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Lung mechanics in relation to radiographic category
of coalworkers' simple pneumoconiosis
S J LEGG,* J E COTES,J AND CAROL BEVAN

From the MRC Pneumoconiosis Unit, Llandough Hospital, Penarth, S Glamorgan CF6 IXW, UK

ABSTRACT The maximal expiratory flow/static transpulmonary pressure relationship and the max-
imal expiratory flow response to breathing oxyhelium were used to distinguish between loss of
elastic recoil and narrowing of small airways in 36 lifelong non-smoking non-bronchitic South
Wales coalminers. On average the miners showed significantly (p < 0.05) reduced lung elastic
recoil when compared with 10 healthy similarly aged non-miners. The mean forced expiratory
volume in one second and the forced expiratory flow response to oxyhelium at 50% of the vital
capacity were significantly (p < 0-05) lower in 12 miners with radiographic categories 2 or 3 when
compared with 24 similarly aged miners with radiographic categories 0 or 1. The miners with
categories 2 or 3 coalworkers' simple pneumoconiosis (CWP) had worked underground for 10
years longer, and their mean residual volume, residual volume/total lung capacity ratio, volume
of isoflow and critical transmural pressure were significantly higher (p < 0.05). The results
indicate that in the prodromal and early stages of simple CWP (categories 0 and 1), the dominant
pathophysiological abnormality is loss of elastic recoil suggesting the presence of "focal
emphysema." As simple CWP progresses to categories 2 and 3, the loss of recoil is maintained,
and the small airways become narrower. These findings are consistent with the hypothesis that
progression of simple CWP is associated with the development of both centrilobular emphysema
and intrinsic narrowing of small airways.

The characteristic pathological lesion in coalwor-
kers' simple pneumoconiosis (CWP) is a coal
macule, which consists of a reticulin mesh enclosing
coalmine dust, dying macrophages, and fibroblasts
surrounding the first and second order respiratory
bronchioles.' "Focal emphysema" may also
develop2 and is thought to be due to atrophy of
smooth muscle resulting in dilatation of respiratory
bronchioles. In life the focal emphysema should be
associated with a reduction in the elastic recoil pres-
sure of the lungs, whereas the reticulin mesh might
be expected to cause narrowing or stiffening, or
both, of the respiratory bronchioles.
Murphy et al3 found that reduced elastic recoil

pressure was the predominant characteristic in 20
non-smoking coalminers, most of whom had categ-
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ory 1 simple CWP. Lapp and Seaton4 reported that
small airways narrowing was predominant in 25
non-smoking coalminers with category 2 and 3 sim-
ple CWP. Recently, Ruckley and Seaton5 have
reported that centriacinar emphysema was related
to extent of pneumoconiosis and amount of dust
contained in the lungs, though it was less likely to
occur if the dust contained a high percentage of
silica or silicates.
The purpose of the present investigation was to

test the hypothesis that the early effect of exposure
to coal mine dust is a reduction in elastic recoil pres-
sure, and that as simple CWP progresses small air-
ways narrowing or stiffening, or both, plays an
increasing part.

Methods

Thirty-six lifelong non-smoking South Wales coal-
miners with varying degrees of radiological change
were studied. None had radiological evidence of
progressive massive fibrosis (PMF). Ten lifelong
non-smoking non-miners from the same geographi-
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cal area served as controls. Most were shopkeepers.
The local ethical committee approved the methods
used in this study.
A complete occupational and respiratory symp-

tom history was obtained using the Medical
Research Council questionnaire.6 Standard
posteroanterior and lateral chest radiographs taken
at the time of the study were interpreted by one
experienced reader using the UICC classification of
pneumoconiosis.7

Total lung capacity (TLC) and residual volume
(RV) were measured by the closed circuit helium
dilution method8 using a Resparameter Mk 4 (P K
Morgan Ltd). Ventilatory capacity and flow-volume
curves -were obtained using a digital bellows
spirometer.9 Three forced expiratory flow-volume
curves were recorded after breathing air, and three
after breathing an 80% helium/20% oxygen gas

mixture (HeO2). Each forced expiration was pre-
ceded by three inspiratory capacity breaths of the
appropriate gas mixture, and the interval between
each forced expiration was 30 seconds. Volumes and
flows were corrected to body temperature and pres-
sure saturated with water vapour. The following
indices were obtained: (1) the forced expiratory
volume in one second (FEV1), (2) the forced vital
capacity (FVC), (3) the peak expiratory flow (PEF),
(4) the forced expiratory flow at 50% FVC (FEF50)
from the forced expiratory flow volume envelope for
air, (5) the volume, expressed as a percentage of
FVC, at which the flow when breathing HeO2
became the same as that obtained when breathing
air (the volume of isoflow, Visov/FVC%),'0 and (6)
the FEF response to breathing HeO2 at 50% FVC
(FEF50 HIA%), determined by superimposition of
the largest air and HeO2 flow-volume curves
matched at RV."

Static transpulmonary pressures (PJ,(l) were
obtained simultaneously with lung volume during
successive interruptions to flow during slow vital
capacity expirations and inspirations, by electronic
subtraction of mouth pressure from oesophageal
pressure. A Statham PM6 differential pressure
transducer connected to a latex balloon (length 10
cm, circumference 2 cm, thickness 0-05 mm) con-
taining 0-4 ml air on a 100 cm length of polyethylene
tube (1 mm in diameter) was used to measure
oesophageal pressure. The tip of the balloon was
positioned just above the diaphragm, about 40 cm
from the external nares. Three technically satisfac-
tory inspiratory and expiratory P51(l)-volume curves
were obtained. From each expiratory curve, static
compliance (C stat) was measured between 20%
and 80% VC.'2 The mean value was reported. The
highest transpulmonary pressure at TLC (PJ(l)
TLC) was read off the inspiratory curves, and the

co-efficient of retraction calculated as PS,(l)TLC/
TLC.
From the P8,(l)-volume and FEF-volume (air)

curves, a FEF/P5,(l) relationship was constructed
over 30-75% of the expired VC. The slope (Gs) and
intercept on the abscissa (Ptm') were determined by
eye.'3

Closing volume was measured using a mod-
ification of Fowlers single breath oxygen test.'4 No
breath holding was permitted between inspiration
and expiration. The expired flow was maintained
between 0.4 and 0-5 1 sec. Expired nitrogen was
sampled at the mouthpiece by a rapid-responding
nitrogen analyser (Hewlett-Packard 74302A).
Expired volume was recorded with a McDermott
spirometer. Each subject generated at least three
technically satisfactory curves in which the differ-
ence in VC was no more than 5%. The mean value
of these curves was reported. Closing volume was
expressed as a percentage of the measured vital
capacity (CV/VC%) and closing capacity (CV +
RV) as a percentage of the total lung capacity (CC/
TLC%).

Results

All of the subjects in this study were lifelong non-
smokers. None admitted to symptoms of chronic
bronchitis. The controls had never worked in the
coalmining industry but lived in the same geographi-
cal area as the miners. On average the coalminers
were considerably shorter (by 5 cm) than the con-
trols, so lung volumes and flows were expressed rela-
tive to the predicted TLh8 to minimise the effect of
height difference when the indices of pulmonary
function were compared. Table 1 shows the radio-
graphic categories and types of opacities for the
coalminers. None had r or u type of small opacities,

Table 1 Radiographic classifications ofthe coalminers
Subject No Classification Subject No Classification

1 2/2 q 19 0/0
2 1/0 q 20 0/0
3 2/3p 1/1 s 21 1/lq
4 0/lq 22 0/0
5 2/lq 23 1/lq
6 1/0 q 24 1/2 q
7 l/lp 25 l/lp
8 2/3q 1/2 t 26 0/0
9 1/lq 27 0/0
10 1/2 p 28 1/2 q 1/0 t
11 2/2q 29 1/OpO/lt
12 2/1 q 30 1/0 q 1/0 t
13 3/2q 1/Ot 31 0/0
14 2/2p 1/l s 32 0/0 l/Ot
15 2/lq 33 3/3p
16 BJC0251/0 q 1/2 s 34
1/2 q
17 1/Oq 35 3/2p
18 1/1 p 0/1 s 36 2/2 p
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30 Legg, Cotes, and Bevan

Table 2 Characteristics ofthe subjects

Controls Coalminers

Category 0+I Category 2 +3

No of subjects 10 24 12

p-opacities % 0 21 42
q-opacities % 0 50 58
s-opacities % 0 8 17
t-opacities % 0 21 17

Height (m) 1-73 ( 0-05 ) 1-68 ( 0.05)* 1-68 ( 005)*
Weight (kg) 78-1 ( 83 ) 75-6 (138 ) 72-7 ( 88
Age (years) 521 ( 64 ) 56-1 ( 74 ) 55-0 ( 65
Years underground 0 21-4 (14.4 )* 316 (10-2 *t

TLC (% predicted) 1099 ( 91) 106-3 12-0 ) 104-6 ( 92
RV (% predicted) 972 (11.5 ) 1036 178 ) 118-7 (24-0 *t
FVC (% predicted) 117-4 (102 ) 108-8 11-6 * 1003 (13-5
FEV, (% predicted) 122-4 (12.7 ) 101-5 12-7 * 89-0 (16-1 *t
FEV /FVC% (% predicted) 109-7 6-5 98-9 8-2 * 936 (12-2 *
RV/'tLC% (% predicted) 83-1 ( 6-7 91-0 10-7 )* 106-2 (17-4 *t

C stat (pred TLC/kPa) 0 53 ( 0.14) 0-65 ( 0-18) 0-63 ( 0-13)
Pst(l)TLC (kPa) 2-29 ( 054) 1-65 ( 058)* 1-52 ( 0-31)*
Pst(l)TLC/TLC (kPa/1) 0*33 ( 0-10) 0-26 ( 0-10) 0-23 ( 0-05)*

PEF (pred TLC/sec) 1-66 ( 0-22) 1-19 ( 030) * 108 ( 0 26) *
FEF (pred TLC/sec) 095 ( 020) 0-60 ( 0.20)* 0.50 ( 022)
Gs (pred TLC/sec/kPa) 1-64 ( 0-34 1-63 ( 0-57) 1-53 ( 0-31)
Ptm' (kPa) 0.00 ( 0.09 0-06 ( 0-16) 0-17 ( 0-14 *t

FEF,0 H/A% 138-0 (14.0 ) 138-6 (27-0 ) 118-5 (21.2 )*t
Visov/FVC% 18-5 ( 66 ) 21-7 (12-8 40-2 (17.1 )*t
CV/VC% 16-0 ( 3-2 ) 23-2 ( 7-2 * 21-2 ( 8-8 )
CC/TLC% 39-6 ( 2-6 ) 47-7 ( 6-6 )* 51-0 ( 54 )*

Mean and standard deviation. Using Student's t test for unpaired samples, statistically significant differences at p < 0.05 are indicated as
follows:
*Controls v coalminers (categories 0 + 1 or 2 + 3);
tCoalminers category 0 + 1 v coalminers category 2 + 3.

and there were no large shadows on the radiographs.
The coalminers were divided into two groups on the
basis of profusion of radiographic opacities. The first
group comprised categories 0 and 1 and the second
group categories 2 and 3. The mean results for both
groups, and the controls, are given in table 2, and
the mean FEF/Pst(l) relationships are shown in the
figure.

In comparison with the controls, both the categ-
ory 0 + 1 and the category 2 + 3 groups of miners
had significantly lower mean values for FVC, FEV,
FEVI/FVC%, Pst(l) TLC, PEF, and FEF50 with
significantly higher values for RV/TLC% and CC/
TLC%. The CV/VC% was significantly higher only
in the category 0 + 1 group. The P5t(l)TLC/TLC and
FEF50H/A% were significantly lower and the RV,
Visov/FVC%, and Ptm' significantly higher only in
the category 2 + 3 group.
When the two groups of coalminers were com-

pared, the mean FEVI and FEF50 H/A% were
significantly lower and the number of years worked
underground, RV, RV/TLC%, Visov/FVC%, and
Ptm' significantly higher in the miners with category
2 + 3 simple CWP. There were no statistically
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significant differences between the category 0 + 1
and the category 2 + 3 groups for the proportions of
miners with rounded (p or q) or irregular (s or t)
opacities. The proportions of miners with q or t
opacities was similar in both category groups. The
proportion of miners with the smaller type of opac-
ity (p or s), however, was twice as high in the categ-
ory 2 + 3 group.

Discussion

Previous studies of the effects on pulmonary func-
tion of the pathophysiological development and
progression of simple CWP34'5-'7 have been com-
plicated by the inclusion of smokers and subjects
with bronchitis. Cotes et al'5 took these factors into
account by ensuring that the subgroups of miners
under comparison were similar in respect of amount
of smoking and degree of bronchitis. This approach,
however, fails to identify the effect of simple CWP
per se, and (perhaps more realistically) reflects the
interaction between simple CWP, smoking, and
chronic bronchitis.
Lapp and Seaton4 and Murphy et a13 attempted to

gain a clearer insight by excluding current smokers
from their investigations. Some ex-smokers were
included, however, and about half their miners
admitted to symptoms of chronic bronchitis. Thus
until now detailed investigation of pulmonary
mechanics has been reported only on 21 lifelong
non-smoking non-bronchitic coalminers with simple
CWP (11 by Murphy et a13 and 10 by Lapp and
Seaton4). The current study extends this number to
57.

In the present study, in order to distinguish be-
tween loss of elastic recoil and intrinsic small airway
narrowing in simple CWP, the FEF/P1t(l) relation-
ship, and the forced expiratory flow response to
breathing oxyhelium (FEF5OH/A%) have been used.
The slope of the FEF/PJ(l) relationship (Gs) gives a
measure of the conductance of the "S" segment-
that is, the airways upstream of the flow limiting
segment (FLS), and is determined by the diameter
and length of the S segment.'3 The intercept on the
abscissa of the FEF/PJ1(l) relationship is a measure
of the critical transmural pressure (Ptm') at the
FLS-that is, the transmural pressure required to
keep the FLS from closing during effort-
independent maximal expiratory flow-and as such
is determined by its compliance.13 The Visov/FVC%
(and also the closing volume) is an index of small
airway function. It cannot, however, distinguish
between loss of recoil and intrinsic small airway nar-
rowing'8 whereas the FEF5OH/A% is reported to be
principally determined by small airway calibre." 19

In the category 0 + 1 group of miners the

P,t(l)TLC was significantly lower than in the con-
trols. The coefficient of retraction tended to be
lower and the compliance higher, suggesting loss of
elastic recoil, and the slightly higher Ptm' suggested
increased collapsibility of the flow limiting segment.
The similarity between the controls and the category
0 + 1 miners for Gs and FEF50H/A% indicated that
there was no narrowing of the small airways at this
stage, and therefore loss of elastic recoil was predo-
minant. The mean values for FVC and FEVI were
similar to those predicted for healthy non-miners of
the same age and height8 but were significantly
lower than the values obtained for the controls. This
was due to the exceptionally high values observed in
the control group, despite the normal elastic recoil,
and probably results from selecting only lifelong
non-smokers with no respiratory symptoms.
The miners with category 2 + 3 simple CWP had

worked underground significantly longer than those
with category 0 + 1. Their Ps,(l), TLC coefficient
of retraction, and lung compliance differed
significantly from the controls, and the flow limiting
segment was more collapsible as indicated by the
significantly increased Ptm'. The significantly lower
FEF50H/A% and the tendency for Gs to be reduced
suggests that the small airways may be narrower.
These results probably explain why FEV, was
significantly lower and the RV, RV/TLC%, Visov/
FVC%, and CC/TLC% were significantly higher
than in the category 0 + 1 group of miners.
Although the proportion of men with q or t types

of radiographic opacity was similar in both groups of
miners, there were twice as many men with p or s
opacities in the category 2 + 3 group. Murphy et a13
and Lapp and Seaton4 failed to find any significant
differences in pulmonary mechanics between miners
with p or q opacities. Musk et al'7 and Cotes et al,'5
however, reported a tendency for the smaller p type
opacities to be associated with a higher lung com-
pliance and lower recoil pressure. In the present
study, although the compliance was similar, the
P,,(1)TLC of the category 2 or 3 miners was
significantly lower than that of the category 0 or 1
group. Therefore the higher proportion of p or s
opacities in the former group may have contributed
to the lower Pst(l)TLC.
A cross-sectional study by Rogan et al20 suggested

that there was a relationship between dust exposure
and decline in FEV1 irrespective of CWP category.
This has recently been confirmed in a longitudinal
study of lung function in coalminers.2' Since in the
present study there was a 10-year difference be-
tween the two CWP groups in years worked under-
ground, the observed change in pattern of lung func-
tion could be interpreted as due to dust-induced
"emphysema bronchitis." The results, however, are
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consistent with the view that dilatation of the
respiratory bronchioles, as in focal emphysema,2 is
associated with the early stages of simple CWP. It
may therefore be hypothesised that focal
emphysema develops into centrilobular emphysema
as simple CWP progresses. This view is supported by
the work of Pump,22 who suggests that respiratory
bronchiolar dilatation may presage destruction by
an increase in alveolar fenestrations.
The reduced FEF50H/A% in the miners with

category 2 + 3 simple CWP suggests that intrinsic
narrowing of small airways may occur as simple
CWP progresses. This is consistent with the sugges-
tion of Leopold and Gough23 that centrilobular
emphysema may result in narrowing of the lumen of
the supplying bronchiole. If a reticulin mesh
develops to perivascular nodulation with diminish-
ing cellular component and collagen replacing
reticulin, then stiffening of the airway wall due to
fibrosis would be expected.' Although the increased
Ptm' in the category 2 or 3 group suggests that the
collapsibility of the airways at the flow limiting seg-
ment is increased, this is probably located at the
level of the segmental bronchi during forced
expiratory flow24 rather than at the level of the
respiratory bronchioles. Thus it has not been poss-
ible to demonstrate respiratory bronchiolar wall stif-
fening in the present study because none of the pul-
monary function tests were capable of distinguishing
between airway narrowing with or without stiffening
at the respiratory bronchiolar level.

Condusions

To investigate the pathophysiology of simple CWP,
it has been useful to study lifelong non-smoking
non-bronchitic coalminers. We have found that in
the prodromal and early stages of simple CWP the
dominant abnormality was loss of elastic recoil. As
simple CWP progressed to radiographic categories 2
and 3, the loss of recoil was maintained and there
was evidence of intrinsic small airway narrowing. It
has not been possible to show the expected stiffen-
ing of respiratory bronchiolar walls in the later
stages of simple CWP.

We thank Dr J C Gilson (formerly director, MRC
Pneumoconiosis Unit) for reading the chest radio-
graphs, Mr G Berry for statistical advice, Mrs G
Collins for the measurement of closing volume, Miss
C Exall for obtaining occupational histories, Mrs M
McDermott for helpful discussions, Dr A W Musk
for critically reading the manuscript, and Drs P
Elwood (director, MRC Epidemiology Unit, Car-
diff), J McLintock (chief medical officer, National
Coal Board), D J Thomas (senior medical officer,
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South Wales Collieries), and J P Lyons (Cardiff
Pneumoconiosis Medical Panel) for their help in
securing introductions to the subjects.
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Notice
The Harvard School of Public Health, Office of Continuing Education, is
offering the following courses in Boston, Massachusetts, USA.

28 March-i April 1983
Fundamentals of industrial hygiene
Five day course which will include lectures and demonstrations. Par-
ticipants will receive preparation for peforming occupational health field
duties with reliability, accuracy, and confidence, and with minimal super-
vision. Practice will be provided in the use of proved field inspection and
measurement techniques. Fee: $800.00.

28 March-I April 1983
Occupational and environmental radiation protection
Five day course which provides participants with the fundamentals
necessary for working safely with radiation in nuclear facilities, industrial
installations, medical and educational institutions, and research
laboratories. Daily laboratory sessions are included. Fee: $800.00.

30 March-1 April 1983
Risk analysis in environmental health
Three day course which presents techniques of assessing and evaluating
the health risks associated with the introduction of contaminants into the
ambient environment. Risk analysis in management/decision making will
be explored. Fee: $500.00.

12-14 April 1983
Industrial ventilation
Three day course which provides a basic understanding of the engineer-
ing control of occupational exposures. Emphasis is on the design and
evaluation of local exhaust ventilation systems and the proper selection
of air and gas cleaning equipment. Fee: $500.00.

16-20 May 1983
Control of occupational exposures in nudear power plants
Five day course which will include control of the movement and distribu-
tion of radioactive materials in nuclear power plants, techniques for
removal of contamination should control not prove effective, and appli-
cation of sound radiation protection procedures to minimise the accom-
panying occupational doses. Fee: $800.00.

For further information on all courses contact the Office of Continuing
Education, Harvard School of Public Health, 677 Huntington Avenue,
Boston, Massachusetts 02115, USA. Telephone: (617) 732-1171.
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