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ABSTRACT Data gathered since 1953 concerning more than 30 000 coalminers while employed at 24
collieries in England, Scotland, and Wales have been used to study the incidence of progressive
massive fibrosis (PMF) in working coalminers. Results refer to 52 264 approximately five year
intervals when the miners were at risk of an attack of PMF. One objective of the present study was
to describe how the five year attack rate of PMF was related to miners' age, colliery, and simple
pneumoconiosis category at the start of the periods at risk. The main objective was to estimate the
relation between exposure to dust and incidence of PMF and to examine how this relation changes
in the presence of coalworkers' simple pneumoconiosis (CWSP). Film readings, in some cases based
on clinical assessments only, showed 462 attacks of PMF over the five year risk periods. The men
concerned had experienced higher cumulative exposures to dust than their colleagues of similar age
at the same collieries, a result found at 65 of the 68 age colliery groups where an attack had
occurred. The association was highly significant statistically. Simple pneumoconiosis clearly predis-
posed to PMF, with five year attack rates of 13-9%, 12-5%, 44%, and 0-2% among men with
categories 3, 2, 1, and 0 respectively at the start of the risk periods. Once simple pneumoconiosis
category 1 or more had been attained, those with higher cumulative exposure to dust were not at
greater risk of an attack of PMF than other men with the same CWSP category. Among most
miners, those with category 0, however, the risks of an attack of PMF increased clearly with
exposure. Risks of an attack were higher among older men irrespective of CWSP category. In
addition, there were large colliery specific variations in incidence related to variations in the carbon
content of the coal though not fully explained by them. It is concluded that cumulative exposure to
respirable dust is the decisive central factor in the development of PMF. Its effect is primarily in
causing simple pneumoconiosis category 1 or higher which predisposes to PMF, though the dust
related incidence among men with category 0 is not negligible in view of the large numbers at risk.
Continuation of the policy to minimise dust concentrations underground therefore seems the only
secure strategy to limit, and eventually eliminate, PMF.

Progressive massive fibrosis (PMF) is an occupational associated with reduced breathing capacity' and with
lung disease of coalminers. It is identified (other than increased mortality.4'5 Moreover (and as its name
at necropsy) by the classification of chest radiographs implies) PMF is inherently progressive,6 and so an
where the presence of large opacities distinguishes understanding of the factors influencing its occur-
PMF from coalworkers' simple pneumoconiosis rence is important so that preventive measures may be
(CWSP). Simple pneumoconiosis is a relatively mild planned sensibly.
disease which is not necessarily accompanied by Because PMF is an occupational lung disease, it is
impairment of lung function'- or high mortality.45 natural when studying its causes to examine especially
The presence of PMF is more serious, however, and is the role of exposure to respirable coalmine dust. In

the absence of quantitative data on miners' individual
exposures to dust previous studies have considered

Accepted 20 October 1986 increasing severity of simple pneumoconiosis, which
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is clearly related to dust,7 as an indirect, though
imprecise, measure of exposure.8 Thus two separate
studies have shown that risks of an attack of PMF
increased with increasing category of simple pneu-
moconiosis,89 a finding that has been confirmed
again recently,'0 " and so indirectly established the
fundamental role of exposure to dust.
The role of simple pneumoconiosis as a factor pre-

disposing to PMF provided the best epidemiological
evidence to date on dust as a cause of the disease.
There was increasing evidence also, however, that
presence or incidence of PMF could be related suc-
cessfully to direct estimates of dust exposure. Attacks
ofPMF over a 10 year period were known to be asso-
ciated with relatively high concurrent exposures to
respirable dust, though it had not been possible to
express the association in terms of an exposure
response relation.9 A relation linking cumulative
exposure to respirable dust and PMF was indicated in
a subsequent study, 12 and has been established
clearly in a yet more recent report,'1 though neither
of these investigations set out to examine system-
atically the relation between exposure and PMF.
Nevertheless, these various studies did establish that,
using data from the Pneumoconiosis Field Research
(PFR) in Britain, it may be possible to describe the
role of dust in a way that is relevant to occupational
health policy.
The present study draws on all available PFR data

to realise this aim. Our primary objective is to esti-
mate directly the relation of dust exposure to inci-
dence of PMF and to show how this relation changes
when the well established intermediate role of simple
pneumoconiosis is taken into account.

Dust exposure and simple pneumoconiosis are but
two of the factors known or believed to be related to
PMF. For example, age related variations in inci-
dence have been noted in some studies9 10 but not in
all,8 and there are important regional variations in the
patterns of incidence in Britain."0 The subsidiary
objective of the present study is to describe also these
age and regional patterns ofPMF incidence, not only
because of their intrinsic interest but also because
they are likely to have a bearing on the main objective
of estimating the relation of PMF to dust exposure.

Subjects and methods

The methods used in the PFR, of which this report is
a part, have been described frequently and were
reviewed in 1979.13 We summarise only those aspects
of the available research data relevant to the present
paper.

COLLIERIES
Six rounds of medical surveys, at approximately five
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year intervals, were carried out at selected collieries in
the British coalfields between 1953 and 1977 inclusive.
These collieries were chosen specifically to include
examples of all of the major variations in mining
conditions in Britain.'4
Twenty four pits included in the first round of sur-

veys (PFR 1, 1953-8) were included again in PFR 2
and PFR 3, with the completion of PFR 3 in 1968
marking the end of the first phase of the research. Ten
collieries only were included in PFR 4 and PFR 5,
and only two of these had been surveyed for a sixth
time when the second phase of the research was ended
in 1977. For purposes of data description the 24 col-
lieries were formed into 10 groups on the basis of
geographical region and per cent carbon, which is one
important measure of the rank of the coal being
mined. 15

MEN AT RISK
The PFR was designed to include all industrial work-
ers employed at the research collieries at the time of
medical surveys. In all, 53 382 coalminers par-
ticipated. In order to examine new occurrences of
PMF, however, the study was restricted in the first
instance to 30534 (57.2%) who attended medical
surveys on at least two occasions. Those recorded as
showing PMF at their earliest survey were further
excluded. The remaining men were considered at risk
until the latest PFR survey they attended or, for men
who experienced an attack of PMF, until the earliest
survey when the response was diagnosed. Thus the
present study refers to occurrences of PMF identified
while men were employed in the coal industry and
does not examine incidence in ex-miners.

PERSON-INTERVALS AT RISK
The amount of relevant information available for
men at risk varies, even among those at risk for the
same length of time. This complication arises because
of differences in individuals' patterns of survey atten-
dance. Consider, for example, two miners who atten-
ded PFR I and PFR 5. Suppose that one man also
attended PFR 2, 3, and 4, and that the other did not.
Then for the first man there is information on the
occurrence or not of PMF in four separate five year
periods, whereas for the second man there is informa-
tion about a single 20 year period only. More gener-
ally, it was possible to divide each man's total time at
risk in the study into distinct and non-overlapping
periods by considering the times between the pairs of
successive medical surveys he attended. These peri-
ods, or person-intervals, were adopted as the basic
unit of analysis in the study since for each such inter-
val the man was at risk of an attack of PMF, and the
study procedures were able to identify whether or not
an attack did occur. The strategy is analogous to the
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Exposure to respirable coalmine dust and incidence ofprogressive massive fibrosis
well known person-years at risk approach in studies
of mortality.'6 17 Note that each man's total time at
risk gave rise to one person-interval fewer than the
number of PFR surveys he attended; methods of
analysis did not distinguish between intervals which
refer to the same coalminer and those which refer to
other men.
Of the 54 395 person-intervals thus generated,

53 011 (97%) arose from miners' attendance at adja-
cent PFR surveys, and so refer to periods of approxi-
mately five years' duration. Results in this paper are
restricted to these approximately five year intervals.
Detailed validation of the data led to the exclusion of
747 (1-4%) of the five year intervals, referring to 467
men whose work history information was considered
unreliable. Thus the present analyses are based on a
study group of 52 264 approximately five year person-
intervals where the men concerned were at risk of an
attack of PMF.

AGE AND RADIOLOGICAL CLASSIFICATIONS
Each miner's date of birth was recorded at every sur-
vey he attended, discrepancies being resolved during
subsequent data processing. A full sized postero-
anterior chest radiograph of each man was also taken
at every survey attended.

Shortly after the surveys concerned, at least two of
four medical officers in the research team read all
films from PFR 1, PFR 2, and from some collieries
of PFR 3 to provide an agreed ("definitive")
classification of each radiograph.'8 Earlier films from
the same man were available for reference through-
out. PMF was recorded as category A, B, C, or PMF
undefined, whereas the classification of simple pneu-
moconiosis referred to the four major categories of
CWSP only.'9 No information was available on
whether men reported as having no PMF had other
diseases.

Films taken subsequently, including all from PFR
4 or later surveys, were classified clinically by any one
of five or six doctors in the Coal Board's Radiological
Service to provide assessments ofPMF and CWSP on
scales comparable with the earlier readings.20 The
present paper considers only whether or not PMF
was judged to be present on the basis of definitive or
clinical classifications; the severity of the disease (A,
B, C, or undefined) has not been examined.

EXPOSURE TO RESPIRABLE DUST
The systems used to obtain information on each
man's exposure to respirable mixed coalmine dust
comprised methods for obtaining work histories, for
monitoring dust concentrations, and for linking time
with concentrations to provide estimates of exposure.
The approach, outlined in several reports,34 7 "
was based on a system of occupational groups at the

research collieries, so that within each group the men
were exposed to similar dust concentrations. Groups
were redefined or closed, and new groups formed, to
reflect changes in the work of the colliery through
time.

Histories of individuals' work at the research col-
lieries from 1953 onwards were recorded as shifts
worked per week (including overtime) in the various
occupational groups. These data were supplemented
at medical survey interviews to provide details of the
men's other coalmining experience (before the
research programme began or subsequently at non-
research pits) and summarised as years and months
worked in six main classes of coalmining activity.
Times were converted to hours by assuming that one
calendar year's employment was equivalent to 1740
hours at work.

Dust concentrations were monitored using sam-
pling instruments close to the men throughout
selected working shifts. On this basis the average con-
centrations of respirable coalmine dust, in gravimetric
units, were determined for all occupational groups
and five year inter-medical-survey periods. The stan-
dard thermal precipitator2' used in the first phase of
the research provided particle count and not gravi-
metric measurements. Its dust sampling character-
istics were related during a series of side by side
instrument comparisons"' to those of the gravimetric
sampler22 used subsequently, and the earlier mea-
surements were re-expressed in equivalent gravimetric
terms.
There was no direct monitoring of the dust concen-

trations to which men were exposed before the
research began or at non-research collieries sub-
sequently. Separately for men at each research col-
liery and each period, the average concentrations to
which they were exposed in each of the six broad
classes of coalmining activity were estimated by
assuming that dust concentrations elsewhere were
similar to those at the research pit in the correspond-
ing period, and that concentrations before the
research were similar to those experienced during the
first 10 years of monitoring.

Finally, the men's exposures to respirable coalmine
dust in any inter-survey period were estimated by for-
ming the product of an individual's time worked in
any occupational group or broad class of coalmining
activity with the corresponding average dust concen-
tration, and summing appropriately. The exposure
units are gramme hours per cubic metre of sampled
air (ghm-3).

STATISTICAL METHODS
Extensive tabulations and graphical analyses of the
data were carried out using programs from BMDP
Statistical Software.23 The results from these analyses
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Table 1 Number ofsingle ISP (five year) man intervals at risk, andper cent showing new attacks ofPMF, by colliery and age at the
start ofan interval; also, carbon content ofcoal, by colliery

Colliery

Warwick Northumberland Scotland Yorkshire

Age (years) C D Z S J P 0 Q K X G

<35 705 322 581 395 648 1287 637 1150 874 1310 918
01 0 0 0 0 0 0 0 0 0-1 0

35-44 828 287 576 222 459 1206 555 858 760 999 656
0 1 0 02 0 0 0 0 0.1 07 05 0

45-54 1262 376 473 325 427 1178 610 859 886 1163 572
05 0 0 03 0 0 1.1 07 1*2 1.1 07

>55 603 110 140 127 150 304 214 260 271 308 207
07 09 0 08 07 03 33 04 1.1 45 19

All ages 3398 1095 1770 1069 1684 3975 2016 3127 2791 3780 2353
04 0.1 0 1 02 0.1 0 07 03 07 09 03

Carbon
content (%) 81-8 84-0 84-1 81-9 82-5 84-1 854 81-1 84-7 85 2 85 5

were used in formulating a series of multiple logistic with large sets of data, the logistic regression analyses
regression equations24 25 to represent the probability were restricted to subsets of the available obser-
of a PMF attack as a function of various combina- vations. All cases of PMF, and random samples of
tions of explanatory variables. Maximum likelihood non-cases, sometimes stratified according to category
estimation was carried out using the BMDP logistic of CWSP, were included in these analyses. The use of
regression program and the generalised linear model ordinary logistic regression methods for analysing the
facilities of the GENSTAT statistical package, ver- resulting (unmatched) case-control data is now well
sion 4.04.26 Chi squared tests based on the differences established.27
in maximised log likelihood24 (or equivalently, When the probabilities of inclusion of individuals
deviances25 in nested models) were used to assess the within strata are known and independent, as they
statistical significance of groups of variables. The esti- were in this study, results from case-control logistic
mated variance-covariance matrices of the fitted analyses may be modified straightforwardly to esti-
parameters were also used in assessing the statistical mate the same relations that would have been esti-
significance of individual characteristics. mated by inclusion of all the data.27 The appropriate

Because the maximum likelihood estimation of adjustments (subtraction of log 10 from the fitted
logistic models is iterative, and so is time consuming constant for strata where only a 10% sample of non-

Table 2 Mean dust exposures (ghm 3) accumulated up to the start of the interval, by colliery and age at the start, and by presence or
absence ofPMFat the end, for single ISP (five-year) man intervals

Colliery

Warwick Northumberland Scotland Yorkshire

Age (years) C D Z S J P 0 Q K X G

<35 PMF 70 107
Non-PMF 28 13 49 12 23 20 29 75 34 56 30

35-44 PMF 121 155 303 133 176
Non-PMF 64 45 106 36 62 46 70 168 98 130 60

45-54 PMF 116 49 125 405 224 246 139
Non-PMF 92 70 157 60 96 70 104 241 143 189 92

)55 PMF 161 72 99 242 79 149 519 260 270 158
Non-PMF 114 98 183 72 116 89 135 303 169 237 129

All ages PMF 128 72 155 74 242 79 137 406 208 241 148
Non-PMF 76 49 107 38 60 48 74 165 99 131 62
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Exposure to respirable coalmine dust and incidence ofprogressive massive fibrosis

Western Durham Kent South Wales

(a) (b) (c)

L N A M Y T B V I F H E W All pits

528 260 462 875 1209 817 621 1380 370 665 313 204 469 17000
0 0 0 0 0 0-2 0 0-1 0-3 0-5 0 1*0 0-6 0-1
370 282 269 473 1119 849 517 1224 273 515 335 190 513 14335
0.5 1-4 1.1 0-4 0-3 2-0 0-2 0-9 3-3 0-8 2-4 3-7 1*6 0-6
480 376 201 613 1302 982 500 1261 263 667 335 212 482 15805
1 5 24 20 3-9 1-2 3-8 0-6 1-7 3-4 3-4 1-8 3-3 4-4 1-5
205 166 53 180 344 260 171 430 91 201 112 109 108 5124
3-4 5-4 5-7 0 1-7 4-2 2-9 2-8 3-3 6-0 4-5 2-8 7-4 2-4

1583 1084 985 2141 3974 2908 1809 4295 997 2048 1095 715 1572 52264
10 2-0 1*0 1-2 0-6 2-3 0-5 1.0 2-2 2-1 1-7 2-7 2-5 0-9

84-9 85-6 87-0 87-2 86-3 89-7 88-8 90 6 91-4 91-9 92-4 92-7 94-0

cases was included) were made and have been person-intervals at risk at every colliery and through-
included in the results reported here. out a range of ages. The incidence ofPMF was associ-

ated with age, increasing from one occurrence per
Results 1000 men at risk at age under 35 to 24 occurrences per

1000 at risk at age 55 or more over the subsequent,
PMF occurred during 462 of the 52264 person- approximately five year, periods. Table I also shows
intervals in the study, giving a crude attack rate of that the crude incidence rate varied by colliery and
nine occurrences per 1000 men at risk, over approxi- was related to the coal rank and regional groupings of
mately five year periods. The crude attack rate the pits, with higher incidence at high rank collieries,
declined as the study progressed, from 1 0% among especially in south Wales. Similar rank related pat-
intervals starting at PFR 1 in the 1950s to 0 4% terns of incidence are evident within age groups.

among intervals which began with PFR 4 or PFR 5 in Table 2 shows unambiguously a relation between
the 1970s. exposure to dust and subsequent incidence of PMF.

The study data were partitioned into 96 groups by
DATA DESCRIPTIONS, IGNORING SIMPLE colliery and age, as in table I above. There were no

PNEUMOCONIOSIS new occurrences of PMF in 28 of these groups, char-
Table I shows that there were substantial numbers of acterised primarily by younger men at low rank col-

Western Durham Kent South Wales

(a) (b) (c)

L N A M Y T B V I F H E W All pits

147 185 121 242 97 171 158
57 65 77 36 52 52 40 57 51 102 59 87 55 47

209 208 395 168 210 159 191 195 167 254 199 213 214 194
140 134 159 105 123 122 96 149 121 230 144 152 126 111
263 396 300 217 265 255 217 290 193 368 251 216 260 260
197 207 226 185 178 181 159 206 161 281 175 177 164 159
367 392 505 303 313 303 309 279 418 193 234 249 293
277 221 295 236 211 235 190 235 174 299 173 222 172 188

302 360 390 213 267 237 262 269 191 362 214 205 242 253
147 155 141 110 127 132 103 144 110 211 132 151 119 112
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lieries. In 65 of the remaining 68 groups men who
were classified as having PMF at the end of the
ensuing five year period had, on average, higher dust
exposures before the observation period than those
who remained free of the disease. Each of the other
three groups included only a single occurrence of
PMF.

Corresponding data, based on dust exposures

experienced during the study intervals themselves
(and available on request), were less clear. Men in
whom PMF was subsequently diagnosed experienced
higher concurrent exposures than their counterparts
in 52 of the 68 groups where comparisons were possi-

ble. The converse was true in 16 groups of men, scat-
tered throughout the study but represented most
strongly among older men in the south Wales
collieries.

DATA DESCRIPTIONS, INCLUDING SIMPLE
PNEUMOCONIOSIS
Table 3 shows that incidence of PMF was related
strongly to a man's CWSP category at the start of the
observation periods. The crude attack rate ranged
from two per 1000 at risk among miners with cate-
gory 0 CWSP to one in seven among those with cate-
gory 3, whereas the rate of about 4-4% among men

with category 1 was sustantial also. It was necessary
therefore to re-examine the role of dust exposure, age,
and colliery related factors taking account of CWSP.

It is clear from the numbers at risk of an attack of
PMF (table 3) that simple pneumoconiosis was more

prevalent among older than among younger men. To
some extent, therefore, the higher incidence of PMF
in older men reflects this higher prevalence of CWSP.
But other age related factors are important also, since
the table shows further that even among miners with
the same starting category of CWSP there is a clear
association between PMF incidence and age.

It was also clear, and is shown in table 4, that men
who had attained categories 1, 2, or 3 CWSP had on

average experienced higher exposures to dust than

Hurley, Alexander, Hazledine, Jacobsen, Maclaren

had men with category 0. But the relation between
dust exposure and PMF, evident in table 2, is not due
solely to this fact. Table 4 shows that among men with
category 0 CWSP, those who experienced an attack of
PMF in the subsequent five year period had been
exposed to more dust at the start of the periods
than had those not attacked. This relation between
exposure and PMF is clearcut despite the low attack
rate ofPMF in this group. Table 4, however, does not
show a corresponding relation between amount of
dust exposure and PMF incidence once simple pneu-

moconiosis is already present.
As noted earlier, the crude attack rate of PMF

declined in the course of the research. Analyses by
category of CWSP did not show this effect among

men with categories 2 or 3. None of the 94 occur-

rences of PMF among category 0 men were found
during person-intervals starting from PFR 4 or PFR
5, which accounted for 13% of the category 0 inter-
vals at risk. The position with regard to concurrent
exposure remained ambiguous, irrespective of cate-
gory of CWSP, though among younger men

especially, concurrent exposures were higher in those
who experienced an attack. Finally, men without sim-
ple pneumoconiosis exhibited colliery related vari-
ations in incidence similar to those described already,
and to a lesser extent so did men with categories 1, 2,
or 3 CWSP.

LOGISTIC REGRESSION ANALYSES
The regression analyses were also carried out in two
stages. In the first instance CWSP was ignored in
order to estimate directly the overall relation between
exposure and PMF. The logistic model was then
extended to include CWSP in order to examine to
what extent the relation of exposure and PMF is
effected through presence of simple pneumoconiosis.

Analyses ignoring CWSP were based on a sample
of 5640 intervals, comprising all 462 where an attack
of PMF had occurred, together with a 10% simple

Table 3 Number ofsingle ISP (five year) man-intervals at risk, and number (%) showing new attacks ofPMF, by age and
category ofCWSP at the start of the interval

Age (years)

Category ofCWSP <35 35-44 45-54 55 All ages

0 16753 13076 13173 4085 47087
2 (0 0) 21 (0-2) 42 (0 3) 29 (0-7) 94 (0-2)

1 190 880 1746 687 3503
5 (2-6) 34 (3-9) 79 (4-5) 37 (5-4) 155 (4-4)

2 53 323 755 291 1422
6 (11 3) 30 (9-3) 97 (12 8) 45 (15 5) 178 (12 5)

3 4 56 131 61 252
1 (25 0) 7 (12 5) 17 (13-0) 10 (16-4) 35 (13 9)

All categories 17000 14335 15805 5124 52264
14 (0-1) 92 (06) 235 (1-5) 121 (24) 462 (09)
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Exposure to respirable coalmine dust and incidence ofprogressive massive fibrosis

Table 4 Mean dust exposures (ghm- 3) accumulated up to the start ofthe interval, by age and category ofCWSP at the
start, and by presence or absence ofPMF at the end, for single ISP (five-year) man-intervals

Age (years)
Category PMF
ofCWSP status <35 35-44 45-54 55 All ages

0 PMF 110 181 232 283 234
Non-PMF 46 103 144 170 100

I PMF 145 185 250 294 243
Non-PMF 157 192 229 264 223

2 PMF 190 219 271 299 267
Non-PMF 185 220 259 274 250

3 PMF 121 172 312 299 275
Non-PMF 130 218 273 304 266

All categories PMF 158 194 260 293 253
Non-PMF 47 111 159 188 112

random sample of the remaining 51 802 intervals.
Most (75%) of the intervals included started from
PFR I or PFR 2. There were small variations in their
duration (mean 5 2 years, SD 0-8). On average, the
men concerned were aged 41 (SD 11) and had experi-
enced 124 ghm-3 dust exposure (SD 106) at the start
of the periods included. Men from all 24 collieries
were represented, with numbers per colliery ranging
from 88 to 489 intervals.

Table 5 establishes clearly the statistical signi-
ficance of the relation between exposure to dust and
incidence of PMF. The magnitude of the association
was estimated as an approximately fourfold increase
in relative risk with a doubling of previous exposure.
Not surprisingly, the risks of an attack were higher in
longer study intervals. Age, which was related to pre-
vious exposure, was associated independently with
incidence, implying a relative risk of 1 5 for each addi-
tional ten years of age. A downward trend in the sur-
vey specific risks was confirmed.
Table 5 Estimates oflogistic regression coefficients, and
associated tests ofstatistical significance, based on all 462
occurrences ofPMF and a 10% random sample of
non-occurrences

Estimates

Variable* Coefficient Test statistic p Value

Constantt -6 28
Interval length 1 980 t = 3-33 <00001
Cumulative dust

exposure 2 000 t = 13 09 40 001
Age 00422 t = 480 40001
Colliery X = 206 <0001
Survey round X4 = 15 < 0 005

*Units of measurement, and transformations used in the analysis,
were as follows:
Variable Units Transformation
Interval length Years In, (x)
Cumulative exposure ghm-3 In, (x + I)
Age Years
tThe constant shown refers to incidence from PFR I at colliery W,
for a 45 year old man with 200 ghm 3 exposure.

There remained unambiguous colliery related
differences in PMF incidence. Further examination
showed that these were related to, but not fully expla-
ined by, differences in the carbon content of the coal.
The inclusion of concurrent dust exposure as a fur-
ther explanatory variable did not improve the repre-
sentation significantly (t = -0-31).
To investigate the association between exposure to

dust and PMF incidence in the presence of simple
pneumoconiosis, the sample of 5640 intervals was
augmented to one of 9984 intervals by including all
those at risk whose starting category was CWSP 1, 2,
or 3. Men in the augmented sample were older (mean
44, SD 11) and had been more heavily exposed to dust
(mean 171, SD 117) than those in the smaller sample
considered previously.

Analyses confirmed that, having taken exposure,
age, colliery, and survey into account, there remained
decisive differences in risk related to CWSP category
(X32 > 87, p < 0 001). Results from further analyses
are shown in table 6. An exposure-response relation
was established clearly among men with CWSP cate-
gory 0, where the estimated dust coefficient corre-
sponds to a relative risk of about three among men
with double the exposure of their colleagues. There
was, however, no demonstrable association between
exposure and PMF once CWSP category 1 or more
had been attained: the three estimated dust
coefficients were small and not significantly different
from zero statistically (table 6). (It is interesting nev-
ertheless that the estimated coefficient among men
with category 3 CWSP was negative.)

These patterns were confirmed in separate logistic
analyses of data for men in each of the four categories
of simple pneumoconiosis. They are illustrated also in
fig 1, where the risks have been standardised for con-
venience of display relative to values of 200 ghm 3

exposure, category 1 CWSP, and colliery W. Note
that whereas an increase in risk with higher dust
exposure was established only among men with cate-
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Table 6 Estimates oflogistic regression coefficients, and
associated tests ofstatistical significance, based on all data
where men had category I or more CWSP; and all
occurrences ofPMF, with a 10% random sample of
non-occurrences, among intervals with CWSP category 0

Estimates

Variable* Coefficient Test statistic p Value

Interval length 2-377 t = 446 <00001
Age 00442 t = 5-34 40-001
Colliery x23= 102 40001
Survey round X4 17 < 0 005
CWSP and dust:
Cat 0:

Constantt -8-62
Exposure 1-625 t = 8-07 40001

Cat 1:
Constantt -6-45
Exposure 0-114 t = 057 >05

Cat 2:
Constantt -5 42
Exposure 0-179 t = 079 >04

Cat 3:
Constantt -5-18
Exposure -0-172 t = -0-45 >0 6

*Units of measurement, and transformations used in the analyses, as
in table 5.

tThe constants shown refer to incidence from PFR I at colliery W,
for a 45 year old man with 200 ghm 3 exposure.

gory 0, the relative risks in this group are always
lower than among similarly exposed men with cate-
gory 1 or more CWSP.

Table 6 also shows that the relation between age
and PMF incidence was still evident even when
CWSP category was taken into account. The relative
risk was estimated, as before, at about 1 5 for each
additional 10 years in the ranges (25 to 65 years)
experienced by the men studied. This estimate was

4-

_,
c

to

<,, 2.Z

Cat0~ ~ . .I.

Cat 3

Cat 2

Cat 1

100 300 500
Dust exposure ( ghm-3 )

Fig I Risks ofPMF incidence over afive year period at

various levels ofcumulative dust exposure and attained
CWSP category relative to the risksfor a miner with
category 1 CWSP and 200ghm 3 exposure, using
coefficients in table 6.
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Fig 2 Relation between per cent carbon and colliery specific
risks ofPMF over afive year period, relative to risks at
colliery W, adjustingfor age, dust exposure, CWSP
category, and PFR survey round (see table 6).

consistent among men from each simple pneumo-
coniosis category.
The survey specific influences were also largely

unaltered. Risks at PFR 2, 3, 4, and 5 relative to PFR
1 were now estimated as 0-81, 0-48, 0 75, and 0-55
respectively, whereas concurrent exposure again
appeared unrelated to incidence once other influences
had been considered (t = -0 12).

Finally, there were again substantial differences in
relative risks between collieries. Further investigation,
summarised in fig2, showed that these were clearly
related to, but not entirely explained by, colliery
related differences in the carbon content of the coal.
Detailed within-category analyses showed that the
association of colliery differences with carbon content
was obscured among men with categories 2 or 3
CWSP, possibly due in part to the smaller numbers of
intervals available for study.

Discussion

Earlier studies from the PFR gave grounds for hope
that the role of dust exposure in the development of
PMF could be clarified.9 11 12 A relation between
exposure to dust and incidence of PMF has indeed
been identified and described convincingly. Before
considering the substantive findings, however, we dis-
cuss the reliability of the results and the data on which
they are based.

RELIABILITY OF RESULTS
This was a large scale study, with data from more
than 30000 coalminers, and a wide-ranging one,
including substantial numbers of men from all the
coalfields in Britain. Long term employment as a
coalminer was not a requirement for inclusion: it was
sufficient that a man had participated in two succes-
sive five yearly medical surveys while employed as a
coalminer. On the other hand, results refer only to the

I
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Exposure to respirable coalmine dust and incidence ofprogressive massive fibrosis
men's experience while still working as coalminers
and the attack rate of PMF in ex-miners is relatively
high." It appears, however, that the relation between
dust exposure and PMF incidence is essentially the
same in miners and ex-miners,28 and so the exposure-

response relations of the present study may well be
applicable to ex-miners also.

Similarly, we think that the estimated exposure-
response relations are relevant to current dust condi-
tions though the study data refer to a period from
1953 to 1978. The prevalence of PMF among

coalminers was declining in that period and has con-
tinued to decline since,29 due to reductions in dust
concentrations, better provision for men with simple
pneumoconiosis, and earlier retirement from the
industry among other factors. It is not clear whether
the relation of PMF to dust exposure and to other
factors was also changing. We think it likely that it
has not, since estimates of exposure-response
relations are more stable under changing conditions
than simple estimates of prevalence or incidence.

Estimates of exposure were based on comprehen-
sive environmental monitoring linked with detailed
records of time worked. We think, however, that
exposures experienced by men at some collieries
before the research proper have been under-
estimated,4 7 and they constitute an important part of
the exposure data for the present study. Nevertheless,
PFR dust exposure estimates which include a pre-
research component have been related successfully
to respiratory health in a wide variety of stud-
ies,347 -13 830 and they have highlighted issues
that could not be examined by radiological category
and time worked, the main surrogate measures of
exposure. For example, analyses of lung function30
and the present study both showed that exposure to
dust is related to respiratory health even among men
with CWSP category 0. And exposure, which is con-
centrated weighted time, relates more directly than
time itself to presence or absence ofCWSP category 2
or more.7 Thus we are confident that the association
of PMF to exposure as shown in the present study is
a real relation and we further believe that the
exposures are sufficiently reliable that the quantitative
estimates of this relation are trustworthy also.

Such a conclusion depends also on the reliability of
classifications of PMF. The readings were carried out
by the National Coal Board's group of medically
qualified specialists in radiological classifications
whose shared experience helped to maintain consis-
tency of classifications during the course of the
research, despite changes in the ILO standards for
film readings and in the composition of the group
itself. Most of the intervals at risk, and most of the
cases of PMF, refer to the earlier part of the research
when classifications required the agreement of at least

two doctors of the group. It was in this calendar
period also that the need to distinguish PMF from
tuberculosis was most required. Subsequent
classifications may be less exact since they were for
clinical rather than for epidemiological purposes and
each reading involved one doctor only, but it was not
feasible to have the films reread. Classification errors
are therefore more likely in the present investigation
than in other PFR film reading studies7 9 11 20 but the
estimates of exposure-response relations are not nec-
essarily biased as a result. Since different doctors
classified films from different collieries, colliery
related differences in exposure-response include a
component due to inter-reader differences in film
classifications.

Consider, finally, the epidemiological approach
adopted. We have been considering a longitudinal
study with a discrete response, an area where devel-
opment of statistical methods is still taking place. A
recent review, however, recommends an approach
similar to that adopted here.31 The epidemiological
and statistical methods used are analogous to those
for mortality studies but with first notification of
PMF as the response of interest. More advanced
methods of mortality analysis,32 requiring informa-
tion on exact date of death, were not used since a
corresponding exact date of occurrence of PMF may
not be meaningful, and in any case is not available in
practice. We considered using a complementary log-
log rather than logistic regression model to express
the relations of predisposing factors to incidence. The
choice could have been important if the interval
length had varied more and included some short
study periods. The bulk of the data, however, did
refer to periods of about five years duration, limited
analyses using both frameworks gave similar answers,
and the logistic approach was adopted since it seems
adequate and is well known.

SUBSTANTIVE FINDINGS
Against this background of the strengths and lim-
itations of the data and the methods of analysis, we
now consider the substantive findings from the
present study.
As in previous studies, there were wide differences

in PMF risks associated with simple pneumo-
coniosis. -11 We found a threefold to fourfold
increase in PMF risks in coalminers who develop cat-
egory 2 or 3 CWSP, as compared with those who have
only category 1. This testifies again to the value of
persisting with well established, and effective,29
occupational hygiene and medical surveillance mea-
sures aimed at avoiding exposures to dust that may
result in these more severe categories of simple
pneumoconiosis.

But the data show also that PMF attack rates in
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working miners with only category 1 simple pneu-
moconiosis have been about 44 per 1000 over five
years, on average. This is three or four times higher
than estimates from earlier large scale studies in the
British coalfields9 10 and similar to that reported
recently in a smaller study of ex-miners. 1 The finding
reaffirms the need to continue with the policy which
requires that dust concentrations underground be
minimised at all times, in order to reduce further the
incidence of even early signs of pneumoconiosis.'0 11

Differences in the CWSP category specific risks of
PMF incidence confirmed indirectly the central role
of mixed dust exposure in the development of the dis-
ease. The main objective, however, was to study
directly the relation between exposure to dust and
subsequent, short term incidence ofPMF. The results
showed that risks of an attack of PMF were system-
atically higher among men with higher exposure to
mixed dust, not only in the study group as a whole but
in almost every combination of age group and colliery
where an attack had occurred (table 2). The statistical
significance of the association was correspondingly
clearcut. In our view the central role of dust exposure
has been shown convincingly.
The argument for minimising dust levels, irre-

spective of whether they are approaching statutory
control limits, is strengthened further by the results
from miners with category 0 CWSP who formed the
clear majority of those studied (table 3). Note that
category 0 covers a range of radiological appearances,
including some with small shadows that are not pro-
fuse enough to justify classification as category 1.

Although the average PMF attack rate among these
men was relatively low, we have shown for the first
time that the PMF risks in this group increase clearly
and systematically with increasing exposure to dust.

This result is especially important because of the
large numbers of men at risk.'0 Thus despite a crude
rate of only two attacks per 1000 men over approxi-
mately five year periods, one in five of all the occur-

rences observed in our study were experienced by
miners with category 0. There were, however, no new

attacks among men with category 0 during intervals
starting at PFR 4 or later, although such intervals
comprised about 13% of the observations available.
This seeming anomaly merits investigation, since our

data suggested average exposures of roughly similar
magnitudes for men at the five surveys.

It is interesting also to note the absence of any pos-
itive association between lifetime dust exposure and
incidence of PMF once simple pneumoconiosis cate-
gories 1, 2, or 3 had been attained. We interpret this
result as indicating that, whereas the chances of get-
ting CWSP are well known to be dust related,7 once
CWSP is established it is the fact of simple pneu-
moconiosis, rather than the amount of dust exposure

Hurley, Alexander, Hazledine, Jacobsen, Maclaren
necessary to cause it, that is related to the probability
of a subsequent attack of PMF. The suggestion that
PMF risks were highest among those who had
attained category 3 CWSP with relatively low
exposures is consistent with the view that advanced
simple pneumoconiosis in such men indicates their
particular susceptibility to lung disease.

Exposures to mixed dust experienced during the
five year observation periods were small relative to
the cumulative exposures experienced before the peri-
ods studied, and they did not have any demonstrable
effect on concurrent incidence of PMF. Such
exposures were not irrelevant, however. They led to
higher cumulative exposures in subsequent periods
for the men concerned, thereby increasing the risks of
a PMF attack among men with category 0 radio-
graphs. Higher cumulative exposures did not increase
similarly the short term risks of incidence for men
with category I or more CWSP, but we know from
other studies that among men showing early signs of
simple pneumoconiosis, further dust exposure is
related positively to the progression of CWSP, and
hence indirectly to later risks of PMF.33
The study of age and of colliery related differences

was subsidiary to the main task of describing the
effect of dust exposure. The results were nevertheless
interesting and may be important practically. The
risks ofPMF incidence were higher in older men, hav-
ing adjusted for both dust exposure and CWSP cate-
gory. This association may simply indicate that aging
increases lung susceptibility, or it may reflect other
effects-for example, the residence time of dust in the
lung. In principle PFR data could be used to
differentiate between various possibilities, but to date
we have not attempted to do this.

Colliery or regional variations within Britain in the
incidence and prevalence of PMF are well
known.9 10 29 One useful result from the present study
is that the colliery related differences in risks do not
simply reflect differences in dust exposure, age, and
simple pneumoconiosis. Having adjusted for these
influences, risks of PMF incidence varied between
collieries by a factor of 20 or more. These variations
were related clearly to the percentage of carbon in the
coal, especially among men who did not have
advanced simple pneumoconiosis. Dust suppression
may therefore be particularly necessary at collieries
where the per cent carbon in the coal is high.

Clearly, however, a long term strategy for the elim-
ination of PMF requires that dust suppression must
be maintained at an intensive level also at other pits.
In the first place the wide colliery related variations in
the incidence of PMF were only partly explicable in
terms of the carbon content. There remain
unexplained variations, even between collieries in the
same region. Secondly, the carbon content of the coal
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Exposure to respirable coalmine dust and incidence ofprogressive massive fibrosis

was not obviously related to PMF risks among men
with categories 2 or 3 simple pneumoconiosis, and
further, the association between the carbon content of
the coal and incidence of simple pneumoconiosis is
not strong.7

CONCLUSIONS AND IMPLICATIONS
Our main conclusion is that dust exposure is the most
important single factor determining PMF risks. It
acts in two ways. Firstly, men with higher exposures
to dust are more likely to suffer from simple pneu-
moconiosis, and those who have attained not only
CWSP categories 3 and 2, but category 1 also, are at
higher risk of PMF. Secondly, among men with
CWSP category 0 (the great majority of miners in
Britain) PMF risks are clearly and systematically
higher among men with higher exposures to dust. It
follows that minimising of exposures to dust is the
only sure way of controlling and eliminating PMF.
The main strategy for controlling exposures to dust

is to minimise workplace respirable dust concen-
trations. Estimates of the risks of developing PMF
over a working life at various concentrations of respi-
rable dust are therefore especially useful in guiding
policy to prevent the disease. Results from the present
study of short term incidence of PMF may be
extended to estimate the long term risks of developing
the disease. Preliminary estimates have been
reported34 and are being refined; further details will
be described in another paper.
A complementary approach to the prevention of

PMF is to identify, and provide special protection for,
the few men most likely to react adversely to dust
exposure. This requires consideration of additional
factors such as smoking habit, physique, and respira-
tory symptoms. Their role in the development of
PMF has also been studied recently; detailed results
will be reported in another paper. The main impli-
cations for occupational health have been sum-
marised in an article that concentrates on the
statistical methodology used. They do not suggest
that those at greatest risk can be identified easily.35
We therefore think that the only secure strategy cur-
rently available for reducing and ultimately elimi-
nating PMF is to continue to minimise and maintain
strict control of dust concentrations underground.

This study was supported by the European Coal and
Steel Community and by the National Coal Board in
Britain. We acknowledge in addition the contribution
of all who participated in the Pneumoconiosis Field
Research, including many colleagues past and present
at the Institute of Occupational Medicine, without
whom this study would have been impossible.
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