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ABSTRACT To study the relationship between the results of bronchoalveolar lavage and
pulmonary function tests during induction and progression of asbestosis, three groups of six sheep
were exposed repeatedly by intratracheal injection to either saline (controls), low doses of
Canadian chrysotile UICC asbestos (cumulative exposure 328 mg) (low-dose group), or high
doses of the same fibres (cumulative dose 2282 mg) (high-dose group) until there was clear
evidence of alveolitis from the lung biopsy specimens of all sheep of the high-dose group. During
the course of this induction and for the following eight months lung biopsies, bronchoalveolar
lavage and pulmonary function tests were performed at two-month intervals. At the time of
initial alveolitis in the high-dose group there was no significant change in the cellularity of the
bronchoalveolar lavage fluid, but static lung compliance (C5t), vital capacity (VC), arterial oxygen
tension (Pao2), and diffusion capacity (DL/VA) were significantly lower than in the other groups.
In the following months, as the alveolitis evolved into a fibrosing process, macrophages and
neutrophils from the bronchoalveolar lavage fluid increased significantly and pulmonary function
deteriorated. Proteins and enzymes in the bronchoalveolar lavage fluid also increased
significantly in the high-dose group. These data show that in the sheep model of asbestosis simple
tests of pulmonary function correlate well with histological changes and changes in the
bronchoalveolar lavage fluid in the course of the disease and can be used to assess progression of
asbestosis.

Current theories of the pathogenesis of interstitial
pulmonary fibrosis suggest that fibrosis of the lung is
the end-stage result of a chronic inflammatory process of the alveoli and interstitium, which can be
evaluated and staged either by histopathological
criteria on the basis of lung biopsy material or by
analysis of bronchoalveolar lavage fluid.' 2 Because
it is a safe and easily repeatable procedure the latter
has already been used extensively to follow the
progress of the alveolitis and its response to treatment in many treatable interstitial pulmonary diseases. 1-6
Because asbestosis is at present a non-treatable

disease, the clinician has little justification for
repeating lung biopsy or bronchoalveolar lavage. He
must rely on pulmonary function tests and chest
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radiography to assess the progress of asbestosis even
though the value of these tests in the monitoring of
the activity of other interstitial pulmonary diseases
has been questioned.7"
The aim of the present study was to evaluate the
intensity of the alveolitis of asbestosis in the course
of induction and progression of the disease in the
sheep model and to relate the stage of the alveolitis
as assessed by bronchoalveolar lavage to pulmonary
function as assessed by the tests commonly used for
the follow-up of patients with the disease. It was
hoped that the study would identify pulmonary function test correlates of the activity of alveolitis in
asbestosis which would be of practical value in assessing the progress and prognosis of the disease.
Methods
EXPERIMENTAL DESIGN

Eighteen male sheep weighing 25-50 kg (mean
449
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39-5, SD + 10 kg) at the beginning of the study were
selected for this investigation. They were prepared
and accustomed to the pulmonary techniques as
previously reported.'2 13 The flock was divided into
three groups of six sheep, which were subjected to
monthly exposures during the first six months and to
weekly exposures during the next six months. Each
time the control sheep were given a 50-ml intratracheal injection of saline. The low-exposure group
received a cumulative dose of 328 mg of UICC
Canadian chrysotile fibres in saline and the highexposure group a cumulative dose of 2282 mg of the
fibres in saline. UICC Canadian chrysotile B asbestos fibres were kindly provided by Dr V Timbrell of
the Medical Research Council, Pneumoconiosis
Unit, Penarth, and Mr REG Rendall of the
Pneumoconiosis Research Unit, Johannesburg.
These asbestos fibres were relatively uniform and
well characterised,'4 92% being less than 0*25 gm in
diameter and 20 ,m in length. Exposure was stopped after the 12th month of intratracheal injections,
which led to the development of an initial alveolitis
in all sheep in the high-exposure group. Every two
months all sheep were studied by transbronchial
lung biopsy, pulmonary function tests, and bronchoalveolar lavage, as previously reported.'2 At the
12th and 20th months one sheep in each group was
killed for detailed histopathological study.

nected to a Hewlett-Packard 270 differential transducer. Gas flow at the airway opening was measured
by connecting the cuffed endotracheal tube to a
Fleisch No 2 pneumotachograph attached to a
flowmeter integrator recorder system. Functional
residual capacity (FRC) was determined by the
helium rebreathing method, and this was followed
by syringe lung inflation to a transpulmonary pressure of 35 + 5 cm H20, which we called total lung
capacity (TLC), and by lung deflation to a transpulmonary pressure of - 35 ± 5 cm H20, termed here
residual volume (RV). These measurements were
obtained after a three-inspiratory capacity (IC)
constant-volume history. The following lung volumes were determined: TLC, RV, FRC, IC, vital
capacity (VC), and expiratory reserve volume
(ERV). Lung volume data were calculated at BTPS
(the rectal temperature of sheep being 390 + 0.20C).
Pulmonary compliance (C1) and resistance (R)
were measured by feeding the output of the transpulmonary pressure transducer, flowmeter, and
integrator to a recorder and oscilloscope system.'2
Checked for accuracy under static and dynamic conditions, the system was found to be linear up to
4 Hz. The static expiratory lung compliance (Cst)
was determined by multiple-step syringe deflation
between TLC and FRC. The lung resistance (R,)
was measured during tidal volume by the electrical
subtraction technique. Diffusion capacity (transfer
factor-DLCO) was obtained by a passive rebreathing method using a gas mixture of 10% helium,
0-30% carbon monoxide, and 21% oxygen in nitrogen; a Collins catherometer; and a Beckman
infrared carbon monoxide analyser, which necessitated the use of three 500-ml gas samples as,suggested by Marshall.'6 For this test the intubated conscious sheep was passively ventilated with a 2-5-litre
syringe at a rate of 30 breaths a minute and with a
1-litre tidal volume. Pulmonary gas exchange data
were obtained by standard techniques while the
animal was breathing room air and resting quietly.
These tests were done while the animals were
awake. The intra-individual variability of the measurements has been reported and is similar to that
found in man.'2

TRANSBRONCHIAL LUNG BIOPSY AND
HISTOPATHOLOGY

Under local anaesthesia of the airways transbronchial lung biopsy specimens were obtained by a
technique already described'2 from randomly
selected areas of the lung. The lung samples were
immediately placed in 10% buffered formalin solution and processed in the clinical pathology laboratory of our institution in the same way as human lung
biopsy specimens. Iron and Masson stains were performed on selected biopsy specimens. This procedure was well tolerated by all animals and did not
cause complications other than limited bleeding in
the airway. The lungs of the animals that were killed
were removed from the chest cavity and one lung
was immediately fixed at full inflation with the liquid
formalin intrabronchial infusion technique.'5 The
other lung was fixed with formalin vapour at full
inflation. Lung samples taken from upper, middle,
and lower lung zones of the former were also processed like human lung biopsy specimens.
PULMONARY FUNCTION TESTS

The methods used in the assessment of the sheep
have been published.'2 Briefly, transpulmonary
pressure was monitored with a naso-oesophageal
7-ml balloon catheter and an airway catheter con-

BRONCHOALVEOLAR LAVAGE FLUID ANALYSIS

Most of the techniques used -in bronchoalveolar lavage procedures and analyses have been previously
described.'2 17 Briefly, lung lavage was performed by
slow infusion of three 50-ml 39°C aliquots of
phosphate-buffered saline through a 50-ml Luerlock syringe attached to the work channel of the
bronchoscope and by gentle syringe aspiration of the
effluent. The effluent was passed through four layers
of cheesecloth to remove mucus and the cells were
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pelleted by centrifugation. Cells were counted in a
haemocytometer and cell viability, as determined by
the trypan blue exclusion technique, averaged 90%.
Cytocentrifuge smears served to identify the cell
population recovered with the use of WrightGiemsa and naphthyl acetate esterase stains." 18 In
the supernatant total proteins were measured by the
method of Pesce and Strande'9 and after concentration 100 times with Amicon B-15 filters electrophoresis on cellulose acetate permitted the concentrations of albumin and gammaglobulin to be
determined. The levels of f3-glucuronidase (B-glu),
a lysosomal enzyme, and lactate dehydrogenase, a
cytoplasmic enzyme, were determined with a Beckman Trace III clinical chemistry system associated
with a model 35 spectrophotometer and expressed
per millilitre of bronchoalveolar lavage fluid. All
values of humoral components of bronchoalveolar
lavage fluid were also analysed in terms of ratio to
the albumin content of the supematant of the fluid.20

451
BRONCHOALVEOLAR LAVAGE ANALYSIS

The results of the cellular analysis of the bronchoalveolar lavage fluid are presented in figure 2. From
these data it is clear that control and low-exposure
groups could not be differentiated. The highexposure sheep, however, started to differ from the
other groups at month eight with a significant
increase in lactate dehydrogenase activity and at
month 10 with increases in total proteins, albumin,
and gammaglobulins in the bronchoalveolar lavage
fluid. These changes in the high-exposure group persisted beyond month 12 without significant changes
in the cellularity of the fluid. In the following
months, however, with increasing differences between high-exposure sheep and the other sheep in
the results of analysis of the bronchoalveolar lavage
fluid supernatant, significant increases in the total
cells, macrophages, and neutrophils in the fluid were
observed. These changes in the high-exposure group
persisted throughout the study.

ANALYSIS OF THE DATA

PULMONARY FUNCTION TESTS

In the presentation of the results mean values of the
data from each group of sheep are followed by the
standard error (SE) as an index of dispersion. The
data were evaluated by two-factor analysis of variance for experiments having repeated measurements on the same subjects. When a significant
effect was detected, a Kruscal-Wallis test was used
to determine which group means were significantly
different. The Pearson correlation procedure was
used to relate the results of pulmonary function tests
and bronchoalveolar lavage data. The level of
significance adopted was p < 0*05.

The static properties of the lung are presented in
figure 3. In controls the lung volumes, minute ventilation, tidal volume, and DLCO increased significantly
with time and these increases paralleled the gain in
body weight from an average of 39*5 kg at month 0
to 58 kg at month 20. During the entire study FRC
and RV did not differ between groups. Ct, however,
was significantly lower in the high-exposure group at
month 6 and this difference persisted. Significant
changes in VC appeared at month 12 and in TLC at
month 16 in the high-exposure group and these
changes persisted. Furthermore, the low-exposure
group started to differ from controls at month 16 in
terms of Cst, TLC, and VC. In figure 3 we also present the time course of gas exchange parameters.
Here control and low-exposure groups did not differ.
From month 8 these parameters were significantly
different in the high-exposure group. As the disease
progressed histologically they showed gradual
deterioration. The hypoxia, tachypnoea, and diffusion impairment of the high-exposure group
significantly worsened from month 12 to month 20

Results
LUNG HISTOPATHOLOGY

The yield of lung biopsy specimens was similar to
that of our previous study and the histopathological
features of the control material remained normal
(fig 1, panel a). In the sheep exposed to low-dose
asbestos an occasional mild increase in cellularity
was noted in a few biopsy samples at different
months, but in neither transbronchial nor necropsy
lung biopsy specimens could we see definite changes
in the microscopic appearances of the low-exposure
group (fig 1, panel b). In the high-exposure sheep
from month six to month 12 a macrophagic peribronchiolar alveolitis was seen with increasing frequency (fig 1, panel c), and at month 12 all sheep of
the high-exposure group had definite lesions (fig 1,
panel d). In the following months increased cellularity was noted in the biopsy specimens and interstitial fibrosis was also observed (fig 1, panels e and

J)

(p < 0.01).
RELATIONSHIP BETWEEN RESULTS OF
BRONCHOALVEOLAR LAVAGE FLUID ANALYSIS
AND PULMONARY FUNCTION

Because of the steady gain in body weight of our
sheep and the related normal changes in some of the
results of pul,nonary function tests, we discarded the
aging effect in our analysis by expressing pulmonary
function values in the high-exposure group as percentages of values in control sheep that had a similar
steady weight gain. In the table we present selected
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Fig 1 Panels (a)- (c) are photomicrographs ofpostmortem lung samples formalin fied at full inflation (haematoxylin and
eosin x 105). Panel (a) is from a sheep in the control group at month 20. The alveoli, interstitium, and peribronchiolar
tissues are normal. Panel (b) is from a sheep in the low-dose group at month 20. The alveoli, interstitium, and
peribronchiolar tissues are normal. Panel (c) is from a sheep in the high-dose group at month 12. The interstitium and
alveolar walls in the surroundings ofperipheral airways are infltrated by a predominantly macrophagic process. Panel (d) is
a low-power photomicrograph obtained post mortem from the same sheep as panel c, and shows the peribronchiolar process
and relatively normal lung tissue away from the bronchioles (haematoxylin and eosin; x 42). Panel (e) is a
photomicrograph of a transbronchial lung biopsy specimen in a high-dose sheep at month 20. It shows the peribronchiolar
macrophagic alveolitis, as well as some spindle cell proliferation suggestive of a fibroblastic proliferation (haematoxylin and
eosin, x 105). Panel (f) is a photomicrograph of a postmortem lung sample formalin fixed at full inflation from a sheep of
the high-dose group at month 20. The peribronchiolar process is similar to that seen in panel (e), with a clearer view ofthe
fibroblastic proliferation in the peribronchiolar tissue (haematoxylin and eosin, x 105).

Correlation coefflcientst (r value) of selected pulmonary function tests4t with data from the analysis of bronchoalveolar
lavage fluid
Cs,

TLC

VC

DLIVA

PaO2

PA-ao2

Total bronchoalveolar lavage fluid cells§

0.79**

0.90*
0-93*
0-85*
0-85*
0-81**
0.89*

0-85*
0.86*

0-82**
0.70***

0-77**

0-84*
0.90*
0-80**
0-86*
0-80**
0.90*

0-81 *
0-84*

Neutrophils§
Total protein
Albumin
Gammaglobulin

0-81*
0-89*

0.84*
0-89*
0-84*
0-92*

0-80**
0-94*
0-81**
0.91*

Macrophages§

0-82**
0.78**
0-82**
0-76**

0.81*

0-92*

tCorrelations according to Pearson procedure relating changes in an index of pulmonary function with results of bronchoalveolar lavage
fluid analysis at each point of measurement during the 20 months of the study.
tPulmonary function results converted to percentages of values in age-matched controls.
§Expressed as cells per ml of bronchoalveolar lavage fluid.
BAL-bronchoalveolar lavage; C5t-static lung compliance; TLC-total lung capacity; VC-vital capacity; DIJVA-diffusion capacity per
unit alveolar volume; Pao-arterial oxygen tension; A-aooxygen tension gradient. *p < 0-001; * *p <001; ***p <
0-05.

21Aa

2-avolar-arterial
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results of our analysis showing changes in pulmonary function test results in the high-exposure group
expressed as percentages of values in controls with
similar changes in their bronchoalveolar lavage
fluid. Changes over time of CM, TLC, VC, arterial
Po2 (Pao2), alveolar-arterial Po2 gradient, and DLJ
VA (equivalent to Kco) in the high-exposure group
were highly correlated with changes in the cellularity
of the bronchoalveolar lavage fluid (total
bronchoalveolar lavage cells, macrophages, and
neutrophils) as well as in the total proteins, albumin,

and
dehydrogenase,
of the fluid (r > 0-8 for most
correlations, p < 0-01). Changes over time in FRC,
RV, and VE did not correlate with changes in the
bronchoalveolar lavage fluid (r < 0-27, p > 0.05).

gammaglobulins, lactate

,8-glucuronidase

Discussion
In the sheep model of asbestosis the initial histopathological lung injury was characterised by a mac-
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rophagic peribronchiolar alveolitis accompanied by
leakage of cytoplasmic enzyme and serum proteins
in the bronchoalveolar milieu. This early lesion
altered lung compliance, vital capacity, and gas
exchange values. Without further asbestos exposure
thereafter, the alveolitis was reflected in the following months in the cellularity of the bronchoalveolar
lavage fluid as macrophages and neutrophils
increased gradually and histologically the disease
progressed to a fibrosing peribronchiolar alveolitis.
Progression of the disease process caused further
deterioration of performance in pulmonary function
tests, which correlated significantly with bronchoalveolar lavage indices of activity of the alveolitis.
In other interstitial lung diseases it has been well
documented that activity of the disease process as
judged by histopathological criteria can be accurately evaluated by analysis of the cellularity of the
bronchoalveolar lavage fluid,26 but pulmonary function tests are considered to have only fair sensitivity
and poor specificity for the alveolitis.' 7- 22 While
in treatable alveolitis there are sufficient supportive
data in the literature to justify repeated assessment
of the disease activity with bronchoalveolar lavage
fluid analysis,6 23 in the pneumoconioses the clinician
has little justification for such procedures in the
repeated assessment of activity and progression of
the disease. He must rely on less invasive procedures
such as chest radiographs and pulmonary function
tests.
The rate of progression of asbestosis has been
generally assessed by radiological and functional
means. In epidemiological surveys of asbestos workers and in serial evaluations of patients with the disease, it has been well established that radiological
progression of the disease is accompanied by
deterioration in lung compliance,24 forced vital
capacity,24-29 total lung capacity,25 27 and gas
exchange parameters,2630-33 but these changes have
not been correlated serially with criteria of activity
of the disease derived from histopathical examination or bronchoalveolar lavage fluid analysis. Only
the study of Gaensler et a134 provides some support
for the validity of radiological assessment and pulmonary function tests as means of evaluating the
severity of the disease. In their study of 31 asbestos
workers who had lung biopsy for diagnostic purposes they found histopathological lesions similar to
those observed in our sheep and noted very good
agreement between the degree of functional
impairment estimated from histological observations and a composite of the severity of physiological

disturbances.
The present study in the sheep model of asbestosis
clearly establishes that the parameters of deterioration derived from pulmonary function tests are

associated with histopathological changes and alterations in the bronchoalveolar lavage fluid which
characterise the evolution of the disease process
from an initial macrophagic peribronchiolar
alveolitis to the late neutrophilic fibrosing peribronchiolar alveolitis. This progression is quite compatible with previous reports on the human disease." 35
Our serial data in the sheep model of asbestosis
shows that simple pulmonary function tests such as
vital capacity, diffusion capacity, and arterial Po2
measurements correlate well with bronchoalveolar
lavage fluid changes in the course of the disease and
can be used to assess progression of the disease process.
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the Institut de Recherche en Sante et Sfcurit6 au
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Canadian Life Insurance Association (RB) and the
Conseil de la Recherche en Sante du Qu6bec
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