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Abstract
Background-Crackles are a prominent
clinical feature of asbestosis and may be
an early sign of the condition. Ausculta-
tion, however, is subjective and inter-
examiner disagreement is a problem.
Computerised lung sound analysis can

visualise, store, and analyse lung sounds
and disagreement on the presence of
crackles is minimal. High resolution
computed tomography (HRCT) is super-
ior to chest radiography in detecting
early signs of asbestosis. The aim of this
study was to compare clinical ausculta-
tion, time expanded wave form analysis
(TEW), chest radiography, and HRCT in
detecting signs of asbestosis in asbestos
workers.
Methods-Fifty three asbestos workers
(51 men and two women) were investi-
gated. Chest radiography and HRCT
were assessed by two independent read-
ers for detection of interstitial opacities.
HRCT was performed in the supine posi-
tion with additional sections at the bases
in the prone position. Auscultation for
persistent fine inspiratory crackles was

performed by two independent exami-
ners unacquainted with the diagnosis.
TEW analysis was obtained from a 33
second recording of lung sounds over the
lung bases. TEW and auscultation were

performed in a control group of 13 sub-
jects who had a normal chest radiograph.
There were 10 current smokers and three
previous smokers. In asbestos workers
the extent of pulmonary opacities on the
chest radiograph was scored according to
the International Labour Office (ILO)
scale. Patients- were divided into two
groups: 21 patients in whom the chest
radiograph was >1/0 (group 1) and 32
patients in whom the chest radiograph
was scored < 1/0 (group 2) on the ILO
scale.
Results-In patients with an ILO score of
,<1/0 repetitive mid to late inspiratory
crackles were detected by auscultation in
seven (22%) patients and by TEW in 14
(44%). HRCT detected definite intersti-
tial opacities in 11 (34%/6) and gravity
dependent subpleural lines in two (6%)
patients. All but two patients with evi-
dence of interstitial disease or gravity
dependent subpleural lines on HRCT had
crackles detected by TEW. In patients

with an ILO score of >1/0 auscultation
and TEW revealed mid to late inspira-
tory crackles in all patients, whereas
HRCT revealed gravity dependent sub-
pleural lines in one patient and signs of
definite interstitial fibrosis in the rest. In
normal subjects crackles different from
those detected in asbestosis were
detected by TEW in three subjects but
only in one subject by auscultation.
These were early, fine inspiratory crack-
les.
Conclusion-Mid to late inspiratory
crackles in asbestos workers are detected
by TEW more frequently than by auscul-
tation. Signs of early asbestosis not
apparent on the plain radiograph are
detected by TEW and HRCT with similar
frequency.

(Thorax 1993;48:347-353)

Early stages of asbestosis usually escape
recognition. ' Symptomatology is subjective
and radiographic manifestations of early
stages of interstitial lung disease are difficult
to distinguish from normal shadows.2' High
resolution computed tomography (HRCT) is
more sensitive than plain radiography in
detecting early asbestosis.34 Crackles have
been recognised as a prominent feature of
pulmonary asbestosis' and are thought to be
an early finding.67 Auscultation, however, is
highly subjective and observer variability is a
problem.8 The development of systems which
allow visualisation of lung sounds and pro-
duction of time expanded displays has
increased the potential value of lung sound
analysis.9 Crackles in asbestos workers with
no radiographic evidence of asbestosis were
detected by auscultation in 19% in one study7
and in 32% in another.'0 Using time
expanded wave form analysis (TEW) crackles
were detected in 22% of asbestos workers
with no chest radiographic evidence of
asbestosis."I

In this study the values of clinical examina-
tion, HRCT, and TEW analysis in detecting
signs of asbestosis are compared in 53
asbestos workers.

Methods
PATIENTS
Fifty three asbestos workers who presented
for assessement of the possibility of asbestos
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Figure 1 Asbestosis. Thin, bilateral, well defined posterior subpleural lines are visible
which startfrom the paravertebral area and extend to the anterior aspectfor the left lung
and lateral aspect of the right lung.

related disease were studied. There were two
women and 51 men. The mean duration of
asbestos exposure was 11-3 (range 1-35)
years. Thirty four had worked in the lagging
industry, 17 had carried out asbestos cutting,
milling and spinning, and the two women had
been exposed to asbestos through cleaning
clothes contaminated with asbestos for more

than 20 years. There were 18 smokers
(smoked within the last three months), 28 ex-

Figure 2 Asbestosis. Coarse reticulonodular opacities can be seen on both lungfields
which merge with a thickened posterior and diaphragmatic pleura.

smokers (smoked more than one cigarette
daily for more than 20 years but no cigarettes
during the last three months), and seven non-
smokers (smoked less than one cigarette a
day for less than 20 years and no cigarettes
during the last three months). None of the
patients had any symptoms, chest radio-
graphic or electrocardiographic evidence of
heart disease.

Thirteen control subjects (four women and
nine men) of mean age 49 (range 33-64)
years were investigated. There were 10
current smokers and three previous smokers.
They all had a normal chest radiograph.
None of them had any previous exposure to
asbestos and none had current or past history
of respiratory or cardiac problems.

ASSESSMENT OF THE CHEST RADIOGRAPHS
For the purpose of this study profusion of
small parenchymal opacities in both lung
fields was assessed independently by two
readers on a 12 point scale according to the
International Labour Office (ILO) method.'2
The two readers were experienced in the use
of the ILO system. The average score of both
readers was then taken. Patients were divided
into two groups: group 1 consisted of 21
patients with definitive radiological evidence
of asbestosis (chest radiographic score of >1/0
on the ILO scale) and group 2 comprised 32
patients without definitive evidence of
asbestosis (chest radiograph score of < 1/0 on
the ILO scale).

HRCT METHODOLOGY
HRCT scans were carried out in asbestos
workers as part of their clinical assessment
(but not in normal subjects). The scans were
performed with an Elscint 2002 or Phillips
Tomoscan CX scanners with a scanning time
of 5 5 seconds. 3 mm sections 10 mm apart
were obtained from lung apices to bases in
full inspiration up to total lung capacity. The
mean CT window was 1600 (range
1460-1803) Hounsfield units. Additional sec-
tions were repeated in the prone position to
identify whether opacities seen in the post-
erior aspects of the lungs in the supine posi-
tions persisted or disappeared on the prone
sections.'3 14 Asbestosis was considered to be
present if one or more of the following types
of opacities were present: (a) subpleural
curvilinear line (fig 1); (b) coarse linear and
reticular opacities which merge with the
pleura (fig 2); and (c) confluent (ground
glass) opacities (fig 3).'5

CLINICAL EXAMINATION
Auscultation over the posterior aspect of the
lung fields was performed by two indepen-
dent examiners unaware of the diagnosis or
the purpose of the study. Examiners were
asked to comment on the presence, timing,
and nature of any persistent adventitious lung
sounds (crackles, wheeze, or any other abnor-
mal lung sound). Clinical examination was
considered positive when two examiners
agreed that there were repetitive fine late or
mid to late inspiratory crackles.
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Figure 3 Asbestosis. Confluent (alveolar, ground glass) and reticulonodular opacities are
visible in both lungfields.

Figure 4 Lung sound system.

SOUND RECORDING
Lung sound system (fig 4)
The lung sound system consisted of a
Knowles type BL-1670 ceramic microphone
which incorporates its own field effect transis-
tor buffer stage. This microphone can be

Table 1 Mean (SD) demographic data of asbestos workers with a chest radiographic
score of ( 1/0.

0/0 0/1 1/0
(n = 17) (n = 4) (n = 11) p value*

Age 57 5 (10-9) 54-8 (9-8) 57-5 (10-9) NS
Smoking(pack years) 18-2 (21-6) 29-7 (15-6) 18-2 (21-6) NS
Duration of asbestos

exposure(years) 11-5 (7 8) 10-3 (8 8) 11-5 (7 8) NS
Time since first

asbestos exposure(years) 35 9 (11 1) 35 9 (4-6) 35 9 (11 1) NS

*One way analysis of variance.

attached to the chest wall by double sided
adhesive tape. The frequency response of the
microphone is flat to within 3 dB between
200 Hz and 5 kHz. The audio signal is sub-
jected to initial amplification via an amplifier
with a gain of 10. The sound signal is then fil-
tered with an electronic filter EF5 (Fern
Developments, formerly Barr at Stroud Ltd).
These filters can be set digitally to behave as
a bandpass filter with a low and a high pass
roll at 48 dB/octave. The low pass filter 3dB
point was fixed at 2-5 kHz and the high pass
filter 3dB point was set at 100 Hz to cut out
the low frequency sounds, particularly heart
sounds. The sound signal can be seen on a
real time display and is sent to a multichannel
data acquisition board (type DT 2821)
installed in an IBM compatible PC AT
(Tandon). This board consists of a multi-
channel analog to digital (A/D) converter.
The sampling rate of each channel of the A/D
converter is set at 10 kHz.

Flow at the mouth was recorded with a
pneumotachograph and low pressure trans-
ducer (type EMT 32c). The signal was fur-
ther conditioned via an instrumentation
amplifier and its output fed both to the real
time display and to the A/D converter. The
flow signal and the sound signal can be super-
imposed for identification of the timing of
events.
The software was developed using the sci-

entific programming language "ASYST".
The recording time was 33 seconds. For
TEW analysis a compressed display of 2-7
seconds can be produced by combining a
number of subfiles, and more detailed analy-
sis can be performed on window of a 100 ms.
The cost of the equipment was about £5000
(1988-9 prices).
Sound recording and clinical examination

were performed within one hour. The micro-
phone was moved over both lung fields
posteriorly before the recording and the on
line screen was observed. The recordings
were performed while the microphone was
attached to the area where signals suggesting
lung crackles were observed on the screen.
A crackle was considered to be present

when a sound complex met the following cri-
teria:'6 (a) the amplitude of the largest peak
was greater than double that of the back-
ground sound; (b) the beginning of the event
had a sharp negative or positive deflection;
(c) crossing of the base line by deflections was
progressively wider. For the purpose of com-
parison with auscultation, crackles were con-
sidered present on the TEW analysis when at
least six complexes were identified in three
successive cycles (two complexes per cycle).
A fine crackle was considered to be present

when the initial deflection width (IDW) and
the two cycle duration (2CD) were <0-92 ms
and <6A05 ms respectively.17

VITAL CAPACITY
Vital capacity was measured with a dry cylin-
der spirometer (PK Morgan, UK) and
expressed as a percentage of the predicted
value for age, sex, and height.'8
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* STATISTICAL ANALYSIS
Results obtained with different techniques
were compared using McNemar's test.'9 The
null hypothesis is that the probability of get-
ting positive results by one technique is equal
to the probability of getting positive results by
the other. In other words both tests pick up
the same number of positives. The formulae
for analysing paired proportions are based on
those pairs showing disagreement between
the two techniques. Age, pack years of ciga-
rette smoking, duration of asbestos exposure,
and time since first asbestos exposure were
compared in patients in whom the chest
radiograph score was 0/0, 0/1, and 1/0 with
one way analysis of variance.

Results
___ | | _ _ = _ ~~~~~~GROUP?1

Auscultation and TEW revealed crackles in
all patients. HRCT showed definite intersti-
tial opacities consistent with asbestosis in all
but one patient in whom discrete subpleural
lines in the posterior basal lung fields in the

.--f supine but not the prone position sections
were seen (gravity dependent subpleural
lines). In this patient crackles were detected

11_by the two examiners and by TEW. The
HRCT sections and the TEW display of this
patient are illustrated in figs 5 and 6.

GROUP 2
Table 1 shows demographic data for patients
in whom the chest radiograph score was 0/0,
0/1, and 1/0. There were no differences
between groups in age, duration of asbestos
exposure, and time since first asbestos expo-
sure.

Tables 2, 3, and 4 show the results in
patients in whom signs of asbestosis were
detected by various techniques. Crackles (the
term crackles will be used in the rest of the
text to describe fine mid to late inspiratory
crackles) were detected by TEW (fig 7) more
frequently than by auscultation (p < 0-04)
(table 3). HRCT detected gravity dependent
discrete subpleural lines in two (6%) patients;
auscultation and TEW detected crackles in
both. In some patients in whom the chest
radiograph did not show evidence of asbesto-
sis (ILO score of 0/0 and 0/1) crackles were
still detected by TEW and to a lesser extent
by auscultation, and pulmonary opacities

Figure 5 (A) Linear shadows in the posterior subpleural areas in a 58year old previous were detected by HRCT (table 4).
lagger (patient no. 24). (B) A section taken of the same area in the prone position shows In patients in whom the vital capacity was
that the lines have disappeared. ~

>80% of predicted value (n = 21) crackles
were detected by auscultation in four (19%)
and by TEW in eight (38%); HRCT showed
interstitial fibrosis in six (29%) and gravity
dependent subpleural lines in two (10%).

W-11-Imr- -11m
-4_-,- - Inspiration

" f" oo #-4 " *f" V
4

*
-.

*
*vow*of 0*

Expiration -

Figure 6 TEWof the patient described infig 5. Mid to late inspiratory crackles are present.
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Table 2 Results of chest radiography, high resolution computed tomography (HRCT),
auscultation, and time expanded waveform analysis (TEW) in group 2 (patients in whom
the chest radiograph score was < 1/0).

ILO score for FVC
No chest radiography HRCT Auscultation TEW (% predicted)

1 0/0 + - + 121
2 0/0 - - + 74
3 0/0 - - - 92
4 0/0 - - - 81
5 0/0 - - - 125
6 0/0 - - - 89
7 0/0 - - - 113
8 0/0 - - - 106
9 0/0 - - - 113
10 0/0 - - - 96
11 0/0 - - - 94
12 0/0 - - - 79
13 0/0 - - - 73
14 0/0 - - - 80
15 0/0 - - - 75
16 0/0 - - + 88
17 0/0 - - - 89
18 0/1 -* + + 97
19 0/1 + - + 83
20 0/1 - + 70
21 0/1 + + + 71
22 1/0 - - - 81
23 1/0 + + + 99
24 1/0 -* + + 92
25 1/0 + - - 87
26 1/0 + + + 75
27 1/0 + + + 72
28 1/0 + - + 69
29 1/0 + - - 50
30 1/0 + + + 85
31 1/0 + - + 83
32 1/0 - - 49

*In those patients gravity-dependent subpleural lines were detected on HRCT.
FVC forced vital capacity.

Table 3 Number ofpatients with chest radiograph score of < 1/0 in whom signs of
asbestosis (fine mid to late inspiratory crackles by auscultation and TEWand pulmonary
fibrosis on HRCT) were detected by one technique but not another, by both techniques or
by neither of them.

Total

TEW v auscultation

TEW

Total

TEW v HRCT

TEW

Auscultation
(-) (+)

(-) 18 0
(+) 7 7

18
14

25 7 32

HRCT
(-)

(-) 16
(+) 5

(+)
2
9

21 11

Auscultation v HRCT
HRCT
(-)

(-) 19

Auscultation (+) 2

Total

Technique 1

18
14

32

(+)

6
5

25
7

21 11 32

Technique 2
(-) (+)

(-) a b

(+) c d

McNemar's test

-2= 5.1
p < 0 04

X2= 0-6
p < NS

x2 = 1-1
p < NS

McNemar's test

=[(b c) 1]2b + c

Table 4 Frequency ofdetecting crackles by auscultation and TEWandpulmonary opacities
by HRCT in patients with various degrees ofpulmonary opacities on the ILO scale.

0/0 0/1 1/0 0/0 + 0/1 + 1/0
(n = 17) (n = 4) (n = 11) (n = 32)

Crackles by auscultation 0 (0%) 2(50%) 5(45%) 7(22%)
Crackles by TEW 3(18%) 4(100%) 7(64%) 14(44%)
Pulmonary opacities on HRCT 1(6%) 2(50%) 8(73%) 11(34%)

NORMAL SUBJECTS
Crackles were detected by TEW in three of
the 13 subjects. They presented as fine early
inspiratory crackles (fig 8) and were detected
in only one subject by auscultation.

Discussion
In patients without definite evidence of
asbestosis on chest radiography (ILO score of
6 1/0) both HRCT and TEW were superior
to auscultation in detecting signs of asbesto-
sis. Staples et aP reported definite evidence of
asbestosis on HRCT in 34% of 169 patients
in whom the chest radiograph was normal or
near normal (ILO score <1/0). In the present
study definite evidence of asbestosis on
HRCT in a similar group of 21 patients was
found in only 14% but the 95% confidence
interval (3-36%) included the proportion
reported by Staples et al.3 The HRCT opaci-
ties were not entirely specific for asbestosis.
We have previously shown that there is an
overlap between HRCT features of asbestosis
and cryptogenic fibrosing alveolitis.'5
TEW detected crackles in all but two

patients in whom asbestosis was diagnosed by
HRCT and in three patients in whom HRCT
showed no abnormality. These techniques
can therefore detect asbestosis not apparent
on plain radiographs with a similar frequency.

There is an uncertainty as to the signifi-
cance of gravity dependent subpleural opaci-
ties on HRCT. Crackles were detected by
TEW and by auscultation in the three
patients in whom these opacities disappeared
in the prone position. This suggests that these
appearances may be signs of early interstitial
fibrosis highlighted by the gravity induced
blood diversion.

In 270 asbestos factory workers Shirai et
aP0 reported that the frequency of crackles as
detected by auscultation was 32-2%. This fig-
ure was higher than those reported by
Kleinfield et al7 and Wallace and coworkers20
who found crackles in 19-6% and 18% of
asbestos workers respectively. Murphy et alP
showed that two trained technicians reported
crackles in 22% of 289 asbestos workers in
whom neither functional (vital capacity
>80%) nor radiographic evidence of asbesto-
sis was present. The criteria for definitive
radiographic evidence of asbestosis, however,
were more stringent and required a score of
1/2 or more on the ILO scale. In the present
study crackles were detected by auscultation
in 19% and by TEW in 38% of cases in
patients in whom the chest radiograph score
was A 1/0 and vital capacity measurement
was > 80% of predicted. In this group HRCT
detected definite evidence of asbestosis or
gravity dependent subpleural lines in 38% of
cases.
Murphy eta-' believed that crackles which

were detected in the 22% of patients with no
functional or radiological signs of asbestosis
may have been evidence of early stages of
asbestosis and others have suggested that
crackles may be the earliest sign of
asbestosis.571021 Microscopic changes of

Total
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Figure 7 Two respiratory cycles (A) and (B) showing repetitive mid tO latefine znspiratowy crackles in an asbestos worker. Crackles arefine as shown by
the detailed display (C) (see text).
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Figure 8 Early fine inspiratory crackles in a 33 year old healthy smoker. Crackles were repetitive on successive
respiratory cycles.
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alveolar thickening and peribronchiolar fibro-
sis may be sufficient to give rise to crackles
but not to any radiographic abnormality. In
this study the crackles detected in subjects
with radiographic opacities of A 1/0 were sim-
ilar in character to those found in all the sub-
jects with radiographic evidence of asbestosis,
consistent with the crackles being evidence of
early asbestosis.

Interexaminer agreement on the presence
or absence of definitive signs of asbestosis on
the chest radiograph and HRCT was more
than 90% whereas the agreement on the pres-
ence or absence of crackles on auscultation
was relatively poor (71%). We have previ-
ously found good agreement between exam-
iners on the degree of lung fibrosis in asbestos
workers on the chest radiograph and HRCT22
and considerable disagreement on the pres-
ence, nature (coarse and fine), and timing of
respiratory cycle of lung crackles by ausculta-
tion." We have not examined the interexam-
iner agreement on the presence of crackles on
TEW but it has been investigated previously
and shown to be high.'6

It could be argued that a chest radiograph
classified as 1/0 is abnormal. Most investiga-
tors, however, consider the chest radiograph
definitely abnormal only if the profusion of
opacities is 1/1 or more. Moreover the inter-
observer disagreement on a score of 1/0 is
high. In a previous study we reported that the
agreement between observers on the degree
of radiographic opacities on the ILO scale
was good for the major categories -of the ILO
scale (0,1,2,3).22 Disagreement on the minor
categories was, however, considerable. In par-
ticular the interexaminer disagreement on the
category 1/0 in lung zones of 60 patients (360
zones) was considerable. This score was
reported on 15 lung zones by the first exam-
iner and on 18 lung zones by the second, but
the two examiners agreed on a score of 1/0 on
only five zones.

Crackles in the control group who were
current or previous smokers differed from
those seen in asbestosis (figs 7 and 8).
Crackles were fine and early inspiratory.
These results are similar to those in a previ-
ous study which reported that in 56 healthy
nurses fine mid- inspiratory crackles were aud-
ible by auscultation in 35 and detectable by
TEW in 53.Y The cause of these crackles
may be forceful opening during inspiration of
physiologically collapsed, or partly collapsed
small airways, or both. There is no difficulty
in distinguishing these "normal" crackles
from those suggesting interstitial fibrosis on
TEW.
HRCT was not performed in the control

group. Pulmonary opacities found in normal
lungs, however, have previously been
described2526 and the types of opacities we
selected to maketIe HRGT diagnosis of
fibrosis (discrete lines, ground glass shadows,
and reticulonodular opacities) are not found
in healthy lungs.

This study shows that lung crackles in

asbestos workers are detected by TEW more
frequently than by auscultation. Signs of early
asbestosis not apparent on plain radiography
are detected by TEW and HRCT with similar
frequency. TEW is probably less specific but
has the advantages of being simple, inexpen-
sive, and without hazard and may therefore
be preferable to HRCT for screening groups
of workers for early signs of asbestosis.
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