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A method of bio-assay of the fibrogenicity of respirable dust is described. Quartz, coal, and
quartz-coal dust mixtures were administered to mice via the tail vein, and liver collagen was
estimated chemically. Groups of mice that had received doses of 10, 15, and 20 mg. of these dusts
were killed at intervals of 10, 20, and 30 weeks after injection.
There was, in general, a linear relation between liver dust and collagen content, and a higher

liver collagen the greater the quartz content of injected dust. At 30 weeks after injection there
was good differentiation of the collagen response of liver to dust mixtures of different quartz
content. These provide standard curves with which liver collagen response to any unknown dust
can be compared. The fibrogenicity of two samples of respirable gold-mine dust was less than
would be expected from the quartz content. Dust extracted from a region of massive fibrosis in a
coal-miner's lung was more fibrogenic than dust from a lung with simple pneumoconiosis.

It is well known that inhaled dust encountered in
industry causes a variable degree of fibrosis of the
lungs. Although the quartz content of the dust is
important in producing this fibrosis, a simple
estimate of the quartz content of the respirable
fraction may not always relate well to the apparent
fibrogenicity of the dust. There is, therefore, a need
for a simple method to assay the fibrogenic effect
of a dust of unknown composition. The methods of
introducing dust into the lungs of experimental
animals by intratracheal injection or by inhalation
have the advantage of testing the effects of the dust
on the organ affected in man, but have the disadvan-
tage that it is difficult to be sure of the precise dose
administered.
The review by Worth and Schiller (1954) shows

the great variety of both animals and routes of
administration of dust, which have been used in
experimental pneumoconiosis. Zaidi, King, Harri-
son, and Nagelschmidt (1956) showed that dust

injected into the tail vein of a mouse goes mostly to
the liver. Other routes have in general given less
predictable deposition in one organ (Grandjean,
Turrian, and Nicod, 1956; Glomme, 1958; Ferin and
Ulehlova, 1958).
Our aim was to develop the tail vein technique in

the mouse to a stage where the dose of dust injected
corresponded, within narrow limits, to the amount
deposited in the liver. The response to the dust
could then be measured accurately by chemical
analysis of the liver collagen. We have not been
completely successful in achieving this aim but our
results for liver collagen response to amount of dust
deposited in the liver do provide a measure of the
fibrogenicity of the dust as well as a basis for the
future development of the technique as a routine
method.

Technique
Preparation of Suspensions.-Quartz (Brazilian pebble)

and coal (Welsh steam) were chosen for the main experi-
ments. Samples of these dusts of respirable size (> 7t)
were obtained by using the Hexhlet size separating dust
sampler (Wright, 1954).
The dust was weighed in a screw-top bottle (20 ml.
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capacity), and 10 ml. of 4-5% dextran in isotonic saline
were added. After vigorous shaking the suspension was
transferred to a 20 ml. glass homogenizer. The bottle was
rinsed with 10 ml. dextran and this was also transferred to
the homogenizer. The suspension was ground until the
dust appeared to be well dispersed and was then trans-
ferred to a 100 ml. bottle. Further amounts of dextran
solution were used to rinse out any dust remaining in the
homogenizer into the bottle and the volume of suspension
was made up to 100 ml. The bottle was closed with a
vaccine type screw cap. To test homogeneity, four to six
successive 1 ml. samples of the suspension were assayed
for variation of dust content in the samples. The suspen-
sion was then autoclaved for 20 minutes at 10 lb. pressure.
Coal and quartz dust suspensions were made separately
and appropriate volumes of each were used to provide the
various mixtures. Suspensions were stored at 4°C. and
warmed to 37°C. in a bath before injection. Glass beads
were added to the suspension so that after storage the dust
was easily redispersed by vigorous shaking.

In experiments with quartz-coal mixtures the dust
suspensions were freed from fine particles (<1,) by
centrifuging each suspension 10 times at 450 g. for 10
minutes and removing the supernatant after each
centrifuging. Fine particles below 1,u appear to cause
sudden death when injected intravenously, and by their
removal mice were found to tolerate a single injection of
up to 5 mg. of dust in 1 ml. suspension, and this volume
was used for all injections.

Suspensions of the quartz-coal mixtures were prepared
in volumes of 100 ml. and at a concentration of 5 mg. of
dust mixture per ml. for injection.
A further modification of technique was made in one

experiment with 10% quartz-coal mixture. Tween 80 was
added to the 4-5% dextran solution, and at a concen-
tration of only 0 03% it appeared to increase substan-
tially the proportions of injected mixture deposited in the
lirer. Higher concentrations of tween 80 caused excessive
frothing.

Estimation of Liver Collagen Content.-The liver was
freed from ligaments and gall-bladder and except for a
minute portion retained for histology the collagen was
extracted by the method described by Stacy and King
(1954). HIydroxyproline content was estimated by
Martin and Axelrod's modification (1953) of the Neuman
and Logan method (1950).

Estimation of Liver Dust Content.-The dust was
extracted from the residue that remained after removal
of the collagen by a technique developed by one of us
(T.H.C.). The liver was immersed in absolute alcohol for
24 hours. It was then triturated in a mortar with fresh
alcohol and washed into a special 30 ml. borosilicate glass
tube with a ground glass neck and a plastic Emil stopper.
The tube was centrifuged for 30 minutes; the alcohol was
decanted, and the liver was resuspended in ether and
allowed to stand for one hour. The tube was again
centrifuged for 30 minutes and resuspended in fresh
ether, after which it was again centrifuged and the ether
poured off. This treatment removed the fat. Analar
hydrochloric acid (Sp. gr. 1- 18) was then added to dissolve

the rest of the liver. The tube, suitably clamped to
prevent a blow-out of the stopper, was placed in a water
bath at 60°C. for 30 minutes with frequent shaking. The
tube was then recentrifuged for 30 minutes, the super-
natant poured off, and fresh HCI added. The tube was
again centrifuged until the supematant was clear. The
HCI was poured off and replaced by alcohol, and a "cake"
of dust which remained after this treatment was resus-
pended in the alcohol and the tube centrifuged again for
10 minutes. This was repeated with fresh alcohol which
was decanted off after centrifuging, and the dust was
allowed to dry to constant weight. The extracted dust
was next ashed at 420°C. to estimate its quartz content.
All centrifuging was done at 1,000 g.
The total dust and quartz contents of lungs and spleen

were estimated by the same technique, but no collagen
estimations were made on these organs.

Experiments on Technique
The technique was developed after many preliminary

experiments. It was necessary to ensure homogeneity of
dust suspensions, and accuracy both in the amount
of dust and volume of suspensions injected and also in
the dust extraction.

Tests for Homogeneity of Dust Suspensions.-Although
quartz dust disperses well in normal saline solution, coal
dust particles aggregate rapidly and the amount of coal
per unit volume ofsuch suspensions was variable. Adding
dextran 4f5% in isotonic saline maintained uniform
dispersion of coal dust in repeated in vitro tests, whereas
substances such as albumin, casein hydrolysate, and
even mouse serum failed to do so. Successive 1 ml.
samples of the dextran suspensions of both the coal and
quartz-coal mixtures agreed to within i 0-2 mg. of their
5 mg. dust content. No adverse effect on mouse liver by
dextran was observed and no such effect would be
expected in view of its rapid excretion (Bloom, 1956).
Similarly there was no evidence of any harmful effect due
to tween 80; Kellner, Correll, and Ladd (1951) observed
no toxic effects on rabbits ofup to 31 injections of 2-5 ml.
per kg. body weight of 20% tween 80.

Accuracy of Injection Technique.-After testing several
types of syringe it was found that a glass barrel and a
metal piston fitted with a "fluon" washer gave the most
accurate delivery and prevented leakage of dust along the
piston.

Accuracy of Dust Extraction Method.-Various known
amounts of coal dust and quartz-coal mixtures were
mixed with mouse liver; the dust was then extracted by
Cooke's method, and weighed. The standard error of
these weights was about 0 3 mg. for 10 mg. of dust.

Main Experiments
Effect of Pure Quartz Dust.-Table 1 and Fig. 1 show

the results of single and serial 1 ml. injections of 2 5 mg.
pure quartz dust given to a group of 18 mice (body
weight 20-25 g.). Fifteen of the mice were killed 13 weeks
after the first injection. There is a good linear relation
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RESPIRABLE DUST AND FIBROGENICITY

TABLE 1

LIVER COLLAGEN CONTENT AND LIVER SiO, CONTENT
13 AND 48 WEEKS AFTER SINGLE AND SERIAL I.V.

INJECTION OF 2-5 mg. SiO,

No. of Dose Liver SiO, Liver Collagen
Injections (mg.) Content (mg.) Content (mg.)

13 Weeks After Injection
1 2-5 1-8 57

2-5 2-9 10-8

2 5-0 3-4 8-9
50 2-2 5-4

3 7.5 4-7 9-2
7-5 4-8 10-2
7-5 4-4 10-0
75 56 119

4 100 57 99
10-0 6-4 12-7
10-0 6-8 11-7

5 12-5 7-4 10-9
12-5 7 0 12-8
12 5 8-3 13-6

6 15-0 106 156

48 Ueeks After Injection
1 25 1-4 7-3

2 5 2-0 11-6

2 50 3-4 15-2

Mean value of liver collagen content of 19 uninjected controls is
2-2 mg. (range 1-7 to 2-8 mg.).

between the liver collagen content and quartz content (if
one omits the discrepant point 10-8 mg. liver collagen for
a liver quartz content of only 2-9 mg.). Three mice were
killed 48 weeks after injection and show a greater collagen

I-loX
O *

E*/

0.
0

'aoJ /

Controls

5 10 15

Liver Quartz [mg.)

FIG. 1.-Relation of dust content to liver collagen 13 and 48 weeks
after single and serial intravenous injections of pure quartz.
(Each point represents one mouse liver.)
* = 13 weeks; 0 = 48 weeks; * = discrepant point.

content than mice receiving the same dose and killed at 13
weeks.

Effect of Quartz-Coal Mixtures.-Dust suspensions
containing quartz and coal were prepared at concentra-
tions of 5 mg. dust mixture per ml., as follows: 40%
quartz + 60% coal; 30% quartz + 70% coal; 20% quartz

80% coal; 10% quartz + 90% coal; and 100% coal
dust as controls.
The fibrogenicity of each mixture was assayed at three

dose levels and at three time intervals after injection.

Groups of 60 mice were used for each of the first three
mixtures and each group was divided into three different
dose groups. Thus, 20 received 10 mg. of dust by two
separate injections of 5 mg.; a second group of 20 received
15 mg. by three injections; and the third group of 20 mice
received 20 mg. by four injections. There was an interval
of 48-60 hours between injections. The animals for each
dose group were housed separately and some four to
six mice were taken at random from each dose group at
intervals of 10, 20, and 30 weeks after the first injection
and killed. In each experimental group about 5% of the
animals were excluded owing to faulty injection and a
further 5 % died of intercurrent disease. In the experiment
using 100% coal dust there was a high incidence of faulty
injection, and a further 30 animals had to be used to make
up the necessary number. A control group of 18 mice
received no injections and groups of six were killed at the
10, 20, and 30 week intervals to correspond to the experi-
mental groups, and the liver collagen contents were
estimated.
Throughout the experiments, including the one with

pure quartz, no ill effects on the animals were observed
and their body weights progressively increased.

Results
The main results are given in Tables 2, 3, and 4.

Relation of Injected Dust to Liver Dust and Collagen
Content.-There is a considerable scatter of liver
dust content for a given amount injected. This is
true both for quartz (Table 1) or quartz-coal mixtures
(Table 2), but the scatter was much smaller in the
experiment with the 10% quartz-coal suspension
which contained 0 03 % tween 80. In the whole group
of experiments the liver collagen content generally
increased with the quartz content of the mixture for
each dose of dust. At 10 weeks after injection there
was only a slight increase in liver collagen as com-
pared with controls (except for pure quartz), but at
20 weeks there was a marked increase and at 30 weeks
an even greater increase. The liver collagen value
after injection of coal dust alone was within the
range of the non-injected controls.

Figs. 2 to 6 show that there was also great vari-
ability of liver collagen. Thus for an injection of
15 mg. dust the liver collagen content after both 20-
and 30-week intervals was less for the 40% mixture
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16 BRITISH JOURNAL OF INDUSTRIAL MEDICINE
TABLE 2 TABLE 4

LIVER DUST CONTENT AND LIVER COLLAGEN CONTENT LIVER DUST CONTENT AND LIVER COLLAGEN CONTENT
10 WEEKS AFTER I.V. INJECTION OF 10, 15, AND 20 mg. 30 WEEKS AFTER I.V. INJECTION OF 10, 15, AND 20 mg.

COAL (100%)* AND QUARTZ-COAL DUST MIXTURES INTO COAL (100°/) AND QUARTZ-COAL DUST MIXTURES INTO
MICE MICE

% Quartz Mean LiverMa ie
Dose Content of No.M DustCootM er Collagen
(mg.) Injected Mie (mg.) Cont.)

Dust(m.
10 0 4 7.9 19

(6 4-9 6) (1 5-2-2)
20 3 7-1 3-2

(6-4-8-2) (2 3-3 7)
30 5 70 40

(5-0-10-4) (3-4-4-6)
40 3 4( 7 445

(4-4-50) (35-5-1)

15 0 3 10-3 1-7

20 4 ~~~~(9-6-1 1-4) (1 4-72 0)20 4 9-5 2-7
(8-6-10-0) (2-2-3-4)

30 5 10-6 4-3
(9 0-11 2) (3 0-5-2)

40 3 7-5 4-4
(6 6-8-0) (3 5-5 3)

20 0 3 12-6 1-3
(12-2-13-0) (1 0-1 6)

lot 2 17-4 4-6
(16-8-18-0) (4 2-4-9)

20 4 12-4 3-3
(116-13-4) (3 2-3 3)

30 5 11-8 5-2
(9-6-13-2) (3 6-7 4)

40 4 9.7 5.3
(6-6-12-0) (3 8-6 4)

Controls 0 5 0 1-8
(1-4-2-3)

*Coal contained < 1% quartz.
t0 03 % tween 80 in this dust suspension.

TABLE 3
LIVER DUST CONTENT AND LIVER COLLAGEN CONTENT
20 WEEKS AFTER I.V. INJECTION OF 10, 15, AND 20 mg.
COAL (100%) AND QUARTZ-COAL DUST MIXTURES INTO

MICE

%/ Quartz Mean LiverMa ie
Dose Content of No, of Mean Lver Collagen
(mg.) Injected Mice Dust Content Content

Dust (mg.) (mg.)
10 0 4 8-9 2-3

(8-0-10-4) (1-9-2-6)
20 2 6-4 5 2

(4-6-8-2) (4 1-6-2)
30 6 5.9 7-8

(4-6-7-4) (5-0-10-4)
40 4 64 8-4

(4 0-9 8) (5-2-12-3)
15 0 3 8-4 2-1

(7 88-9°0) (1-9-2.3)
20 5 8-0 9.0

(4 4-1 1-2) (56-12-1)
30 6 5-4 10-6

(2-6-9-4) (51-13-3)
40 3 65 8-2

(4-2-8 2) (6-9-10-8)

20 0 2 11-0 2-5
(9-0-13-0) (2- 1-2-9)

10* 3 18-5 6-8
(17*4-19*2) (54-920)20 5 11.1 9-2
(7-4-11-8) (7-3-12-3)

30 3 12 3 13-8
(9-0-16-0) (11*7-16-6)

40 3 90 13-5
(7 4-11-6) (12-9-14-2)

Controls 0 4 0 15
(1 4-15)

*0 03% tween 80 in this dust suspension.

Dose Content of No. of Mean Liver Mean LiverDoseonten of N. ofDust Content Collagen
(mg.) Injected Mice

us
Content

Dust (mg.)(m.
10 0 3 59 2-8

(56-6 6) (2 2-3-8)
10* 3 9.7 4-8

(9-4-10-0) (4-2-5-1)20 5 5-7 9-2
(4-0-8 6) (70-12 4)

30 3 55 8-2
(3-0-10-0) (7-6-9 3)

40 7 3-1 9*4
(14-4-6) (6-4-11-2)

15 0 4 7-7 2-1
(5-6-10-6) (18-25)

l0* 1 15-8 8-7
20 4 11-4 11-3

(7-4-13-8) (7-7-13-5)
30 2 7-1 12-3

(6-6-7-6) (11-3-13-2)40 6 6-9 10.9
(5 0-9 0) (8-1-12-1)

20 0 2 10-4 2 5
(10-2-10-6) (2-1-2-9)

10* 3 18-9 12-3
(18-6 19-2) (10-9-14-4)20 4 13-2 11.8
(7-4-16-4) (8 7-15 7)

30 6 9.1 14-0
(6-8-10-4) (9-9-17-1)

40 6 9-4 17-4
(7-8-12-4) (9-8-22 0)

Controls 0 4 0 15
(1-2-1-7)

*0.03 % tween 80 in this dust suspension.

than for the 30% mixture. If fibrogenicity were to be
compared only with actual amounts injected then
one dust could be assessed as more fibrogenic for an
injection of 15 mg. than of 20 mg.; similarly the
results for the 20- and 30-week intervals could be
mutually inconsistent. There was also a higher
collagen content for the 10% quartz-coal mixture as
compared with the 20% quartz-coal mixture at the
10- and 30-week intervals. This is almost certainly
accounted for by the considerably higher liver dust
contents for the 10% quartz-coal mixture.

Relation of Liver Dust to Liver Collagen Content.-
Figs. 2 to 6 show a large random scatter but generally
a clear increase of liver collagen content with liver
dust content. Even within the small group of points
corresponding to the same dose of dust injected this
increase almost always occurs. This suggests that
the variation in liver collagen content for a given
dose of dust is due to the variation in liver dust
content and not simply due to errors in the estimates
of the dust.
The lung and spleen quartz contents were very

variable and did not appear to be related to liver
collagen content. The quartz content for these
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RESPIRABLE DUST AND FIBROGENICITY
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FIG. 2.-Relation of dust content to liver collagen 10 (Fig. 2a),
20 (Fig. 2b), and 30 (Fig. 2c) weeks after intravenous injection
of 40% quartz-coal mixture. (Each point represents one mouse
liver.)
x = 10mg. injected; * = 15 mg. injected; 0 = 20 mg. injected.

FIG. 2b

TABLE 5

ESTIMATES OF SLOPES (WITH STANDARD ERRORS) OF PARALLEL STRAIGHT LINES FITTED TO RESULTS OF MEAN
LIVER DUST CONTENT AND MEAN LIVER COLLAGEN CONTENT FROM EXPERIMENTS WITH COAL-QUARTZ DUST

MIXTURES AND PURE QUARTZ DUST

20 Weeks Slope Values and 30 WeeksStandard Errors
Quartz

in Dust Mean Mean Mean Root Mean Mean Mean Mean
Weight No. of Liver Liver Slope Squares of Weight No. of Liver Liver
Injected Results Dust Collagen Values Standard Injected Results Dust Collagen
(mg.) (mg.) (mg.) Errors (mg.) (mg.) (mg.)

10 20-00 3 18 50 6-77 0-805* 1-28* 15-00 7 14-54 8-54
(±0-113)

20 16-36 11 9-15 8-15 0659 1-82 13-64 11 8-44 10-95
(±0-133)

30 13-50 10 8-14 9 91 0-778 3-36 16-36 11 7-75 12-10
(+0-248)

40 1500 it 7.16 995 1(075 272 1316 19 630 1238
(±02188)

100 8-93 14 5-65 10-61 1.120 0-96t
(±0-114)
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*Only estimable for 30 weeks. t Only estimable for 13 weeks.
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FIG. 3a n I
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(3
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Liver Dust Cmg-3

FIG. 3b

30 Weeks
0

a 0

Range of Non- injected Controls

organs did not correspond with the quartz per-
centage of the dust mixtures. The results have there-
fore been analysed on the basis of the amounts of
dust actually found in the liver.

Analysis of the Effects of Pure Quartz and Coal-
Quartz Mixtures.-At 10 weeks after injection of the
20% quartz mixture the amount of liver collagen
seems to be independent of the amount of dust in the
liver. For the 30% and 40% quartz-containing
mixtures there is a slight increase of liver collagen
with increase in dust content at 10 weeks. After 20
and 30 weeks, however, there is a clear separation
between the plots (Figs. 2 to 6) both for these time
intervals and for the different dust mixtures. The
collagen content appears to vary linearly with the
dust content for the 20%, 30%, and 40% quartz-
containing mixtures. Straight lines can be fitted to
both the 20- and 30-week results, and these appear to
be parallel. These lines are least squares fits of
parallel straight lines; Table 5 summarizes the results
for each of the dust mixtures and for pure quartz.
In fitting these lines a few exceptional discrepant
points (shown in the figures) have been omitted but,
even if included, they would not upset the general
trend. The mean standard error for the scatter of
points about the fitted lines is 2-7 mg. (64 degrees of
freedom) for the 20%, 30%, and 40% quartz-
containing mixtures. The scatter is considerably
less for the 10% quartz-containing mixture and for
the pure quartz dust.
The fitted lines for all the dusts injected are shown

together in Figs. 7 and 8 for 20 and 30 weeks re-
spectively. These lines are seen to be reasonably well
separated. The liver collagen corresponding to 10
mg. dust in the liver 30 weeks after injection (with
approximate standard errors) is given in Table 6.
For increasing quartz content of the dust mixture

the slopes tend to increase and for these mixtures
there is a rise of about 0 5 to I mg. in liver collagen
content for each additional mg. of dust mixture in
the liver.
The results for pure quartz are also shown in

Figs. 7 and 8. The liver collagen levels for 20 and 30
weeks are rough estimates derived by linear inter-
polation from the observed values at 13 and 48
weeks; these estimates may not be reliable but they
are in accord with the general trend.

Effect of Airborne Dusts from an Indian Gold-mine.
-Two Hexhlet samples of airborne dust from two

FIG. 3.-Relation of dust content to liver collagen 10 (Fig. 3a), 20
(Fig. 3b), and 30 (Fig. 3c) weeks after intravenous injection of
30% quartz-coal mixture. (Each point represents one mouse
liver.)
x = 10 mg. injected; * = 15 mg. injected; 0 = 20 mg. injected;
* = discrepant point.
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F13. 4.-Relation of dust content to liver collagen 10 (Fig. 4a),
20 (Fig. 4b), and 30 (Fig. 4c) weeks after intravenous injection of
20%' quartz-coal mixture. (Each point represents one mouse
liver.)
x = 10mg. injected; * = 15mg. injected; 0 = 20mg. injected;
* = discrepant point.
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FIG. 5.-Relation of dust content to liver collagen 30 weeks after intravenous injection of 10%
quartz-coal mixture. (Each point represents one mouse liver.)
x = 10 mg. injected; * = 15 mg. injected; 0 = 20 mg. injected.
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FIG. 6.-Relation of dust content to liver collagen 10, 20, 30 weeks
after intravenous injection of coal dust only. (Each point re-

presents one mouse liver.)
x = 10 mg. injected; * = 15 mg. injected; 0 = 20 mg. injected.

different Indian gold-mines were available. Chemical
analysis in one laboratory of dust A showed a quartz
content of about 18°%, and of dust B about 12%.
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TABLE 6
LIVER COLLAGEN CONTENT FOR 10 mg. DUST IN LIVER

AT 30 WEEKS

% Quartz in Dust 0 10 20 30 40

Liver collagen (mg.) 2-5 4-8 12 0 13-9 16 4
Standard error (approx.) -'0 2 +0 5 +0-6 ±1 0 ±0-6

The other constituents were mainly mica together
with an actinolite-type material. Chemical analysis
of the same dusts in another laboratory gave 16%
quartz for A and 21 % for B.
The dusts were given by serial 1 ml. injections of

5 mg. to achieve a dose level of 20 mg. in 20 mice.
Groups of six were selected at random and killed at
intervals of 10, 20, and 30 weeks after injection. There
was a high mortality from intercurrent infection for
dust B so that the groups finally analysed consisted
of only three, four, and three animals for each time
interval.
The results are given in Table 7. To assess the

relative fibrogenicities of these dusts these values are
also shown in Figs. 7 and 8 for comparison with the
fitted lines for the mixtures of known quartz content.
DustA appears to be as fibrogenic as the 10% quartz
mixture, whereas dustB is appreciably less fibrogenic.
Despite the large scatter the results strongly suggest
that these dusts aremuch less fibrogenic than expected
for their quartz contents.

*\@ -/ Slopes not estim
/X///0otf as results too f

0o% Quartz/Coal
Mixture

DustDust
PM.FP
Dust

Dust 'B' -

Coal Dust

:*' Non- injected Controls

noted
ew

1 2 3 4 5 6 7 8 9 10 11 12 13 14 IS 16 17 18 19 20 21 22 23 24 25

Liver Dust [mg.]
FIG. 7.-Fitted straight lines (from least squares) for liver collagen in relation to liver dust 20 weeks after

intravenous injection of quartz*, coal, and quartz-coal mixtures. Results of dusts "A" and "B" also
plotted.

*Pure quartz calculated by interpolation from 13 and 48 weeks' results.
(Broken lines indicate extrapolation.)
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FIG. 8.-Fitted straight lines (from least squares) for liver collagen in relation to liver dust 30 weeks after
intravenous injection of quartz*, coal, and quartz-coal dust mixtures. Results for dusts "A" and "B" also
plotted.

S.P. dust = dust extracted from lung with simple pneumoconiosis.
*Pure quartz calculated by interpolation from 13 and 48 weeks' results.

Effect of Dusts Extracted from Coal-workers'
Lungs.

Simple Pneumoconiosis Dust.-One sample of dust
was extracted from a lung with simple pneumoco-
niosis by the hydrogen peroxide method of Sundius
and Bygden (1938). A group of 20 mice received
serial injections of the dust to a dose level of 20 mg.
and the animals were killed 30 weeks after injection.
The liver collagen for all animals was within the
range of normal uninjected controls, although the
mean value was slightly above that of the controls
(Fig. 8).

Progressive Massive Fibrosis (P.M.F.).-In a

further experiment dust was extracted by Cooke's

method from the P.M.F. lesion in a coal-worker's
lung. Twenty mice received a single injection of 2-5
mg. of this dust. To avoid any possibility of ana-
phylactic reactions, serial injections were not used.
There were no obvious ill effects due to the single
injection. There was a definite fibrogenic response
to this small dose of P.M.F. dust. At 30 weeks after
injection the mean amount of liver collagen (4 6 mg.)
was about equal to that produced by 10 mg. of the
10% quartz mixture whereas the mean liver dust
content for the P.M.F. dust was only 2-5 mg. (Figs. 7
and 8). Chemical analysis of the P.M.F. dust revealed
a quartz content of only 3% which is within the
normal range for airborne coal dust and similar to

TABLE 7

LIVER DUST CONTENT AND LIVER COLLAGEN CONTENT 10, 20, AND 30 WEEKS AFTER
I.V. INJECTION OF 20 mg. DUSTS A AND B

Dust A Dust B
Weeks After
Injection Mean Liver Mean Liver Mean Liver Mean Liver

No. of Mice Dust (mg.) Collagen (mg.) No. of Mice Dust (mg.) Collagen (mg.)
10 5 10-2 2-8 3 14-0 4-3

(8-8-11-2) (20-3-3) (13-7-14-4) (3-9-4-8)
20 6 10-2 4 9 4 14-5 2-8

(9-0-l09) (4 1-5 4) (14-2-15*0) (2-1-4-0)
30 6 9 4 4-9 3 13-0 3-8

(8-5-10-4) (3-1-5-5) (12-8-13-5) (34-42)
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FIG. 9.-Effect on the liver collagen at 30 weeks of adding varying amounts of coal to the quartz-
coal mixture injected for fixed amounts of quartz.

that of the coal dust from the simple pneumoconiosis
lung, which caused no fibrosis. Thus a factor other
than quartz content has rendered the P.M.F. dust
fibrogenic, and this factor is acid-resistant.

Effect of Coal on Fibrogenicity of Quartz
Previous experiments in rats have shown that a

large amount of coal dust added to a small amount
of quartz dust produces more fibrosis than does the
same amount of quartz dust alone (Ray, King, and
Harrison, 1951; Attygalle, King, Harrison, and
Nagelschmidt, 1956). Nussbaum (1956) has sug-
gested that the coal dust may have reduced elimin-
ation of the quartz from the lungs. We have, there-
fore, looked for this effect in our own experiments.
Fibrogenicity depended much more upon the quartz
than upon the coal content of the dust, yet liver
collagen content was not well correlated with the
liver quartz content. The estimates of lung and
spleen quartz were no less variable but there was no
evidence of selective deposition of quartz in a par-
ticular organ. The determinations of the relatively
small amounts of quartz in liver, lungs, and spleen
were probably less reliable than those of total dust.
We have, therefore, used these values for total dust
to estimate liver quartz content and have assumed
that the percentage of quartz in the injected dust
mixture remained unchanged on reaching the liver.
From the fitted straight lines in Figs. 7 and 8 the
liver collagen contents were read off for a given

amount of quartz in the liver mixed with various
amounts of coal dust. Quartz contents of 1 to 3 mg.
were chosen so that only points on the full lines were
used.

Fig. 9 gives the results for the 30-week deter-
minations; a fairly similar pattern was found for the
20-week results. From this it can be seen that the
fibrogenicity of 1 mg. and l 5 mg. quartz is en-
hanced by increasing the amount of added coal dust
up to a maximum after which it is diminished by
further amounts of coal dust. This is also true for the
higher amounts of quartz but it occurs much further
to the right of the figure and cannot be conveniently
shown. Thus almost all the curves have a maximum
and then drop to about 2-5-3 mg. for large amounts
of coal dust. The maxima do not occur at the same
ratio of coal to quartz content; 1 mg. quartz is
apparently inhibited by about 3 mg. coal dust;
while 2 mg. quartz appears to be still enhanced by
8 mg. coal dust. There appears to be no simple
interaction and the effects are not merely additive.

Histological Observations
In general, the size of the liver lesions and the

degree of collagenization correlated well with the
chemical estimate of liver collagen content, but
histological grading (such as that of Belt and King,
1945) of the lesions for the entire series of experi-
ments was found to be unreliable. Even for an
individual experiment good reproducibility of such
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grading was only achieved for grades corresponding
to about twofold differences in the chemical estimates
of collagen.

Histological observations confirmed the absence
of any fibrogenic response to coal dust alone or to
dust extracted from a simple pneumoconiosis lung.
There were distinct fibrous lesions in response to the
dust extracted from the P.M.F. lung and to the gold-
mine dusts.

Comment
The fibrogenicity of dust mixtures can be assessed

quantitatively by estimating the collagen content of
the mouse liver 20 and 30 weeks after the intravenous
injection of such dusts. Collagen response to
administration of 10, 20, 30, and 40% quartz-
containing mixtures was well differentiated despite
a large random scatter of results. A test lasting up to
30 weeks is not unreasonable since, except for acute
silicosis, pneumoconiosis develops after inhalation
of dust for many years. Indeed, the period of 30
weeks for the mouse corresponds roughly to the
average span of working life of man.
Our results appear to be an improvement on those

obtained by Grandjean et al. (1956) who employed
direct injection of dust into the mesenteric lymph
nodes of the rat. The intratracheal administration to
rats of a number of kaolin-silica dust mixtures by
Ferin and Ulrich (1960) failed to distinguish between
these mixtures (varying from 5-70% in quartz con-
tent) in terms of hydroxyproline content of the lungs.

Recently Marks and Nagelschmidt (1959) esti-
mated the toxicity of a large number of dusts by the
in vitro dehydrogenase technique of Marks and
James (1959). They found fairly good agreement in
comparing toxicities of most dusts as estimated in
this way with their previous histological studies
of tissue reactions in animals. This is a promising
technique but the dusts used were of widely different
fibrogenicities so that direct comparisons with our
own results cannot be made. Further developments
of this and other tissue culture techniques (Chvapil
and HoleckovA, 1959; and Chvapil, 1960) have been
reported, but more remains to be done.
Our results show that the activity of quartz is

inhibited or enhanced by adding coal (depending
on amount of coal) but no simple ratio of amount of
coal to quartz is related to the effects. This may well
explain why King, Harrison, Mohanty, and Yogan-
athan (1958) found no evidence of antidotal activity
by aluminium to quartz, whereas other workers
(Denny, Robson, and Irwin, 1937, 1939; Gardner,
Dworski, and Delahant, 1944; King, Wright, Ray,
and Harrison, 1950) found that the addition of

different amounts of aluminium and aluminium
hydroxide retarded the silicotic lesion. It follows
that an estimate of the quartz content of any indus-
trial airborne dust does not measure its possible
activity in tissue and that a biological method, such
as described in this paper, provides a more valid
measure. Since the fibrogenic effects of dust depend
on factors such as particle size and shape we have
endeavoured to use dusts of similar size distribution,
and our results may, therefore, have been influenced
by the performance of the Hexhlet apparatus.

In the application of our method for routine assay
of dust mixtures, it is recommended that doses of
10 and 20 mg. dust be used. At present, the results
for 30 weeks after injection provide better differen-
tiation, but the use of tween 80 in making up dust
suspensions may allow standardization at 20 weeks.
This should then permit direct correlation of dose of
dust injected with liver collagen response, and so
eliminate the time-consuming estimation of the
liver dust.

We are grateful to Dr. B. M. Wright for encouraging
us to carry out this work, and to Dr. J. C. Gilson,
Director of the Pneumoconiosis Research Unit, for his
advice in the preparation of this paper. The indispensable
assistance of the animal technician, the late Mr. M.
Williams, in conditions of failing health, must be respect-
fully acknowledged.

REFERENCES
Attygalle, D., King, E. J., Harrison, C. V., and Nagelschmidt, G.

(1956). Brit. J. industr. Med., 13, 41.
Belt, T. H., and King, E. J. (1945). Spec. Rep. Ser. med. Res. Coun.

(Lond.), No. 250, p. 29.
Bloom, W. L. (1956). J. Lab. cin. Med., 47, 938.
Chvapil, M. (1960). Beitr. Silikose-Forsch., No. 64.
-, and Holeckovi, E. (1959). Pracov. Lik., 11, 344.
Denny, J. J., Robson, W. D., and Irwin, D. A. (1937). Canad. med.

Ass. J., 37, 1.
(1939). ibid., 40, 213.

Ferin, J., and Ulehlova, V. (1958). Pracov. Lek., 10, 394.
-, and Ulrich, L. (1960). ibid., 12, 344.
Gardner, L. U., Dworski, M., and Delahant, A. B. (1944). J. industr.

Hyg., 26, 211.
Glomme, J. (1958). Die Staublungenerkrankungen, ed. K. W. Gotten

and W. Klosterkotter, Vol. 3, p. 176. Steinkopff, Darmstadt.
Grandjean, E., Turrian, H., and Nicod, J. L. (1956). Arch. industr.

Hlth, 14, 426.
Kellner, A., Correll, J. W., and Ladd, A. T. (1951). J. exp. Med., 93,

373.

King, E. J., Harrison, C. V., Mohanty, G. P., and Yoganathan, M.
(1958). J. Path. Bact., 75, 429.
Wright, B. M., Ray, S. C., and Harrison, C. V. (1950). Brit. J.
industr. Med., 7, 27.

Marks, J., and James, D. M. (1959). J. Path. Bact., 77, 401.
-, and Nagelschmidt, G. (1959). A.M.A. Arch. industr. Hlth, 20,

383.
Martin, C. J., and Axelrod, A. E. (1953). Proc. Soc. exp. Biol. (N. Y.),

83, 461.

Neuman, R. E., and Logan, M. A. (1950). J. biol. Chem., 184, 299.
Nussbaum, R. (1956). Arch. Mal. prof., 17, 350.
Ray, S. C., King. E. J., and Harrison, C. V. (1951). Brit. J. industr.

Med., 8, 68.
Stacy, B. D., and King, E. J. (1954). ibid., 11, 192.
Sundius, N., and Bygden, A. (1938). J. industr. Hyg., 20, 351.
Worth, G., and Schiller, E. (1954). Die Pneumokoniosen. Staufen,

Cologne.
Wright, B. M. (1954). Brit. J. industr. Med., 11, 284.
Zaidi, S. H., King, E. J., Harrison, C. V., and Nagelschmidt, G.

(1956). A.M.A. Arch. industr. Hlth, 13, 112.

23

 on M
ay 26, 2023 by guest. P

rotected by copyright.
http://oem

.bm
j.com

/
B

r J Ind M
ed: first published as 10.1136/oem

.20.1.13 on 1 January 1963. D
ow

nloaded from
 

http://oem.bmj.com/

