the localized, diffuse pateches of thin alveolar
wall fibrosis scen elsewhere.

Chrysotlle 20-50 microns Reaction limited to large foreiyn hody giant cells without
(fbrous) approx. protiferation. Heating the hbers, which made them
Ignited brittle, destroyed their capacity to produce significant

reaction.

Serpentine 3 microps and Dust relatively inactive. At 1 and 2'mo., simple phago-

(ball milled) less ertosis without proliferation: ot ¢ mo., no change

unheated except possibly lymphoid cell infAltration; at bz wo., a8
slicht chropic pneumonitis: at 12 mo., ooly a little
pacumonitis witbout suggestion of fAbrosis.

Serpeatine 3 microns and Dust relatively ipactive. Reaction essentially the saine as

(ball milled) less for unheuted serpentine. YWith ignited scrpentine, less

{gnited tenrdency for dust to be carried to bronchial podes.
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— s O

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

B, lung of a guinea pig which four months beiore had received an intratracheal
injection of ball-milled asbestos dust. A bronchiole is shown at the right. In
contrast with .4, note that only a few cells have accumulated about the bronchiole
and that collagen deposition is absent (X 200).
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( - The tests were made with long fiber chrysotile, unheated, and with
’ chrysotile that had been ignited to destroy its flexible structure or ball
milled to reduce the length of fiber to 3 microns and less. At the same

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

chemical composition as chrysotile hut 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 tissue damage. Ignition produced important changes

in the chrysotile fibers, among them being loss of water, an alteration

from a flexible to a brittle structure and possibly other changes. Experi-

Fig. 11-—Serpentine injection experiment: Lung of a Guinca pig that had
. received an intratracheal injection of this dust four months beiore. A bronchiole
is shown at the leit center. The phagocytic cells exhibit little predilection for

the bronchiole and collagen deposition is absent (X 200).

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

Comparison of Various Long Fiber Dusts.—Some very interesting
findings are disclosed by the results of the experiments recorded in table
15. First, all the long fiber asbestos minerals tested, with the exception
of anthophyllite, produced typical fibrosis. The characteristic peri-
bronchiolar reaction caused by three representative long fiber asbestos
minerals—chrysotile, amosite and crocidolite—is shown in figures 10 4
and 12. \Why anthophyllite behaved differently irom 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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Taste 15.—Comparison of Reactions to I'urious Lony Fiber Dusts Injocted

Intratracheally

!{* X
o,

Nt )

¥

Dosage: ‘I'wo Injections of 0.3 ce.

dose was 30 mg.

(Arizona: low
iron content:
0.27¢ Fezta)

Amosite

Crocidolits
(Bolivia}

Crocidolite
(S. Africa)

Anthophryllite

Tremolite

Brucite

Glase woal

Reaction virtualiy Glentival with that to Thetfnrd ehrysotite. Both fibroeis
god asbestosis Lodies productd WIth an slestos cuntaming very little
fron. Fibrosiv oceurred as plugs within teeniinst Lronchivies and ns finer
deposits at gwriphers, Fibrosis develojed belore asbestosis baveties were
seed aBd was in cvllular <tiate well fofbied ot one wontls. \Vith ace,
fibrous tissue contracted and vecugned sutalivr nrea but wae more dense,
Adesiomatont changex sinntat to thase with ‘Fhetford ehrysotile,  leuricy
limited to mamnwliste vicnity of eotly feaction nhout arvas of massive
localizntion.  \sbestosis Lodies formed but wers 1ew. At 1 mo. atter
injection, minute foci of nmononuciear proliferation abuut hrnachioles and
fn arcos of atelectaxis: at 13 mo., heavy perthronchiolat fatches of
fibroair often with papiliare projeetivns  pattiatly closing Inmen ot
bronchiole; adenowatnid appearance marked: connreetive tissue reaction
showed tieavy collagen but no hvalitizution: at 2 wo., minuie 1ue1 ot
well rpatured fihross abinut bronchioles: nt 6 mo., mMAture asbestoss
fibrosiz with evilenes at enntraction: consulerable chronie pacutanitis
with infilteation ol lypphoeyies amt cosinoplals. At 9 mo., small Inteas
bronehiolur fibrous pluks with Joci of more delicate Hdrosis at periphery.

Trpical fhrous endohronchinlitis and penibronchiohtie with formation of
atypical nstestovs bodu=,  Hausteation ot hodies began betore 4th mo.
after injection, well develnpwd by sth mo. Bodice pepsist alter 12th me.
Reaetion at 1 mo. heavy endobranchiolitis nnd peribeonchiohitic alreads
showing fibfous chanves: ateleetnsis and dbross with some neer
site of massive lucatizatinn of shuet. At { mo., heavy, wulely
eniiohronepiohtic aml pertbronchiolitte, now Nhrous, with marked detor
mity of hronchinles ansl with an adenomutoid appenrance. At s aml 1042
™MO., reartinn in fung rssppaalls the same ne ot 1 Mo, At 12 mo., turi of
fHhroue enslohironchiolitis and pecthronchiolitic stll large, with wmore dense
sear tisstte and wuare detornuty of hronctiul tubes but 0o eXtension nty,
or atelectusis of, peripheral pareachyma.

Advanced fihrour enslobronchiolitis and peribronchinlitie.  Nealed ashes.
tosis bories rotedd at < mo. At 1 mo,, early tihrons endobronchiolitis and
peribroachinlitis: many giant celis amt same lymphocytie reaction. At 4
mo., small arcas of emlabronchiolitic seattered throucheut the lung:
cellnlar fibrosis. At & amd 12 mo., arcas of bronchinltic ~innller becauve
of contraction of dense sear tissue: at 12 mo., marked lymphocytic infll-
tration nnd adenowmatoill appentrance.

Tspical advanem! fibrous endohronchiolitic and peribronchinlitis produced
by 0.57- suspension (1 ce. total dose): moset animils woull nnt tolerate
usnal 5% suspension.  Fibrocis well developed hefore ashe<tosis bodics
seen, At § mo., weli developul fibrous hronchiolitis with lymphoecvies and
giant colls and adenomnatoid chanes, At 3 mo., typiesl bronchiolitis not
quite as extensive or as heavily Abrou* as with a 3¢, suspension, other-
wice the same. Muny deeply stained fbwez with 3 enod praportion of
houstrated ashestocis hodics. At 12 mo., heavy fibroue hronchiolitis,
more peribronchiolitizs and endobronehiolitis, with lymphoeytes and giant
cells: very marked cdenomatoid appearnace.

Lymphoeytie infiltration and giant cellk hut no fihracis. A very few atypical
ashestacic bodies. At 1 mo.. miany scattered fori of intrabronchiolnr dust
without macsive localization: lymphorytic Inflitration of walle and a few
giant celle. At 8 and 12 mo., little evidlence of dust; a8 few hronchiolrs
and bronch! with giant cells in adjacent alvcoli and with lymphocertic
intlitration of walls.

Fibrosis ahout bronchioles. At 1 mo., areas of dust toealizntion with col-
lapse of alveoli and iptlitration with acute intammatory cclis. macro.
phages and giant cella, tWithin the nrea were a few {oci of Abrous tizsue
and numernous arens of hypertrophy of alveolur epithelium. Many bron-
chioles packeil with flhers, At 4 mo.,, general apprarance of lesion
unchanged: pleura-slightly thickened over heavy Incalizations af Jdust. An
occasional segmented achestosis hody teen. At < mo., many forl of Bhers
in hronchioles and alvenlar dnetg with cellnlar reaction as hefore: alsa,
soine {0ci chowal distinet collacen deposition. At I2 and 1S mo., reaction
as hefore with fibrosie ahnut hroachioles more anparent hecnuce of con.
troction and ideerense of intlonmmation. Giant cells prominent. Pleura
markedly Involved. -

Typical fiheous ecnilohronchinlitis and neribronchinlitic like reaction to
pshestng minernis. At 1 mo,, extensive endobronchiolitic and peribron-
chiolitis with eiant eells: dence fibrous lonps within bronehioles nnd eeltu.
lar fihrosie phout thein: adenomatoid ehange present, At 2 mo., heavy
intrahronchiolar aned peeibronchiotar tibrncis produecing marked defornnty
with alistortion of tuhes and abtiteration of surroumbing air spaecee;
fibrosic pate withotit hyatinization but with few nuelei: no necrosiv, ‘Pypi.
cal azhestocls badics seen, At 4 atul S 1na,, little chianee: fihrous tissue
econtroetine. At 10% mo., dense fihrous hrouchiolitic with asbestosis
bodies, No pleurisy, No extension to surrounding jung.

No fihrosie within a year. At 1 mo., no reartion Inside hronchloles: in
peripheral air spaced elnmpe af ginnt cellz packel with fne spicuies of
glass with Iymphocvtie infltration of ndjacent walls: no ashectosis hodles,
At 2 mo., reaction lesa intense than at 1 no.: {aic-sized clumps ot elon-
gated rinnt phapoevtee containing epirulee and particlee of glnes: no
endolronchitic. At ¢ nnd 8 o, reactinn stidl odiminishing, At 12 mo.,
laenl areas of racumanitic with no fihensic or endohronchitis: wmoilerate
number of smooth iron-staining fihers,

of & 5 per ceot suspension iven two werks spart. Total

\d_-'m . 3

: Animals used: From G to 9 guinea pigs lor coch dust. ’
} P.enods at Whlch.auinluls were Killst: Usually at 1, 3, 5 und 12 munthe attee st anection. :.
i Size of dust particles: Separated so that inost filers were 10018 20 to W Uncrons nng. ° ;
(¥ ’y
;f Mineral Results .
= Chrysotile Distinct fihrosie. \ditionsl information xiven npposite chrysohile (fhrous) b
:),‘ ) {Thetford) unheated, in table 14. vee 7 ) M
4 Chryotile v
H
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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
developuent of ashestosis.
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Fig. 12—~Amosite and crocidolite injection experiments: A4, lung of a guinea
pig four months after an intratracheal injection of amosite. The inflammatory ~ .
reaction exhibits pronounced accumulation of cells and collagen deposition (X 200).

B, lung of a guinea pig four months aiter an intratracheal injection of crocido-
lite. As in .4, peribrouchiolar accumulation of cclls 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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3+ INDUSTRIAL HYGIENE .AND OCCUP.TION.AL MEDICINE

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 dearee of flexibility. It
would seem that this structure and the associated flexibility are ymportant
factors governing the capacity of a mineral to produce peribronchiolar

Fig. 13.—Brucite and glass wool injection experiments: A, lung of a guinea
pig which four months before had received an intratracheal injection of brucite,
Even with this nonsiiiceous fibrous mineral there ts peribronchiolar accumulation
of cells and deposition of collagen similar to that shown in A and B of figure 12
(x 200).

B, lung of a guinea pig which four months before had received an intratracheal
injection of glass wool. Two bronchioles are shown, one in cross section and the
other in longitudinal section. Below the latter is a thick-walled blood vessel. The
bronchioles are without reaction and can be considered normal for comparison with

other figures. Glass wool nbers are present in this field but cannot be seen at
this magnifcation (X 2C0).
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fibrosis. Experimental studies concerning this observation will be
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reported in a separate publication.

TaBLe 16.—~Comparison of Reactions Produced by Long Fiber ard Short Fiber
Dusts Injected Intratracheally
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Dosage: Two injections of 0.5 ec. of a 5 per cent suspegsion given two Weeks apart. Total
dose wns 30 mg.

Animals used: Six groups of guinea pigs.

Periods at which animals were killed:

Aiperal

Chrysotile
(Thetford)

Amosite

Crocidolite
(Bolivla)

Anthopbyllite

Tremolite

Brucite

Slze of
Dust Particles

Loog fiber,
20-50 microns
Short rber,
3 microos
and less
Loog tber,
20-50 microas
Short nber,
20 microns
and less

Lone fiber,
20-5u microns
Short fiber,
N microns
and less ~

Loor fiber,
20-30 microns
Short tiber,
3 microns
and Jess

Long fiker,
20-50 microns
Short fiber,
20 microns
and less

Loog fider,
20-5) microns

Short fiher
(made by
etushine long
fibers with
rubber police-
man}

1, 2, 6, §%2 pnd 312 months after Injection.

Results

A distinet fibrosis. Reler to cbrysotile (8brous) un.
_beated in table .

No fibrosis. lefer to chrysotile (ball milled) unheated
in table 14.

Trpical Odbrous epdobronehiolitis and peribronochiolitls.
Refer to table 15,

Reaction linited to phagocytosls with Iymphocertic 1afl.
tration of adjacent walls. Short fibers packed inside
swollen phagocytes: loncer opes free: some coated to
form typical asbesrosis bodies, At 1 mo. after 13jec.
tion, aiveolli contained good-sized giadt cells: most
phagocstes were within air spaces and had Dot
migrated to walls. At 4 mo., free extraceliular fibers
had worked themselves into interstitial tissue, where
there was cxteasive proliferation of Ismphoid cells and
monocstes but no rbrosis. At 8 mo. foreird body
reaction with some pneumonitis, 2o broachiolitis.
Trpical asbestosis bodies present.

Advanced fibrous endobronchiolitis and peribroachlo-
litis. Refer to table 13.

No fibrosis, At 1 mo. air spaces compressed and
larpely filled with piant cclls packed with dust necdles.
Wals heavily infiltrated with mopocytes and Iympb-
oid cells. At { mo., a8 moderate degree ot celiular
infiltration of walls: smal giant cells packed with
dust spicules. At 6 apd 814 mo., masses of giant cells,
coptaining mineral particles, in small brozcni but not
in respiratory hroochioles: smaller opes widely scat-
tered 1n terminal mir spaces. Numerous asbestoxs
bodies. No reaction in comnective tissue. No endo-
bronchial proliteration. At 12 mo., napy srattered
‘emall monocstes packed with dust. XNo emilohron-
chitis. No peripheral fibrosis, In Iymph node, slight
reticulosis: no dbrosis.

Lymphoeytic infiltration and giant cells but no definite
dbrosis. Refer to table -15.

No nbrosis and practically no axhestosis bodles. At 1
mo., {ocal collections of dust-filled monocstes and s
tew giant cells: at ¢ mo., some adenomatoid epithelial
reaction; at 5 mo., simple popeumonitis with phago-
eytosis of short fiders: at 12 mo., isolated ard sharply
localized collections of dust cells inside air spaces
about terrinsl arterioles. Reaction in walls limited
to Irmphoid cell infitration. No fibrosis. In Ismpb
1l:ode. reactjon limited to slight prominence of reticu-
um.

Fibrosis about bronchioles. Reler to table 13,

Simple {oreign body reaction. No acute inflammation.
No accumulation of dust in or about terminal broo-
chioles. No endobranchitls. At 1 mo., scattered small
gisnt cells and copsideroble infiltration of adjaceat
wsalls with mooocytes and Ismphoid cells. At 4 mo.,
Htt)e change except more cellular infiltration of con-

' pective tissue. At 8 mo. lymphoid indltration and
thickening of walls about some but not all terminal
bronchioles, .

Typical fihrous endohronchiolitis and peribronchiolitis
like reaction to asbestos munerals. Refer to table 13.

Inert type of renction. At 1 mo. after injection, small
monocytes widelv seattered through air spaces: focus
of atelectasis with lymphoid inflitrotion ef compressed
air-space walls, No endobronchial renction as with
chrysotile. At 2 mo., resetion similar to that at 1
mo.: typical ashestosis hodies seen. At 12 mo.. smv_all
elumps of inactive dust-fillst phagocytes; no fibrosis.
No reaction iz Jymph nodes.

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

P n FO5 ¢ I

o il e xy

PO .
2 e 2

PR NL v Al SR ol SIS Ny

49
i

Al
4%

<

A%
.

7

ot

YRR
- N ~

Y -M A “
R S e
R AT
STRRN

1
47

17
2fie

#




b AP vg S LT e T 7 = - e o Pwrars P T Ty oy Y
e e S S s Sy oy S D e o AR

H ]

L TS : et S 3 2 D ey A B e
400y v.lvml. ...- TR HERTRITIRO Y 1l .‘9,':

,.
SRS Ak

36 INDUSTRIAL HYGIENE AND OCCUPATIONAL MEDICINE

intense is the tissue reaction and that particles larger than 3 microns
in diameter cause little reaction. In the case of ashestos, however. the
reverse is true and apparently only long fibers have any specinc 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 30 microns
long, all the fibrous minerals tested except anthophyllite. as noted in
the preceding section, produced fibrosis; when the material was prepared
by first grinding the fibrous dust until the length of fibers was reduced i
to 20 microns and less or, in some cases, to 3 microns and less, none :
of the injected dusts caused fibrosis.

These results differ from those of King, Clegg and Rae.!* who
reported the production of reticulosis comparable to the experimental
silicotic nodule in rabbits receiving monthly intratracheal injections of
100 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 fibrosis which characterizes :
early human asbestosis. . F
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Experimexts Usine InTravExors Tecuxic

drm

The experiments summarized in table 17, in which the intravenous :
method of injection was employed, show that the ashestos minerals are i
far different from quartz in their action on tissue. It has been repeatediy
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.
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ExrerrMENTs UsiNG INTRAPERITONEAL TECHNIC

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 peritoneum as well. :

OTHER EXPERIMENTS WITIL ASBESTOS MINERALS

P e S aheeld

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

11. King, E. J.; Clegg. J. W., and Rae, V. M.: Effcct of Ashestos, and of

Asbestos and ;\tluminum. on Lungs of Rabbits, Thorax 1:188, 1946; abstracted,
Indust. Hyg. Digest, 1947, vol. 11 (Feb.), no. 234.
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ProtecTIVE ActioN oF Atruvyizuat Comrouxps

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

Foryatiox oF Aspestosts Bonies

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

Tisste Reacrioy To AsBeEstosts 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 irom 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 bodv has a
rather resistant coating which is not destroved by moderate hypochlorite
treatment, which may be maintained in vivo for a year or longer and
which renders the fiber incapable of producing Abrosis. It thus appears

that the coating is a protective mechanism. This thought was expressed
by Beintker as early as 1934.12

THEORY OF IRRITANT ACTION

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

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

13. Beintker, E.: Uber die Asbestosiskdrperchen: Bemerkungen zu der Arbeit
von Beger, Virchows Arch. {. path. Anat. 293:527, 1934,
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content ot only 0.90 per cent. caused typical fibrosis like that produced
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AR N by the asbestos minerais: iree silica particles increase in potency as the : s
;::%:. parzic.lc size l)ecomes.less. .but asbestos hbers shorter th:fn about IQ to : ;
}:-':?;_;;3 20 microns nre_relatx\.'ely innocuous ; aluminumn hydroxide neutralizes i
5‘._;‘;?.,3 the irritating effect of quartz but not of asbestos; serpentine has the :
g ‘:.’v’;gf;i same chemical composition as long fiber chrysotile, but it produced only }
& ‘_;é‘;‘.s an inert tvpe of tissue reaction; there is a wide range in the chemical :
:ﬁﬂ‘?ﬂ:’- composition of the minerals which do cause asbestosis (table 19). In g
N view of this evidence it seems more likely that asbestosis is caused by an g
v,f‘;{‘;rg' unusual mechanical irritation due to long asbestos fibers, this irritation 1

being related to the peculiar filamented structure of the fiber and the
associated fexibility, which are possessed by no other foreign body
studied. Thus. ignition of chrysotile fibers changed their structure and
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made them inert. although the same fibers, before being heated. would i

have produced fibrosis (table 14). Further support for the theory of »

mechanical irritation is that asbestosis occurs in an organ of high mobility 14

—the lung—and that a rbrous reaction can be produced by injecting §
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ii asbestos fibers into the peritoneum, where there is also a degree of 3
It Pl oo o . . .

i, | mobility, but not by injecting them into other extrapulionary organs -

!S such as the liver, the spleen and subcutaneous tissue. N

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 pulimonary
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 iacilities at that time, infection studies could not be made in the
other inhalation experiments also.

ScuscepTiiLity To TUBERCULOUS INFECTION

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 iniection, 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.

SUSCEPTIBILITY TO NONTUBERCULOUS I[NFECTION

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 iniection. XNevertheless,

“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 infection.

COMDMENT AND SUMDMARY

Owing to the vast amount of data included in this investigation, it
seenis most convenient to summarize and to state as concisely as possible
the various observations which emerged from the experiments and to
follow each with a briei 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 inhalation or intratracheal injection to long chrysotile asbestos

fibers. .

Both inhalation and injection experiments provide 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 occurred also in rats and rabbits
(table 1). ice and dogs failed to respond. This variation in response
of different species to identical dust exposures is still to be accounted for.
B. Long ashestos fibers are essential in the production of the peribron-

chiolar fibrosis; short fibers are incapable of producing this reaction.
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section, page 39. The flexible filamented structure oi asbestos fibers

i
! Inhalation experiments with asbestos dust suggest. and intra-
o tracheal injection experiments confirm. that peribronchiolar fibrosis is
) “produced by asbestos fibers between 20 and 30 microns in length but not
R by particles shorter than 20 microns (tables 16 and 18). This indicates
;‘. that the minimum length oi fiber possessing the capacity to produce the
_.2.\} typical peribronchiolar Abrosis in animals is somewhere between 20 and
5 50 microns. Pointed studies have not been carried out to dctermine
- the upper limit of erfective fiber length. It appcars. however, that that
"" limit will be determined by the inhalability of the fber. -
! ‘.:ii C. The mode of action of the long asbestos fiber in the production of
‘i le asbestosis is primarily mechanical rather than chemical in nature.
1 . The evidence for this conclusion has been reviewed in a preceding
Bt RN
‘.
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.‘}' il plays an essential part in the irritating action, since the solid, intflexible
%‘D . ‘ fibers of glass wool do not produce fibrosis (fig. 13 B).

e k1 D. Tvpical experimental asbestosis was produced by thc_inllnlaxiqn_ ot

":‘ Ry ¢ an atmospheric suspension containing an average oi 138 million
=3 Ejll - asbestos particles per cubic foot oi air by light field count. of which :
1< 2 il less than 1 per cent consisted of fibers longer than 10 microns. :
% 753 3 ,f'l In the inhalation experiment with 100 per cent hall-milled asbestos - 5
BRI ey e i) dust containing 0.6 per cent of fibers longer than 10 microns (table 11) i
M - H st . . . . . ﬂ
Epasisdsitn typical fibrosis was obtained (table 9). The evidence presented shows : i
PR ?1‘ at least that an atmospheric concentration of asbestos dust containing 3
- :,;&3.2 ‘}! 1e§s than 1 millio.n (.0.6 per c.ent.X 138 miliion) ﬁber‘s longer L.han 10 : i
iﬂ—g:ﬁ;i%% ;1’ microns per cubic foot of air is capable of .prf)duc.mg expenr.nenta! *H
f"(’"’v?:'"'-"“j?&f ’v'-‘f asbestosis in guinea pigs. The actual lower limit of concentration of T
,@;--“'“r‘;é 4‘ : long fibers necessary to produce asbestosis in animals cannot be estab- s B
ey ":'t i}‘; R lished from these studies. : : =
XA iy o E. The duration of exposure required to develop the pulmonary reaction ; H
; ’;:' Sf to inhaled asbestos dust is inversely proportional to the concentration z
__‘:"= '_% ! of long fibers in the atmosphere; as the concentration is increased, 2
. e ST ; . the reaction develops in shorter time. i

’zi‘r .5 The basis for this statement appears in the data of the inhalation

_. experiment with long fiber asbestos. For that experiment the average

‘ }}g e 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 oi fibers longer than’
10 microns (table 11). Thus, by calculation, it is estimated that the con-
centration of the longer fibers was 2.7 million (6.7 per cent X 40 mil-
lion). The lungs of animals exposed to the long fiber asbestos dust
revealed that the pulmonary reaction developed in approximately one-
half the exposure time required for its development in animals inhaling
the bali-milled product, for which the concentration of the longer fibers
was only 0.8 million (0.6 per cent X 138 million).
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F. Established experimental asbestosis ceases to progress on discon-
tinuance of dust exposure.

The experimental investigation shows, in fact, that on discontinuance
of exposure there was an appreciable clearing of the mature pulmonary
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lesions, due to contraction of the fibrous tissue. In contrast, an imma-
ture tissue response, evidenced primarily by cells with little or 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. .
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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 aiter exposure terminates may be
due to the formation of asbestosis bodies.

H. Aluminum hydroxide failed to neutralize the fibrosing action of the
long fiber asbestos.

- Aluminum hydroxide added to the suspension of chrysotile ashestos
prior to intratracheal injection did not retard or prevent the development
of asbestosis in rats.
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I. Inhalation of asbestos dust did not alter significantly the final outcome
of experimental tuberculosis in two series of guinea pigs exposed to
the dust.

The apparently mild influence of asbestos dust is in distinct contrast
to the stimulating effect exerted by inhaled quartz on a tuberculous
process in the lung. The interpretation must remain tentative, however,
_ since it is based on an investigation limited to two series of guinea pigs
( exposed to only one kind of asbestos, namely, King's floats: Table +

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 iniection was initiated aiter 26 months of

dust exposure, the course of the tuberculosis was not appreciably altered.
. The latter finding is quite ditTerent from our usual experience with quartz
dust or with mixed dusts containing quartz, wherein the adverse influence
of quartz on a tuberculous infection is manifested most strikingly when
infection is initiated after a period of dust exposure, viz.,, superimposed
on a background of established silicosis. As indicated above, this more
sensitive test, when applied to asbestos dust. failed to demonstrate that
the latter had an adverse influence on a tuberculous infection. The
inability of asbestos dust in that experiment to affect unfavorably the
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tuberculous process furnishes strong support for the interpretation”that B e e
. . AR

inhaled asbestos dust has no more than a mildly unfavorable effect on B&; ‘stl
. R S ESEN

pulmonary tuberculosis. . é’.‘.. =D .ﬁ

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