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Experimental asbestosis: an investigation of functional
and pathological disturbances. II. Results for
chrysotile and amosite exposures*
D. M. HIETTt

From the Department of Occupational Health, University of Manchester, Stopford Building, OxJord Road,
Manchester M13 9PT.

ABSTRACT Long-term studies of respiratory function and lung morphology were carried out on

control groups of guinea pigs and matched groups exposed by inhalation to asbestos dust. Animals
were exposed to aerosols of chrysotile or amosite asbestos containing large numbers of short fibres,
for either 9 or 18 days. Resistance and dynamic compliance of the guinea pig respiratory system were

measured non-destructively, while the point counting technique was applied to the histological
preparations. Under these exposure conditions the extent of pathological and functional changes
were not related to differences in duration of exposure. Such changes were more marked, how-
ever, in animals exposed at eight rather than three months of age. The measurement of dynamic
compliance provided the most sensitive assessment of the functional disturbances, which were

more extensive following chrysotile exposure. Progressive peribronchiolar fibrosis developed
about 40 weeks after chrysotile exposure at eight months of age, but not until about 70 weeks for
animals exposed when three months old. No fibrotic reaction was seen during the 70 weeks of the
amosite experiments. The relationships between pathological and functional changes throughout
these experiments are discussed, and explanations for the apparent differences in fibrogenicity be-
tween chrysotile and amosite are suggested. Early detection of asbestosis may be aided by use of
lung function tests known to be sensitive to small airways disease.

Methods

The experimental methods and the maintenance of
animals were described in Part I (British Journal of
Industrial Medicine, 1978, 35, 129-134). Each
experiment was started with a group of male guinea
pigs of the same strain and the same age. Animals
were exposed to either chrysotile or amosite aerosols.
The exposure equipment (Holt et al., 1964) is at
Reading University and the animals made the return
journey from the experimental laboratory at
Manchester University by train. The animals to be
exposed were selected at Reading University at
random as regards the results of the preliminary tests
of respiratory function. The remaining animals in
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each group acted as controls and received no
treatment but experienced both train journeys on the
same days as the exposed animals. Each experimental
group received a single exposure to asbestos dust for
either 9 or 18 days. Experimental and control
animals were then maintained in the same ambient
conditions throughout each experiment; the ex-
perimental period was measured in weeks from the
first day of exposure.
The experiments performed are summarised in

Table 1. From the first chrysotile experiment (Cl)
grouped results for three separate exposed and
control groups were obtained, after a 9-day exposure
at 3 months of age. Because of technical difficulties
the first amosite experiment (Al) with a 9-day
exposure and the third chrysotile experiment (C3)
with an 18-day exposure were started with 8-month-
old animals. The respiratory function of experi-
mental and control animals was measured at regular
intervals after exposure, and guinea pigs were
selected randomly from both groups for histological
investigation during this time.
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Results

RESPIRATORY FUNCTION

Chrysotile exposure

There was no significant difference between the
respiratory function of experimental and control
groups before exposure. The results of these pre-
liminary measurements are given in Table 2. Changes
in respiratory function at a particular time after
exposure can conveniently be expressed as the
percentage difference from the control value at that
time. This provides a standardised form for the
results and permits direct comparisons to be made
between experiments. The results of respiratory
function tests for the three experiments were
treated in this way for the period up to 45 weeks from
the start of exposure. When plotted, the results
indicated that straight line analysis could be applied,
and regression lines were fitted using the full
individual results. The equations of these regression
lines and the number of observations in each
analysis are given in Table 3. As an example the
regression lines for compliance changes are shown
in Figure 1, but for clarity only the mean values for
each measurement interval were plotted. Severe
disturbances of respiratory function were detected

by the first tests after exposure but recovery towards
control values occurred in most cases during the
subsequent period up to 45 weeks.

Resistance changes for the two younger groups
exposed at 3 months (Cl and C2), were very similar,
with an increased resistance being found immediately
after exposure. Both groups showed subsequent
recovery towards control values, but the slopes of
regression lines fitted to these results were not
significantly different from zero (Table 3). The
slopes were not significantly different from each
other (Table 4), thus permitting the calculation of a
common slope and parallel regression lines. Analysis
of covariance indicated that the vertical displacement
of the parallel lines was not significant (Table 5);
however, impairment was slightly greater for the
9-day (CI) rather than the 18-day (C2) exposure
group. This was also shown by calculating the 95%
confidence limits foreach regression line, showing that
resistance was significantly increasedabovethestand-
ardised control value until about 22 weeks for the
C2 group and until about 32 weeks for the Cl group.
Regression analysis for the older group, C3, exposed
at 8 months of age, showed a different result where
resistance tended to increase during the experiment,
but again the regression slope was not significantly
different from zero (Table 3). This regression slope

Table 1 Summary of experiments

Type of asbestos inhaled Duration of Age at time of Number of animals at Duration of Number of animals at end of
and experiment code exposure exposure time of exposure experiment experiment

(days) (months) Exposed Control (weeks) Exposed Control

Chrysotile (Cl) 9 3 44 16 100 15 5
Chrysotile (C2) 18 3 16 14 40 8 6
Chrysotile (C3) 18 8 10 10 45 4 6
Amosite (Al) 9 8 12 10 70 4 5
Amosite (A2) 18 3 18 8 70 6 5

Table 2 Respiratory function before exposure, in control and test animals

Experiment Respiratory function Group to act as controls n Group to be exposed n Comparison between mean values
code test* (mean ± SD) (mean ± SD) t df P

Cl Resistance 0-64 i 0057 8 0-67 0-068 25 1-02 31 NS
Compliance 0-16 0-031 9 0-17 ± 0035 24 0 33 31 NS
Tidal volume 2-7 ± 034 9 2-8 + 053 25 0-38 32 NS
Breathing rate 78 ± 30 9 85 6-3 25 0-64 32 NS

C2 Resistance 0-26 + 0037 14 0-28 0-067 15 0-83 27 NS
Compliance 0-19 + 0034 14 0-19 0-031 16 0 09 28 NS
Tidal volume 2-4 0-52 14 2-5 + 043 16 0-12 28 NS
Breathing rate 61 ± 9 14 65 ± 10 16 1-15 28 NS

C3 Resistance 0-23 0-019 8 0-25 0-024 10 1-48 16 NS
Compliance 0-24 + 0034 10 0-23 0 037 10 0-51 18 NS
Tidal volume 5 0 i 059 10 5-0 0-80 10 0 03 18 NS
Breathing rate 70 ± 9 10 76 ± 13 10 1-19 18 NS

*Resistance in cmH,0/ml/s; compliance in ml/cmH20; tidal volume in ml; breathing rate in breaths/min.
n = no. of observations; SD = standard deviation; NS = not significant; t = Student's t; df = degrees of freedom; P = probability,
in this and subsequent tables.
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Experimental asbestosis: an investigation offunctional and pathological disturbances. 11

Table 3 Regression analysis ofpercentage disturbance of respiratory function up to 45 weeks after exposure
to chrysotile asbestos

Respiratory function test Experiment code Regression equations* n Comparison of slopes with zero
t df P

Resistance Cl y = 16 - 039x 201 1-63 199 NS
C2 y = 13 - 0 37x 92 0-61 90 NS
C3 y = -2 + 0 34x 71 1-58 69 NS

Compliance Cl y = -56 + 079x 185 8-82 183 0001
C2 y = -59 + I llx 102 7-74 100 0001
C3 y = -41 + 0 19x 71 1-35 69 NS

Tidal volume Cl y = -35 + 0 84x 185 8-70 183 0 001
C2 y = -45 + IlOx 102 8-01 100 0001
C3 y = -42 + 0SOx 71 4-25 69 0001

Breathing rate Cl y = 56 - 1 16x 185 10 11 183 0 001
C2 y = 50 - 0 68x 102 2-44 100 0-02
C3 y = 95 - 1 40x 71 3-83 69 0001

* y = % disturbance of respiratory function; x = time in weeks from exposture.

o Cl (3- month old animals exposed to chrysotile
for 9 days)

* C2(3-month old animals exposed to chrysotile
for 18 days)

x C3(8-month old animals exposed to chrysotile
foriB days) 0

0
0 ,

0 -

*0*/i0

0

x

-/< x x x

x x

x

0 10 20 30 4 50

Weeks after exposure

Fig. 1 Percentage difference from control values of
compliance, up to 45 weeks after exposure to chrysotile.
Regression lines: Cl - ; C2 ; C3 ---

was significantly different from that of either of the
younger groups, as shown in Table 4. The 95%

confidence limits of the regression line for the C3
group indicated that significant increases in resistance
occurred after the 17th week of the experiment.
At first the reductions in compliance were similar

for each experiment, falling to less than 50% of
control values (Figure 1). However, subsequent
rates of recovery were more marked for the younger
groups, Cl and C2, than the older one, C3. The slopes
of the regression lines for both the younger groups
Cl and C2 were significantly greater than zero
(Table 3), indicating a significant recovery towards
control values over this period. The slope for the
regression line for the older group, C3, showed a
slight but non-significant recovery. The regression
slopes for both younger groups were significantly
greater than for the older group as shown in Table 4.
More evidence of a similarity between the two
younger groups was seen on comparison of their
regression slopes. These were not significantly
different (Table 4) and a common slope was calcu-
lated. When parallel regression lines were fitted, the
impairment of compliance was seen to be slightly
more severe for the 9-day, Cl, rather than the 18-day,
C2, exposed group. However, analysis of covariance
showed that the vertical displacement between the
lines was not significant (Table 5). Calculation of
the 95 % confidence limits for these regression lines

Table 4 Comparison of recovery rates of respiratory function, measured in terms of regression slope, following
chrysotile exposure

Respiratory function test Comparison of regression slopes between groups
Cl and C2 Cl and C3 C2 and C3
t df P t df P t df P

Resistance 0 09 289 NS 4-42 268 <0 001 3-41 159 <0 001
Compliance 1-87 283 NS 3-56 252 <0 001 4-53 169 <0-001
Tidal volume 1-57 283 NS 1-98 252 <005 3 05 169 <0 01
Breathing rate 1-63 283 NS 0-61 252 NS 1 58 169 NS

-10.

9 -20

E -40.

2-0y -50

-70'
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138 D. M. Hiett

Table 5 Analysis of covariance of the vertical distance between parallel regression lines: chrysotile exposure

Respiratory function test Experimental groups Equtal slope (b) Vertical distance between Significance of d
compared parallel lines (d + SE) t df P

Resistance Cl & C2 -0-38 3-45 l 219 1-58 290 NS
Compliance Cl & C2 0-88 3-15 1-92 1-64 284 NS
Tidal volume Cl & C2 0.91 5-37 2-16 2 49 284 <0-02
Breathing rate Cl & C2 - 103 3-31 3-22 1-03 284 NS
Breathing rate Cl & C3 - 122 35-22 + 385 9 15 253 <0 001
Breathing rate C2 & C3 - 101 32 58 ± 541 6-02 170 <0 001

demonstrated that the compliance of the three groups
remained significantly reduced over the period
investigated.

Tidal volume was reduced initially to about 60%
of control values in all three experiments. The
subsequent recovery rates for the younger groups,
Cl and C2, were both significantly greater than zero
(Table 3), and their regression slopes were not
significantly different from one another (Table 4).
Regression lines with common slopes were calcu-
lated for these groups and analysis of covariance
showed a small but significant vertical displacement
between the parallel lines (Table 5). This indicates
that the tidal volume of the C2 group exposed for
18 days was reduced to a significantly greater
extent than that of the 9-day exposed group Cl. The
recovery rate of the older group, C3, was significantly
less than that of either of theyoungergroups(Table4)
but was significantly greater than zero (Table 3).
The 9500 confidence limits were calculated for the
regression lines, and these indicated that the tidal
volume of the older group remained significantly
different from control values over the whole experi-
ment. The tidal volumes of the younger groups
remained significantly different from control values
for the first 35 weeks.
The breathing rates in each experiment were

considerably increased immediately after exposure,
but significant recovery towards control values
occurred thereafter (Table 3). No significant
differences were observed between the regression
slopes for the three groups (Table 4), but analysis of
covariance indicated that the breathing rate of the
older group (C3) remained significantly higher than
that of either of the younger groups (Table 5). The
vertical displacement between parallel regression
lines for the younger groups was not significant
although the 18-day exposure group (C2) maintained
slightly higher breathing rates than did the 9-day
exposure group (Cl). The 95% confidence limits of
these regression lines indicated that the breathing
rates of exposed animals remained significantly
higher than control values throughout the experi-
mental period.
The 9-day exposure experiment (Cl) was con-

tinued for 100 weeks. Over this extended period

straight line analysis was not found to be appro-
priate, but second degree polynomial regression
lines were fitted to provide visual indication of the
mean overall trends. The curve for the resistance
results confirmed the complete recovery to control
values at around 40 weeks and indicated that no
secondary deterioration occurred within the 100
week period (Figure 2). However, compliance
remained at a reduced level throughout the ex-
periment, and a slight tendency towards further
deterioration was indicated after 80 weeks. Both
tidal volume and breathing rate showed nearly
complete recovery by 60 weeks, but again further
departure from normal was indicated after about
80 weeks (Figure 3).

Amosite exposure
Disturbances of respiratory function after amosite
exposure were considerably less prolonged than
those following exposure to chrysotile. Two weeks
after exposure the mean compliance of the older,
9-day exposure group (Al) was reduced to less than
50% of the control value, but considerable recovery
was observed at four and eight weeks (Figure 4).
Similarly the mean compliance of the younger, 18-day
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Fig. 2 Percentage difference from control values of
resistance and compliance, up to 100 weeks after
exposure to chrysotile.
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Fig. 3 Percentage difference from control values of
tidal volume and breathing rate, up to 100 weeks after
chrysotile exposure.
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Fig. 5 Regression line and 95% confidence limits
for the percentage difference from control values of
compliance, Group A2 (Three-month-old animals
exposed to amosite for 18 days).

Table 6 Regression analysis of the percentage
disturbance of compliance 12-70 weeks after exposure
to amosite

Experiment Regression n Conmparison of slopes
code equations* with zero

t df P

Al y = -33 + 0 16x 95 1-55 93 NS
A2 y = -11 + 0 036x 146 0 34 144 NS

*y = disturbance of compliance; x = time in weeks from
exposure.

I-
0 10 20 30 40 50 60 70
Weeks after exposure

Fig. 4 Regression line and 95% confidence limits for
the percentage difference from control values of
compliance, Group Al (Eight-month-old animals
exposed to amosite for nine days.)

exposure group (A2) was reduced by nearly 50%Y at
four weeks with subsequent rapid recovery (Figure 5).

It can be seen from these figures that a secondary,
more long-term disturbance of compliance occurred
between 12 and 70 weeks. Regression lines were
fitted, using the individual results from each experi-
ment and these equations are given in Table 6. The
slopes of these lines were not significantly different
from zero and the two slopes were not found to be
significantly different from each other (Table 7).
The vertical distance between the regression lines,
when made parallel, was found to be significant
(Table 7). This finding indicates that over this period
the younger group (A2) remained significantly less
affected than the older group (Al) despite the

longer exposure received by the A2 group. The 950
confidence limits calculated for both regression lines
indicate that the line for the Al group remained
significantly below the standardised control value
over the experimental period (Figure 4), while the
line for the A2 group was significantly reduced for
the first 67 weeks (Figure 5).

Because the mean resistances of exposed and
control groups remained very similar throughout
these experiments, the percentage differences were
not calculated. Linear regression lines were fitted
to the individual results from 2 to 70 weeks. Tidal
volumes and breathing rates of the exposed groups
were slightly increased immediately after exposure
but closely followed the control values for most of
each experiment. These results indicated that linear
regressions could be fitted to the secondary long-
term effect which extended from 10 to 70 weeks. The
regression equations for the control and exposed
groups are given in Table 8. Only the tidal volume of
the A2 group had a slope significantly different from
that of its control group. Analysis of covariance was

iI
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applied to those measurements which showed no
significant difference between regression slopes of
control and exposed groups. The regression lines
for the resistance of the exposed groups were slightly
above those of the control groups, and this difference
was significant for the A2 group. Only small dis-
placements were found for the other measurements
and none were significant (Table 9).

HISTOLOGY

The histological appearances of the lungs of guinea
pigs, exposed to chrysotile and amosite dust in the
equipment used in the present study, have been
described in a well-illustrated paper by Holt et al.
(1966). Our findings were similar to theirs and
therefore need only brief description.

Initially the main feature was a granulomatous
reaction, mainly peribronchiolar, which resulted in

D. M. Hiett

severe structural disruption of the terminal and
respiratory bronchioles. In the lungs of animals
exposed to chrysotile the severity of this reaction
changed little during the first 10 weeks. However,
in the animals exposed to amosite the reaction in the
lungs had become less uniform at 10 weeks,with some
bronchioles showing further damage while others
had cleared considerably.
As the amosite experiments continued, further

clearance occurred and the granulomatous reaction
resolved until, finally, only occasional regions of
peribronchiolar thickening were observed. Occa-
sional large focal deposits of dust were formed at
subpleural and peribronchiolar sites, but without any
apparent collagen formation during the period
investigated.

Condensation of the granulomatous reaction with
bronchiolar clearance was also seen as the chrysotile

Table 7 Analysis of covariance of the vertical distance between parallel regression lines: percentage reduction of
compliance after amosite exposure

Experimental groups Comparison of separate slopes Common Vertical distance between Significance ofd
compared slope (b) the parallel regression tines t df P

t df P (d ± SE)

Al & A2 0 84 237 NS 0 086 7 60 ± 2 65 2-87 238 < 0-01

Table 8 Regression analysis of respiratory function of control and exposed groups of animals after exposure to
amosite

Respiratory function Experiment Regression equation n Regression equation n Comparison of slopes
test code control group** exposed group** of regression lines

t df P

Resistance Al y = 0 30 - 000056x 93 y = 0-32 - 000087x 94 0-81 183 NS
(2 to 70 weeks)* A2 y = 0 30 - 000034x 84 y = 0-34 - 000083x 138 1-17 218 NS

Tidal volume Al y = 4-7 - 0014x 84 y = 5 0 - 0015x 81 0-16 161 NS
(10 to 70 weeks)* A2 y = 3 9 - 00068x 75 y = 3-5 + 0 0089x 122 2-29 193 <0 05

Breathing rate Al y = 70 + 0-083x 84 y = 72 + 0 0054x 81 0 73 161 NS
(10 to 70 weeks)* A2 y = 82 - 033x 75 y = 77 - 0 13x 122 1 61 163 NS

*period of experiment analysed. **y = % disturbance of respiratory function; x = time in weeks from exposure.

Table 9 Analysis of covariance of the vertical distance between parallel regression lines of control and
amosite-exposed groups

Respiratory function test Common slope Vertical distance between regression lines Significance of d
and experiment code (d ± SE) t df P

Resistance Al -7-2 x 10-' 7-5 x 10-a 7.9 x 10-3* 095 184 NS
A2 -6-3 x 10-' 1-8 x lo-22 8-3 x 10-3* 2-21 219 <0 05

Tidal Volume Al -1 5 x 10-2 0-21 + 0-14* 1-51 162 NS

Breathing Rate Al 4-4 x 10-2 0 30 ± 1-96 0 15 162 NS
A2 -2-1 x 10-1 1-66 ± 2-30* 0-72 194 NS

*regression line for the exposed group vertically displaced above that of the control group.
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Experimental asbestosis: an investigation offunctional and pathological disturbances. II

experiments proceeded. However, this was later
followed by peribronchiolar fibrosis which appeared
to progress into the surrounding alveolar regions,
where cuboidal metaplasia of the alveolar epithelium
resulted in an adenoid appearance. This fibrotic
development was evident in the sections obtained at
40 and 45 weeks for the old chrysotile group (C3).
Similar fibrosis was observed in sections taken from
70 weeks onwards for the young (CI) group. Sections
from the young (C2) group showed no fibrotic
development during the 40-week experiment.
The percentage by volume of different structures

during the chrysotile experiments Cl and C3 are
given in Tables 10 and 11. This analysis was not
extended to the C2 experiment, in which fewer
samples were taken. Inter-animal variation was
shown by the changes in percentage by volume

occupied by normal alveoli during the Cl experiment,
and a second degree polynomial regression curve was

fitted to indicate the general trend. The mean value
for the percentage by volume of normal alveoli in
control animals was shown in Part I (British Journal
of Industrial Medicine, 1978, 35, 129-134) to be
94-4. Thus it can be seen that this component was

most affected immediately after exposure, but
complete recovery to this value was not observed
during the 100-week experiment. The percentage by
volume of normal alveoli remained predominantly
below 90 for the 45-week duration of the C3 ex-

periment (Table 11).
The percentage by volume of different structures

during the amosite experiments is given in Tables 12
and 13. In both these experiments the percentage by
volume of normal alveoli was less than 90% at three

Table lOa Percentage by volume of various structures after a 9-day chrysotile exposure (Cl) (weeks 3-36)

Structuire Percentage by voluime at intervals in weeks fromn start of experiment
3 5 10 10 14 19 22 24 26 36

Normal alveoli 86-0 77-3 80-7 87-3 85-6 84-2 90 0 85-2 91-2 90 7
Small vessels 2-5 3 1 2 8 1.1 2-9 3-0 3-6 2-8 2-1 1.9
Large bronchioles 0 9 1-3 1-4 1 4 2-8 1.9 0-3 1-8 1 8 1 2
Terminal bronchioles 0 0 0 0.1 0-2 0-1 0 0-1 0 0
Respiratory bronchioles 0 0 0-2 0-2 0 0 0 0 0 0
Damaged alveoli 4 8 12-1 8-8 4-3 3-4 4-8 3-6 6-4 2-4 2-3
Obliterated bronchioles 0-2 2-6 3-5 0 5 1.1 1 0 0-4 0 5 0 3 0
Bronchioles with thickened walls 5 6 3-6 2-6 5 1 4-0 5 0 2-1 3-2 2-2 3 9

Number of points counted 1617 1431 1527 1509 1404 1411 1596 1484 1742 1454

Table lOb Percentage by volume of various structures after a 9-day chrysotile exposure (Cl) (weeks 46-100)

Structure Percentage by volume at intervals in weeks from start of experiment
46 52 59 64 64 71 80 90 100

Normal alveoli 86-2 89-6 92-8 92-4 92-6 89-2 91 8 88-3 90.0
Small vessels 1-6 3-5 1-7 1-6 2-3 1-2 2-3 2-7 1 9
Large bronchioles 1-4 1-8 1 3 i-3 1 5 1-2 1-3 2-3 1.1
Terminal bronchioles 0 0 0 01 0 0 0 0 0
Respiratory bronchioles 0 0 0 0 0 0 0 0 0
Damaged alveoli 5-4 1-3 0-4 1-4 0 9 3-3 1-2 1-0 2-7
Obliterated bronchioles 2-5 0 0 0 0 0 0 0 0
Bronchioles with thickened walls 2-9 3-8 3-8 3-2 2-7 5-1 3-4 5-7 4-3

Number of points counted 1547 1532 1604 1735 1621 1341 1653 1537 1694

Table 11 Percentage by volume of various structures after an 18-day chrysotile exposure (C3)

Structure Percentage by volume at intervals in weeksfrom start of experiment
4 14 14 39 40 45

Normal alveoli 89-6 83-5 89-7 92-6 89-9 86-8
Small vessels 2-2 2-0 3-1 1-8 3 1 2-3
Large bronchioles 1-0 1 5 1-4 1 8 0 9 1-3
Terminal bronchioles 0 0 0 0-1 0 0
Respiratory bronchioles 0 0 0 0 0 0
Damaged alveoli 3-1 8-9 2-2 0.1 1-5 2-4
Obliterated bronchioles 0-3 0-5 0 0 0-2 1.1
Bronchioles with thickened walls 3-8 3-6 3-6 3-6 4-4 6 1

Number of points counted 3141 3001 3157 3617 2939 2914
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Table 12 Percentage by volume of various structures after a 9-day amosite exposure (Al)

Structure Percentage by volume at intervals in weeks from start of experiment
3 10 18 26 65

Normal alveoli 88-3 83-2 89-9 90 5 91-2
Small vessels 1.1 2-2 2-7 2-3 1-7
Large bronchioles 1-2 1 5 0 3 1-3 1-0
Terminal bronchioles 0 0 0 0 0
Respiratory bronchioles 0 0 0 0 0
Damaged alveoli 6-2 8-6 3-3 2 7 2-4
Obliterated bronchioles 0 5 1-2 0 0 0
Bronchioles with thickened walls 2-7 3-3 3-8 3-2 3-7

Number of points counted 2908 2986 3029 3136 3265

Table 13 Percentage by volume of various structures after an 18-day amosite exposure (A2)

Structure Percentage by volume at intervals in weeks from start of experiment
3 10 18 27 34 45 52 60

Normal alveoli 89-3 87-8 91 7 93-1 94-6 91-7 93 4 93-8
Small vessels 2-1 1-6 2-3 2-5 2-8 1-4 3-1 2-7
Large bronchioles 1-2 1 7 2-0 1-5 0 5 1-3 1-3 1.1
Terminal bronchioles 0 0 0 0 3 0-2 0-2 0-2 0-2
Respiratory bronchioles 0 0 0 0 0-1 0 0-1 0.1
Damaged alveoli 5-5 6-4 2-6 1-5 0Q9 4-4 1.1 1 4
Obliterated bronchioles 0-2 0 0 0 0 0 0 0
Bronchioles with thickened walls 1-7 2-5 1-4 1.1 0 9 1-0 0-8 0 7

Number of points counted 2936 2859 3025 3508 3241 3274 3343 3455

weeks, reducing further at 10 weeks and recovering
towards the control value at 18 and 26 weeks. The
results indicate that reductions in normal alveolar
volume were less severe in the younger group (A2)
than the older one (Al) despite the increased
exposure of the younger group.
The reduction in the volumes occupied by normal

terminal and respiratory bronchioles in these
experiments indicates that they were mainly counted
under the damaged section. The volume occupied
by obliterated bronchioles was rather variable but
was in general less than that of the thickened
bronchioles. A second degree polynomial was used
to indicate the trend in the Cl experiment, but the
results for the C3 experiment were too few for such
analysis. The volume of thickened bronchioles
showed a tendency to increase in both experiments
when fibrosis was developing. The percentage by
volume occupied by thickened bronchioles remained
between 3% and 4% from 40 to 65 weeks in the old
amosite experiment (Al) but the young group (A2)
was less severely affected. The percentage volumes
occupied by large bronchioles and small blood
vessels remained similar to control values throughout
these experiments.

Discussion

The peribronchiolar site of the initial pathological

lesion in these experiments corroborates the findings
from previous studies of experimental asbestosis
(Wagner, 1963; Holt et al., 1966; Gross and de
Treville, 1967). Peribronchiolar fibrosis developed
in two of the present experiments and was associated
with metaplasia of the walls of alveoli adjacent to the
damaged bronchioles. Holt et al. (1966) found that
those guinea pigs with the greatest fibrotic develop-
ment also showed the most marked adenoid appear-
ance. Pathological material from early cases of
human asbestosis has shown the basic lesion to be
peribronchiolar fibrosis (Hourihane and McCaughey,
1966; Gracey et al., 1973), and alveolar metaplasia
has also been reported in cases of human asbestosis
(Jones Williams, 1957). Thus there may well be a
close similarity between the location and mode of
development of asbestosis in guinea pigs and man,
and in both cases the initial lesion leads to small
airways disease.
Hogg et al. (1968) have reported that conventional

measures of pulmonary resistance are relatively
insensitive to changes in the small airways. The
rather small increases in resistance seen in these
experiments are compatible with this finding. The
period of significant increase in resistance of the Cl
and C2 groups corresponded to the time of
maximal bronchiolar disruption. However, in-
consistency of this measure was shown by the C3
group, in which resistance was not significantly
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increased until peribronchiolar fibrosis developed.
It is possible that these increases in resistance are
related to obstruction in the larger airways, but it was
seen that the percentage by volume occupied by
large bronchioles remained close to normal through-
out.
On the other hand, changes in compliance cor-

responded well to the quantitative pathological
changes. There are two mechanisms by which
dynamic compliance can be reduced. First, abnorma-
lities in the elastic properties of the lungs attributable
to cellular infiltration and peribronchiolar thickening
may lead to changes in true static compliance.
Second, it has been suggested that small airways
obstruction would also reduce dynamic compliance,
especially when measured at high breathing rates
(Woolcock et al., 1969). Thus it is probable that the
initial large reduction of compliance in each ex-
periment may reflect the severe obstruction of the
small airways observed at that time, to an equal if
not greater extent than true changes in static
compliance.

In both amosite experiments the breathing rate
returned to normal levels after 12 weeks, but com-
pliance values remained significantly decreased over
an extended period. This may indicate that the
measurement was adequately sensitive to detect the
changes in true static compliance caused by residual
damage to the bronchiolar walls and alveolar
parenchyma after the small airways were cleared.
The histological disturbances, in terms of abnormali-
ties in the percentage volumes occupied by normal
alveoli and bronchioles with thickened walls, were
greater in the Al than the A2 group. This difference
was also reflected in the compliance measurements
which remained significantly different throughout
these experiments, with the Al group being more
severely affected.

In the Cl experiment the recovery of compliance
corresponded both to the observed clearance of the
small bronchioles, and to the changes in percentage
volume of normal alveoli. The latter component
provides an overall estimate of the histological
abnormality, as it is reduced both by alveolar and
peribronchiolar damage. As fibrosis developed in the
later stages of this experiment, compliance tended to
decrease and the percentage volume of thickened
bronchioles tended to increase. Near-normal breath-
ing rates were maintained from 60 to 80 weeks; the
reduced dynamic compliance at this time may there-
fore primarily reflect impairment of true static
compliance.

In the C3 experiment the early development of
fibrosis was again accompanied by an increase in the
percentage by volume of thickened bronchioles.
During this experiment the breathing rate remained

significantly increased; therefore, although the
prolonged reduction of dynamic compliance may
have been partly attributable to the early develop-
ment of static changes, the obstructive component
would also have been emphasised. Thus both the
physiological and pathological findings suggest that
physiological tests known to be sensitive to small
airways obstruction may well be useful in the early
detection of asbestosis.

Breathing rates in each experiment were increased
during the period of maximum inflammation. Such
hyperpnoea may be partly mediated by different
impulses from receptors in the lung, such as the
'J' receptors (Paintal, 1969), or 'irritant' receptors
(Mills et al., 1970). In addition, compensatory in-
creases in breathing rate may have occurred when
reductions in tidal volume were observed.
Comparison of respiratory function of the Cl and

C2 groups indicated that, under the exposure
conditions used, differences in exposure duration had
little effect on the extent of subsequent changes.
It has also been mentioned that a gradient of fibre
concentration was observed in the disturbance of res-
piratory function of animals exposed at different pos-
itions within the chamber. It is possible however, that
the total deposition of dust deep in the lungs was sim-
ilar under these various conditions. Immediately after
exposure, breathing rates were increased and tidal
volumes were reduced. These changes presumably
developed during the exposure period, and both
tend to reduce deposition within the lung (Muir and
Davies, 1967; Dennis, 1971). Timbrell (1970) has
shown that penetration of fibres is related to airway
diameter, and Sanchis et al. (1971) hold the view that
small airways obstruction, as developed during these
exposures, reduces alveolar deposition. Thus it is
possible that, if abnormalities developed soon after
the start of exposure, deposition deep into the lungs
became progressively less and the total deposition
may be limited to a ceiling value which was reached
by animals of all groups within the first nine days
of exposure.
Animals exposed when mature, aged eight months,

showed greater overall disturbances than those
exposed at three months of age. The young A2 group
showed significantly less disturbance of compliance
than the old Al group, while the respiratory function
of both young groups Cl and C2 was significantly
less disturbed than that of the old C3 group. Zaidi
et al. (1971) showed that the fibrogenicity of silica
was greater in adult dogs than in pups, and although
the mechanism behind these findings is not clear, a
contributing factor may be the age-related phagocytic
activity described by Rasche (1971).

In these experiments chrysotile was found to be
more fibrogenic than amosite. This is in contrast to
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the findings of Wagner (1963) and Reeves et al.
(1971). However, Timbrell and Skidmore (1968)
exposed guinea pigs to an amosite aerosol containing
10% of fibres longer than 4 /m, which had a similar
fibre distribution to the aerosol used in the present
studies (10% of fibres longer than 5 ,im). They
found histological changes similar to those in this
study, with no fibrotic development. These workers
also used an amosite aerosol containing 45% of
fibres longer than 4 gm, but of equal mass concen-
tration as their previous aerosol. Here lesions
proved to be progressive and included collagen
formation. Thus, differences in the fibre length
distributions of aerosols used by various workers
may result in discrepancies between findings.
The uptake of amosite dust deep into the lungs of

normal and SPF rats has been shown to be three
times greater than the uptake of chrysotile dust
(Wagner and Skidmore, 1965; Morris et al., 1967)
Differential deposition was only minimally involved,
as the subsequent clearance rate of chrysotile was
some three times faster than that ofamosite. Holt et al.
(1966) found no chrysotile and only few amphibole
fibres in the lymph nodes of exposed guinea pigs,
which suggests that clearance occurs mainly via
the respiratory tract. LaBelle and Brieger (1959)
demonstrated a relationship between the amount of
dust cleared and the number of phagocytic cells
present in the lungs. Brain (1971) found that some
particles are capable of enlisting more macro-
phages than others; the difference in clearance rates
of chrysotile and amosite therefore may be related
to their relative abilities to enlist macrophages.
A close relationship has been established between

particle cytotoxicity and fibrogenic effect in the lung
(Marks and Nagelschmidt, 1959; Conning et al.,
1971). Chrysotile has been found to be haemolytic
while amosite is only weakly so (Harington et al.,
1971). Chrysotile has also been shown to be more cyto-
toxic to macrophage cultures than amosite (Allison,
1971), and this was especially apparent when freshly
ground dusts were used (Robock and Klosterkotter,
1971). Heppleston (1971) suggested that macrophages
ingesting cytotoxic particles may release a signal
that enlists more macrophages, and indeed Davis
(1967) found that many macrophages were attracted
to clumps of chrysotile fibres.
As chrysotile fibres appear to be more cytotoxic

than amosite fibres, more macrophages may be
enlisted for the clearance of chrysotile than of
amosite. This may explain the increased clearance
rate observed for chrysotile fibres, which could
result in chrysotile appearing less fibrogenic than
amosite if the clearance pathway via the respiratory
tract remains operative. If however this pathway
were in some way obstructed, a more severe fibrotic

D. M. Hiett

effect would be expected after chrysotile than after
amosite exposure. In the present experiments,
exposure conditions were such that extensive
macrophage infiltration was stimulated by both
chrysotile and amosite aerosols, although chrysotile
exposure caused the more severe inflammation.
The resultant disruption of small airways patency
must have caused obstruction of clearance, thus
providing a possible explanation for the observed
difference in the fibrogenicity of chrysotile over
amosite.

In conclusion, this study has shown that the
development of experimental asbestosis can be
monitored using simple tests of respiratory function,
and that these changes can be related to quantitative
histological information. The pathological changes
observed resemble those described for an early case
of asbestosis in man (Gracey et al., 1973), in that the
basic lesion was peribronchiolar. Thus, regardless of
the type of asbestos inhaled, early detection of asbes-
tosis may be aided by use of respiratory function
tests known to be sensitive to small airways disease.

I am indebted to Dr P. F. Holt, Department of
Chemistry, University of Reading, for making
available his inhalation equipment, and Dr S.
Holmes, Health Physics Department, Turner
Brothers Asbestos Co. Ltd., Rochdale, for help with
the dust sampling. I would like to thank Dr H.
C. Lewinsohn, Turner Brothers Asbestos Co.
Ltd., Rochdale, Dr G. Williams, Department of
Pathology, University of Manchester and Professor
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