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B r Y \HE experimental investigation
™ T'of the reaction to inhaled as-
: bestos dust had long been con-
Btemplated as a part of the study of
fpoeumonokoniosis carried on at the
anac Laboratory during the past
welve years. During that time little
ttention had been paid to the in-
balation of asbestos dust as the cause
8. of industrial disease. It was hoped

 .that this substance might be investi-

saction might shed some light upon
£ several of the vexing problems arising
o in',,:oonnection with the inhalation of
o bard silicious dusts. It admirably
... suited our plans, therefore, to comply
-+ with a suggestion of Dr. Frederick L.
Hoffman, that we undertake an ex-
perimental investigation of the reac-
tion to this substance. At the request
of Dr. Hoffman, the Asbestos Corpora-
tion of America has furnished the
Laboratory with 600 pounds of ex-
ceedingly fine asbestos dust from its
- plant at Thetford, Quebec. The ex-
periment was started in January,
1828, and animals have now been
exposed for two years and five months.
The study is not yet completed, but
* Received for publication July 18, 1930.
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STUDIES ON EXPERIMENTAL PNEUMONOKONIOSIS. VI. INHA-
¥  LATION OF ASBESTOS DUST: ITS EFFECT UPON PRIMARY
TUBERCULOUS INFECTION*

Leroy U. GArRDNER AND DonaLp E. CuMMiINGs

From the Saranac Laboralory for the Study of Tuberculosis
The Edward L. Trudeau Foundalion, Saranac Lake, New York

since so much interest has recently
been manifested in the subject of
asbestosis, & preliminary report is sub-
mitted at this time.

Aspesto8 DusT

The dust employed in this study
when dry is a light, fluffy, gray-white,
stringy substance, composed of short
fibers and irregular particless. Com-
mercially this grade of asbestos is
known as ‘“King's floats.” For a
proper understanding of its physical
characteristics, a brief consideration
of its occurrence in nature and its
method of preparation is necessary.
The Thetford asbestos is known as
chrysotile, a member of the serpentine
group of minerals. Pure chrysotile is
a silky, white, fibrous substance, but
the presence of iron in varying states of
oxidation ususally gives it a greenish
or greenish-brown color. It is com-
posed of tightly packed bundles of
smooth, flexible fibers, which are about
0.05 micron in dismeter, and which
vary from 1/8 inch to 6 inches in
length. In nature these fibers occur
in veins, which are embedded in hard
serpentine rock. The thickness of the
vein determines the length of the
fibers, which run across it.
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The King's floats grade of asbestos
contains only short fibers which occur
in very narrow veins. The hard ser-
pentine matrix, rich in small veins, is
crushed, dried, recrushed, screened and
pulverized, and finally passed over
shaking screens from which the fibers
are withdrawn by suction. The ma-
terial is then graded by screening, and
the fraction which passes the finest
screen is allowed to settle in a large
room. Such material (King’s floats)
contains not only short fibers, but in

Fig. 1.—Asbestos dust. Xx90.

addition many small particles of ser-
pentine rock.

Microscopic examination reveals the
fact that particulate matter is far in
excess of fibrous material. The par-
ticles vary in size from 10 microns to
0.5 micron in diameter. The fibrous
traction is less uniform. In length
the fibers vary from 1 mm. to 1 micron
or less. Many isolated, long, smooth,
thin, flexible strands are seen, while
others consist of short thick bundles
with broken ends. The fibers are
highly refractile when viewed by polar-
ized light. (8ee Fig 1.)

The dust has a specific gravity of
2.26. It loses only about 1 per cent.
of its weight when heated at 110°C.,
yet in a moist atmosphere sufficient
water is absorbed to increase notice-
ably its tendency to clumping or
matting.

In chemical composition, pure
chrysotile is chiefly composed of crys-
talline hydrated silicate of magnesium
(3Mg0-28i0,-2H,0). It is, however,
seldom free from impurities which
partially replace the magnesium to
form more complex silicates. Ferrous
iron is the most common contaminant,
and it may sornetimes constitute as
much as 10 per cent. of the mineral
a8 it occurs in nature. A portion of
this iron may be oxidized to the ferric
state.

The following apsalysis has been
made from samples of the dust used
in the study:

%
Total 8iO.......c....oooevelLL. 39.32¢
Fe:O;, AlgO. .................... 8.84
(0710 . 0.87
MgO.... i 35.56
Alkalies and loss. .............. 2.87
Combined water,............... 12.74

1 Free SiO; (by rational analysis)=
2.6%.

The material reported as aluminium
oxide and ferric oxide was largely the
latter.  Preparations of the dust
stained with potassium ferricyanide
and dilute hydrochloric acid indicate

that there is ferrous iron in the ma- -

jority of the fibers; a few exhibit
irregular staining with ferrocyanide.
Anderson and Clark (1) have shown
that treatment of Thetford chrysotile
with hydrochloric acid completely
destroys the typical crystalline pattern

J. L H,
Feb., 183t
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rof of the material produced in Bragg’s
ent. X-ray diffraction technic.
°C., Careful and repeated search has
l,em’ failed to disclose any yellow structures
lce- resembling asbestosis bodies in the
or dust previous to its residence in the
animsal. The appearance and method
ure of development of these structures
rys will be discussed later.
ium
:Zg EXPERIMENTAL PROCEDURES
1 to The general plan of the experiment
rous 1 " ig the same as that previously em-
ant, '; ployed in studies on granite (2),
e as " marble (3), carborundum (4), and
ieral " quartz (5). In the present instance,
m of animals are kept in cages along the
erric walls of & room 6 by 8 feet, and 8
 {feet high, provided with two 3 by §
been <" foot windows. A cloud of dust is
used ‘maintained in the atmosphere of this
- yoom by apparatus located in an
. . aleove, 6 feet from the nearest animal.
2 '« 7..This apparatus consists in a horizon-
32! “" . tal drum 2 1/2 feet long and 1 1/2
g‘_‘l feet in diameter, placed 8 inches above
58 the floor. Its top is open, and in it
87 rotates a metal paddle, whose shaft
74 projects through the end of the drum
= and then through the partition into
an adjacent room in which is located
. an electric motor. By properly selec-
nium ted pulleys and countershafting, the
y the speed is so regulated that the desired
dust dust concentration can be maintained.
inide Ventilation ig secured by opening one
icate of the windows an inch or more from
ma- the top. The animals are kept, gen-
‘hibit erally in pairs, in 12 by 12 by 12 inch
de. wire cages set on racks at the sides
hown and back of the room. While it will
sotile : . be shown that the dust concentration
letely - - Progressively decreases from the floor
ttern %o the ceiling, this factor is compen-
JLLH

+b., 1631
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sated by frequently changing the
position of the cages on the racks.

As measured by the operation of the
motor, the daily period of exposure is
eight hours, but - since the animals
remain in this room during the night,
the actual exposure is much longer,
considerable time being required for all
the dust in the atmosphere to settle.
In warm weather the period is some-
what shortened by opening the win~
dows when the motor is stopped in the
evening. From the commencement of
the experiment on Jan. 20, 1928, until
the present date, the dust exposures
have been continued for eight hours,
on six days a week, with the exception
of a period of three weeks in the month
of January, 1930, when the motor was
being repaired.

Dust Concentration

The amount of dust in the atmos-
phere of this ropom has been checked
with a Greenburg-Smith impinger
apparatus.! Samples taken on Feb.
14, 1928, one month after the experi-
ment was started, showed the concen-
trations given in Table 1.

The rate of suction on the sampling
apparatus was 1 cubic foot per minute;
the sampling times were fifteen min-
utes and thirty minutes. Owing to
the fibrous nature of the dust, the
particles were not filtered before the
counts were made, but the very large
particles (those greater than 100
microns) were simply neglected in
counting. Particles over 1.5 microns
in diameter, magnified ninety-five
times, were counted in the usual
manner in a Sedgewick-Rafter cell,

' Appreciation is expressed to Mr. Morris
Dworski for making these dust determina-
tions.
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after being allowed to settle for thirty
minutes., The smsller ones varying
from 1.5 microns to 0.5 micron in
diameter were counted in a hemo-
cytometer chamber at & magnification
of 410. The usual blank controls on
the distilled water used to collect
the dust samples were made, and the
number of accidental particles was
subtracted before the results were
tabulated.

This concentration was maintained
with little variation until January,
1930, when the speed of the paddle was
accelerated, and the amount of sus-

days before the dust inhalation was
begun; forty of them were placed in
the dusting room and twenty-three
were kept in 8 normal atmospheére as
controls. Two years after the experi-
ment was started, twelve dusted and
twelve normal guinea-pigs were in-
fected with tubercle bacilli. This
group was then set aside without fur-
ther exposure to the dust. All the
rats and rabbits and fifty-four of the
guinea-pigs were used in studying the
uncomplicated effects of inhaled asbes-
tos dust. Each of the various groups
will be described separately.

TABLE 1.—-DUST COUNTS

MILLION PARTICLES PER CUBIC FOOT OF AIR
HEIGET OF -
COUNT NO. INTAKE A c . D Total
FEOX FLOOR| 100-10u 10-1.54 10-054 |1Buorless| o ‘:,_ C)
{X 985) {X 85) {X 410) (C-B)
Jt.
1 2 1.130 8.033 56.668 48.633 57.796
2 - 1.258 6.625 51.600 44 975 52.858
Average..|............ 1.194 7.329 54.133 46.804 55.645
3 4 0.450 4.960 35.000 30.040 35.450
4 4 0.400 4 40 43.333 38.893 43.733
Average..|............ 0.425 4.700 39.168 34 .466 39.591

pended dust was increased approxi-
mately ten times. The majority of the
animals to be discussed in this report,
however, were subjected only to the
gmaller dust concentration.

In this experiment 128 guinea-pigs,
eighteen white rats, and seven rabbits
have thus far been used. A portion of
the guinea-pigs were infected with
tubercle bacilli in an attempt to
determine the influence of this dust
upon a tuberculous process.

One group of sixty-three guinea-pigs
were infected with tubercle bacilli four

PatHOLOGIC LESIONS
Non-Tuberculous Guinea-Pigs

Up to the present date, twenty-nine
months after the commencement of
the dust inhalation, fourteen animals,
or 26 per cent. of the group, have died
of epizootic pneumonia, and fifteen
more succumbed to other conditions,
such as enteritis and peritonitis. As
this experiment was designed to
demonstrate the maximum effects
which could be produced by the in-
haled dust, relatively few of the ani-

J.1.H.
Feb., 1931
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mals have been killed. A number
have, however, been sacrificed at 30,
60, 90, 354, 610, 782, and 847 days.
Commencing with the eighth month
of exposure, the effects of the dust
have also been followed radiographi-
cally in the living animals.

The pulmonary localization of in-
haled asbestos differs from that of any
other dust thus far studied. Granite,
quartz, carborundum, and soft coal
particles penetrate the terminal air
spaces of the lung, and large quantities
ultimately localize in the subpleural
alveoli. Asbestos dust, presumably
because it is so largely composed of
elongated fibers, is carried by the in-
spired air only to the distal respiratory
bronchioles, and there the major
portion of the material comes to rest.
Mononuclear phagocytes from the
adjacent connective tissues enter the
lumen of the air passages and engulf
the particles. The phagocytes with
their contained fragments of dust are
frequently pushed aside into the
alveoli which pouch out of the sides
of the bronchioles, where many of
them remain indefinitely. More dust
entering the lung is held up by the
partial obstruction created, and fur-
ther reaction is largely proximal to the
point of original localization. A few
particles pass beyond into the proximal
portions of the alveolar ducts, but in
the majority of cases the deposition of
asbestos dust occurs within respiratory
bronchioles of the second and third
orders and in the alveoli given off
gi;'ectly from those structures. (Fig.

In guinea-pigs killed thirty days
after starting the dust inhalation,
occasional small mononuclear phago-
cytes containing a number of brown or

Vol. 13
No. 2

black particles and a few short
spicules of doubly refractile material
are visible in the alveoli budding off
from the respiratory bronchioles. A
few multinucleated dust cells are

Fig. 2.—Cross section of lungs of guinea-
pig exposed to asbestos dust inhalation 840
days. Normal size.

Frc. 3.—Roentgenogram of guinea-pig
exposed 880 days to asbestos inhalation.

encountered. The lymphoid tissues of
the bronchial tree exhibit a moderate
degree of hyperplasia. The lymphatic
trunks coursing through the bronchial
walls are wide open, but no dust
cells or other material can be found in
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their lumina. The tracheobronchial
lymph nodes exhibit no more dust
containing cells than those in any
normal animal kept in a laboratory
atmosphere. o

At sixty days, the number and size
of the dust cells in the terminal respira-
tory bronchioles is considerably in-
crezsed. The lumina of some of the
lateral alveoli are completely blocked
by masses of mononuclear phagocytes
and larger giant cells. Some of the
latter have six or more nuclei. Fre-
quently in Zenker-fixed tissues, these
phagocytes have a diffuse yellow-
brown color which is presumably due
to the presence of dissolved iron
in their cytoplasm. In tissues fixkd in
formalin and stained with acidified
potassium ferrocyanide, such cells
exhibit a diffuse blue coloration. * In
addition, there are certain particles in
their cytoplasm stained very- deep
blue which are probably the source
from which the iron is_dissolved.
Doubly refractile intracelldlar spicules
are numerous; they are ‘most read-
ily demonstrated in polarized light.
After sixty days’ exposure to Qust, the
first evidence of that peculiar structure
which has been called & “curious
body" is detected. We prefer to adopt
Stewart and Haddow’s (6) designation
of “‘asbestosis body,” and shall use the
latter term exclusively.

After two months the number of
asbestosis bodies is small and they are
atypical in appearance. The most
common form is & club-shaped swelling
at the end of a smooth pale greenish
fiber. Some present small fusiform
swellings along the course of a short
fiber. They are seen almost without
exception inside of large giant cells.

After ninety days’ exposure, the

number of these structures has very
markedly increased, and they have
assumed : their typical form. The
smaller ones are still contained in
giant cells, but many long forms
appear to be free in the stroma of the
lung. The amount of cellular reaction -
has not kept pace with the number and
size of the foreign bodies. It still con-
sists of collections of mononuclear and
giant phagocytes within the lumen of
a localized group of air spaces, together
with & very slight infiltration of
the adjacent septa. Hyperplasia has
occurred in the lymphoid tissues
associated with the bronchi proximal
to the foci of maximum dust reaction,
but no phagocytes have carried dust
particles into the lymph mnodules.
The lymphatic trunks are widely
distended, but they contain no cells
or dust particles. The tracheobron-
chial lymph nodes also show well-
marked hyperplasia, but the number
of dust containing cells is still small."
During the next four months, no
animals were killed, but nine died of
various accidental causes. In them it
is found that increasing quantities of
dust are accumulating in the vicinity
of the respiratory bronchioles, and that
the amount of cellular reaction is some-
what increased. Asbestosis bodies are
8o extremely abundant that as many
as eight have been encountered in an
oil immersion field. They are prac-
tically absent in other portions of the
lung., The other changes in the
lymphoid tissues and lymphatic ves-
sels remain much the same. There is
as yet no evidence that appreciable
amounts of dust are being transported
to the tracheobronchial lymph nodes.
In three guinea-pigs killed on the
357th day, the amount of reaction has

J.I.H
Feb,, 1131
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Fic. 4.—Lohngitluginal iectio%of bronchus
. and ita peripheral branches. Exposure 357 . . .
# days. Ap;)eprgximately X 45. Notg(t)hatdust . F1a. 8.—Peribronchiolar dust reaction
.-, yeaction 18 localized to region of respiratory 'élo normal guinea-pig exposed 840 days.
. bronchioles. No reaction in lymphoid tis- xggnectlve tissue stain. Approximately
' gues. :

v

Fia. 5.—Longitudinal section of bronchus
- :nd 1taKenphqrsl branches. Exposure 436
AYys. Approximately X45. Note that dust

reastion 18 localized o regi i
Bromanmis region of respiratory

X 90.

J. I H.
Feb., 1031

developed to such a degree as to be lar appearance with ill-defined borders.
visible on gross section of the fixed They are arranged radially on the sur-
face and suggest a relationship to the

Fig. 7.—Early tuberculous reaction in
focus of asbestosis; endogenous extension
357 days after infection. Approximately

e finer bronchioles. All are of approxi-
s .., tissue, Uniformly distributed over mately the same size and none exceed
\4‘;;_-the entire surface of both lungs are fine 1 mm. in diameter. Microscopically
i« :yellowish-white ovoid flecks of granu- those foei are similar in every way to
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the type of reaction already described.
The walls of the bronchioles, proximal
to alveolar ducts, are thick, but this
is due solely to an excessive local
accumulation of phagocytes. There
is no evidence that fibroblasts are
proliferating. The dust cells bave
not migrated {0 any extent from the
original foci of localization; none are
found in the pulmonary lymphoid
tissues, but some have been trans-
ported to the tracheobronchial lymph
nodes. (Figs. 4-7.) In the medullary
sinuses of the latter location there are
now definite clusters of brown-stained
iron containing phagocytes. In their
cytoplsam many irregular black or
brown particles and refractile elon-
gated spicules are recognizable. Occa-
sionally a giant cell is seen partially
surrounding a very long fiber which
may project beyond the limits of the
cell. One such fiber measured 25
microns in length. No asbestosis
bodies are seen. As yet the only
evidence of reaction in these nodes
consists in an active proliferation of
the follicle cells.

While asbestosis bodies cannot yet
be found in the lymphoid tissues, they
do occur outside the lung. Two of
the 357-day animals had developed a
chronic fibrous pleurisy, and occa-
gionally in the connective tissue there
are small clusters of phagocytes con-
taining dust and asbestosis bodies. In
an isolated field, five of them have
been counted.

On the 449th day, two asbestosis
bodies are found within a giant cell in
the tracheobronchial lymph nodes.

All animals killed or dying on and
after the 505th day are characterized
by the proliferation of fibroblasts.
This reaction is confined to the walls

THE JOURNAL OF INDUSTRIAL HYGIENE

of the air spaces adjacent to the
deposits of accumulated dust phago-
cytes. At first only a few cells are
involved, but after still another 100
days, a true fibrosis, accompanied by
the formation of very considerable
amounts of collagen, has developed.
The wallsbecome progreasively thicker,
and encroach upon the lumen of the
air spaces. The epithelium of the
latter contracts and becomes cuboidal,
8o that the area of reaction resembles
a gland with a heavy connective tissue
stroma. The lumina of these gland-
like atelectatic air spaces are more or
less completely filled with compact
masses of dust cells and brown-
stained giant phagocytes whose cyto-
plasm is gorged with dust particles,
fibers, and asbestosis bodies. In the
thickened septums there are many of
the latter, which are generally extra-
cellular. (Figs. 6,9, and 10.)

The amount of dust carried into the
tracheobronchial lymph nodes now
becomes more sbundant. It consists
largely of amorphous or granular
black or brown particles with many
doubly refractile spicules which fail
to stain specifically for iron. OQOcca-
sionally a few giant cells, sometimes in
small clusters, contain typical asbesto-
sis bodies, The stroma of the nodes
about the msasses of dust cells now
exhibits a limited amount of fibro-
blastic proliferation.

The latest stages of the reaction of
asbestos dust thus far produced are
manifested in the lungs of five guinea-
pigs, of which three were killed on the
782nd day, and one on the 840th day.
All five exhibited a large number of
subpleural gray-white nodules at least
1 mm. in diameter, uniformly dis-
tributed over the surface of the lung.

J.LH
Feb., 1931
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On section of the organs, sharply The first radiographic examination
demarcated ovoid areas are disclosed to demonstrate definite changes in the
in every part of the lung. One lung was obtained after & dust expo-
animal shows a fibrous pleurisy over

Fic. 10.—Magnified field of Figure 8.
Connective tissue stain. Note strands of
collagen between gland-like alveoli. Ap-
proximately X140.

Fia. 8. —Peribronchiolar focus of asbesto-
aig; guinea-pig exposed 782 days. Approx-
imately X70.

.
-

Fra. 9.—Magnified field of Figure 8. F1g. 11.—Asbestosis in rabbit exposed
Note gland-like air spaces. Approximately 149days. Approximately X140. Note giant
X140, cells, one of which has invaded nodule of

lymphoid tissue.

portions of the lung without evidence

of an underlying pneumonia. The sure of two years. At this time the
tracheobronchial lymph nodes are presence of very fine mottling was
deeply ‘pigmented in their central detected in the lower portions of the
portions. lung fields. After another five months

Vel. 13
No.?2
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had elapsed the changes had become

- much more marked. - As illustrated in

Figure 3, they consist of strands of
coarse mottling which radiate outward
and downward from the hilum. The
outlines of ,the mediastinum and the
pericardium arg, obscured by similar
shadows. Whethgr the apexes are
also involved cannot be definitely
determined, . f

Pathologic cha.ngea uhthe lungs of
experimental animals afe-much more
readily demonstrated radiographically
if the lungs are removed from the
thorax and inflated before exposure
to the X-ray. Roentgenograms have
been made in this manner of animals
with well-developed asbestosis and the
shadows produced are characterized
by a pronounced thickening of the
linear markings which extend outward
from along the main bronchi to the
margins of the lung.

Microscopically, the lungs present
lesions similar to those already de-
scribed, but they are more extensive
and fibrosis has become more marked.
In stains for connective tissue, abun-
dant collagen formationisnow apparent
in the walis of the respiratory bronchi-
oles and their alveoli. Dust cells and
asbestosis bodies are very abundant.
The extension of the process from the
terminal bronchioles proximally into
respiratory bronchioles of greater di-
ameter is obvious.

In addition to these characteristic
changes, the lung of one animal
exhibits more or less circumscribed
foci of fibrosis in the alveolar septums
peripheral to the usual reaction zone.
The lumina of the included air spaces
are pormal in size, and apparently
fully distended. Their walls are lined
with easily visible cuboidal or flattened

epithelium which occasionally dips into
the thickened septums to form gland-
like structures. - In marked contrast
to the previously mentioned areas of
fibrosis in the respiratory bronchioles,
these more peripheral foci include
practically no dust cells or asbestosis
bodies. One lobe of this lung is
covered by organized fibrous pleurisy
which also fails to exhibit dust
deposits.

Examination of the traches and stem
bronchi, both by direct and by polar-
ized light has failed to demonstrate
appreciable amounts of dust or loeal
reaction. The only evidence of irrita-
tion is the presence of an occasional
polynuclear leukocyte on the ciliated
surface and the. distention of the
goblet cells with mucus. More periph-
erally the connective tissue coats of
the bronchi of the second and third
orders exhibit considerable infiltration
with- lymphoid cells, and some engorge-
ment of the blood vessels. The other
viscera, the spleen, liver, kidneys,
pancreas, and abdominal lymph nodes
have been uniformly free of dust or
evidence of reaction attributable to it.

In the guinea-pig, the development
of the early (two years and five months)
response to inhaled asbestos dust may
be summarized as follows:

The particles and elongated fibers of
asbestos dust do not, during this
period, penetrate so deeply into the air
passages of the lung as do the other
dusts previously studied. The major
portion is held up and phagocytosed in
the lumina of respiratory bronchioles
and the alveoli given off from their
wells. Increasingly large masses of
phagocytes accumulate in the lumina
of these air spaces, and many of the
cells migrate into the framework of

J.1 8.
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into the adjacent lung tissue. In this
and- Jocation there develops a low grade
rast chronic inflammatory reaction charac-
s of terized by infiltration with monocytes
oles, _and a few lymphoid cells. Approxi-
lude mately 500 days after the commence-
tosis ment of dust inhalation, the connective
7 is tissue cells in the walls of the bronchi-
risy ole and its alveoli begin to proliferate.
dust Thereafter, the reaction is charac-
" terized by increasing amounts of
stem " fibrous tissue which develops in the
olar- " immediate vicinity of the dust cells.
crate K The thickening stroma encroaches
local £ . upon the lumen of the air spaces whose
Tita- 77, epithelium, being compressed, appears
onal > cuboidal, as is the case in pulmonary
ated _ atelectasis. The picture produced
the - somewhat resembles glandular tissue.
riph- In addition to this lesion, which is
ts of characteristic of all the animals exam-
-hird ined, one of three of the last guinea-
tion .., pigs killed showed a further change
orge- _ " +* oonsisting in focal aress of fibrosis in
sther R-"~E"the alveolar septums peripheral in the
aeys; " pulmonary unit to the point of dust
10des localization.
st or Changes in other structures of the
to it. lung are not striking. There is well-
ment marked hyperplasia of the lymphoid
nths) tissues in the periphery of the lung,
may but dust containing phagocytes do not
migrate toward and enter these masses,
ers of 88 i8 the case with quartz inhalation.
this Dilatation of the large lymphatic
he air vessels in the connective tissues of the
other brqnchi and blood vessels has been a
najor °0n§tant finding in all the animals of
sed in the series. Even thirty days of dust
hioles inhalation would appear sufficient to
their J-. - Produce this effect. Its cause has not
es of [N ,%been discovered; thrombi within the
imina Y -lumen of the lymph vessels are lacking,
+f the R °.'and 8 central obstructive lesion in the
rk of tracheobronchial lymph node is a
JLH
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late development. Only after 700
days do fibroblasta begin to proliferate
in the medulla of the nodes.

Asbestosis bodies have not been
found in any animal killed before
sixty days of dust exposure. When
first discovered, they are small, some-
what atypical in form, and generally
contained within the cytoplasm of
phagocytes. Within the next sixty
days they rapidly increase in number,
size, and complexity of structure.
The larger ones appear to be liberated
from the cells, and ultimately to be
free in the air passages or intracellular
spaces. In most cases, these struc-
tures, presumably because of their
size, are not transported from the point
where they first develop in the lung.
Occasionally they have been found in
the tracheobronchial lymph nodes and
in areas of chronic fibrous pleurisy.
In these instances they are usually
intracellular.

Rabbits

Five rabbits exposed to asbestos
dust for 40, 53, 149, 253, and 330
days, respectively, have thus far been
killed and studied. Within the period
of time included, the reaction to the
inhaled dust has been characterized by
increasingly large focal collections of
mononuclear and giant phagocytes.
These, as in the guinea-pig, tend to
accumulate in and along the respira-
tory bronchioles, although in the last
two animals killed, some collections of
dust cells have been seen in the more
peripheral air spaces. In marked
contrast to their behavior in the
guinea-pigs, the phagocytes exhibit a
tendency to migrate into masses of
lymphoid tissue. This occurs early,
and has been observed in all but the
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firat animal killed. It ia probably due
to anatomic differences in the two
species. In the rabbit, abundant
deposits of tonsil-like lymphoid tissue
are situated directly beneath the epi-
thelium throughout the course of the
bronchial tree; in the guinea-pig the
lymphoid nodules are not so readily
accessible, The pbagocytes are filled
with great quantities of doubly refrac-
tile dust ‘spicules, but no typical
asbestosis bodies have yel been discovered.
When stained for iron, none of the
fibers i the first four animals reacted.
In smears of lung tissue from the last
animal killed on the 330th day, a few
elongated fibers exhibited irregular
deposits of both ferric and ferrous iron,
and there were occasional globular
swellings along their course. But
these fibers did not present the usual
golden-yellow color of an asbestosis
body, and the alterations in structure
were in no way characteristic.

No suggestion of fibrosis or even
reaction in the ffamework of the lung
adjacent to the collection of dust cells
has been discovered, but it is still too
early to expect much change. In the
guinea-pig, the first indication of
fibrosis was found on the 500th day.

Albino Rats

Repeated attempts to study the
reaction to inhaled asbestos in the
white rat have been defeated by the
development of epizoctic pneumonia,
often complicated by abscess forma-
tion. The first series was composed of
twelve animals, all of which suc-
cumbed to this infection. One sur-
vived for 450 days, but in all of them
the reaction to chronic pneumonis so
obscured the picture that no deduc-
tions were possible. In December,

1929, six new, apparently healthy rats
were placed in the dust room. During
a period of 118 days three have been
sacrificed and one has died. All of
them have had pulmonary abscesses.
In only one animal, which waskilledon
the seventieth day, could asbestosis
bodies be detected, and in this case
prolonged search of smears of the lung
tissue stained for iron has revesled only
two of these structures. One was very
small, but typical in appearance. The
other consisted of a bundle of fibers
frayed at the end, and upon one of the
fibrils were s few irregular swellings.
In another rat killed after 118 days,
no asbestosis bodies have been found.

Tre Assestosis Booy

Since the development of the peculiar
structure termed an asbestosis body
in the lungs of animals compelled to
inhale asbestos dust-may have an
important bearing upon the general
problem of pneumonokoniosis, it de-
serves detailed consideration.

The forms encountered in the lungs
of guinea-pigs in every way resemble
those pictured in the human cases.
While individual specimens exhibit
marked variations, there are certain
features which are characteristic of
all the forms observed. The fully
developed body consists of a brilliant
golden-yellow, beaded or haustral rod,
which may be either straight or curved.
Its color resembles that of the hemo-
siderin deposits found in areas in which
hemorrhage has occurred. In length
they vary from 1 to 250 microns, and
in width from 0.5 micron to 10 microns.
The shorter ones are usually straight,
but the larger forms are curved, or
even coiled. They do not stain with
any of the dyes ordinarily used for .

J.I.H.
Feb., 1031

ox



ST0850602

REACTION TO INHALED ASBESTOS DUST 77

its
g
en

of
s,
on
)sig

tissues, but Wright's blood stain is usual histologic stains have no appar-
absorbed to some extent, giving thema ent effect upon them. Iron in the
greenjsh cast. Fixing fluids and the ferric state may be demonstrated by

ing

ery
The

iant

rod,

ved.
mo-
hich
agth
and

‘ons.
ght,
or
with
for

Fla. 12.—Asbestosis bodies in guinea-pigs’ | N
. -pigs’ lungs. Nos. 1 to 10 from smears of lung
tissues; Nos. 11 and 12 in sections. A proximately X580.

~¥0. 1 shows a smoothly coated fiber; in No. 2, no fiber is visible; No. 7 shows

coating material cracked along fiber. Other illustrations show various forms of this
structure.
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treatment with potassium ferrocyanide
in dilute hydrochloric acid (McDonald
and Stewart). Examined under polar-
ized light, they are not doubly refrac-
tile. The shorter forms are usually
found within the cytoplasm of a
foreign body giant cell; longer ones

Fia. 13.—At;&pi‘ca] asbestosis bodies from lung of rabbit exposed 330 days.
ially produced asbestosiz bodies.

§ and 9 are arti

may be coiled within such cells, but
more usually they lie free in the lumen
of an alveolus or in the intercellular
spaces of the pulmonary framework.
Whether they actually exist in the free
state during life or whether, owing to
their elasticity, they are set free in

THE JOURNAL OF INDUSTRIAL HYGIENE

the process of preparing sections
and emears, cannot be determined.
(Fig. 12.)

The lung of the rabbit apparently
offers a much less favorable environ-
ment for the production of the asbesto-
sis body than that of the human being

X840,

or the guinea-pig. Nothing faintly
resembling one of these structures has
been found until the dust exposure has
been continued for a period of eleven
months. At that time, in hematoxylin

and eosin preparations occasional fibers |
are seen which have a muddy, greenish

J.LH
Feb., 1931
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hue, but they do not exhibit the
regular beading, or the characteristic
golden-yellow color seen in the guinea-
pig. Preparations stained for either
ferrous or ferric iron demonstrate a
few very long fibers containing irregu-
lar swellings of a deep blue color.
Whether typical asbestosis bodies
will ever develop in this animal remains
to be demonstrated. (Fig. 13, Nos.
3and4.)

In the lung of the white rat they
would alsoc appear to be very uncom-
mon, although the widespread inci-
dence of chronic pulmonary infection
among the animals thus far exposed,
in a measure invalidates the results.
Thus far, only two asbestosis bodies
have been discovered in one animal of
this species. If the environment were
favorable, it would seem probable that
more of these bodies would have been
detected, even in the presence of com-
plicating pneumonia.

-; Our observations have led us to
~:believe that the asbestosis body devel-

ops as the result of chemical changes
taking place within or about inhaled
asbestos fibers. The dust previous to
contact with the pulmonary tissues
shows no such structures. A period of
time which varies with different species
of animals must elapse after the fibers
have entered the lung, before the
asbestosis body makes its appearance.
The first forms encountered are differ-
ent from those seen later. They con-
sist of iron containing, sheath-like
or nodular swellings along the sides or
&t the ends of a fiber. From such
Points further extensions occur until

_In some cases the whole filament

&cquires & uniform coating which is

., brittle (Fig. 12, No. 1). Movement or

otherstress causes the coatingsubstance

to crack, separating it into segments
(Fig. 12, No. 7).

Chemical action continues and the
segments tend to elongate in a direc-
tion at right angles to that of the
original fiber. Extension also takes
place at the ends of the fiber, so that it
increases in length. Small fragments
may also serve as nuclei for chemical
activity; about them spherical or
ovoid masses develop. The resultant
forms exhibit many variations. Per-
haps the most common ones consist of
an axial fiber traversed at intervals by
8 variable number of thickened cross-
bars. Often one end and sometimes
both ends are swollen and spindle
shaped. In other instances, the cen-
tral fiber cannot be discovered (pos-
gibly it has been dissolved?); the body
then consists of a row of globules.
Sometimes these are of uniform diam-
eter; frequently they decrease pro-
gressively from one end to the other.
In guinea-pigs exposed for more than
two years, many bizarre branching
globoid forms are seen, which resemble
clusters of tuberous bulbs.

An observation which merits com-
ment is the scarcity of asbestosis
bodies in the tracheobronchial lymph
nodes. Presumably because of their
size, the majority of the inhaled
asbestos fibers are not transported to
any distance by phagocytes. Never-
theless, after exposure to the dust
has been continued for somewhat over
a year, appreciable numbers of doubly
refractile non-iron-staining fibers can
be found in the Iymph nodes of the
mediastinum. They are embedded in
the cytoplasm of phagocytes which
have migrated from the lung. After
two years, large masses of such dust
cells have accumulated, and yet asbes-
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tosis bodies are not found in any
number in the tracheobronchial lymph
nodes. Those which do occur are
located in clumps of giant cells. It is
believed that the formation of the few
asbestosis bodies found took place in
the lung, and that they were then
transported to the lymph nodes in
emboli of phagocytes.

Why do asbestosis bodies occur so
rarely in the material which has been
transported to the lymph nodes?
Were the fibers during their period of
residence in the lung deprived, by
solution, of iron or some other sub-
stance necessary to their production;
or are the transported fibers essentially
different from those remaining in the
lung; or, again, is the environment
furnished in the lung especially favor-
able for the production of asbestosis
bodies?

To answer the last possibility, injec-
tions of asbestos dust have been made
into other portions of the body. In
the peritoneal cavity of the guinea-pig
attempts to produce asbestosis bodies
have met with but slight success. In
one series each guinea-pig was injected
with 2 c.c. of a heavy suspension of the
King’s floats dust, which was so pre-
pared by sedimentation (7) that only
particles varying from 2 to 4 microns
were present. This material, it will
be recalled, contains not only asbestos
fiber, but a considerable amount of
iron and other material. Another
series received a like amount of pure
asbestos fiber cut and ground into
the finest possible state. This fiber
was obtained from a vein of Thetford
ore. As a control, a third series was
injected with a suspension of granite
from Lorain County, Ohio. This rock
contains free silica and ferrous car-

bonate, among other constituents,
Samples of the peritoneal fluid were
withdrawn with capillary pipettes
twenty-eight and sixty-four days after
the injections. In each series the fluid
exhibited large numbers of dust con-
taining monocytes, and in both the
asbestos groups large giant cells were
numerous. No sign of an asbestosis
body could be discovered. Dissolved
iron was detected in the cells from the
granite series, but none could be found
in those from either of the asbestos
groups.

On the seventieth day and again on
the 110th day, one animal from each
group was killed. The amount of
reaction was surprisingly insignificant.
Careful search revealed minute foci of
pigmentation in the omentum of each
animal. At seventy days no sugges-
tion of an asbestosis body was dis-
covered, but at 110 days.a few very
small but typical bodies were found in !
a smear stained for iron of an omental
nodule from one animal injected with
the King’s floats dust. The asbestos
fiber and the iron containing granite
animals did not show them. These
findings were confirmed subsequently
by histologic examination of the tissue. |
While the remaining animals of this
experiment are still under observation, !
it hardly seems probable that asbes-
tosis bodies will develop in any num-
ber. Asidefrom its failure to favor the
formation of these structures, it is
surprising that the peritoneal cavity
exhibits so little reaction to the injec-
tion of very considerable quantities of
this foreign material. When more
insoluble dusts, such as coal, quartz,
and carborundum, are injected, very
appreciabletdeposits are found in the

J.I.H
Feb., 1831
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F wif,h tubercle bacilli in the same ares.

toneum.
. In the suboutaneous tissues, at-

mpfﬂ to form asbestosis bodies have
sn somewhat more guccessful. In

J\,: an uncompleted experiment designed
"4 to determine whether certain dusts
"7 ‘might-cause & dissemination of infec-

. tion with tubercle bacilli of attenusted

,.--?-. virulence, daily repeated injections of
G- asbestos dust suspensions were made

K (nto the subcutaneous tissue of the
foroin of guinea-pigs previously injected

-all, thirty injections totaling 3
‘of very fine dust (King's floats)
o made. Most of the material has

3 not yet been examined, but in one

dying in 102 days, and in three
';nom killed 264 daye after the dust
B fijections were completed, the subcu-
aneous tissues exhibited large masses

": ot ¢ fgrelgn body giant cells containing

ny typical asbestosis bodies.

\With a view to determining whether
he iron of the asbestosis body is
i 'aerived from the dust or from the
+ snimal body, the following experiment
. has been performed. A mixture was

:,‘;'-»;:»‘ prepared which contained equal parts
.4 of very finely divided pure asbestos
* ¢+ fiber and fine whole asbestos dust

- (King’s floats), the latter composed
of particles between 2 and 4 mierons in
diameter. Both of these elements
were included because the pure fiber
. from asbestos veins contains so little
* fron. The mixture was divided into

- two parts, and from one of them the

fron was completely removed by

- . digestion with hydrochloric acid and

;i Subsequent washing. Both fractions

Were sterilized by heating at 100°C. for
006 hour, and suspended in physio-
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logic salt solution. The iron free
portion formed a smooth turbid opales-
cent suspension, while the untreated
portion produced a gray-green floccu-
lent one. Two c.c. of each of these
suspensions were injeoted into the
subcutaneous tissues of the groins of
each of six guinea-pigs; the untreated
suspension on the right side, and the
iron free material on the left. When
examined thirty days later, all the
animals had palpable nodules at the
site of injection of the untreated
material, and none on the opposite
side. At this time one of the guinea-
pigs was killed. On the right side
there was & nodule 10 mm. in diam-
eter filled with greenish-gray necrotio
material, while on the left side there
was only a faint suggestion of pigmen-
tation in & very slightly enlarged
superficial inguinal lymph node.
Smears made from the material on
each gide failed to demonstrate golden-
yellow bodies. When stained for iron
with potassium ferrocyanide, numer-
ous uniformly blue fibers were seen in
the abscess produced by the untreated
material, but only a few short, un-
stained fibers could be discovered in
the smears from the opposite side.
There was no suggestion of an asbesto-
gis body. As in the case of the peri-
toneal cavity, the impression is gained
that a part of the dust may have been
dissolved in the body fluids. The
effects produced at sixty days were
identical. The absence of asbestosis
bodies on the right side is attributable
to the lack of sufficient time for their
development; the disappearance of the
injected material on the opposite side

is most surprising.

(To be concluded)
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3%. A METHOD OF STAINING THE ASBESTOSIS BODIES FOUND IN
. THE SPUTUM OF ASBESTOS WORKERS*
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10;, Co;- HERE is a consensus of opinion hour and then' recentrifuged and the
ﬁ:&' , that the asbestosis bodies found deposit mounted as a wet preparation.
ipital of . *~ in the sputum and lungs of By this means the asbestosis bodies
Parirsl SRS pibestos workers do not stain with the become a dark brown to black color,
Schgolg, g\ >Mordinary aniline dyes. This failure sccording to the length of time they
11;3&31‘3. ' 'stain has been one of the difficulties have been exposed to the hematoxylin.
Tations. iy working out their relation to the

Prussian Brve Reacrion

The reaction of the asbestogis body
to Prussian blue was first described by
Cooke and Hill (2) and MeDonald
(3). The foregoing technic is used but
the following mixture is substituted for
hematoxylin: 2 per cent. potassium
: - HematoxyLiN ferrocyanide—1 part; 1 per cent.
. After digestion of the sputum with BY dro.chloric acid—3 parts. With this
equal quantities of concentrated anti- technic the asbestosis bodies are
formin (as described by Stewart and colored 8 brilliant blue. A potassium
Haddow (1)) and centrifugation, the ferricyanide mixture may also be used
Mintitiformin is pipetted off and replaced Put the resulis are variable, some

“3557 a 5 per cent. solution of Ehrlich’s #3bestosis bodies being stained, others
ipu -hematoxylin. Bluing of the hema- DOt
i do lin immediately takes place owing AMuoNTUM SULPHIDE
the remains of the slkaline anti- The same technic is used but am-

onnln

; The mixture is well shaken monium sulphide is substituted for
hematoxylin or potassium ferrocyanide.

;Recelved for publication Nov. 22, 1930. The asbestosis bodies are then colored

L, 85

histology of the disease and in deter-
their composition. By em-
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black. This color can be removed
with hydrochloric acid.

DiscussioN

- When examined miocroscopically the
hématoxylin specimens give the im-
pression of baving hematoxylin de-
posited on them rather than having
actually taken up the stain, but after
washing overnight the asbestosis
bodies still retain sufficient stain to be
coloted a dark brown. ‘With the ferro-
cyanide or ammonium sulphide technie
the bodies are homogenously stained.

The advantages of this technic are:

(1) The minute details of the asbesto-
sis body can be better seen than in the
unstained preparation; e.g., the central
ocore of asbestos fiber generally stands
out clearly and ean sometimes be seen
running across a gap between two
segments of the asbestosis body rather
like the string between beads on a
necklace. The fiber takes on the stain
only very lightly—sometimes, indeed,
not at all—but the contrast with the
stained body is sufficient to demon-
strate quite clearly its existence. The
outlines of the segments are algo very
clearly seen, and the small subsidiary
bosses on the sides of the asbestosis
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body, and the cracks in the segments :
are better distinguished by thisynethod

than in the unstained preparation.

(2) These reactions support the view | 3
that iron enters into the composition of JEES"
the bodies. The Prussian blue reaction 3
is & well-known test for iron; and am- .
monium sulphide is universally em- |
ployed as a group reagent for iron.
Hematoxylin also bas an affjnity for
iron, but the reaction in this case is

inferior to that given by the other (R |

methods. ’ ] '
The amount of iron found in raw 3

asbestos varies considerably. Accord- JEEEE:s

ing to Merewether (4) the two main
varieties of asbestos used in industry §
are: (1) a larger portion known as 1
chrysotile, a hydrated magnesium §
silicate with & low percentage of iron 4
oxides (0.7 to 4.4 per cent.); and (2) a °
smaller portion known as crocidolite, 1
amosite, and tremolite which have &
high percentage of iron oxides (3.2 to §
44 per cent.). The latter group is the
one used in the factory which produces
the cases seen at this Hospital. .

Cooke and Hill (5) have also sug-°
gested that blood may enter into the !
composition of the asbestosis body. *
Oxyhemoglobin contains 0.335 per |
cent. of iron (8). :
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of benzene are toluene, C,H, CH,,
and xylene, C¢H,-(CH,);, in which
one or two methyl radicals replace one
or two hydrogens (1).

The most important benzene deriva-
tives industrially and toxicologically
are the nitro, amino, diamino, and
chlor compounds of benzene and tolu-
ene. Danger to health from these
compounds depends not only on their
chemical structure but also largely on
their physical state and the method of
handling them. Those compounds
responsible for the greatest amount of
industrial sickness are not necessarily
the most toxic.

Homologues of Benzene

Considering first the homologues of
benzene, toluene and xylene, we find
somewhat conflicting reports. Selma
Meyer (2) states that regardless of
which poison is acting, whether ben-
zene, toluene, xylene, naphthalene,
aromatic nitro compounds, etc., the
lymphocytes are increased in the
blood stream and the neutrophils are
forced back or repressed. American
findings do mnot agree with this.
Neither Greenburg (3) nor we (4) have
found toluene or xylene presenting
any characteristic blood picture in
experimental  animals. Greenburg
found that with continuous exposures
for up to seven days, high concentra-
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tions of toluene killed all exposed
animals in forty-eight to seventy-two
hours with narcosis, Animals sur-
viving lower conocentrations showed
evidences of narcosis, irritation or
depreasion, with irritability. Our own
tests with four-hour exposures over
longer periods showed evidences of
lung inflammation and of toxic degen-
eration in internal organs. We both
found toluene to be less toxic than
benzene, and the National Safety
Council recommended it as a substi-
tute for benzene where possible (3).
In addition to being less toxie, it is
less volatile and is leas likely to exist
in a plant as vapor of toxic concentra~
tion. Xylsne we have found also to
be quite toxic, but agsin it is even less
volatile than toluene and therefore
less hazardous. Neither of these two
substances seems to be readily absorbed
through the akin in toxic amounts and
I know of no case of poisoning from
skin absorption due to them.

Nitro and Amino Group Compounds

Nitro and amino groupe, aromatics,
in general produoce much the same
clinical pictures, differing in some
details and with a few striking excep-
tions. The latter in general are simple
blood poisons, while the former in
addition exert a direct sction on the
central nervous system. Floret (5)
says that all aromatic and aliphatic
compounds are fat solvents and there-
fore particularly apt to affect the
central nervous system.

. In light cases of poisoning from
pitro or amino compounds there is
flushing of the face, with a sense of
fulness and throbbing pein in the
head, burning sensation in the throat,
and a feeling of tightneas in the chest.
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More marked cases of poisoning
develop violent throbbing headache, |
diszinees, roaring in the ears, and
visual disturbances. With still more
severe poisoning the face becomes?
livid, the lips and tongue blue, the !
knees weak, and the galt staggering §
The blue color of the face may persist
for several days. In extreme cases’
cyanosis increases, muscular tremors
develop, there is extreme weakneas
cold skin, nausea and vomiting, ab-
dominal crampe, quick, shallow respis
ration, lowered blood pressure, and late]
unconsciousnsss. Coma develops, tha
respirations become  progressively,
slower and ashallower, involuntary
urination and defecation may oc
and oconvulsions usually come o
just before death. Not infrequently
attacks are delayed, coma coming of
even hours after cessation of exposure

red cells with polychromsatophilis
The blood becomes chocolate coloreg
owing to the development of methem
oglobin, the speotroscope showinj]
absorption bands between those &
pure methemoglobin and oxyhemo
globin. Evidences of blood regeners
tion are seen after a few days in noy
fatal ocases, with the appearance of
stippled cells and nucleated red celld
There is an early polymorphocytod
followed later by a relative lymphd
cytosis. In slow poisoning from cof
tinued low exposures there may be &3
increase in the red cell count.

ored, or smoky red, and shows bile 2 ‘-
blood pigments, methemoglobin §
hemoglobin, At times albuminusg

314
Mareh, }
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- ocours and the urine may reduce
% Fehling’s solution. For moet of this
group the skin is the most important

entry port.
Amino Compounds

P While the amino compounds as a
[ clsss produce a deeper cyanosis than
do the mnitro compounds, yet with
- them, poisoning is less serious and

-recovery usually results in a few days
, . if exposure is not continued. There
}:.. are exceptions to this, however. They
. are all very readily absorbed through
#G. -the ekin as well as through the lungs.
" Aniline poisoning is first manifested
as an intense cyanoals, the victims of
oisoning being referred to as ‘“blue
boys.” In an aniline plant visited
‘during the war, cases of poisoning
.occurred daily and blue boys were a
-~common gight. Following cyanosis
-sthere develop headache, dizziness,
ysphagia, nausea, vomiting, weak-
iess, - restlessnees, palpitation, and
eg slow respirations with rapid
eeble heart action, Pupils are con-
“#tracted but respond to light. Tem-
‘perature is subnormal. There is an
aniline odor on the breath and to the!
#. :-eweat. The urine is dark in color
il -owing to the presence of hemoglobin.
¥ In severe cases there may be a loss of
+  sphincter controls and also pulmonary
»7!  edema. More cases and more severe
»§i, poisonings occur in hot weather.
‘8" Workers may develop a degree of
tolerance but the cyanosis may persist.
. Continued exposure may result in
headaches, irritability, poor appetite,
\' Deurasthenis, visual disturbances and
;. itching of the eyes which may lead to
R injury and ulceration of the cornea
‘from rubbing. There is anemia, with
-decreased  hemoglobin. Long-con-
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tinued exposure is said to produce
bladder tumors which may become
malignant. '

The average lethal dose is 25 gm.;
0.4 to 0.6 mg. per liter of air may be
borne without much harm for one-
half to ope hour but 0.1 to 0.25 mg.
per liter for several hours produces
slight symptoms (6). Tests made by
Iszard (7),+in 1920, in the aniline
house of a plant while reducers were
being discharged, gave the following
amounts in milligrams per liter of air:
0.5, 1.01, 1.18, 2.43, and 3.4—all but
the first one well above the toxic con-
centrations. Men were exposed to
these concentrations for periods of
from twenty to forty minutes. One
workman at the plant developed
cyanosis from wearing an old pair of
gloves found lying in a pool of aniline
water on & drumhead. Changes in
design of apparatus and method
relieved this condition and reduced the
number of poisonings in this depart-
ment almost to the vanishing point;
later, however, the plant started to
develop the production of synthetic
indigo, and new cases began to appear
in men discharging the phenylglycine
driers, as the finely powdered phenyl-
glycine carried more or less absorbed
aniline. Here the poisoning was due
to dust inhalation. Two tests taken
by Iszard, in the indigo house while the
vacuum driers were being emptied,
showed 0.7 and 1.7 mg. of aniline per
liter of air.

Toluidines produce the same symp-
toms 28 does aniline, with less cyanosis
but more strangury and hemoglobin-
uria. They produce subnormal tem-
perature and anemia. Exposure oo-
curs from splashes from centrifuges
and whizzers.
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Beta-naphthylamine produces cyan-
osis and also frequent urination as a
result of irritation due to .overacid
urine. - - ' :

) Diamines

The diamines may be decidedly
toxic. Phenylenediamines are used
as dye intermediates in dyeing hair and
furs. They have been regponsible for
a number of cases of poisoning from
bhair dyes and from cheap dyed furs,
Symptoms produced are dermatitis,
sleeplessness, dirziness, and weakness;
and epileptiform convulsions, coma,
and death may result. The reaction
may develop very suddenly and be of
-anaphylactic type. Some writers have
insisted that it was a true anaphylaxis,
and Curschmann has suggested eal-
-cium therapy with the inhalation of
sprayed solutions of . calcium salts.
Most writers, however, now attribute
the poisoning to quinone intermediates
resulting from incomplete oxidation,

and atate that care to secure complete -

oxidation and careful, thorough wash-
ing of dyed furs will prevent the
trouble from developing. Phenylene-
diamine should never be used in hair
dyes.

Tolylenediamine is a blood poison,
producing destruction of red cells,
methemoglobin, and toxic jaundice
with liver degeneration, but is less
toxic than the phenyl salt.

ANTMAL EXPERIMENTS

At various times in the past few
years our laboratory has been called
upon to determine the toxicity of a
number of benzene derivatives and
allied substances, more or less com-
plex, about whose effects on the
system there was little or no informa-
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tion available in the literature. Many
of these preparations were for use in
the rubber industry as accelerators or
retarders. Most of these tests have
been assembled for comparative pur-
poses and a.e here presented in the
hope that they may be of interest and
of help to others called upon to use
these materials or to make similar
tests.

In many cases all that was desired
by those requesting information was |

the determination of the minimum

lethal dose, as an indication of the
possibility - of accidental acute poi- !
soning. With others the effects of |
repeated sublethal doses were studied. |
All experimental work was done with §
small animals, it being the custom in
our lasboratory to use at least two J
types of animal, often three, for such }
work. The animals of choice, for
convenience in handling, are white
rats, guinea-pigs, and rabbits. Dos- {
ages are always given as grams per }
kilo of body weight of the animal at the .
time of administration, It is custom. '
ary to interpret the results of such §
tests in terms of grams per kilo of body
} weight of man, but we always give
such interpretation with considerable 1
reserve, and feel that at best it indi-
cates an approximation to the range of
toxicity for man, rather than an actual 3
measurement of it. When used for
comparison of the toxicity of different }
compounds, however, we feel that such {
tests are a very fair indication of rela-
tive harmfulness, 5
When death occurs within & com- ]
paratively few hours from a single dose |
of a chemical, we rarely find micro- |
scopic evidence of toxic organ degener-
ation,and in these cases we report only
dose, time of death, symptoms, and }

J.LE
March, 1831 §
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gross changes noted at autopsy. When
gnimals survive more than twenty-
four hours, in addition to gross changes
we always look for histologic changes
in internsl organs, especially the liver,
kidney and spleen, and other organs as
ipdicated. When animals survive a
week or more, we usually include urine
and often blood findings in the reports.

With most of the tests here reported
on for minimum lethal dose determin-
ations, no microscopic findings are
included. The tests to be reported
were made as parts of six different

- investigations on materisls supplied by
1+ three different industrial firms. Firm
& names and trade names of chemicals or

compounds are purposely omitted, but
empirical and line structural formulas
are given when known. In some
instances, however, there are differ-
ences of opinion as to the structural
formula of the compounds reported

" upon. When materisls to be tested
- were water soluble, they were fed by
- pipette in watery solution. 'When not

water soluble, if soluble in dilute acid

" they were fed as hydrochlorides with
a8 little as possible excess acid.

" paste in olive oil or water.

Liquids not mixable with water were
fed as a starch paste. Solids insoluble
in water or dilute acid were fed as a

cases, animals being dosed were held in
the hand of the operstor and it was
made sure by personal observation that
all the material was actually swal-
lowed. Except as noted, all materials
were of the technical grade of purity.

. Guanidine and Guanidine Derivatives
Guanidine, CH,N, or NH,)s- C:NH,

is not in itself a benzene derivative
but it enters into compounds that are.

" The minimum fatal dose for a pure

In aﬂ‘
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sample of this substance was found to
be 0.3 gm. per kilo when dissolved in a
weak acid solution and fed as a hydro-
chloride. With this dose, death oc-
curred in from three to twelve hours,
preceded by twitchings, convulsions,
collapee, and gasping inspirations,

Diphenylguanidine, CyHuN; or
(CH,NH);-C:NH, with two substi-
tuted phenyl radicals, also fed as a
hydrochloride, killed in from one to
three hours in a dose of 0.25 gm. per
kilo, with the same train of symptoms.

Tripbhenylguanidine, CysH;3N; or (Cs-
HNH),-C:NCH;, with three phenyl
radicals, fed as a paste in 0.1 per cent.
hydrochloric acid, as it would not go
completely into solution, killed in
from three to four hours in a dose of
0.35 gm. per kilo; death was preceded
by violent trembling, convulgions,
gasping, violent chewing motions, and
characteristic rolling over, slways in
the ssme direction.

The addition of the phenyl radicals
to the guanidine molecule definitely
increased toxicity. The apparent les-
gening of toxicity of the tri over the di
product was no doubt due to .its
lessened solubility; even though it
required a larger dose to kill, the pre-
lethal symptoms were more violent.

Diorthotolylguanidine, Cy,Hy;N; or
(C:H.CH;NH),-C:NH, killed in forty-
five minutes in a dose of 0.12 gm. per
kilo; this also was fed as & hydro-
chloride in solution. Prostration
developed rapidly, with twitchings,
irregular shallow breathing, gasping,
and cyanosis., Larger doses killed in
twelve minutes. Here the tolyl radi-
cal produced a marked increase in
toxicity. That the tolyl radical does
not always insure toxicity is seen in the
case of diorthotolylthiourea, CyH .8
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or (CsH(CH;NH),-CS8, in which it is
combined with a harmiess sulphur
compound. Here no symptoms were
observed with & dose of 4 gin. per kilo,
though the same tendency, in a slight
degree, was seen to the development
of lung hemorrhage as was observed in
almost all of these series. Dosages
were not increased beyond 4 gm. per
kilo because the corresponding dose
for man would be {remendous and it
was extremely difficult to feed larger
doses to animals,

With the materials of the guanidine
series there was s very sharp line
between the fatal dose killing in at
most & few hours and the dose from
which there was apparent complete
recovery. No animal that survived
overnight died. The behavior of the
animals dying from these materials
strongly suggested cyanide poisoning,
a8 did the behavior of one factory
employee whose death was possibly
the result of an accidental overdose of
one of the guanidine derivatives,

A geries of animals were fed sub-
lethal doses daily of diorthotolyl-
guanidine for up to twelve days. In
these animals traces of a substance
reducing Fehling’s solution appeared
in the urine after each feeding, but did
not persist overnight. They all devel-
oped mild albuminuria but no casts,
and postmortem examination showed
early but not marked liver and kidney
changes. There was evidently no
rapid cumulative effect.

Aniline and Aniline Derivatives and
Compounds

A number of aniline derivatives were

tested and compared with aniline.

Aniline itself, C:H,N or CHNH,,

reported in the literature as fatal for
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man in doses of 0.35 to 1.43 gm. per
kilo (a8 a pure preparation), killed
guinea-pigs in doees of 1.75 gm. per
kilo when fed as pure aniline

Thiocarbanilide, CyH; NS or
(CH;NH);-CS8, a thiourea deriva-
tive, proved nonfatal in doses of 4 gm.
per kilo, fed as a paste in olive oil,
though the animals seemed weak and
depressed and petechise were seen in
the lungs. Lack of solubility les-
sened toxicity, as did also the entrance
of sulphur.

Methylenedianilide, C,H;N; or
(CyHNH),-CH,, was also nonfatal in
doses of 4 gm. per kilo, and no symp-

toms were observed. This material

also was fed as a paste in olive oil, and
insolubility probably was the reason
for nontoxicity.

Paranitrosodimethylanilide, C¢H,
N;O or NO-CJHN(CH,)s, & nitroso
compound fed as a paste in water,
proved to be twice as toxic a8 aniline,
even though not easily dissolved. It
waa fatel in doses of 0.85 gm. per kilo
in from twelve to forty-eight hours,
death being preceded by prostration
and convulsions, and red staining of
the urine.

A series of condensation products
containing eniline gave interesting
results. Formaniline (C;H;N), or
(CJHLN :CH,)s, 8 combination of two
definitely toxic substances but itself
soluble with difficulty was not fatzl in
doses of 4 gm. per kilo;

A trade compound, & condensation
product of aniline, acetaldehyde and
formsldebyde, and another made from
aniline, acetaldehyde and earbon disul-
phide, also very slightly soluble and
fed as olive oil pastes, were not fatal in
doses of 4 gm. per kilo.

Paratoluidine, C;H,N or CHy-CeHl-  §

JLLE 3
March, 1831 Y
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NH,, (pure preparation) fed as a
paste in water, killed in a dose of 1.1
gm. per kilo. This was surprising as
Hamilton (1) quotes Gibbs and Hare
as giving 0.1 gm. per kilo as fatal for

Anhydroformaldehyde-paratolui-
dine, (CsHsN); or (CH; C,H(N : CHy)s,
fed as a paste in 0.1 per cent. hydro-
chloric acid, was less toxio, the fatal
dose being 2 gm. per kilo, killing in
twelve hours; death was preceded by

- trembling and kicking, but no general

convulgions oceurred. This is the
toluidine ansalogue of formaniline

‘ reported previously, and the substitu-

tion of toluidine for aniline markedly
increases toxicity.
.. A condensation product of aniline,

" paratoluidine, butyraldehyde and car-

bon bisulphide was more toxic than
anhydroformaldehyde-paratoluidine,
but not so toxic as paratoluidine. It

killed in doses of 1.7 gm. per kilo in

{rom two to six hours; death was pre-
ceded by prostration and collapse but
there were no convulsions. This was
an oily fluid with presumably a smaller
molecule than anbydroformaldehyde-
paratoluidine, and size of molecule
seems to bear some inverse ratio to
toxicity.

Diphenyl and Diphenyl Dertvatives

Technical grade diphenyl, CiH;, or
CiH;-CeH;, prepared by passing ben-
gene vapor through a red-hot iron
tube, little if at all soluble in water but
readily soluble in alcobol and ether (8),
was not toxic in doses of 4 gm. per
kilo.

Two chlorodipheny! preparations,
CsH,Cl or C¢H,-CH.C], were tested
and both proved slightly toxic; the
2chloro compound killed in from

Vol. 13
No.3
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twenty to forty hours in a dose of 2.5
gm. per kilo, with mild convulsions,
and the 4~chloro compound killed in
forty hours in a dose of 3.5 gm. per
kilo, with no convulsions, Both were
fed in pastes as they were apparently
insoluble. Here the position of the
chiorine atom seemed to govern the
degree of toxicity.

Two polychlorodiphenyls, the defi-
nite compositions of which were unde-
cided, proved nontoxic in doses of 4
gm. per kilo. They were also fed in
pastes, and were composed of even
larger molecules than the monochloro
compounds,

A 4-nitrodiphenyl, Cp,H,NO; or
CiH;- CHLNO,, in spite of its nitration
was not fatal in doses of 4 gm. per kilo,
owing probably to its insolubility.

Nitrobenzene

Nitrobengene, CiH,+NO,, decidedly
toxic a8 a vapor and by skin absorp-
tion, the latter due to its solubility in
fat, was less toxic (using a pure prep-
aration) than we had anticipated,
when fed in & starch paste, the fatal
dose being 1 gm. per kilo for animals.

Phenylnaphthylamines

Both alpha and beta naphthylamine,
CicHoN or CyoH:-NH,y, are decidedly
toxic but their phenylated compounds,
CuHuN or CioH;-NH-CeH,, proved
very little toxic. The alpha com-
pound fed as a paste required 4 gm. per
kilo to kill in three days, while the
same dose of the beta compound was
not fatal. Here the alpha position
proved the more toxic.

Tolylenediamines

We have stated above that tolylene-
diamine is a blood poison, producing
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destruction of red cells, methemoglobin,
toxic jaundice, and liver degenera-
tion. It has, however, been sug-
gested as a subetitute for the phenyl-
enediamines as & hair dys, on the
ground of its much Jower toxicity.
Tests were made with both the para
and the meta compounds, CH;oNj or
CH, CH,- (NH,),, the former as an
ingredient of a hair dye and the latter
as a rubber chemical.
Metatolylenediamine was fed a5 a
bydrochloride in water. The fatal
dose was 3 gm. per kilo; however, 0.7
gm. per kilo daily for nineteen days
was fatal to & guinea-pig, and 0.6 gm.
per kilo daily for five days killed a
rabbit. In arimals surviving several
days there was evident definite fatty
degeneration and also renal degenera-
tion. The body fluids were stained
with the material and chemical tests
showed that some of it was excreted
unchanged in the urine. When com-
bined with unvulcanized rubber it was
not extracted from the rubber when
that was applied to the skin and held
there as & poultice for several hours,
though it was very slowly extracted by
8 buffered watery solution ranging
between & hydrogen ion concentration
of 3 and of 7. The toxicity tests for
this product seem to agree fairly well
with those previously reported by
Stadelmann (8) though he did not

report in grams per kilo.
Paratolylenediamine was tested asan
ingredient of a hair dye. For testing,

this material was used in solutions
of three different strengths as rec-
ommended for dyeing, containing
amounts of the active ingredients
ranging from 2 to 39.6 per cent.,
depending on the depth of color

desired. The minimum fatal dose by
mouth was found to be about 3.6 gm,
of the pure substance per kilo—not
very toxic. We found  the material
toxic to this extent b
subcutaneous injectio
no evidence of absofiption through
the unbroken skin. en used as &
dye it is oxidized with hydrogen
peroxide to bring out the full depth of
color,

but could see

GENERAL ParrOLOGY OF ENTIRE
SeriEs

The one outstanding pathologie
lesion seen in animals of the series
poisoned with the various benszene
derivatives was a tendency to extrava-
sation of blood in the lungs, whether
the animal died from the drug or was
killed for study. This varied from
scattered mibute petechise to larger
ecchymoses or even massive lobular

or lobar hemorrhage, the severity of |

the lesion ususally paralleling the
severity of the poisoning. In order
to avoid agonal congestions seen in
gassed animals, the animals were killed
by rapid severing of the spinal cord.
By this method we practically never
found such hemorrhagic lung condi-
tions in normal animals, Ip animals
surviving eeveral days these lesions
were found to be in the process of
absorption and they did not seem to
lead to pneumonie conditions, though
we should surmise that repeated
lesions of this type would lower the
resistance of the lung to infection
Similar lung lesions were found post-
mortem in a fatally poisoned worker
who may have beer a victim. of the
acute effects of one of the guanidine
derivatives, *

J.LH
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In snimals which survived several
days and then died or were killed for
study, there was usually seen some
evidence of early toxic liver and kid-
pey degenerstion. No animals of

; . this series survived long enough or had

sufficient repeated doses to develop
marked blood changes.

With most of these preparations the
toxicity was rather low. There is very
little danger of accidental poisoning in
industry with any material having a
minimum lethal dose of over 0.25 gm.
per kilo, or 17.5 gm. for & man weigh-
ing 70 kilos. With limits under that
point but over 0.1 gm. per kilo, there
is little danger in handling the prepara-
tions if their possible toxicity is real-
ized and reasomable precautions are

" taken as to dust and fume removal and

personal cleanliness. It must be borne
in mind, however, that personal idio-
gyncrasy may make exceptions to this
rule, and also that fat soluble or lipoid
soluble materials, if water insoluble,
may poison by skin absorption in
doses not toxic by mouth.

It must be emphasized that the
toxicities here reported refer only to

ST0B30617
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TABLE 1.—SUMMARY OF TOXICITIES
REPORTED
Grama per kilo of body weight for small
animals (guinea-pigs and robbits)

Guanidine and Guanidine Derivatives

Gusanidine........................... 0.30
Diphenylguanidine................... 0.25
Triphenylguanidine.................. 0.35
Diorthotolylguanidine................ 0.12
Diorthotolylthiourea................, 4. 4
Aniline and Antline Derivatives and
Compounds
Nitrobenzene by mouth.............. 1.00
Aniline.................. ...l 1.76
Thiocarbanilide...................... 4.4
Methylenedianilide................... 4.4
Paranitrosodimethylaniline........... 0.65
Paratoluidine........................ 1.10
Condensation Products
Formaniline.......................... 4.4
Anhydroformaldebyde-paratoluidine.. 2.0
Formaldehyde
Aniline ...l 4.4
Acetaldehyde
Aniline
Acetaldehyde  ;................... 4.4
Carbon bisulphide
Aniline
Paratoluidine  {................... 1.7
Butyraldehyde

Carbon bisulphide
Diphenyl and Diphenyl Dertvatives

administration of solids or liquids by Diphenyl..................ccovrnnn. 4.4
mouth. As previously stated, fat or 2-chlorodiphenyl..................... 2.5
lipoid soluble substances may be 4—¢1lxlo}xl-]ovlri;:;;exlxlyl..i .................. 3.5
decidedly more toxic by skin absorp- Polychlo :p enyl, A................ 4.4
tion than by oral ingestion; also it Polychlorodiphenyl, B....... AL £.4
must be borne in mind that the same Phenylnaphthylamines

may be true of vapor inhalation. T h°nYl'“Ph"“‘§h;hﬂ“f‘me --------- 4.0
Therefore these results do not neces- Phenyl-beta-napht yln.mm.e .......... 4.4
sarily represent the hazards of indus- M 1 Tf’lylf"’d"’"‘"‘"

trial expos ; etatolylenediamine................. 3.0
absorp:'ﬁ ure to vapors or to skin Paratolylenediamine................. 3.0
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STUDIES ON EXPERIMENTAL PNEUMONOKONIOSIS. VI. INHA-
LATION OF ASBESTOS DUST: ITS EFFECT UPON PRIMARY
TUBERCULOUS INFECTION
(Concluded)

Leroy U. GAroNER aAND DoxaLp E. ComuMings

FProm the Saranac Laboratory for the Study of Tuberculosis
The Edward L. Trudeau Foundalion, Saranac Lake, New York

PriMarY TUBERCULOUS INFECTION IN
PULMONARY ABBESTOSIS

To determine whether inhaled asbes-
tos dust affects the course of tubercu-
lous infection, the same procedures
have been employed which were used
in the previously reported experiments
on other dusts, i.e., granite (2),
marble (3), carborundum (4), and
quartz (5). For this purpose animals
exposed to asbestos dust have been
infected by causing them to inhale
gmall numbers of tubercle bacilli of the
attenuated strain R;. By this means,
in undusted guinea-pigs a self-limited
infection of the respiratory tract is
produced with lesions comparable
with those of the “primary complex”
in man. They consist of a variable
number of small diserete subpleu-
ral tubercles in the lung, together
with a more extensive involvement of
the tracheobronchial Iymph nodes.
The pulmonary tubercles caseate and
then the bacilli die. The caseous

.Matter is absorbed and after a period

of from eighteen months to two years,
complete resolution of the entire
lesion takes place (8). Macroscopic
disease of the spleen and liver is almost
97

Vol. 13
No.3

never seen. The course of the infec-
tion in such guinea-pigs is generally
nonprogressive (Figs. 18, 19, and 20).

During the period from 1920 to 1928,
there were three instances of general-
ized tuberculosis among 251 guinea-
pigs infected with this organism as
controls to different dust experiments.
In one of these three there was some
question as to the identity of the
animal. In the last three years, how-
ever, eleven instances of disseminated
disease have been discovered among
148 controls similarly infected. The
occurrence has been sporadic, and
only one animal in a group of twenty-
five or fifty such controls exhibited
evidence of spreading disease. The
cauge of this apparent accentuation
in virulence has not been ascertained.

It is hard to believe that after main-
taining a constantly low degree of
virulence for a period of thirty years
the R, strain has rather suddenly been
altered. As far as is known, the gly-
cerin broth on which it has been culti-
vated hag been prepared in the same
manner as heretofore. The dosage
used for inhalation infection has been
maintained at a constant level. The
only discoverable factor which has not
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been controlled is the guinea-pigs used
They have regu-

for the experiments.

Fic. 14.—Primary subpleural tubercle
partially healed by fibrosis. Below it and
to the left is s nodule of hyperplastic
lymphoid tissue. Slightly removed are
oci of dust reaction. No spread because
no contact between two lesions is estab-
lished. Exposed to both dust and infection
357 days. Approximately X20.

Fic. 15.—Another primary subpleural -
tubercle from the same lung as Figure 14,
which has spread locally into an area of dust
reaction. Approximately X20.

larly been purchased from one farmer.
On their receipt they are quarantined
for a period of three weeks to avoid the

ing more fibrosis than usual.
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introduction of epizootic pneumonia
into the animal house. It had not
been considered necessary to perform
intracutaneous

routine

tuberculin

Fig. 16.—Healed fibrous tuberculosis in
an aresa of asbestosis. Simultaneous expo-
sure to dust and infection 838 days. Approx-
imately X45.

Fig. 17.—Section of uncomplicated as-
bestosis from same lung as Figure 18, show-

Connective

tissue stain. Approximately X90.

tests, as no case of accidental tubercu-
losis had ever been recognized among
this stock. It is possible that these

recent cases of apparent spread of the

J.1H.
March, 1931
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nonia low virulent artificial tuberculous in- residence in the animal house. Sub-
1 not fection may have been due to previous inoculation tests are now in progress
:rform accidental infection with a more viru- in an attempt to determine the type of
-reulin -

Y e

ilosis in
18 expo-
Approx-

Fig. 18.—Inactive subpleural tubercle Fia. 20.—Healed subpleural tubercle
in undusted control animal; retrogression 654 days after infection. Approximately
hss commenced; 654 days after infection. 110.

Approximately X110.

:ated as-
18, show-
ynnective

Fia. — ; Frg. 21.—Partially healed tubercle in
in unduslv?éd iﬁzﬁgea;;‘mbgll?ur?;lmg:g:;ﬂz wal! of large bronchus. Location atypical;
has commenced; 654 days after infection. 357 days. Approximately X130.
Approximately X110.

subercu- tubercle bacillus responsible for this

| among lent strain. Generafized tuberculosis, disturbing manifestation.
2t these ‘ T;j?.f.hOWever, has always made its appear- But in spite of these occasional in-
d of the S £, ghnce only after many months of stances of disseminated tuberculosis in

JLLE.
March, 188!
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the control animals, this method of
testing the effect of inhaled dusts upon
tuberculous infection is of value. The
great majority of the controls nol
exposed to dust inhalation exhibit
nonprogressive pulmonary tubercles
which ultimately heal by resolution.
On the other hand, almost every
animal] gimilarly infected and exposed
to the inhsalation of quartz dust dies
of generalized tuberculosis, unless
premature death from epizootic pneu-
monia, or other causes, supervenes.

In the asbestos dust experiment, two
groups of guinea-pigs were infected
with the attenuated R, strain of
tubercle . bacilli.¥ One lot of sixty-
three normal animals were subjected to
inhalation infection, and four days
later forty of them were placed in the
dusting room where they have been
kept under the conditions already
described, until death occurred. The
remaining twenty-three of this group
were set aside in & normal atmosphere
as controls to the infection. From
this experiment it was hoped that the
effect of inhaled asbestos dust upon a
tuberculous infection might be deter-
mined. In the animals thus exposed,
asbestos particles would continue to
enter the lungs during the period of
tubercle formation. If solution or
other chemical reaction should occur,
these changes might conceivably affect
the activities of the tubercle baeilli.

3The method of infection has been
described elsewhere (2). The dosage em-
ployed for the present infection consisted
of six pufis from a DeVilbiss vaporizer
contninm'.f a suspension of R,; tubercle
bacilli. The water clear suspension was
prepared by centrifugation and filtration
through paper so that there were from ten
to twenty isolated bacilli in each oil im-
mersion field. No clumps were present.
The bacilli were grown on glycerin broth,
the first group for eight days, the second for
ays.

STO8
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A second group of twelve guinea-
pigs, which had been exposed to asbes-
tos dust for a period of two years under
the conditions described above, were
infected by the inhalation of an
approximately equivalent dose of R,
tubercle bacilli. At the same time

twelve normal animals were infected

a8 controls. Both the previously
dusted animals and the controls were
then set aside in the general anima]
room to be allowed to live as long as
they would. This second test was

designed to demonstrate whether the .
alterations in pulmonary anatomy
and physiology produced by the in--
haled dust would affect a tuberculous

infection.

Infection Coincident with Dust
Inhalation

Of the forty guinea-pigs originally

infected and placed in the dusting |

chamber, thirty-one are now dead.
Seven were killed, and the remainder
have died of wvarious causes: four

of generalized tuberculosis, seventeen -

with more or less extensive epizootic
pneumonia, and the rest from various
accidental causes.

after infection. Some evidence of
spread of the tuberculous process has
been observed in ten animals; in six

it has been confined to the lungs,
while in the other four it involved the

abdominal viscera as well. Pulmo-
nary cavity developed in four animals.:
In most of the cases an extension of the
tuberculous infection had occurred at
some time previous to death, and

subsequent healing resulted in fibrosis

of all the secondary lesions. In all

the tuberculous animals, even those

J.I.H
March, 1931

Nine are still alive
and apparently well at the time of this
report, two years and three months

- d—

4
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bfving with generalized disease, the
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exudative in type.

b5 Of the twenty-three infection con-
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Krarious accidental causes. By the
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much more marked than that produced
by either irritant alone is the result.
Extensive chronic inflammation and
granulation tissue develop, but the
dust oells do not migrate into the
interior of the tubercle, as in the case
of inhaled quartz. Nevertheless, the
subsequent course of the tuberculous
process is altered. In some instances
there is merely an interference with the
usual process of resolution, so that
exceasive fibrosis and calcification of
the necrotic central areas result. In
other cases, some product is produced
(possibly soluble silica) which causes
renewed multiplication of the bacilli
and a spread of the tuberculous
proocess.

The extension takes place locally
about the primary foci of infection
(Fig. 15), and there is also metastasis
of tubercle bacilli to the peribronchio-
lar foci of dust reaction (Fig. 7). New
tubercles develop in the latter location,
which are temporarily progressive and
which may even break down to form
small cavities, Usually, however, the
proocess tends to come to a standstill,
and ultimate healing with fibrosis and
considersble anatomic deformity is the
result (Fig. 18). The spreading dis-
ease i8 usually confined to limited
areas in the lung, and death has with
but one exception ocourred from other
causes. Such endogenous reinfec-
tions have first been encountered 203
days after the beginning of the experi-
ment. The last animal of this group
studied died on the 838th day, of
endemic pneumonis which was strictly
localized to one cephalic lobe. The
lungs show no trace of subpleural
primary foci of -infection, but in the
deeper portions along the course of the
large bronchi are healed fibrous tuber-
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cles with plaques of bone and marrow
elements in their centers. These have
been interpreted as the remains of
primary tubercles produced by baocilli
which did not reach the periphery at
the time of infection because of the
obstructing dust in the bronchioles.
Elsewhere about respiratory bronchi-
oles are very massive circumscribed
foel of fibrosis containing the com-
pressed remains of gland-like air
gpaces. Whether all of them were
once the site of specific tuberele cannot
be definitely determined. However,
the oceasional occurrence of concentric
masses of scar tissue enclosing & few
giant cells suggests, in some instances,
the presence of tubercles. In other
organs, the tracheobronchial lymph
nodes and abdominal viscera, there
are also many non-caseous fibrous
tuberoles.

Infection Superimposed upon an
Established Asbestosts

Of the small group of twelve guinea~
pigs infected after two years’ exposure
to asbestos dust, six died and three
were killed during the following forty-
eight days. Three of those dying pre-
sented an acute non-tuberculous pneu-
monis involving only one lobe of the
lung, and two, an acute hemorrhagic
pleural effusion.

Pulmonary tubercles were first found
in the fourth animal dying on the
thirty-third day; all of the remaining
five showed some evidence of pulmo-
nary infection. The majority of the
tubercles occurred not in the usual
subpleural zone of the lung, but in the
areas where dust reaction had already
been established. In some instances
there are also characteristic subpleural
lesions. The peribronchiolar tubercles

spread in the preestablished scar tis-
sue, and undergo extensive caseation.
Early metastasis to the tracheobron..
chial lymph nodes occurs and the most
extensive fooi of reaction are found in
this location. In fact, in one guinea-
pig dying of an acute pleurisy on |
the twenty-eighth day no pulmonsry
tubercles can be discovered, whereas §
the lymph nodes are heavily infiltrated 1
with masses of epithelioid cells. All
the animals dying on and after the
thirty-third day show very extensive
tuberculosis of the spleen and hepatio -
Iymph. ]
The infectious process exerts a very §
noticeable efféct upon the reaction to :
the dust. In all but one of the ani-
mals the amount of fibrous tissue about
the respiratory bronchioles is much
more marked than in non-tuberculous §
animals exposed for the same period. }
In two of them, which are uncompli-
cated by the presence of epizootic pneu- g
monia, the alveolar septums in wide ,
areas peripheral to the foci of Jocalized
dust are extremely thick and fibrous. ¢
It is of interest to note the effect of |
the infectious process upon the ashes- 1
tosis body. The development of case-
ation in &n area of reaction containing §
these structures ultimately destroys §
them. They lose their characteristic 1
golden-yellow color, fail to give & §
Prussian blue reaction, and are appar- §
ently 8o completely disintegrated that °
not even & supporting fiber remains.
Polarized light fails to reveal refractile 1
elements. In the walls of small tuber- 4
culous cavities developing in foei of
dust reaction, the various steps in the
destruction of the asbestosis body can 4
be studied. The cause of their dis- §
appearance has not been determined
but it is possible that the change in ]
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- The physical and chemical properties
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trate into the ultimate divisions of the
primary units of the lung; the major
part of them come to rest in the
respiratory bronchioles. It will be
recalled that these structures are
lined, not by ciliated, but by smooth
cuboidal epithelium, and that at inter-
vals along their walls are the openings
of a variable number of alveoli. Asa
result, the bronchial tube at this point
is no longer smooth walled, but is very
irregular in contour. This roughness.
is probably at least one of the factors
responsible for the arrest of the elon-
gated spicules and fibers which catch
in the openings of the lateral alveoli.
In marked contrast with this is the
behavior of a particulate dust like
quartz, the major portion of which
passes through the lumen of & respira-
tory bronchiole and enters the alveolar
duot and its further ramifications.

Having come to rest, the asbestos
particles are ingested by free alveolar
phagocytes. As so much of the mate-
rial consists of elongated fibers, giant
cells are very prone to develop. With-
in the oytoplasm of these cells the
chemical changes responsible for the
development of that unique structure,
the asbestosis body, occur. The proc-
ess requires 8 period of approximately
two months before the characteristic
alterations are produced.

Chemical Reaclion and Asbestosis
Body

That the changes in the inhaled
material are truly chemical in nature
is indicated by the appearance of dis-
solved iron in the cytoplasm of certain
phagocytes at a time previous to the
appearance of the asbestosis body.
The presence of the iron imparts a
diffuse yellow coloration to the cells
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and it reacts specifically with potas-
gium ferrocyanide and dilute hydro-
chloric acid.

As previously noted, study of the
structure of the asbestos fibers indi-
cates that iron occurs in intimate com-
bination with silica, and even in the
best grade of chrysotile it actually
replaces some of the magnesium.
Chemical changes involving one con-
stituent of the asbestos molecule must
affect its other components. The
presence of iron uniformly distributed
throughout the cytoplasm of a phago-
oyte may indicate either hydrolysis of
the ingested dust or solution of at least
part of the original constituents and a
subsequent release of silica. This
gilica may exist in any of several
physical states, as soluble, colloidal,
or insoluble ailica, or as soluble silicate.
By study of the chemical structure and
the method of formation of the asbes-
tosis body, it should be possible to
discover the actual mechanism by
which structural alteration of an in-
haled silicate occurs.

The asbestosis body has been sub-
jeoted to various chemical tests by
several investigators. Cooke (9) and
MaDonald (10) first described this
unusual foreign body and stated that
it did not stain with aniline dyes, but
gave & marked iron reaction. They
also noted that it was not doubly
refractile. McDonald (10) and Sim-
son (11) also presented a theory for the
formation of the golden-yellow bodies
from asbestos. Stewart (12) claimed
the presence of asbestosis bodies in
histologic sections of lung as diagnostic
of pulmonary asbestosis. Cooke (13)
later called attention to the relation
between the iron content of asbestos
dust and the iron reaction of asbes-
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toais bodies. He noted that they were
not digested by trypsin and that they ;
contained less iron than chrysotils,
He also noted that they failed to cast a
characteristic pattern when freated by
the X-ray diffraction method of Bragg,
though a central fiber could be demon- }
strated with & dissecting microscope,
He therefore concluded that they were |
fibers of vegetable origin covered with |
colloidal aggregates of adsorbed blood 1
proteins, Stewart (14) replied to j
Cooke’s suggestions, and stated that
all the reported cases of asbestosis had !
exhibited these ocurious structures. §
Stewart (15) later noted that anti-.
formin did not destroy them. Gloyns |
(16) stated that the asbestosis body |
withstood calcination, but lost its )
golden-yellow sheath after treatment
with concentrated sulphuric acid, leav-;
ing a thin central fiber. He reported §
the body as refractile on dark ground
illumination. 2
We have been able to confirm many ]
of these findings, and we have also at-}
tempted to prove conclusively whether
or not the asbestosis body contains
organic matter. Since it resists cal- }
cination without change in configu- '
ration or color, and since it is not JEEEW-
digested with either pepsin and hydro- b
chloric acid or trypein, it is not to be §
regarded as protein in nature. More-’
over, asbestos fibers fail to adsorb
proteins when placed in blood or pep-
tone broth media for several months.
This curious structure is not soluble in
any of the usual organic solvents? and’
fails to show charring with sulphuric §
3 It will be recalled that the asbestosis § N
bodies and even their lupportmf fibers ] 47
ultimately disappear in an area of tuber- SEEEES
culous necrosis. The explanation is not
entml clear but solution may be due to &

egree of alkalinity created in the
degenera.ted cells. " ®

'.v,:‘., ‘u
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¥ gaid. Consequently, it is considered
. to be an inorganic structure. Inas-
much as 8 central fiber can be readily
derhonstrated in nearly all instances,
B~ the body is undoubtedly derived from
asbestos.
::The marked iron reaction of the
.asbestosis body is not to be confused
. with that obtained on the dust pre-
IR vious to contact with the animal body.
RSy - its original state the iron in the
Kibers is almost wholly in the ferrous
Rtats, while in the asbestosis body
Baly ferric iron can be deteoted.
fThis - structure is therefore regarded
fi'an oxidation product of the original

)

¥In an attempt to prove whether the
NRm of the asbestosis body was already
Mpebont in the fiber or whether it was
Merived from animal tissues, the experi-

reporteg] iknt ‘was made in which asbestos
: ground gibers, freed from iron by leaching with

H¥drochloric acid, were injected into
™ mang WMMuboutaneous tissues of guines-

also ay
whetheg

a8 noted above. It was unsuc-
' because the acid trestment
containg ed -the asbestos soluble in the
ists cal 00dy fuids, and no significant reaction
configug pdcurred. One month after the injec-
t is nog 0D, practically no trace of the fibers
d hydrg; poald be discovered and only a very
ot to bd might fibrosis marked the site.

. Mo kreatment of asbestos fibers for the
) adsory Bhtérmination of free silica disolosed
[ or pep fiduease with which the chrysotile
monthy Qolsoule could be opened. If enzy-
oluble i Bdtle action or hydrolysis of the fiber
nts® ang assimed to take place in the presence

mlpburi@ xoody fluids, it is quite possible that
aabestosig g8 ferrous or ferric silicate existing in
ng :;',} ber is oxidized and hydrolyzed
m is Dok ly-to produce the asbestosis
> due to 8 -

Wd in toE .
m 4 evidence that hydrolysis or
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partial solution of the inhaled dust is
responsible for the development of the
asbestosis body, the following obser-
vations may be cited. When studied
by Bragg’s X-ray technie, asbestos
fibers exhibit a characteristic crystal-
line pattern which is lost upon treat-
ment with acid. Cooke (13), using the
same method, showed that ashestosis
bodies exhibit no crystalline structure.
Ray and Ganguly (17) state that
precipitates formed from solutions of
ferric chloride and sodium silicates,
which are identical in color with the
asbestosis body, also yield no crystal-
line pattern by X-ray. As further
evidence of physical alteration is the
fact that the asbestos fiber is highly
refractile in polarized light, whereas the
asbestosis body has completely lost
this property.*

'We have attempted to reproduce the

4 It has been assumed that the demon-
stration of iron in the outer coating of the
asbestosis body is evidence of hydrolysis of
the original asbestos fiber on which the
body formed. But actually this finding
does not constitute definite proof unless an
endogenous source from blood pigment can
be excluded. We have thus far failed to
eliminate this source of iron. However,
the demonstration of magnesium in the
ssbestosis body would furnish equally
convineing proof of hydrolysis and the
objection that it was derived from the
tissues could hardly be raised, for the
amount of this substance in the body is
extremely small. An attempt has, there-
fore, been made to develop a microchemical
test for magneaium. It has been found that
both ssbestos fibers and asbestosis bodies
are definitely stained & light blue-green
color when treated on microslides with a
dilute hydrochloric acid solution of para-
nitro-benzene-azo-resorcinol followed by a
bath of sodium hydroxide,

The presence of esium in the outer
layers of the asbestosis body is convineing

roof of hydrolysis of the inhaled dust.

his color resction is given only by magne-
sium, cobalt, and nickel, substances which
do not occur in sufficient concentration in
the tissues to cause reaction. Therefore
endogenous sources for the coating material
of the asbestosis body are assumed to have
been eliminated.
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asbestosis body from asbestos fibers by
immersing them for prolonged periods
in buffer solutions of various hydrogen
jon concentrations, both above and
below neutrality. The solutions have
been adjusted with agar and silica gel
to a visocosity near that of the cell.
Oxidizing agents have been added and
the reaction has been allowed to pro-
ceed in the incubator for six months.
No golden-yellow structures wers
obtained.

We have, however, been able to
reproduce the structure of the asbes-
tosis body quite closely by other
means. Iron free asbestos fibers are
impregnated with an iron salt by
heating to drymess in & dilute ferric
chloride solution and ignited. The
fibers are then placed in a solution of
sodium silicate. The iron salt adher-
ing to the fibers reacts rapidly with the
silicate, producing a curioualy shaped
golden-yellow structure which very
closely resembles the asbestosis body
(Fig. 13, Nos. 1 and 2).

A similar reaction is involved in the
production of the familisr phenome-
non, the “gilicate garden’ (18). If a
crystal of ferric chloride is added to &
solution of sodium silicate, golden-
yellow filaments, often several inches
in length, rapidly develop, which
exhibit irregular swellings and buda.
Ferric silicate is probably formed.
This product is partially hydrolyzed,
producing & thin wrinkled skin of silicie
acid streaked with ferric hydroxide.
This skin, acting a8 a semipermeable
membrane, permits diffusion to take
place and a high osmotic pressure
develops with a consequent rupture
of the membrane. Further hydrolysis
occurs and the reaction repeats itself
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until finally the membrane becomes
impermeable.

Mioroscopic structures of fibrous
character, suggesting asbestosis bodies, §
have beca produced both with dilute
solutions of an iron salt and a soluble
silicate, and with iron and silica sols §
(19). :
These observations lead us to con.
clude that the asbestosis body is s
derivative of the crystalline asbestog
fiber which has been oxidized ang
hydrolyzed to a golden-yellow amon.,
phous struoture. As such, it can bey
regarded as the first direct evidence o
altered chemical composition in ag
inhaled silicate dust.

In the animal body, the evidenoce:
thus far accumulated would indjocate
that the lung of the guinea-pig and of;
man furnishes the most favorable en:
vironment for the development of the
asbestogisbody. Asbestos fibers trans:
ported from the lung to the tracheo:
bronchial lymph nodesdo not ordinari
appear to produce these structuree
Possgibly prolonged residence in the lung
has deprived them of their capacity fo
further reaction, or possibly some
necessary factor is lacking in the
lymph nodes. It is believed that the
few asbestosis bodies found in the
nodes were transported after attaining
full development in the pulmonary
air spaces. Injeotion of asbestos dus
into the peritoneal cavity of guines
pigs has failed to produce characteristio
structures in any quantity. In the
subcutaneous tissues they do develop,
but the period of incubation is nearly
twice a8 long as that required in the
lung. Practically no asbestosis bodies)
have formed in the lungs of rabbits and
albino rats, The necessary environ:
mental factors which are lacking if
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of fibrous ttemptﬂ to determine whether the
wais bodies] “body will develop in the
with dilute§ ns When any of the theoretically

seary elements are lacking have
far met with little success. The
ments in vilro indicate that

4 a soluble; np
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ddized and a'\the production of these structures.
sllow amon, R our attempt to determine whether
, it can be ton derived from the tissues could be
evidence of bstituted for the iron inherent in
: chrysotﬂe molecule, we have been

tion in ax
- ’s eg,ted by the fact that the manipula-
onl peoessary to remove the iron from

th ‘g,ﬁber apparently renders that

e eviden f
11d indjostd

1-pig and of .?‘_ acture soluble in the body fluids.
wvorable ex; lThe injection and the inhalation of
ment of the f-- .Barre granite dust, which con-

fibers trans} s.both free silica and iron, have
the trachee; ey ,j ‘resulted in the formation of
ot ordinarilf hctures in any way suggesting

structuref fmtoais bodies. The solution of

se in the lung vican be demonstrated by micro-
capacity 13 Mbmical tests and it generally is
ﬂibly som# '.," thﬂt the silica is also U.Iti‘

v dissolved. Intraperitoneal in-

ing in thi e
ved that th§ ERd1is of granite from Lorain County,
und in thl gBlo, have been made because this ma-
ter attainin] PY oontains iron in the unusual form
pulmonaf} &mua carbonate. No suggestion
wbestos duff 'ln asbestosis body has been dis-
y of : pvered. In the light of subsequent
har&c eristl t is now recognized that the
ity. In tb mtoneum is not a proper location for
: do.dev L& test, and subcutaneous inocula-
1“13;‘; " .'1' .- : Emve already been made with this
stosis bodid ' ‘ : » but it is too early to report

o :
ir’;’bziﬂ o far, it would appear that the
e lacking EsPresence of iron and free silica is
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not sufficient for the production of
asbestosis bodies.

Pulmonary Fibrostis

That the long-continued inhalation
of asbestos dust is responsible for the
development of pulmonary fibrosis is
now unquestioned. From many parts
of the world come radiographic reports
of fine fibrosis in the lungs of persons
exposed by occupation to the inhala-
tion of this substance. The findings
from at least ten postmortem examina-
tions have furnished reliable evidence
that the shadows seen in the roentgeno-
gram are produced by areas of fibrous
tissue (20). In guinea-pig experi-
ments reported in this paper, it has
been shown that the fibrosis begins in
those portions of the lung where the
dust is localized, and that this reaction
can be detected in X-ray pictures after
about two years’ exposure to the con-
centration of dust used (Fig. 3).

The earliest evidence of proliferation
of fibroblasts 'has been encountered
approximately 500 days after the
commencement of the dust exposure.
It first appears in the immediate
vicinity of the largest accumulations
of dust cells, which occur in the
respiratory bronchiole and its adjacent
alveoli. As increasing amounts of
dust accumulate in the walls of these
structures, the amount of fibrosis is
likewise increased. In the otherwise
normal guines-pig, migration of dust
cells to intrapulmonary lymphoid tis-
sue has not been encountered, and in
consequence the nodular foci of fibro-
sis, which are so characteristic of the
reaction to quartz dust, fail to develop.
The occurrence, in one of the last
animals killed, of a more diffuse
fibrosis peripheral to the point of
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maximum dust deposition suggests
that collapse induration incident to
occlusion of respiratory bronchioles
may play an important part in the later
stages of the disease process.

Asbestos dust, a silicate of magne-
sium, is relatively soluble in fluids com-
parable with those of the tissues. The
asbestosis body develops only after
solution has occurred in the proper
environment. The development of
these structures in the lungs of guinea-
pigs and of human beings is the first
direct evidence of solubility of an
inhaled dust known to produce pul-
monary fibrosis, It still remains to be
demonstrated whether a dissolved sub-
stance is the factor responsible for the
multiplication of fibroblasts in pneu-
monokonjosis. In this connection the
evidenoe from asbestos inhalation in
the rabbit should prove moat valuable.
If, after a proper period of exposure,
typleal asbestosis bodies should still
be lacking, and if fibrosis should like-
wise fail to develop, it would be logical
to oonclude that fibroblasts were not
stimulated because no solution of the
dust had occurred. Thus far, the
reaction of the rabbit has only been
studied during an exposure period of
330 days. The only sign of asbestosis
body formation is an irregular swelling
of certain fibers which give micro-
chemical tests for iron; evidence of
fibrosis is entirely lacking. The 500-
day period of exposure, when true
fibrosis appeared in the guinea-pig,
is anxiously awaited.

Comparison between Reactions to
Asbesios and to Other Dusts

Granite dust, which is known to pro-
voke the formation of extensive fibro-
gis in human beings, appears to act

more slowly than asbestos in the
guinea-pig. After 910 days, the maxi.
mum period of experimental exposure
to granite, the lungs show_large
masses of dust filled phagocytes lying
in the lumen of the alvecli along the
alveolar ducts and atria. In the
adjacent septums there is a slight
thickening due to the presence of
lymphoid and monocytic cells, but
fibrosis is entirely lacking. The sig.
nificant feature is the absence of dua
particles in the connective tissues of th
lung. In the tracheobronchial lymph
nodes, on the other hand, dust accumu.
lates in such quantities that fibrosis
develops within one year, and afte
two years’ exposure the lymphoic
tissues are largely destroyed by :
series of true silicotic nodules, It ha
been postulated that fibrosis has no:
developed in the lung of the anima
exposed to granite because the dus
particles do not come into sufficient
intimate contact with the fibroblast:
of the alveolar walls, In the lympl
nodes, on the other hand, fibrosi
begins early, and typical silicoti
nodules are produced because heaw
concentrations of dust are brought ints
close proximity with connective tissu
elements.

The conditions of the experiment
with granite and asbestos dusts woul
theoretically favor a greater reaction i
the former case. The concentration ¢
granite dust was over eight times s
great a8 that of asbestos (287,700,00
particles less than 1.5 microns i
diameter per cubic foot of air f«
granite and only 34,466,000 particle
of the same size for asbestos). Hov
ever, the greater solubility of may
nesium silicate, together with i
peculiar localization, probably is ti
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‘08 in the or responsible for the production of  carborundum does excite fibrosis, and
3, the maxi. more rapid and extensive pulmo- structures suggesting silicotic nodules
al exposure  ibrosis by asbestos dust. have been discovered. As in the case
how large which is generally accepted of granite, proliferation of fibroblasts
wcytes lying most active of all the nontoxic occurs at the point where they are
i along the which are inhaled in industry, is in intimate contact with sufficient
1 In the T oh lees easily dissolved than asbes- numbers of dust laden phagocytes.
is a sligh] . % and vet it will produce extensive ~Whether solution of carborundum by
'regence of ‘. peis in the lungs of experimental the body fluids is possible has pever
cells, buf tinals more rapidly. In guinea-pigs, been determined.

The sig t.... opary fibrosis, and even necrosis, From these observations on the
mee of dugd Y ibeen observed after one year's reaction to various types of dust, an

ssues of g gre to quartz dust; in rabbits, hypothesis has been developed that
hial lymph al gilicotic nodules are formed in  fibroblasts proliferate in response to
18t accumug " ~months. The difference in sufficient concentrations of a soluble

hat fibrosg
and &f ax

te of reaction to quartz and substance liberated by the action
£ 8 has been mscribed to several of the phagocytes on the included
lymphoid ; With equivalent concentra- dust particles. The soluble substance
yyed by %3 of dust in two given atmospheres, probably diffuses through the mem-
1‘?- It had e -quarts than asbestos particles brane of the intact phagocytes, but it
sis has nog bé inhaled and reach the paren- is only stimulating to fibroblasts in
the animag NWma of the lung. This is presum- the immediate vicinity. The unde-
e the dusg ¥ due to the relative differences in fined soluble substance, possibly silica
sufficiently B¥hape and the surface characteris- in some form, is rapidly neutralized
fibroblasf - 5f ~the particles. After phago- after leaving the cells in which it is
the lympy Oils,' quarts particles seem to pos- produced, and it exerts no effect upon
d, ﬁb O the ability to stimulate a rapid more remote connective tissue ele-
al silicotig 8tion of the dust cells, so that they ments. The process of neutralization
ause be;“ j mtrate large masses of dust about may be chemical in nature or it may be
-ro'ught’m ' 88 of intrapulmonary lymphoid a result of absorption by some other
ctive tissug . ¥ Here again, but by a different  type of cell which is itself unaffected.
o ism, the foreign bodies are . . .
:Xperimentg Ellsoted in circumscribed areas.  Sub- Theoretical Cmmdefalfon of
lusts woulg Bjuently, perhaps as the result of Preumonokoniosis
: reaction i don of the quartz, a local pro- In a previous paper dealing largely

entration of ' on of fibroblasts takes place. with the reactions to granite and
bt times a8 arborundum dust has produced no  carborundum dusts (21), it was sug-
287,700,008 gumonary fibrosis after exposure as gested that the primary lesion of pneu-
microns iy A "" three or four years. In the monokoniosis consists in the develop-
of ‘m, foy ¥ i8 treated much like granite ment of an obstructive fibrosis in
)0 particleg *oollected in phagocytes which the tracheobronchial Iymph nodes
og). How “' within the air spaces, 8o that attended by stasis in the afferent
¥ °.f mAkg st Oells establish no contact with lympbatics in the lung, and ultimately

with it 'u',"' connective tissue. In followed by a perilymphatic fibrosis.

ably is thy ' "’A; ' Acheobronchial lymph nodes, When only these two types of dust had
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been studied, such an hypothesis
looked tempting, for the only trace of
fibrosis in the lung in these cases was
situated about the large lymph trunks,
Masses of dust filled phagooytes lay
for many months in the air spaces, and
apparently provoked not the slightest
reaction of the oonnective tissues.
But subsequent experimental investi-
gation has modified this concept; it is
now believed that fibrosis develops
wherever sufficient amounts of dust of
the proper type ocome into intimate
contact with fibroblasts. The pri-
mary obstructive lesion in the tracheo-
bronchial lymph nodes occurs with
quartz inhalations but not with asbes-
tos. Undoubtedly such a lesion has-
tens the development of reaction in
the lung, for it reduces eliminsation and
concentrates the dust, but it is not
essential to the production of pulmo-
nary fibrosis,

One further point in connection with
the state of the lymphatics deserves
comment. In experimental asbesto-
sis, both in the guinea~pig and in the
rabbit, the lymph vessels are widely
dilated after as short an exposure ss
from thirty to sixty days. Inhaled
asbestos dust is not transported to the
tracheobronchial lymph nodes in any
considerable quantity, and no obstruc-
tive lesion has been produced at this
time. Therefore in this case the dila~
tation of these vessels must have some
other cause; possibly it is merely a
physiologic response to intrapulmo-
nery irritation. Asbestos filled phago-
cytes do not enter these channels be-
cause they are apparently relatively
inactive, but epithelioid cells contain-
ing tubercle bacilli may leave the lung
in great numbers. Apparently the
lymphatic channel of escape is open
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to the asbestos dust cells, but for causes
inberent in themselves, they do not
migrate to these vessels, -

Tuberculous Infection and Asbestosis
Where inhalation infection is insti-
tuted simultaneously with commence-
ment of dust exposures, the majority
of inhaled tubercle bacilli localize in ‘
small peripheral lymphoid masses in a ;
zone immediately beneath the pleura. [
This is characteristic of such infection
with the organism used in the experi-
ment, A certain number come to
rest atypically in the deeper lymphoid.
tissues along the intermediate bronehi, 1
possibly because they are mechanically |
arrested by inhaled dust particles.
The majority of the tubercles formed
undergo spontaneous resolution which '
is the outcome of the infection in {
most normal control animals. A cer- {
tain number of tubercles by accident
localize in proximity to foci of localized
dust. If the contact is sufficiently |
intimate, these tubercles spread locally:
and more remotely into foci of dust
reaction about respiratory bronchioles.
A new crop of tubercles develop in |
this location, and these may progress §
and even form small cavities, but the :
ultimate outcome is usually healing i
with more or less extensive fibrosis |
and calcification. The tuberculous
process is practically never generalized
throughout the lung, but is generally -
confined to amall nodular foci. Blood |
stream metastasis is usual and macro- §
scopic disease in the spleen and some- |
times in the liver is common, an occur-
rence almost never found in infection
controls. In the thirty-one animals of |
this group dead at the time of this
report, a spread of the tuberculous
infection occurred in 32.2 per cent. In
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cent. of them, the tuberculosis
gubsequently more or less com-
healed by fibrogis. It seems
b&ble that in the remaining mem-
s of the group & similar result would
» boen attained had they not died
maturely from accidental causes.
tWhere inhalation infection was
pmmposed upon a well-established
Sibestosis of approximately two years’
tanding, the primary localization of
1s'tubercles was atypical. Many of
g tubercle bacilli were mechanically
Bl up by the reaction to the dust in
7 ‘respiratory bronchioles. It would
Mear that many, perhaps the major-
Rof these organisms were phago-

3 causes-§
do not.

.sbestosis
is ingti.
nmence

majorit

calize in!
ases in s
: pleura;;
Lnfectio
3 experi

:ome
ymphoid
bronchij
1anically

sarticles MWhosed and carried directly into
s formed hs distended lymphatic trunks, The
n whicl§ Miest manifestation of tubercle for-

Mtion ‘occurred not in the lung, but
A oe M¥the tracheobronchial lymph nodes,
acciden goondition which has never before
localized @B observed in experimental inhala-
Ficientld fitinfection. Some organisms local-
d localld : ﬂn the foci of dust reaction and
of dust ,‘ v produced tubercles; a certain
nchioles of bacilli passed to the periph-
selop i} yipwhere typical subpleural lesions
progreed developed. The major portion of the
but thS ba-pigs comprising this group died
healingd ere killed during a period of forty-

' fibrosia ~days after infection. Within
serculous " time not much extension of the
-eralized _ pulmonary infection had occurred.
zenerally '5- ® -tracheobronchial lymph nodes
" Blood 0 heavily involved in all animals
1 macro | after the terty-thxrd d.By. It is
1d some} gprearly to state what will be the
\n ocCury gmate outcome of infection super-
infectiof] gPosed upon a preestablished asbes-
limals off N f‘
. of thif ~;" these experiments, it would
serculoud Bar that inhaled asbestos dust is
; jEol0 of exerting some stimulating

ction ind
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effect upon tubercle bacilli of attenu-
ated virulence. To exert this effect,
the dust and the tubercle bacilli must
be brought into rather intimate asso-
ciation. This occasionally occurred
when the infection and the onset of the
dust inhalation were simultaneous;
it was much more common where infec-
tion was superimposed upon an already
established asbestosis. The dust, per-
haps by the action of its dissolved prod-
ucts or by alteration in tissue reac-
tion, initiates a renewed proliferation
of the tubercle bacilli, and the infec-
tion spreads. But this stimulating
effect is only temporary and ulti-
mately the foci of new disesse tend to
heal by fibrosis. In this respect,
inhaled asbestos dust differs from
quartz, which incites continued and
progressive multiplication of the bac-
teria and consequent spread of disease.

As has been observed with the other
types of dust (granite and carborun-
dum), the presence of asbestos in the
lung of an animal infected with
tubercle bacilli promotes more exten-
sive fibrosis than is produced when
either the organism or the dust is
acting alone, Where the two irritants
are concentrated in the same ares,
each provokes the formation of granu-
lation tissue which ultimately organ-
izes to form fibrosis. But even in
areas of dust reaction remote from the
site of tubercle, the fibrosis is excessive,
an effect for which explanation is lack-
ing. (Figs. 15 and 16.)

SuMMaARY

Guinea-pigs have been exposed for
eight hours daily for periods as long as
two and one-third years to an atmos-
phere containing approximately thirty-
five million particles per cubic foot of
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asbestos dust (Canadian chrysotile)
1.5 microns and less in diameter.
Rabbits and albino rats have likewise
been exposed for shorter periods (330
days).

The experiments demonstrate that
fibrous structures at least as long as
200 microns can pass the protective
mechanism of the upper respiratory
tract and enter the lung. Anatomic
evidence of injury to this mechanism
is wanting,

Inhaled asbestos dust does not
penetrate to the terminal alveoli of
the lung as is the case with a particu-
late substance such as quartz. The
major portion is held up in the respira-
tory bronchioles. There phagocytosis
takes place, and there the material
remains localized, at least for a period
of two and one-third years. Phago-
cytes containing asbestos particles
migrate into the lateral alveoli given
off from the walls of the bronchioles,
and considerable numbers ultimately
penetrate the adjacent connective
tissues. In the guinea-pig, transpor-
tation of dust particles to intrapulmo-
nary and mediastinal lymphoid tissues
is so slow that changes in these struc-
tures play little part in the early
development of asbestosis. In the
rabbit, dust cells begin to appear in
the lymphoid tissues of the lung within
gixty days after the commencement of
the inhalation; thereafter, they con-
tinue to migrate in increasing numbers.

In the guinea-pig, fibrosis in the
walls of the respiratory bronchioles and
their lateral alveoli is first manifested
after 500 days’ exposure. Thereafter
this type of reaction progressively
increases in intensity and extent.
The resulting atelectasis is responsible
for a gland-like appearance, which is
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due to the contraction of the included
alveoli and a consequent compression
of the epithelial lining cells, In the
rabbit sufficient time has not yet
elapsed for fibrosis to be expected. i
In the lungs of guinea-pigs, asbes-
tosis bodies, apparently identical with 7
those described in the human being, -
have developed after an exposure of
approximately seventy days. In the’;
rabbit these structures have not been
discovered after exposures as long a8
330 days. In the albino rat they are
very rare. Only two small typiod
forms have been discovered in oneg
animal exposed for seventy days. The}
prevalence of chronic infections of the}
lung in all members of this series ia
possibly responsible, y
Asbestosis bodies apparently fail to
form in the tracheobronchial lymph
nodes of guinea-pigs. They may by
transported in small numbers to these}
tissues and to areas of chronic pleurisy;
They have not been discovered in the
peritoneal cavity 100 days after injec?
tion of dust. In the subcutaneous tia}
sue of the groin, typical forms were
found 102 days after the injection of
3 mg. of dust.
Asbestosis bodies are not presentin
asbestos dust previous to contact with
animal tissues. They are produced by;
oxidation and hydrolysis of the chryso:
tile molecule. The formation of these
structures is the first direct evidencg]
that the body is capable of effecting
changes in inhaled silicate particless
The chemical processes involved have]
been discussed in extenso. Attempts
at artificial production of asbestosis
bodies in vitro have been partially suo-§
ceasful; solutions of ferric chloride ang
sodium silicate have been made to com
bine in the presence of a fiber to prog
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the included ﬂnee more or less typical forms. The
compression S “bmm body is therefore analogous
wells. In the ";w the well-known “gilicate garden.”
bas not yef) 4 Attempts to produce asbestosis bodies
xpected. - B:¢n vivo by the injection of dusts con-

jron salta and silicates have

irpl@, 8008 -

dentical wit} thus far failed. The failure to produce
wuman being S o in tissues other than the lung and
. exposure of ,ubcutsneous tissues of guinea-pigs
lays. In the nd man has not been explained.

ave not been { Comparison between the localisation
es a8 long ag kd the reaction to asbestos and other
. rat they arg Bepes of inhaled dusts has been shown.

mall typical The .points at which inhaled dust is
vered in on} salized in the lung or lymph nodes
ydays. Thé Ary with the type of dust. Granite
sotions of thj gmaing within the pulmonary air
this series § [iides and produces no local reaction
| hbmblma for several years. In the
rently fail £ acheobronchial lymph nodes charac-
nchial lympd f istio silicotic nodules develop within
Chey may i oyears, Carborundum likewise has
1bers to thes ; l d to affect the stroma of the lung
-onic pleuris} qer ' in four years, but fibrosis in the
overed in th} vz h nodes has been observed.
ys after injel ,- t iz rapidly oconcentrated by
cutaneous t# ‘f' ating phagocytes in the pulmo-
J forms weff y and mediagtinal lymphoid tissues.
e injection (¥ E} fthese places it provokes an early
g khd np1d multiplication of fibroblasts,
not present & h estos, as it is inhaled, is concen-
) contact wiil Rated in respiratory bronchioles and
e produced diblr Iateral alveoli. Phagocytes carry
of the chrys ’?‘"' the walls, where fibroblasts
ation of thed 8 stimulated.
irect evideng BLymph stasis plays little part in
te of effectis Brly. asbestosis; the structure of this
sate particle gy tends to localize it within the
involved haQ BhEfrom the start. Lymph vessels
s0. Attempj 3 dﬂa,ted in the absence of detectable

of asbestod ...3' notion. The dilatation may be a

. partially su3 ;fl'estﬂt of pulmorary irritation.
¢ chloride a8 pRmary tuberculous infection is in-
1 made to cog BERtoed only to a limited degree by
e fiber to PQ§ Qed asbestos. This conclusion has

B .
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been reached after inhsalation infection
with attenuated tubercle bacilli (strain
R;). In normsal guinea-pigs such in-
fection produces tubercles in the lung
and tracheobronchial lymph nodes
comparable to the “‘primary complex”
in man, The lesions caseate and the
pulmonary foci heal by resolution.
Spread of the infection with macro-
scopic disease in other viscera is very
rare. In the asbestos experiment, one

“group of guinea-pigs was infected at

the outset of dust inhalation; a second
group, two years after the commence-
ment of dust exposure. In the first
series, 32.2 per cent. of the animals
showed some evidence of spreading
tuberculosis, New disease began as &
local extension from primary tubercles
and metastasis to areas where dust
reaction had occurred was common.
Rarely small cavities developed in the
secondary foci. The tendency to heal-
ing by fibrosis was marked; at autopsy
40 per cent. of the cases showed healed
fibrous tuberculosis; macroscopic dis-
ease in the spleen and sometimes in the
liver was common. The contrast with
animals similarly infected but exposed
to quartz dust is marked. In them
every exposure longer than five months
resulted in generalized chronic tubercu-
losis of the lungs and other viscera.
For the second asbestosis group
infected, the localization of tubercles
was atypical. Many bacilli were
trapped in foci of dust reaction. Some
produced local tubercles; others imme-
diately entered the dilated lymph ves-
sels and were transported to the
tracheobronchial lymph nodes. Tu-
berculosis in these nodes sometimes
occurred without involvement of the
lung. Early disease in the spleen and
hepatic lymph nodes was the rule.
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The ultimate outcome of infection in dust and tubercle bacilli in the lung
'this group has not yet been observed. produced more fibrosis than did eithey
The combined action of asbestos agent acting independently.
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