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PREFACE

Tur pnncapal symptom of pneumocomosis is excessive breathlessness on
exertton and m 1949 Dr J C. Gilson and De P Hugh Jones of the Council s
Pneamoconiosts Research Unit 1 South Wales undertook an mvestigation
with the object of determimng the precise cause of the breathlessness and
relating 1ts seventy to the X ray changes in the lung which were known to occur
They examuned groups of normal men and representative groups of miners of
comparable ages who were suffering from different degrees of pneumocomosis
asd by their chest rad The system used to classify 1he radio
graphs was that onginally developed by members of th= Umt which divided
the categonies of the disease nto two main forms simple and comphcated
preumoconiosis having tmportant differences both radiologically and 1n
thesr natural history

Dr Gilson and Dr Hugh Jones used physiological tests to measure vanous
aspects of lung function Some of the methods were evolved specifically for the

onexertion 1 men with 1s due mamly to a reduction
1m the maximum ventilatory capacity of the lungs though there 15 also an
ncrease in the ventilatory requirement for exercise Simple pneumoconiosis
causes only shight merease 10 breathlessness over that winch develops even in
normal men as they grow older 10 complicated preumocon osts on the other
hand the breathlessness 1s often severe and its severity can be related to the
rad ographic change provided that as the authors emphasize the age of the
subject 1s taken into account A number of the observations had a more general
nterest 10 th Tung and the and [treat
rient of them s discussed here 1n detail

Tt 15 hoped that this attempt to relate disordered lung function to structurat
changes as demonstrated by X rays will prove useful to our understanding of
the disability with chronic ry disease and help i ats
preveation

MEDicAL Researcl COUNCIL

33 O Queen Street 28th September 1955
London SW1
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2 LUNG FUNCTION IN COALWORKERS® PNEUMOCONIOSIS

that seen 1n coalminers, but different from the classical silicosss of the gold
mner or coalminer engaged in dnlling rock

The conflict of evid: about 1m coal was subse-
quently resolved by Hart and Aslett (1942), who, by a more complete survey,
confirmed the findings of Collis and Gulchrist at Cardiff and Swansea docks
They stated that “whereas anthracite colliers have a generally higher sncdence
of pulmonary abnormality than colliers mining steam-coal, the reverse 1s the
case with tnmmers handhing the corresponding class of coal® This paradox
my have occurred because anthracite gives rise to little dust when shovelled
1n a ship 1n contrast to when it 1s mined

Thus, by 1942, there was no doubt about the effects of coal dust and 1
the Medical Resgarch Council's extensive survey of pulmonary disease im
South Wales coalmuners, Hart and Aslett (1942) recommended (p 198) that
the term ‘pneumocomosis of coalmners® should be used for the disease Today,

PR L ted

unigue
1831, **
was re

fields
Ittle doubt that when coalworkers® pneumocomosis occurs 1t 1s the same

pathological process as that seen in South Wales
The descriptions given by Pancoast and Pendergrass (1925, 1926, 1931 and
1935), Bloomfield and others (1936), Sayers (1940), Flinn and others (1941} and

Corcoran (1948) suggest that the same disease occurs 1n coalmuners n the
- . =T rems feom

' Eck

" om

Austrahia (Bausdl) suu tuyws a2 oo, ers’
poeumoconioss 15 stmular 1n all coalminng areas These impressions have been
strengthened by the direct companson of chest X rays of mners m South
Walae with those of other countnes, Germany, France, Belgn&m :md"lh: United

ed to coal dust 1o quOle LILUEL Al e ruie
o ether (i) 1s due to the chermical action of the
' s

mnt enficrent evidence to say wh

amthe raal Ar

diue vue gpe .
<) workers are identical
biuminoss) who have done dnlling and boning and been exposed to

e coalminers,

In som. o: 4 amem a4 faatnrps of true sificosis may be combined with
and all stages between pure-

e atlicosts on the other ean be



THE NATURE OF COALWORALRS' PNEUMOCONIOSIS 3
found It 33 with the discase as scen 1n coalmuners of South Wales that our

work 1s concerned We must stress that the results are not necessarily applicable
to true silicosss

B PNEUMOCONIOSIS IN SOUTII WALES

Norne of the symptoms of pneumoconiosis 1s specific, 1ts diagnosis 1 Iife
depcnds on rndmlog cal emmmauon and an mdustral history It 1s essentially
1 disease d by to a varying degree

Radiology

There are two main types of radiological change stmple pneumoconiosts
and progressive massive fibrosts (Fletcher 1948) The pathology and the
results of radlclogxml follow up sludxes sugg:st that each change represents
a distinct | process The 1 cvidence was based on the
cxammauon of many muners who had had chest radiographs taken and who
esther had subsequently remained at work exposed to further coal-dust snhala
tion or had left muning and therefore had undergone no further dust exposure
(Stewart 1948 Davies Fletcher Mann and Stewart 1949) It appears that
simple pneumoconios:s 1s the change due to the acuion of coal-dust which
progresses only 1f dust exposure conttnues progresstve massive fibrosts on the
other hand 13 & change assocrtted wath supenimposed anfection probably
tuberculous and once 1t 15 acquired 1t advances at variable rates whether dust
exposure continues or not Progressive massive fibrosis 1s only seen radiologically
in the presence of a considerable degree of simple pneumocontosis Simple
pnecumocomiosis complicated by the presence of massive fibross 1s referred to
as complicated pncumocomosis  The radiolog cal appearances have been
fully desenibed (Fletcher and others 1949) and wifl only be summanzed here

Simple Pneumocon osts

The first radiologecal evsdence of coal dust nhalanion 1s the appearince of
m nute opacit es up to 1 mm 1a diameter which are seen inittally only 1n one
or two nb spaces But with further dust exposure these opacitics nerease in

-
of resolution prevents the mnute opacaties themselves from being revealed
thouch sometimes especially 1n elderly subjects the paitern 15 more reticular
even with ood techmque Gough James and Wentworth (1549) have suegested
that thes altered pattern may have some pathological sigmif cance

Comp! cated Pneumocon osts

The first s1gn of progressie massise £ brosis 15 a Jocal zed more homogeneous
shadow on a liackgmund of unplc mcumocomom usun!ly appeanng in the
e e
\ .
[



4 LUNG FUNCTION IN COALWORKERS® PNEUMOCONIOSIS

not usually involve the pleura, nor 1s there any increase 1n vascular shadows
converging from the suspected lesion to the hilum {Fletcher and others, 1949)
Tomographs often help to establish the presence of complicated pneumo-
coniosss at its earliest stage The early shadow enlarges and other similar
shadows may appear, each finally progresses towards the formation of large
massive shadows, looking like cottonwool (Plate 7) Later the edges of the
shadows gradually become more definite, sometimes with contrachon
m size Once the massive shadows have become more than an inch or §0 1
diameter, cavitation may be seen within them, but this does not necessarily
indicate the presence of overt tuberculosis Cavities may empty, leaving ‘nng
shadows’, or they may later re fill The few cases of massive fibrosts where
tubercle 1s found 1n the sputum have signs of toxaema and deteriorate more
rapidly

The process of expansion of the shadows followed by contraction, and
cavitation when 1t occurs may all lead eventually to extreme distortion of the
lung structure, the trachea may be markedly kinked, the hilum raised, the
mediastinum displaced to one or other side, the heart shadow elongated and
emphysema may appear at the lung apices and bases {Plate 8)

Patkalogy

Simple Prieumoconiosts

The carhest lesions are focal collections of dust, 04 to 4 mm 1n diameter,
around the resp yt hioles (Heppl 1947, 1954) There 1s remark-
ably litle tissue reaction to the dust 1 these ‘coal nodules’, so that although
retrculin tissue develops 1n the deposits and later some collagen there 1s no
dense, whorled collagen formation as in classical sithcosts, and the collagenous
tissue which 15 present 1s arranged radially rather than concentrically (Gough,

1940)

hysema, which 15 sometimes seen round silicotic nodules (Seevers,
En};:rc:]r:‘lngedy(er, 1938), frequently accompantes the coal nodule (Gough, 1944
1947) and four or five emphysematous spaces round a nodule may give the
Jatter a stellate outline ‘The seventy of this focal emphysema does not necessanly
ond with the number or size of the nodules n some cases there may be

corresp \! others the
al nodules with practically no emphysema, while in
— o Ccmzy be so and close-set that the coal lestons appear

fo section resembles 2 black network
diffuse and the lung s e et et

mple pneumoconIosis gIves the WY, & LIEY1sll Viaun appiuia wd
n:!c::;odiss{‘:::n ‘I;e sien underlying the pleura The cut surface of the lung 13
:lack from the many coal nodules which Jook hke ‘buck shot’ (Cummuns and
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Sladden) However, the pattern of coal nodutes and focal emphysema 1s .bat
seen from macroscopic sections of the whole lung prepared by the technique
descnibed by Gough and Wentworth (1949), who claimed that the character-
1stic minute opacities seen 1n radiographs of msn walh s lf Eneum?conlo‘sxs
PRl 34l mmnat o .

” ' . . ) - . ‘“h )

emphysema which will be found after death, though the uncommion, marked,
net like pattern seems to occur more frequently in cases showing severe focal
cmphysema at death It must be emphasized that the black coat, which 1s so
obvious 1n the fung section, 13 of simular radio-translucency fo the rest of the
lung tissue, so that the coal nodules are seen on the ragu‘)gr.\ph only by c?mrns!
. . - . . .t " - V4

. - . e e e e

Complicated Pneumoconiosts

The massnve fesions start as nodules showing a more extensive fibroue
process The nodules increase n size, finally forming larpe masses, several inches
0 duameter, of a hard rubbery consistency They often contaia smatl, ill-defined
caseous-hike foct which may be associated with cavitation (Belt and Ferns,
1942), and an underlying tuberculous nature of these lesions has been claimed
by several authors {Cummuns and Stadden, 1930, Belt and Ferns, 1942, Gough,
1944, Gooding, 1946) But the finding of tubercle bamlli 1s not easy, the dust
seems 10 modify the action of the tubercle and a more fibrotic lesion than ss
usual in tuberculosts 1s produced i which 1t s difficult to find bactenia Beftand
Ferns (1942) who proposed the name *komophihisis® for this massive lesion
when associated with tuberenlosis, desgnibe it as being * maore fibrous,
more ch looking and more 4 Atthe same time, 1t 15 less cellular,
Tess cascous and seldom shows gaant cell systems™

At autopsy the tung 13 ofien closely adherent 1o the chest wal), the pleusa
thick d, and bulfous eroph 13 common 1 ad d cases The black
fibrous masses, seen together with the nodules of stmple pneumoconiosis on the
cut surface of the lunp may have a sofi necrotic contre and when cavatation »s
present a black inky flind 1 found within the cawity

Heart faslure 15 a frequent cause of death 1n cates of advanced comphicated
poeumocomosts (Gooding, 1946) and nght ventneular hypertrophy 1s demon-
strable 10 spite of a penerally small stzed heart (Thomas, 1951)

Clmcal Features

Symptoms

Shortness of breath on moderate exertion 1s generally the first symptom, 1t
is rarely present at rest, though 1n severe cases with vintually no respiratory
reene dysgnocy comes on ot the thghiest wertase of achviy Orthopnoes s
rare, and when 1t occurs 15 usually associated with signs of heart failute or
severe bronchospasm

Lassitude and weakness are probably the next most common presenung
features of the discase The man feels excessinely tared at the end of the skt
and ks feps feel weak as he retoms to the put shaft or “sant

Cough 15 cammon but rarely precedes the breathlessness in cases of- prcumo-

conous 1t 1s usually worse in the ewrly morming, and may be dry and
»
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unproductive, or give nise ta very viscous, clear sputum, streaked with coal, which
the man finds difficult to brng up In cases of compheated pnenmoconiosts,
however, a sudden bout of coughmg may herald the onset of an attack of
‘black spit’, when for days or even weeks large quantities of flmd, black sputom
are produced with the of 1n the rad: ph Such attacks
are sometimes assoctated with an intercurrent respiratory infection, but often
no obvious cause 1s found for the attack Severe haemoptysts 1s rare, but shght
streaking of “black-spit’ with blood 1s common

Pain 1n the chest 1s a frequent transient but 1s seldom
with plevral friction Tenderness of the mntercostal muscles over the sie of
pam 1s common

Asthma like attacks, usually described as ‘a feehng of tightness 1 the chest’,
are common In ¢ases of pl d p lth some degree
of bronchial spasm, which may be difficult to detect chimcally, may be
found 1n all stages of the disease The presence of bronchial spasm s of
1mportance since 1t affects the results of some tests of lung function

The severtty of these symptoms s very varable, and, though shortness of
breath 1s usually present to some extent, men may develop extensive radiological
signs of pneumoconioss and yet have no symptoms at ali

The outstanding feature of the disease 15 that the breathlessness 1s out of
proportion to the constitutional disturbance, so that apart from a hmitation of
their exercise tolerance, many men feel 1n good health

q

Physical Signs
No combination of physical signs 15 specific to the disease, and the refatron
of signs to 1 app and pathol ! hndings shows the signs
to be unrelable There 15 often a striking contrast between the extent of rado-
logical consolidation and the absence of any abnormal signs on chiucal examna
tion This may be due to emphysematous lung lymg between the consohdated
area and the chest wall
Both loss of wesght and a thin, sunken face are common, especially m cases
of 1 d p of the chest, subclavicular
- ~f am caan ¢ a harrelshaned chest 13 uncommon Deviation of
ssive fibrosis
aldiminutton
nargmns, and,
vartous parts

' h1 and sibth

and be a s1ign of bronchial spasm or 1t may be produced by o Uistut ted bronchal
tree What contribution true bronchial spasm makes to the nossy breathing 1s
sometimes difficult to assess, though hstemng with the stethoscope over the
trachea (in the supra sternal notch) 15 often helpful, a ‘wheeze’, which will
disappear with treatment, may then be heard, when sibili are not audsble over

the chest

Early 2! of cor p le 15 tmp 1 h ats onset 1s often
very difficult to diagnose A Joud, often split, second heart sound in the
pulmonary area conducted down the sternum 1s common, but a rassed jugular
venous pressurc 1s Jess frequent Swelling of the anklesis a late sign and marked
wrlarsement of the liver 1s unusual Cyanosts 1s practically hinmted 10 men wl\'c
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breathlessness and our expenence confirms the findings of Ferrer and others
(1950) that st can be treated Radiofogy and clectrocardiography heip to detect
its presence, the specific changes which may be seen in the electrocardiograph
are described more fully later (p 88)

Although pathologically massive fibrosis appears to be a tuberculous process,
the clinical features of comphicated pneumocomosis do not resemble those of
tuberculosis Repeated examination of the sputum for tubercle usually grves
negative results and there are few toxaenuc signs, except for a raised, though
sery varable, blood sedimentation rate Stewart (1948} has shown that the
sedimentation rate vanes with the radiological progrsssion of the massive
fibrosts

Frank tuberculosss may develop in cases of coalworkers’ pneumocomosis
and the patient then develops toxaemua and the prognoss 1s grave Mann (1954),
Fletcher (1951) and Cochrane (1954) have recently pubhshed evidence on the

between losis and mn

€ RADIOLOGICAL CLASSIFICATIONS OF PNEUMOCONIOSIS
P R U Classtfication (1948)

The chest radiographs of all the subjects of our experiments have been
classified by the system 1n use at the M R C Pneumoconiosis Research Unit
(PR U ) This system has been fully descnbed elsewhere (Fletcher and others,
1949) It formed the basts for the latest International Classification (1950),
scep 12 Only a summary, sufficient for the interpretation of the physiological
results, will be given here
Principles

Thus classification, unlike most of those previously proposed, 1s based upon
follow-up studies It clearly separates simple from complicated pncumocomniosss,
since cach 15 thought to be a separate pathological process 1t atiows easy coding
and 1s based upon iltustrative films used as standards and on verbal definition,
and the dagnostic errors 1n its use have been carefully investigated (Fletcher
and Oldham, 1949, 1951)

Definutions

Simple pncumocontosis 1s classified mto four categones of increasing
abnormality, which are given the arabic numbers 1 to 4 respectively, according
1o the profuston of the minute opacities, these are regarded as being the speaific
radiologcal feature of the discase Sumitarly, comphcated pneumocontoss 1s
divided snto four categories, pven the letters A to D depending on the size and
appearance of the massive shadows When one lung field differs from the other
the catepary of the film 15 taken as that showing the most advanced disese

The followmng bnefl verhal definttions of these categories are based on
standard films Examples of typical films together with normal ones for
comparnson are shown in Plates 1 9

Simple preumiconunty (;alrr«kvyk |, The charsctensin. runute opaciles €an be seen,
. cem w t we wa
' Coadoa .

. " e oA
mm-klc y obwcured b, y mxlm 03 5 frim. ln damcter m;v
:p the hmi fx&(lwm 4

e fiehds have the f
Eled 10 the fulless extent by the opautties T bene
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Complicated preumoconiosis Category A Localized ambiguous _shadows frst appear,
us wn that thewr d from tulx at this

(Plate 8) ¢
The of a stage of ad P beyond that due to
mcrease m size of the massive shadows and charactenized by the anatomical
distortion (category D) 1s peculiar to this classification We emphasize this point

1

because our phystok findings add tots
Although qual diffe * 1n the app of the pattern of the film
g o be tha cman Bacmnnta af el -

F

a
have shown them to be of no significance, either mn the rate of progression

of the sumple | or 1 the attack-rate of massive fibrosis
ML te £ i ccma A e e a amte o po s
Coding

For brevity and conventence we use a simple system of coding, essentially the
same as that described when the classification was first published

The mam features of any film are desenbed in the following manner first, the
arabic number appropnate to the category of stmple pneumoconiosis 1s given,
then a letter represents the category of complicated pneumoconiosis, or a dash
signifies that only stmple pneumoconiosts 1s present Two arabic numbers follow,
separated by an oblique stroke, these 1ndicate the number of anterior nib spaces
1 the nght and left lung fields respectively over which the massive fibrosis
extends, (these numbers are replaced by dashes when there 15 no massive
fibconis) Insome films of ad d 1 d the under]!
degree of simple p cannot be
mark replaces the first number in the code

Thus, a film showing only simple pneumocontosis of category 2 would be
represented as 2- /-, while a film of complicated pneumocontosis showing
category B massive fibrosis overiying a category 3 simple pneumdconiosis by
three b spaces on the night and two on the left would be 3B3/2 Normal films

lassified, 1n which case a question

- s [ N [ A

been described
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& cross within the 0, thus 3

Other Classifications

We refer to other systems of classifying the X ray appearances of pneumo-
comosts, for 1n nearly all other studies of Jung function with which we are
concerned, the subjects have exther had silicosis or, where they had coalworkers®
pncumocomosts, the distinction between this disease and true silicosis has
not been drawn Some of these other systems of classffication will now
be summanzed i chronological order

Internanional {1930)

.. B - LA
s - b ot
In - - . -
th
Labour Office, 1930)
South African

— ~ e [T PP ST I N
. . o v .

In addition, a group of silicosts with tuberculosis was recogmized

American

Pancoast and Pendergrass (1931) classified silicosis 1n three stages Later an
authontatne commuttee (Pancoast ef af, [935) modified the South Afncan
system so that 1t would cover the radiological appearances of silicosis as it
devclops in a vanety of industries They used three groups covering nine stages
of the disease

The U5 Public Health Serviee (1935) used another classification in which
the radiologicat changes were divided 1nto four phases

French

The I rench abandoned the three stape ct. of the 1930 I
Conference 1n favour of a system, introduced by I ch and Hanaut (1944) more
generally spplicable to most forms of This system

with mnor modifications, was 1n general use n France untd the new Anglo-
Ireech system (Cochrane, Davies and Fletcher, 1951) was agreed  This s
essentially the same as the International Classification {1950)

Brish

The Intemational Classification of 1930 was modified by Suthertand and
Bryson (1929} and used ofhicially by the Medical Board for parpases of compen-
sauon When, however, Hart and Aslett (1942) did theie sunvey in the mines of
South Wales they found cortun differences from the Neray changes desenbed
for chissical silicosts They developed their own classification in which a fim
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TABLE
Radiological classifications
International Bntish
1L O 1950 German| French
Anglo-German- |P R U | Hart and Aslett | Silicosis | (Swiss) | (Belgian)
French 1951-2% | 1948 1942 Boards
pre-1943
[¢} o 0 N
x) ()
Normal F
2 1 1 O-1 Images
S lineares
g
g
g (3] M
g 2 2 Micro
S ™ dulaire
a Reticulation 1 nodufau
D ® 3 N
E %‘ 3 (M) Nodulare
%% N) 4 Nodulation Sthicosis
I
—~ T
R A A ——] Condensa-
= Coalescent 1l tion
& nodulation 5
2 and multiple = Stlicosis
2 B B Juffy ]
S shadows 5
s
§ - $
H
= C Pseudo-
K.“ ¢ Massne m tumorale
& I shadows Stheosis
g _-"? i3
HECE
=0
— we —a ATeofor ithn thy of simple preumo
- . I wer= wmlued from the PR U

. . o be of no practical
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1

of pneumoconiosis
Amencan South African International
(Miners Phthisis 1LO
Pancoast and US Public Medical Bureau) 1930
Pendergrass Health Service
1935
Lincar phase Simple and infective
First stage ist and 2nd dcg_ec ; l.l.cnllhy fung
lung markings linear stniation
Granular phase 3 Marked increased
15t degree linear stnation
2nd degree
4 General arbonsation
Second stage Modular phase | e mmm
Istup to | mm 5
2nd over | mm 6 | Increased size of Stlicosis 1
Silicosis 1 and 1§} 7 motthng Symptoms
according to 8 shight or absent
symptoms
Silicosis It
Defimte
—————— impawment
Coalescent nodules of function
and conglomerate
shadons Stlicosts
Thurd stage == Silicosis I and 111 with b e — —
according to tuberculosis
symptoms Silicosis 1T
Marked
impatrment
of function
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radiograph  They concluded that m these men the total capacity of the lung
was reduced, due to a smail vital capacity, m contrast to cases of emphysema
who had a normal total volume The residual volume, expressed as a percentage
of the total lung volume, was increased 1 two cases but these wers also the
oldest subjects

Hurtado ef al (1935) extended their series to 58 cases of pulmonary fibrosts,
all but 4 having an industnal history of exposure to siliceous dust The subjects
were divided 1o si< groups on the appearance of the radiograph, and the
authors concluded “a definite correlation eusts between the average observed
values for the putmonary capacity of the various groups and the nature and
extent of the pulmonary lesion seen 1n the roentgenographic film™ *

Other mvestigations n this same series showed an increased ratio for “area
of the chest on inspiration to that on expiration” m all groups except the first,
a nearly normal y dead space it from the Bohr formulae
ustng carbon dioxide and oxygen, and a good relation between restdual air as
a percentage of total lung volume and the chnical assessment of dyspnoea from
the climeal hustory The posaible influence of age on the results 1s not commented
kil

pon
These results bring out a porat often overlooked when considering the signift
cance of a raised residual volume as a percentage of total lung volume, namely
that this can anse either from a reduced total lung volume or an absolute
merease of residual volume
Kaltrerder and McCann (1937) used a bicycle ergometer to study the effect
of vanious grades of exercise on on the for
oxygen and on the arterial blood oxygen 1n {1 cases of p
fibrosis of indostrial ongin They estimated the ‘pulmonary reserve” both as
total ventilation/vital capaaity and as (minute ventilation/maximum minute
ventilation) X 100 The maximum minute ventilation for the second ratio was
obtained under maximal exercise conditions and presumably was less than the
maximum breathing capacity The second ratio was the better 1ndex of dyspnoea
The oxygen saturation of artersal blood rose during exercise 1h @ majority of
cases Swmce this study was limited to 11 subjects, 1t was not possible to relate
31 ~elantanary o the ventilation indices
udy of 2711 anthracite workers used
yrker was subject to a umform test 10
which one foot was placed on a chair and the body raised to an erect position
25 times 1n 30 seconds” Their results showed a defimte relation between
dyspnoea and the stage of sihicosis The exercise was no’t_ frandardnzcd for

weight and the results depended on a subj o P Itssof
nterest that they observed a marked rmpairment of daphragm movement in

licosts
* Enzer and Becker (1938) used the effect of a decreased concentration

Seevers,
. =« tha incirte as a test of cardiopulmonary funcllo'l:l m 139 mcn
i three

art
on

¢ an o dertaiGhen reviewng thisand previous ?ap'elféi):‘ :‘:’5 fo'gi
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dioude content as indices They did not find a close relation between the test
tesults and the degree of 1 ab lity, and they tuded that
anoxaema was not the cause of dyspnoea in pulmonary fibrosis They were
impressed by the importance of age, since 1n all groups of fibrosis the circulatory
response was poorest 1n the oldest subjects

In the reports of the third and fourth Symposia on Siicosis at Saranac
Laboratory, McCann (1937, 1939) stressed the mterrelation of cardrovascular
and pulmonary fulure He reported that the presence of cardiac faiture an

. N - .
andhe d that this rmight b n meners withanth
sihicosts because they Ined longer than men wath silicoss, many of whom
developed tubercutosis and so died young He concluded {rom a small senes
of 16 cases of advanced fibrosis, that night avus deviation high residual ar
percentage of total Jung volume and desaturation of the blood at rest, tended
10 occur together, and that right heart strain appeared subsequent to a nise 1n
the percentage of residual atr of the pul y time
1Al e PO e e et e wopet PRI

“ . - . '
<apacity, was the cause of the dyspnoea
During the discussion of his paper at the fourth Symposium on Silicosis,
McCann said * he did not know whether there was any physiological reason
for dyspnoea n uncomplicated cases of siicosis’ and also that he thought
cases of dyspnoea without evidence of radiological change must be due to
causes outside the lung It 1s thus quite clear that there were many gaps 1n the
knowledge of the of p y function to rad: stage 1
pneumoconiosts at the beginning of the war in 1939
Wright (1942) reported a very careful companson of 48 cases of silicosts and
21 control subsects The controls were selected from miners and surface workers
without radiological evidence of discase and were of the same age as the men
with siicosis {mean age 46) None of the subjects complained of dyspnoea
The miners with sihcosis were divided mto five radiological categones No
ifference was found between thenormal andabnormal groups in- vital capacaty,
md-capacity (see Table S, p 35). residual air pereentage of total lung volume,
or in the pereentage of nitrogen in the alveolar sample after breathing oxygen
for 7 minutes, or 1n the oxygen consumption or the ventilation for a standard
amount of work daning & strenuous exercise test In the matvimum breathing
capacity a difference was observed the ventilatory capactty 1n the group with
silicous but wihout conglomerate shadows was shghtly reduced but not
suffictently to prevent them working Later Wrght (1946) affirmed his belef
* that simp'e dieerete nodular silicosis 1s with race exceptions entirely eommtihle
with a working capacity adequate to allow full employment™ He emphasized
the wide variation shown by normal subjects and commented that “even men
with a conglomerate silicosts often have a useful working capacity and benefit
mentally and phyucally by continted employment™ However, he stated (1949)
that radiographs were of some use for assessing fung function, “because if the
h d damage are abeent one must accept
with cavtion the claimant’s hustory that he has severe respiratory disabdity
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radiograph They concluded that 1n these men the total capacity of the lung
was reduced, due to 2 small vital capacity, in contrast to cases of emphysema
who had a normal total volume The residual volume, expressed as a percentage
of the total lung volume, was increased 1n two cases but these were also the
oldest subjects

Hurtado et al (1935) extended their senes to 58 cases of pulmonary fibrosis
all but 4 having an industrial history of exposure to siliceous dust The subjects
were divided mto six groups on the appearance of the radiograph and the
authors concluded “a defimte correlation exists between the average observed
values for the pulmonary capacity of the vanous groups and the nature and
extent of the pulmonary lesion seen m the roentgenographic film™ *

Other investigations 1n this same series showed an increased ratio for “area
of the chest on 1nspration to that on expiratton” 1n all groups except the first,
a nearly normal respiratory dead space, calculated from the Bohr formulae
using carbon dioxide and oxygen, and a good relation between residual air as
a percentage of total lung volume and the chinical assessment of dyspnoea from
the chinical history The possible influence of age on the results 1s not commented
upon

These results bring out a point often overlooked when considering the stgnifi-
cance of a raised residual volume as a percentage of total lung volume, namely
that this can anse either from a reduced total lung volume or an absolute
ncrease of residual volume

Kaltrerder and McCann (1937) used a bicycle ergometer to study the effect
of various grades of exercise on it on the ) for
oxygen and on the arterial blood oxygen saturation 1 11 cases of pulmonary
fibrosis of industnial ongin They estimated the *pulmonary reserve® both as
total ventilation/wital capacity and as (minute ventilation/maximum minute

1 X 100 The minute for the second ratio was
obtained under maximal exercise condstions and presumably was less than the
maximum breathing capacity The second ratio was the better index of dyspnoea
The oxygen saturation of arterial blood rose during exercise in a majonty of
cases Since this study was himted to 11 subjects, 1t was not possible to relate
the radiological category to the ventilation indices

Bloomfield and others (1936) 1n their study of 2711 anthracite workers used
a ‘chimeal exercise test 1n which “each worker was subject to a uniform test 1n
which one foot was placed on a chair and the body raised to an erect position
25 times 11 30 seconds™ Their results showed a definite relation between
dyspnoea and the stage of sihcosis The exercise was not standardized for
weight and the results d ded on a suby of dysp Itssof
1nterest that they abserved a marked impairment of diaphragm movement in

sicows

Seevers, Enzer and Becker (1938) used the effect of a decreased concentration
of oxygen 1n the inspirate as a test of cardiopulmonary function 1n 139 men,
both normal and with various stages of pneumocomosis classified into three
groups of mcreasing radrological abnormality They used the change 1n heart

rate, blood pressure, minute volume and venous blood oxygen and -carbon

* Baldwin Cournand and Richards (19492) 1n reviewing this and previous papers by the same
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dioxide content as indices They did not find 2 close relation between the test
results and the degree of radiol hity, and they 1 tl
anovaemia was not the cause of dyspnoea wn pulmonary fibrosis They were
1mpressed by the importance of age, since in all groups of fibrosis the circulatory
response was poorest 1n the oldest subjects

In the reports of the third and fourth Symposia on Silicosis at Saranac
Laboratory, McCann (1937, 1939) stressed the nterrelation of cardiovascular
and pulmonary fatlure He reported that the presence of cardiac farlure 1

andhe dthatth d mmght be 1n ouners with anth

silicosis because they hved longer than men with siicosis, many of whom
developed tuberculosts and so died young He concluded, from a small senes
of 16 cases of advanced fibrosts, that right axis deviation, high restdual air
percentage of total lung volume and desaturation of the blood at rest, tended

venous pressure was raised, thus supporting the previous observation by Miller
(1936) Conversely, Charr and Riddle (1937) claimed there was a reduction 1n
time n and that this, and not the reduced vital
capacity, was the cause of the dyspnoea
Duning the discussion of his paper at the fourth Symposium on Silicosts,
McCann said “he did not know whether there was any physiological reason
for dyspnoea in uncomplicated cases of sticosts’ and also that he thought
cases of dyspnoea without evidence of radiological change must be due to
muses outside the lung It 15 thus quite clear that there were many gaps 1n the
of the of y function to rad stage m
pneumoconiosis at the beginning of the war 1n 1939
Wright (1942) reported a very careful companson of 48 cases of silicosis and
21 control subjects The controls were selected from muners and surface workers
without radiological evidence of disease and were of the same age as the men
with sthcosts (mean age 46) None of the subjects complained of dyspnoea
The mners with silicosts were divided mto five radiological categones No
dufference was found between thenormal and abnormal groupsin  vital capacity,
mud-capactty (sce Table 5, p 33), residual arr percentage of total lung volume,
or 1n the percentage of rutrogen 1n the alveolar sample after breathing oxygen
for 7 mmutes, or 1 the oxygen consumption or the ventilation for a standard
amount of work dartng a strenuous exercise test In the maximum breathing
capacity a difference was observed the ventilatory capaaty in the group with
sthcosis but without conglomerate shadows was shghtly reduced but not
suﬂicxcmly to prevent them working Later Wright (1946) affirmed fus behef
“ that simple discrete nodular silicosis 1s with rare exceptions enticely compatihle
with a working capacity adequate to allow full employment” He cmphasxzed
the wide vanation shown by normal subjects and commented that “even men
with a conglomerate silicosis often have a useful working capacity and benefit
mentaily and by However, he stated (1949)
that radiographs were of some use for assessing lung function, “because 1f the
of damage are absent one must accept
with caution the clarmant’s hustory that he has severe respiratory disabthty
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radiograph. They concludad that i thase men the tora) 3

was reduced, dus 10 a2 small vital capaety, 12 contrast [ cxzag :rgyl):;[e“mni
Who had a normal 1012) volume, The residnal volume, expressed as a percentsge
of the total lung volure, was ereased 1 two exes but these were alo the
oldest subjects,

Hurtzdo ez o] (1935) extended therr serses 10 5§ casss of pulmonary fibross
all but 4 havins 2n industnal histons of exposure to siliceous dust The subjects
were dmnided mfo SIX groups on the appearance of the radiograph, and the
authors concluded * a definite correlation &xsts between the Mverage obsenved
values for the pulmonan capaaity of the varous sroups and the nature and
extent of the pulmonzry lasion seen i the roentgenoraphre fim™ *

Other myti2At107s  thys same senes showed an 1ncreased ratio for * 2rea
of the chest on wspiraton o that on expuration™ 1n all groups except the first,
a nearh normal v dead space, calculated from the Bohr formulse
uang carbon dioude and O¥vern, and 2 good relation between restdual air as
2 pereeitace of tofal lung volume and the chmeal assessment of dyspnoea from
the chmcal bustors The possiblz influsnce of age 0n the resnlts 15 not commented
upon
These results bring out 2 port often overlooked when considenng the siemft
carce of a rud residual volume as a percentaze of total Jung volume, namely
that thys can an< ather from a reduced tofal Jung solume or an absolute

sncrease of rewdual volume.
Kalrerder and \MeCann (1937) used a bicyele ergometer to study the effect
of vanous grades of exerase on ventl on the quivalent for
an 11 cases of p

oxveen and on the antenal bload ogren ¥
fibrosts of wndustnial ongin They estimated the “pulmonary resene’ both as
totat ventilanonwital capacity and as (munute ventlation/mauimum munute
ventfation) \ 100, The maximum munute ventlanon for the second rabo was

obtatned under maumal exerense conditons and presumably was less than the
bl ) Ll ae Jdawafd wnanen
.

ed 1o J4n eleul pusiuvll
one foot was placed on a chawr and the body rats

?‘\s ‘;.l}:ﬂt\ m 30 tfcé‘nds“ Their results <howed a defimte relabon bem;en
(-i;*pncc:\ and the stage of siicowis The exercise was ‘not ‘smndardnzle:!“ z;
weight and the results dependad ona bject s Le.r o
Interest that they obszrved a marked smp P

s\l\gco&s‘i:& Enzer and Becker (1935) used the effect of a decreased conc;;;v?‘\;;n

of‘ox\ttn i the wspirate s a test of c?rdnopulmor‘\\:‘\g \:T“;:;?g c:inmto lhrﬂ;
Y LBMOCO!

both normal and with Sotone s'mg“ . p'r: They used the change 1n heart

rﬂrl‘;“plilz({«; p,mssuw:.l munate volume and venous blood-oxygen and carbon

dmyde t 41010 Vin reviewing this and previous papers by the 3333
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dioxide content as mdices They did not find a close relation between the test
results and the degree of radiol y, and they ) that
anoxaema was not the cause of dysproea in pulmonary fibrosts They were
1mpressed by the importance of age, since 1n all groups of fibrosis the cuculatory
response was poorest i the oldest subjects

In the reports of the third and fourth Symposia on Silicosts 2t Saranac
Laboratory, McCann {1937, 1939) stressed the interrelation of cardiovascular
and pulmonary faure He reported that the presence of cardac failure in
pulmonary fibrosis led to .
test and an increase i the .
diagnosis of cor pulmona
and he d that thzs cond might be 1n muners with anthraco
slicosss because they hived longer than men with sihcosss, many of whom
developed tuberculosis and so died young He concluded, from a small series
of 16 cases of advanced fibrosis, that nght aus deviatron, high residual air
percentage of total lung volume and desaturation of the blood at rest, tended
to occur together, and that right heart stramn appeared subsequent to a nise 1n
the of residual arr of the p Ty L time
did not show any striking deviation from normal 1n cases of silicosts unless the
venous pressure was raised, thus supporting the previous observation by Miller
(1936) Conversely, Charr and Riddle (1937) claimed there was a reduction 1n
circplation time 1n anthracosilicosis and that this, and not the reduced vital
capacity, was the cause of the dyspnoea

Duning the discussion of huis paper at the fourth Symposium on Silicosts,
McCann said “he did not know whether there was any physiological reason
for dyspnoea m uncomplicated cases of silicosis”, and 2lso that he thought
cases of dyspnoea without evidence of radiological change must be due to
causes outside the lung It 1s thus quite clear that there were many gaps n the

ge of the rel of 'y functon to radiological stage m

preumoconosts at the begimning of the war 1 1939

Wright (1942) reported a very careful comparison of 48 cases of silicosis and
21 control subjects The controls were selected from miners and surface workers
wathout radiological evidence of disease and were of the same age as the men
with silicosis (mean age 46) None of the subjects complamed of dyspnoea
The muners wglh silicosts were ::hvlded wto, five radiological categories No

nfn d -

P —

N .
1 .

amount of work duning a strenuous exercise test In the maxumum breathing
capacity a dufference was observed the ventilatory capacity in the group with
silicosts but without mnglomemlc shndows was slightly reduced but not

with a conglomerate sihcosis often have useful working capacity and benefit
mentally and by However, he stated (1949)
that radiographs were of some use for assessing lung function, “because if the
of damage are absent one must accept
with caution the claimant’s Rustory that he has severe respiratory disability
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radiograph They concluded that in these men the total capacity of the lung
was reduced, due to a small vital capacity, m contrast to cases of emphysema
who had a normgl total volume The residuat volume, e<pressed as a percentage
of the total lung volume, was increased 1 two cases but these were also the
oldest subjects

Hurtado et al (1935) extended thesr series to 58 cases of pulmonary fibross.
all but 4 having an industnal history of exposure to siliceous dust The subjects
were divided 1nto six groups on the appearance of the radiograph, and the
authors concluded “a defimite correlation exists between the average observed
values for the pulmonary capacity of the various groups and the pature and
extent of the pulmonary lesion seen tn the roentgenographuc fitm” *

Other investigations 1n this same series showed an increased ratio for “area
of the chest on inspiration to that on expiration™ 1n all groups except the first,
a pearly normal respiratory dead space, calculated from the Bohr formulae
using carbon dioxide and oxygen, and a good relation between residual air as
a percentage of tota) Inng volume and the climcal assessment of dyspnoea from
the clinucal history The possible influence of age on the results 1s not commented
upon
These results bring out a pont often overlooked when considering the sigafi-
cance of a raised residual volume as a percentage of total lung volume, namely
that this can arise esther from a reduced total lung volume or an absolute

1ncrease of residual volume
- T ' - eter to study the effect

‘ntilation equivalent for

11 cases of pulmonary

10nary reserve’ both as

total ventlation/vital capacity and as (munute Venitlatton/maximum mnute

venttlation) X 100 The maxtmum mnute ventilation for the second ratio was

obtained under maximal exercise condinons and presumably was Jess Yhan the

maximum breathing capacity The second ratio was the better index of dysprnoea

The oxygen saturanion of artenal blood rose durng exercise 1n 2 majonty of

cases Since thig study was imited to 11 subjects, 1t was not possible to relate
the radiological category to the ventilation indices

Rloomficld and others (1936) wn their study of 2711 anthracste workers vsed

wesght and the results depended on a Of dYSPIIVEd 1u1s wr
interest that they observed a marked f h tn

siicosis
Seevers, Enzer and Becker (1938) used the effect of a decreased concentration

of oxygen 1n the wsprate as a test of cardiopulmonary function m 139 men,
both narmal and with vanous stages of pneumocomosis classified into three
groups of increasing radwlogical abnormality They used the change 1n heart
rate blood pressure, mmnute volume and venous blood-oxygen and -carbon

4T 11 L Fa emand and Richards (19492) in reviewing this and previous papers by the same
. . a strikingly poot

- of the chinical and

-t . “pretation of what
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1n the studues of ventilation the only group to show stnking changes in the
restng values were those men with severe dyspnoea in the third stage in which
the respiratory rate was faised and the tidal volume reduced There was no
of the for oxygen, even 1n the worst cases
Polycythaemea was not present and the resting oxygen saturation was above
90 per cent 1n all subjects, with a mean saturation of 94 per cent even 1n stage 11T
‘Bruce’s monograph contains a full review of the literature and the results are
cnticatly analysed It 1s the fullest account so far published of the relation of
radiologcal disease stage to lung function In the statistical treatment the groups
are related 1n paurs, a method which does not take into account the additional
information that mn nearly all test results there 1s a umform trend from the first
to the thurd stage of silicosts, thus the relation between radiological stage and

conclustons

Germany

Tamman and Bruns (1923), using a hydrogen dilution method, measured the
total lung volume 1n a group of 30 mmers working 10 & potassium mine at a
depth of 808 metres Estimates were made before, during and after workng,
and also after gomng down and up agan without working There was an increase
of residual air and functional residual air which was attrbuted to the effect of
pressure, but the authors do not appear to have completely elimnated the
possible effects of exercise and an increase of bronchial spasm due to the mine
atmosphere The paper was ahead of its ime 1 emphasizing the effect of age
on residual air percentage of total lung volume, the value of which was highest
1n the older group, some of whom had bronchitis The authors comment that,
although some subjects had an increased residual air percentage of total lung
volume, they had not got chinical emphysema

Bohme (1938, 1939) estimated the exercise ventilation m young normal men
and found that 1t increased with age In 12 subjects with silicosis, who were
selected partly on account of their ability to give reproducible results, 1t was
observed that the respiratory rate was over 22 at rest and that 1t increased
0 a greaterextent onexercise thanitdid 1 normal subjects, their ventilation after
exercise also continued at a raised level for a longer period Some subjects
had a 50 per cent reduction of maximum breathing capacity Whereas 1n young
normal subjects the maximum breathing capacity increased with increasing
breathing rate, this was not so 1n the older subjects or those with sihcosis The
author also pointed out the functional inefficiency of very high rates of breathing
Ecc:msr: the assoctated small tidal volume becomes nearly the same size as the

anrd amn amd b e ma 41 a1 .

4 cases of stheosis to sllustrate therr methods They used both spirometric
examinattons and graded exercise tests oa a bicycle ergometer I sihcosis they
found 2 reduced maxumum breathing capacity (accompanied by a nse of the
expuratory Jevel on the spirogram) and an increased ventilation on hight exercise,
disturbances which were thought to 1ndicate a mechanical derangement of
function with httle disturbance of gas exchange There was no increased oxygen
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Pelnar (1949) proposed a new test of pulmonary fi
unction which
?ve{commg errors caused by hyperventil , the‘y Jator o ;‘umtdr::rl
4 a4 ATt P '

PPN N R UV

These results from the United States added greatly to our knowledge of
methods for ivestigating lung function, but the exact nature of the disabifity
in pneumocomosis and its relanon to the radiological stage of the disease 15
not clear from them

Scandinavia

Posstbly because there are no large mining commumnties 1n Scandinavia the
study of lung funciton In pneumoconiosis started later there than m other
countnes 1t Europe or 1n the Umted States

Roelsen and Bay (1940) could find only one previous reference in the
Scandinavian Iiterature—that of Stub Christiansen 1n Denmark, who found
that the vital capaeity was generally reduced 10 sithcosis but not to a marked

o

[ Y

tion There was agreement between the clinical, roentgenologial prluies duu
the physiological results 1n two thirds of the cases, but there were some notable
discrepancies

Roelsen and Eskildsen (1941) extended the tests to include the effects of
exercise Most of the advanced cases showed a marked increase of veatilation,
thetr ‘oxygen debt’ was increased, and many were unable to complete the test

Bruce (1942), 1n a monograph covermg many aspects of silicosis 1n Sweden,
ncluded the results of p || He d a total of 173
cases composed of men referred to hospital and others whose silicosis was
detected 1 a radiological survey of an industrtal population Each of the
three stages of silicosis was subdivided for the purpose of analysis into men
with three grades of dyspnoea (1) with no symptoms, (2) capable of work but
short of breath, (3) incapable of work on account of shortness of breath
Only n the thied radiological stage was each grade of disability adequately
Tepresented

Height and weight, chest expansion, and heart volume esumated radio-
graphrcally, were not appreciably different 1n the three stages The average total
lung volume decreased umiformly with disease stage and also, within each stage,
with the grade of dyspnoea This reduction was prncipally due to a fall
enmnlementary air The values for residual air percentage wete Jower than those

constant, whereas a rapidly advancing lesion redueed tiv vitas vupuving w w
the residual ar
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In 1947, Rosuer, Bucher and Wiesinger reviewed ther observations on
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uptake on breathing oxygen 1 place of arr, that 1s to say, there was no oxygen
debt at rest,

Gaubatz (1940) applied a combination of tests to 12 cases coming for com-
pensation assessraent for silicosis Hxs cases wcre d1v1dcd mm three gmups.
but these were too small for refa* -~
were chosen as representative of
The tests consisted of spirometrs
seventy on an ergometer In addition to oxygen consumption, the b\ood
pressure, pul te and a electr were recorded The
results 1n general supported the conclusions of Bohme, and of Rothkopf and
Lanxwesler, that the maim lesion 1n silicosis 15 a reduction 1n the ventatory
capacity

Zorn (1940) investigated lung and circulatory function in muners, using the
usual German techmques of spirometry and ergometry at a series of increasing
work-levels He agreed with the views of Reichmann that function 1s not closely
related to radiological appearance His 106 cases of silicosis were divided into
three groups corresponding with the 1930 International Classification (see
Table 1, pp 10, 11) In the first group, the maxumum b‘reathmg _cnpacny a‘nd

was limited to about 200 watts on the bicycle ergometer, but the author com-
ments that as miners do not have to mamtain such high levels of actrvity as this
at work they may still be able to do their job although their maximum 1s below
normal Men were thought to be seriously 1ncapacitated 1f the artenal oxygen
saturatron decreased after 3 muinutes® exercise at 150 watts In the third group,
which was divided 1nto those with apical, muddle and lower zone masstve
shadows, all had a severe hmitation of exerctse capacity There was a tendency
for disability to be greater, the lower the position of the massive shadows The
wmpertance of emphysema 1 the severe cases and the complicating effects of
cardiac nsufficiency were emphasized

Later, Zorn {1950), studying a group of 159 cases, found no sigmificant
ncrease of resting munute volume 1 any grade of sticosis nor a change in
ventilation equivalent for oxygen, and he was thus unable to confirm the
findings of Bohme, and of Rossier 1n Switzerland He found a marked change
of maximum breathmng capacity with disease stage Inhalation of adrenaline
produced only a small rise of vital capacity and maximum breathing capacity
The author concluded that 11 Ruhr muners ‘spastic bronchitis” 1s not very
common and that the red f h capacity 1n severe
sthicosis 18 not principally due to spasm

Switzerland
N N [P - . O RS

were compared with those without A group selected m this way 1s not well
suited to reveal the relationship of radiographic disease stage to function, so
that the findings have to be interpreted with caution These authors observed a
reduction of vital capacity but a more marked reduction of maximum breathing

* International Classiication (1930), Table 1, pp 10 H
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niterature dealing with simple methods of testing lung function and therr inter-
pretation i cases of silicosis Gautier (1945),_lezle_r_ (19:5_7), Malmx:q and

general the methods of selection of subjects means that the results are unsunable
for relating the degree of disability and radiological change

QOther Countries

In Czechoslovakia an account of a symposium on lung function 1n stlicosis
has been published* Vokac (1950) used a group of normal subjects without
a history of dust exposure as controls, but also mcluded a group of muners
without radiological evidence of silicosis There was a statistically sigmificant
reduction of maximum breathing capacity but not of wital capacity 1n the
group of miners without evidence of silcosis compared with the normal controls,
but there was 1o statishically sigmficant dafference between muners with simple
silicosist and rmners without radlologlcal evidence of dlsease Mm:rs with
complicated silicosis showed a
breathing capacity and vital capacity compared with the other groups of meners
The effect of age was well controlled This paper brings out the difficulty of
relating radiological disease stage to disability whcn compensation 1s at stake,
and the authors 1] that the h capacity 1s not a
suitable test

Kadlee and Vyskoc:l (1950), apprectating the difficulties of getting good

3 capacity 1n
oas:s mv:sngated the charactenstics of a seres of smglc fast expiratrons nto
a low An emp: 1 formula, which was a

graphic evidence, nto four groups gmup 1 had some :vndcnce of pneumo-
comosts but less than group 2 had

group 3 had ‘ordinary’ sstheosis and group 4 had sxlxco—lubcrculosxs The average
ventilation 1ndex fell as disease stage increased, and there were statisucally
sigmificant differences between the normals and group 1, and also between
groups 2 and 3, and groups 3 and 4 The scatter about the mean for this test
was less 1n each group than for the maximum breathing capacity which did
not show significant differences between the groups

These authors also mvcsug;\led a group or 97 cemcnt workers These were
dippAad = sbonn —o =

on -

bet - -

single fast expiration 15 a useful alternative to the maximum breathing capacity
a3 2 means of measunng ventifatory capacity, ot 1s easy to perform and has
good power of discrimination The tests on cement workers do not prove that
resplramry disabifity 1s produced by cement dust, but indicate the need for

n a dusty which has been shown to produce
no gross radiological abnormality

* Sce under Vokac (1950) We are grateful 10 Dr W Grosz for translating these papers
1 The classification used was derived from the PR U system
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abnormal from the results of this test, but the author ponts out that even a
normal test response does not prove that the individual will not be unduly
dyspnoerc on exercise

France and Belgium
Roche and Thivollet (1949) reported the results of a detuled mvestigation
~on | M) P P

o
and chest expansion showed no marked differences between men in the early
stages, whereasn the third stage about half the subjects were definitely abnormat
The vital capacity and the maximum breathing capacity were reduced pro-
gressively with increasing seventy of disease
The volume of gas expelled 1n one second was recorded by a spirometer,
and their results support the observations by Tiffeneau, Bousser and Drutel
(1949) Kennedy (1950), Kadlec and Vyskoctl (1950} and Gaensler (1951)
that this test may be a useful and easy way of measurng a ventilatory function
closely related to the maximum breathing capacity Other tests used were
1 when lated by carben dioude dunmg a period
of ret h: mto a sp the T and a method of
measuring the ‘work of the Iung’ The last test appears to be considerably
dependent on the type of used for the
Ruyssen (1951) gave the results on 140 subjects exaruned for dragnosts and
assessment of compensatron Vital capacity and the maximum breathing
capacity were calculated from a single forced exprration by the method suggested
bv Tiffeneau and others (1949) A tablem the paper showed the age mjmlogma!

Gulllel (1¥21), lu e v vp wp B
silicosts cases, gave the results on 118 coalminers, some of whom were examined

= haenant The subjects were divided
cording to the 1930 Inter-

mm ate than tha Bal

'
maximum breathing capacity was measured both directly with a spirometer

and also calculated by the Tiffeneau method, which gave values systematically
greater than the direct method, this difference was thought to result from
PR

‘breathing capacity
Lavenne and Belayew {1953) studted 250 working muners, mcluding 32 with

complicated preumocomosis, but found no relation between the maximum
breathing capacity or vital capacity and the radiological severty of the disease
This unusual result they ascribed to the effects of selection, the more disabled
muners having left the mines

In addition to these detailed results which have been used to refate tests to
radiologtcal appearance, there have been a number of reviews 1n the French
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supply right all be desturbed There 15 no precise agreement about the nature of
the functional disturbance in the lungs 1n pneumoconiosis B
. .ot _— =L T Al T ea-

values all showed the same downward trend In the thurd stage there 1s a marked
reduction of vital capacity with the residual volume either normal or shghtly
increased so that the residual awr percentage of total lung volume 1s raised
Ths value has been used as a measure of the degree of emphysema tn pneumo-
comosts without regard to whether it was caused by a reduction of the vital
capacity and a normal absolute residual air, or to an absolute increase of residual
air The effect of age on this ratio, first emphasized by Tamman and Bruns

(1923}, has often been forgotten
The most stnking change found 1a has been red of
maxmum ventdatory capacity The measutement of this function by the
voluntary maximum breathing capacity test has shown a bigger reduction with
ncreasing disease than any other single test The maximum breathing capacity
increases after adrenaline 1n all stages of discase suggesting that at least part
of the reduction results from bronchtal spasm Several observers have fourd this
test unsurtable when compensation 1ssues were at stake, 1n these circumstances
a promusing alternative index seems to be the maximum volume of a1t which can
be expelled 1n the first 0 75-1 0 second durnng an estimation of the vital capacity
There 13 disagreement on whether the resting ventilatson 1s increased or not,
but there 1s a preponderance of evidence 1n favour of an increase of respiratory
rate at rest mn the later stages of the disease Many observers have stressed the
usefulness of exercise tests to uncover deficiencies not apparent at rest In
Europe, the exercise has usually been on a bicycle ergometer, and the work
level tncreased by stages until the subject could do no more The 1ndices of
are then the load achieved and the ventilatron or

test In America 2 stepping test has often been used with submaximal foads,
and has not been standardized for weight so that the work done depends partly
on the build of the subject The exercise ventilation (but not always at a ‘steady
state ) 15 expressed as a ratio of the maximum breathing capacity to give an
ndex of dyspnoea However, an 1ndex of this type has not been related to the
stage of pneumocomosis 1n any large group of subjects

There 1s universal zgreement that artenal otygen saturation at rest 15 not
altered 1n the first two stages but 1s reduced below 90 per cent n the third
Polycythaemua is rare On cxercise there 1s a lowering of oxygen saturation
some cases and a nse in others The change has not been closely
studied 1n relation to radiological appearances In German reports it is
usually assumed that the hmt of exercise tolerance 1s set by the oxygen debt ,

* Internationat Class fication {1930)
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exercise assessment, and David (1950) estimated the oxygen saturation of
arterialized ear capillary blood by the Roughton Schotander micro method
Pelnar (1950) described his method (p 18) for the simultaneous estimation of
venhlation equivalents for oxygen and carbon dioxide, and cancluded the best
measure of pulmonary function by this method was obtamed by addmg the
sum of the resting and q duning the recovery
period were very variable

In Russia, vital capacity measurements on a group of 431 cases of silicosts and
on 96 normal control cases were made by Evgenova (1948) The average wital
capacity decreased with increasing silicosis, though those m the first stage had
a higher average capacity than the normal men The authors attributed this
increase to the early devel of 'y emp m the first stage
though the difference of the means was clearly not significant Exercise tests
were also used but only respiratory rate and pulse rateé were recorded

In Italy, Caccunt and D1 Lauro (1949) examuned a small group of 12 cases of
silicoss by spirometry The effects of raising the oxygen concentration to 50 per
cent and reducing 1t to the lowest tolerable linut were investigated, the results

subjects were examned

Parmeggiant (19503, b) examined 2 group of 424 patients with sihicosis attend
1ng a hospital chme He reported a decrease of the average vital capacity with
ncreastag sthicosts, but considered 1t better related to the degree of emphysema
than the fibrosis, though he does not state how the emphysema was measured

Conclusions
One of the most striking features of previous work companng lung function
with radiological appearance 1s the lack of balance between the care with which
. . — . 2a eda g Fan PR

ncluded 1rrespective of size It 13 probably no accident that McCann et af
(1934), who divided their radiographs into six groups, have reported a closer
relationship between function and the radiograph than the majonty of workers,
and that Motley et al (1949) found no relationship when studying a group in
which two thirds of the cases were in the last group Ruyssen (1951) and Guitlet
(1951) on the other hand used the classification of Eck and Hanaut but found
that the number of possible groups was too large to allow satisfactory analysis
It seems reasonable to conclude that one cause of the failure to relate function
to radiographic appearance may have been the lack of interest among physiolo-
gists m applymng to the reading of the radiographs the same standards they
required before P the results of fi 1 tests

The tests of function have vanied from the simple exercise test used by Hart
and Aslett (1942) to the complex indirect methods of measunng ventidation
perfusion ratios used by Rossier, Bucher and Wiesmger (1947) and Motley,
Gordon, Lang and Theodos (1950) As Lang (1947) noted, mcreasing the com
plexity of the tests has not mn general smproved the relationship between the
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Other papers wera « 1an at sho cnmn
function for comp
with measurement
exercuse assessment, and David (1950) cstlma(ed the ouygen sa!uratlon ol’
arterialized ear capxllary blood by the R
Pelnar (1950) described lus method (p 18) for the simultaneous estimation or
ventilation equivalents for oxygen and carbon dioxide, and concluded the best
measure of pulmonary function by this method was obtamed by adding the
sum of the resting and maximum equivalents, eqmvalents duning the recovery
period were very vanable

In Russia, vital capacity measurements on a group of 431 cases of silicosis and.
on 96 normal control cases were made by Evgenova (1948) The average wital
capacity decreased with increasing sihcosis though those m the first stage had
a higher average capacity than the normal men 'rhe authors attributed this
ncrease to the early 1 of 1n the first stage,
though the difference of the means was clearly not sxgmﬁcant Exercise tests
were also used but only respiratory rate and pulse rate were recorded

In Italy, Caccuni and D1 Lauro (1949) exammed a small group of 12 cases of

' Pral Y £ P .

eno -

subjects were examined
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than the fibrosts, though he does not state how the emphysema was measured

Conclustons

One of the most striking features of previous work companng lung function
with radtological appearance 1s the lack of balance between the care with which
the phystological measurements were made and the lack of precision 1n describ-
g the radiographs In the majonty of papers the radiographs were divided
1nto three groups, and m the last group ail cases with massive shadows were
1ncluded irrespective of size It 1s probably no accident that McCann ez af
(1934), who divided therr radiographs 1nto six groups, have reported a closer
relationship between function and the radiograph than the majonty of workers,
and that Motley et al (1949) found no relationship when studying a group m
which two thurds of the cases were 1n the last group Ruyssen (1951) and Guillet
(1951) on the other hand used the classification of Eck and Hanaut but found
that the number of possible groups was too large to allow satisfactory analysis
It seems reasonable to conclude thal one causc of lhc faxlure to relate funcuon
-

¥

The tests of function have varied from the simple exercise test used by Hart
and Aslett (1942) to the complex indirect methods of measuting ventilation
perfusion ratios used by Rossier, Bucher and Wiesinger (1947) and Motley,
Gordon, Lang and Theodos (1950) As Lang (1947) noted, increasing the com-
plexity of the tests has not 1n general improved the r:lanonsh:p between the
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carry out and has 2 small mndom ermr, 1t must be presumed that there 1s a
of the groups Hart and
Aslett (1942) and Wright (1942) used a group of working miners as their controls.
Kadlec and Vyskoeil (1950) chose a group of men who had never worked in dusty
conditions, and they found a big n the wpncny

= anemeannat s = b bad =~ n dacam
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Iiterature as normal which have often been denved by dnﬂ'erent methods and i

papuhuons from other countnes ples and th of such
H T e eama s

pr -

1« -

advanced stages of disease tend to occur 1n the older subjects. Sansfactury

separation of the possible effects of age and disease has not been acheved 1n

workers have grouped all their cases together irrespective of the process causing
the discase Exceptions are Hart and Aslett (1942) and Motley, Gordon ef af
(1950), who cxammed on]y coalworkcrs, and Craw (1947), who :xnmmcd only

Bnaeant tn—

common 1n stlicosss, leads to a small fung volume without compensatory
emphysema and to a greater disability for a given radiological disease stage
It 1s of pnmary lmpomnce to es\abhsh firmly the refation of function to
md Atns oot * there 1s reason-
»e prevented by
time when the
earliest changes have already appeared in the radnogmph but have not yet
reached the nodular stage, and when the subject still has no disability {Cochrane,
Fletcher, Gilson and Hugh-Jones, 1951) A practical scheme of preventve
medicine based on this use of the radiograph can only be justified if there 15 a
good between pul y function 2nd rad:
disease stage For if at the age of 50 the miner with massive shadows 1s not
appreciably more disabled than the man with the tarliest radiological ch:mges
spearfic af pacumocomass, the use of prniadic X tay examinabons would be of
no avail i eliminating the disability

The review oF tha ttarmt em 0 1040 Lam ctu e 0 0 i -
showed th . . .
to radiolo . - - .
errors are « .

Teport 13 an account of an upenmem destgned to mlale lung function to age
and discase 1n coalminers
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although this has never been proved The other viewpomt 1s that when the
ventifation reaches a tugh proportion of the maximum breathing capacity
(approximately 70 per cent) the ltmit 1s sct by the seventty of dyspnoea whether
or not severe desaturation of the arterial blood has occurred

Impairment of the intrapulmonary gas muang has not been extensively
studied 1n relation to the radiological appearance

It 1s generally agreed that cor pulmonale 1s not produced by the early stages
of the disease When 1t occurs later 1t 1s often difficult to detect by chncal or
even electrocardiographic examunation It 1s thought to be related more closely
to the residual air percentage of total lung volume than to the extent of the

mace va chadaue h + th ¢ bae nat haan =~ ad TL o

or more tests were measuring 50 nearly the same function that the number of
tests could be reduced without appreciably detracting from the usefulness of the
information gamed Only a few tests had been related to the cltnical assessment
of disability for example the breath capacity dysp ndex
and the residual air percentage of total lung volume but others for example
the smpairment of intrapulmonary muxing had been considered of major
functional importance without establishing their relation to the best overall
test of dysfi the man$§ of

P can only be d d from the rad h and the ind: 1
hustory All agree that in the eatly stages many indwviduals have no symptoms
Thus the population of subjects with pneumocontosis ¢can only be defined by

radiological surveys 1n the area under tnvestigation Statements of the relation
of pulmonary function to lhrc diol 1 app are therefore only
- ~ v PR -

There 1s another way 1n which the study of such groups will distort the impres
sions of the nterrelation of radiograph and function Function tests cannot
be made on all the patients who apply for treatment or assessment and 1t 1s those
with a striking d between and rad ph who are most
likely to be fully mvestigated This applies both to men with slight evidence of
P and severe disabtlity and also possibly those with httle disability
but advanced radiographs This factor may have influenced the results of some
of the observations by the French German and Swiss groups but probably
not those of Motley and others who were careful to study all available cases
even though their sclection was already biased towards those with disability by
their use of a hospital population

The assessment of the effect of silicosis or pneurnoconiosis on lung function

implies a definition of normal with which to make the companson Ths 15 far
- - + a LT

different observers on large groups of normal subjects As the test 15 easy to
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TABLE 2
Plan of the experiment showing the number of subjects in different groups studied

No of subjects in the following categortes
Age
group | Normal | Noremal Maners with pneumoconioss
non miners | muners
N NM | Simple 1/2 | Simple 3 | Complicated B | Complicated D

25 10 — —~ — — -

35 10 8 3 8 8 6

45 10 8 3 8 8 3

55 10 8 8 8 ] 8

* Only 6 subjects could be found with very advanced disease 1n fhis age group

‘The normal control group was increased to mclude 10 subjects instead of 8 at
each age 1n order to establish the relation between age and test results 1n normal
subjects more precisely an extra group aged 25 was also added A group of
working mtners who had less radiographic abnormality than category 1 symple
pneumoconiosis was also studied, since prelimmary analysis of the results
showed evidence of an unexpected difference between the men tn the earliest
stage of simple pneumocontosts and the normal control subjects

will be used
Group 1/2 refers to a group consisting of approumately equal numbers of
men belonging to groups 1 and 2
Group 3, refers to the group of 8 men with stmple pneumoconiosis, category
3 of average age 45
Group 3 refers to all 24 subjects 1n this radiological category

The ex2minations and tests which are explatned in detail in the section on
Methods (p 34) were as follows
Climical
Cardiological
Chest X ray
Standard exercise test
Blood oxygen saturation
Maxumum voluntary ventilation
Vital capacity
Adrenaline test
Total lung capacity (closed circwst sprrometry)
Gas muung and transfer (open-crcuit sprrometry)
Movement of diaphragm
Anthropometry

Men were selected 1n advance according to the mlem given bc!ow and then
asked to attend for climical tests and all
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PART II. THE MAIN INVESTIGATION
i. PLAN OF THE EXPERIMENT

A OBIECTIVE

THE main expenment was planned with a double objective, to determine

(1) the nature of the disturbance of lung functron 1 mners with pneumo-
comosts and its relation to age and the radiologrcal seventy of the
disease,

(2) the wterrelation of a group of lung-function tests n order to find what
functions each test measured and the extent to which one overlapped
with another, and thus to determine the most suitable combination of
tests for vanious purposes, especially for the assessment of disabibty
1n men with pneumoconiosis

The experiment was not ntended to discover the extent of disability caused by
Ppreumocomosis among muners 1 South Wales Since preumocontosis can only
be diagnosed by the radiograph, such an object would have required an exact
knowledge of the radiological sevenity and age distribution of all miners and
ex miners 1n South Wales and the sampling from a defined population This
mformation was not available and 1n any case the population was then a
changing one* (Hugh-Jones and Fletcher, 1951)

Qur first objective made 1t necessary for us to apply several tests to a large
number of subjects, thus we had to choose tests of high discrimunation which
were simple 1n execution for both subject and observer, since the complete
schedule of tests had to be satisfactorily completed on 4 to 6 outpatients each
day In these circumstances we learnt more about the practical limtation of

. [ ot

bane o

our studies of mtrapulmonary gas mixing and blood gasstranster, we developed
a new technique of combined helium and carbon monoxide mhafation which
was rapid m execution and required no blood sampling or blood gas analysis
This gave results which we find of sufficient 1nterest to warrant full analysis
beyond that required for our first objective The rest of this report 1s therefore
divided 1nto three parts The first (Part 17) describes the relation we observed
between lung function and age and the radiol 1 stages of p

the second (Part III) comprises the further theoretical analysis of our results
to show how they contribute to a better ding of the fi i
properties of the lungs, while the third (Part IV) 1s an attempt to interrelate
the different tests of lung function 11 pneumoconiosis

B DESIGN
The expeniment was planned on a balanced (orthogonal) design tn relation to
age and radiographic appearance It was decided to apply the tests to subjects
representing four radiological stages of the disease, 1n three age-groups, together
with a control group of non-mners with normal chest radiographs
The final plan of the experiment 1s shown 1n Table 2

* Recent radiological surveys (Cochrane, Cox and Jarman, 1952) of the entire population
of one South Walesg minng vayllcy pernut tentative interpretation of the results of thus expen
ment as typical of a mning community 1n South Wales (see p 131)

23
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syphilitic carditis In practice very few men were rejected on thus account {see
Table 4, p 32)

There was no attempt to make the normal groups a collection of super-
normals, the cnterion of normal being the average man in the street who bad no
detectable abnormality by the usual clintcal metheds The exclusion of men with
a history of bronchitis among the mrners would have been theoretically unjustt-
fiable since this condittion may result from pneumocomosis

Source of Subjects

Normal Subjects

(a) The officers 1 charge of two local Ministry of Labour and National
Service Employment Exchanges were asked to send along any men who were
within the age hmuts chosen for the investigation, and who had not been miners
or were not physically handicapped to an extent which would prevent them
performing an exercise test Those who were willing to come were pad the
standard rate (30s a day) for a single day’s employment We obtained 28 men
from this source, one ultimately being surplus

{b) Thirteen subjects were obtaned from the techmcal staff of Liandough
Hosputal and the Pneumoconiosis Research Unit These were mostly 1n groups
Ny and Ny,

Miners

Over 1000 X ray films were examined 1 the course of selection, so as to
choose good radiological examples of the required stages of pneunmoconiosis
‘These films represented men who had been radiographed (1) by the PR U as
mpaticnts or outpatients during survey work 1 the previous three years, (2)
by the Welsh National Memorial Association 1n the course of surveys in various
parts of the coalfield (3) by the Pneumoconiosts Panels at both Cardiff and
Swansea

Most of the miners showing no evidence of
came from the 250 face workers of one bituminous mine Fufty four of those 1n
the appropriate age groups who volunteered were asked to attend for pre
himmary radiologteal and chimical examimation, of these, 35 wete of a suitable
age, X ray and industnal history and were tested in the main expertment, the
majonity being suitable for the NM group and the remainder for other radio-
logical groups where needed

Lapses and Rejects

These fall 1nto two groups men who were asked to attend but did not do so
(28 tapses) and men who were examined and tested but not included :n the final
analysts (27 rejects} The reasons foc these lapses and rejections are given 1
Tables 3and4 on p 32

Oy o tategory Dis there a speonl reason for lapsmg, Trere, of the 30 mrners
first selected, 4 did not attend because of iliness or death This category, there-
fore, 15 probably biased towards the fitter men Of the rejects, the majortty were
sumply surplus to the plan, those omitted were the men attending after the
groups were filled In only 4 out of a total of 185 subjects tested were there
sufficient techncal faults to reject the case and select another The standard of
co-operation on the part of the subjects was very high, which showed that 1t
was feasible to apply relatively compler tests 1o a group of untraned subjects
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of which were done on any one subject within one day, 4

dajly between May and July, 1949 The daily time tayl;le ‘2:“6 gc;\“»:;rgetée:r;
to mimmize the possible effects of one test on another Each day men were
tested and examuned 1n an arbitrary order until the complement 1 each age/
X ray group had been filled There were finally a few surplus subjects (sec
Table 4, p 32) becanse extra men had to be asked to attend 1n case of lapses
as the mvestigation proceeded The extra men were nat included 1n the analysis
gcca:se of the increased complexity of statistical treatment 10 groups of different

lumbers

C SELECTION OF SUBJECTS

Critenia for Selection
Age
To obtan as sharp a differentration as possible with Tespect to age, an attempt
was made to Testrict the subjects to an age of + 3 years about the nominal age
of each group Thus was not always possible 1n the groups where there was a
shortage of men from whom to choose. Ages were recorded to the nearest
year at the time of the experiment

Chest Radtograph

28 L aame ava ahts ned

1

of four observers in the prop

n witl
published by Fletcher and Oldham (1949, 1951)

Industrial History

In the groups of muners, at least 10 years® exposure underground to coal or
mixed coal and stone dust on the coal face was required

In the normafl group an attempt was made o choose subjects with rio previous
mimng experience or exposure to any dust hazard, this was not quite achieved
since so many men attending the Labour Exchanges in South Wales have at
some time done a little mining

Criteria for Rejection
Men were only rejected for one of two reasons, as follows

Inqury

Men were excluded if they had any injury to the legs or the chest which might
have prevented them carrying out the exercise test or produced suffictent damage
to affect therr lung function (e g an old haemothorax)

Other Diseases

Men with diseases hkely to affect ¢ diop functron Tuded
m particular those with chest diseases other han pneumocomosts, severe
anaemia, hypertenston (BP >160/100), cardiac diseases clearly not due to
pnevmocomosss, eg left heart failure, auncular fibnilation, rheumatic or
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TABLE 3
Men who were selected for the main expertment but were not tested

R
Group | onforkpse 4
Refused | Illordead | No reply
N @r - - @
NM @ - — @
12 1 — 3 4
3 3 i 4 8
4 — 2 &
D - 4 — 4
Total 49 5 9 €]

* Figures in parenthests may not be quite exact

TABLE 4
Men who were examed and tested i the man expersment but rejected from the
Sinal analy sis
Reason for rejection
Group Total
nical
Surplus | Hypertension | Other | fallure
diseases | of tests
N 1 3 8
NM 1 . 4
1/2 3 — 3
3 4 — 5 °
B 2 = 30
D 2 1 4
Total 13 4 21

Evaluaion of the Sample
The final sample of men tested and included m the analysis well fulfilled the
aim of the experimental plan
Age
In the majonty of groups i
years from the nomunal age of
m group Ny; The range of ages withun the groups was
advanced pnenmotomoss
Radiological Category
— ' t ~ alnce firat nn of the individual subjects given in Table I
+ approximated very closely to the 1deal Jaud
unction and radiographic appearance were

he actual mean age did not deviate more than 05
f the group The largest deviation was I 3 years
larger 1n the group of
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closely related, group 1/2 mght appear shghtly more functionally mpaired
than they should on account of the high proportion of category 2 cases which

mediastinum
Heght and Weight
The individual stem heights, heights and weights given in Table I show that

the sample was satssfactory in that there were no mdrviduals at the extremes of
height o1 weight, nor was any one group senously unbalanced for either vanable
Certification for Preumocomosis

Tn general, men 1n groups NM and 1/2 were uncertified, and 1n groups 3,
B and D were certified (Table II, p 230) Certification refers to the Workmen'’s

Act (1925); 1t d d partly on a chrcal assessment of dis-

abx]ny by the Medical Board of “the Munustry of National Insurance The new
National Insurance (Industnial Injuries) Act (1946) only came into operation at
about the time of the expenment and did not affect the sample
Mining E,xpe/lt’m‘e

muxed dusts on the coal-face The group mean exposures increase with age,
as would be expected The muners wathout evidence of pneumocontosis have 1f

the nune prematurely on account of the disease

Subdivision of the exposure mnto the years worked 1 the three prineipat kinds
of coal (anthracite, bituminous and steam) showed that the groups were not
homogeneous 1n this respect We cannot determine from our observations
whether the type of coal affects the degree of dxsabmty for comparable radio-
graphuc but of men to the years they
worked 1n stone as opposed to coal did not reveal any strikmng differences
between the groups The average exposure to stone-dust was approumately
one tenth of that to coal-dust

Employment

Wlnh the cxceptmn of group D.,, the majomy of men were m some l‘orm of
ey mans =6 e

to
the . . . .
Flatehar 16810 © ¢ aca amocte a3 ~ sa . oo . o .
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Diaphragm Morement
The terms used for diaphragm movement have already beea defined by hab
and Guison (1951), they are only modified here 10 conform to new fems
the lung capacities

B SYMBOLS By
ve used the standard Amencat
In formulae and equations we have A

symbols as far as practicable However, since 1n this repo a
“{llh the gas-phase only and use no equatons dealing W“h;\l;"’i“z;?m
omitted the generic symbol for volume V 1n our equations, 1§r p ?;M o
that all volumes refer to the gas-phase Thus, we have used T for
instead of Vi,

Our symbols are shown 1n Table 6

TABLE 6
Symbols
General
v volume
v ventilation (volume/umt of time)
P pressure
*C concentration (gas phase)
M mass of gas
f frequency or rate (¢ g breaths/umt time) ’
1 time g (vl
D diffusing capacity 1n general, here applied g{g‘g f;émmx
umt time/umt pressure difference) €&
capactty of the whole fung tant e
K physical constant, here applied to the dAIfusmI;):::: for (0
Kco = diffusion constant of the Jung mem  atesfont
(vols fumt timefunit pressure difference/un
thickness)
B ‘barometric pressure
A partitton coefficient
= approximately equal to o
% sum of the quantities with subscrpt 1 for all values
Pt fromatob
X mean (average) of the vanable quantity X ]
T coefficient of (lmear) correlation between W 8
variates x and y
r = Z (-8 -9{ E -9 E -5
Specific volumes (gas phase)
*F functional ressdual capacity
T tidal volume
a dead space
Te effective tidal volume (T-d)

* Symbols used with a different meaning from that attached to them i the AmEnC
classfication
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Suffixes
a artenal
£ expired gas
1 nspired gas
A alveolar gas
3 steady state
m machine ¢ Cm — gas-concentration 1n machine as opposed
to lung Vm = volume of closed circust machine)
Subseripts
A Betc subdivistons of gas volumes undergoing different rates of
gas replacement eg F, T, etc proportions of F T etc.
taking part in phases of replacement A B etc
90 99 etc degree of gas replacement 1n percentage umits
r s ™ st breath after start of expentment (e g Cm = con
centration of gas in the machine at the 1 breath)
Special symbols for gas replacement experiments (uptake)
*q expansion ratiot of lung as measured on open-ciremt
apparatus = F/(F+T)
*q, expansion ratio of lung as measured on open-circuit apparatus
nphase A — FHF,+Ty)
*q expansion ratto of lung as measured on open-cireuit apparatus
for corresponding Te — F/(F+Te)
*Q ratio losed =
F Vm-T
F+T  Vm
*Q ratio d on closed
F Vm-Te
corresponding effectrve tidal volume (Te) = e
poncing T~ —vm
(a) Increment curves
N [ T B . ber
N * of

.
breaths for 90, gas replacement

, fejection ordinate at 1t breath ie Cr, Oy, Ce)

1-y, acceptance ordinate at r* breath

(b) Accumulation curves

N theoretical number of breaths

N observed number of breaths

7, rejection ordinates (n e Cg, = ﬁ (),/E Cf,)
=

1-z, acceptance ordimates " e

* Symbols used with a d fferent mea from that attached
mambols nng at to them in the Amencan

t Cther authors (¢ g B rath, Bateman) have used the term d lution rat o
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Diaphragm Morement
‘The terms used for diaphragm movement have already been defined b;
y Wade
and Gilson (1951), they are only modified here to conform to new terms for
the lung capacities

B SYMBOLS

In formulae and equations we have used the standard American set of
symbols as far as practicable However, since 1 this report we are concerned
with the gas-phase only and use no equations dealing with blood, we have ,
omutted the genenc symbol for volume V 1n our equations, # being understood.
that all volumes refer to the gas phase Thus, we have used T for tidal volume
mstead of Vo,

Our symbols are shown 1 Table 6

TABLE 6
Symbals

General

volume

ventilation (volume/umt of time)

pressure

concentration (gas phase)

mass of gas

frequency or rate (e g breathsfunit ime}

tume

diffusing capacity mn general, here applied to the lung (vols /
umt timefunit fressure difference) eg Deo = diffusing
capacity of the whole lung

physical constant, here applied to the diffusion constant ¢ g
Kco = diffusion constant of the lung membrane for CO
(vols Junit  timefumut pressure  difference/unst  areajunit
thickness)

barometric pressire

partition coeffictent

approximately equal to

sum of the quantities with subscript r for all values of 1
fromatob

mean (average) of the varable quantity x

coefficient of (hnear) correlation between two statistical
vanates x and y

£ =Z (%) (-NV{E -1 Z -9

Specific volumes (gas-phase)
F functional residual capacity
T tidal volume
d dead-space
Te effective tidal volume (T-d)

»
bl Urmzaw<d«

B TR

-

« Symbols used with a different meanung from that attached to them 1n the Amenican
classification
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Suffives
a . .+ artenal
E . . expired gas
1 . .. nspired gas
A . alveolar gas
s . . steady state
m . machie (1 & Cm == gas-concentration in machine as opposed
to lung Vm = volume of closed-circwit machine)
Subseripts
A, Bete b of & i d different rates of
gas-replacement, eg F,, T, etc, proportions of F, T etc.
taking part in phases of rcplzcemcm A,Betc
90, 99 etc degree of gas replacement 1n percentage units
r L8 ™, st breath after start of experiment (eg Cm,==con-
centration of gas in the machine at the r® breath)
Special symbols for gas-replacement experiments (uptake)
‘g expanston ratiot of lung as measured on open-Gircwit
apparatus = F/(F4-T)
*q, ratioof lungas on op
m phase A = FHF,+T,)
*q ratio of lung as don
for cnrrcspondmg Te = }‘/(F+Te)
*Q pp =
r Vm T
F+T Vm
qQ rano d on ¢losed

correspanding effective trdal volume (Te) = HLTVH\‘/ T°
m

(a) Increment curves
NI FE T .
N - - L ¢« of
breaths for %09, gas-replacement
Y. rejection ordinate at £ breath 1e Cry,, Ce;,,  Ci)
-y acceptance ordinate ot 1 breath

(b) Accumularion curves

N©» theoretical number of breaths

N observed number of breaths

7, rejection ordinatey (le Ce, = “‘, Ce, / T Cf,
-z, acceptance ordinates

- Symboh used with & different meaning from that attached to them in the Amencan
clasancatior

t Other authors e g Birath, Baternan) have used the term "diution ratie”
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Statistieal
The of results 1s ind; d by the value, or by upper and

PO O

COlLLENCE WAL e ellect being tested 1s present, & g

(P=001 (P=040)
Results sigmificant (0 05>P>002) Results not signtficant (G 3<P<03)
(P<005) (P>005)

C SPECIAL ABBREVIATIONS
Fc'r ease of (rcadmg‘ we have used terms such as ‘extent of disease’, ‘disease
stage’ or just ‘disease’ to refer to the abnormality due to pneumoconiosss on
the radiograph This overcomes the use of the more cumbersome but correct
‘radiological disease stage

2. Criterra for Choice of Tests
We have derived four cnterra of ‘usefulness’ for the tests we used
(1) Sumplicity

(1) Repeatability

(i) Discrimination

(iv) Vahdity
The first three cnteria are used 1n assessing the value of each method as 1t 15
desenibed Valtdity, which depends on the analysts of the results, 1s demonstrated
in Part IV {p 202)

Sumplicity

R A T . ' 1 t

until rapid physical gas 1) p: d their P For example,
carbon monoxide uptake was not a *stmple’ test unyl the development of the

infra red gas analyser

Repeatability
The closeness with which repeat readings agree on the same subject in the
same 1 1 state 1s an measure of the random errors of a

method and 15 sometimes called ‘accuracy’ (see below) These errors include
those ansing 1n the apparatus as well as those produced by the varability of
observers and subjects over a short time (usually within a day*) An analysis
of the relative nnportance of these factors 1s required when attempting to
tmprove the repeatability of a test

The repeatabihty may be determined from the scatter of a number of replicate
measurements on one subject In functional tests this 1s usually impracticable
becanse the many rep alter the pt )l { state of the subject An
alternative, which we usually employed 1n subsidiary exp separate from
he main experiment, 15 to make duplicate measuremests on a large number of

* The assumption is made that the day to-day vanaton in different groups s the same,
tus may not be strictly true
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different subjects 1n order to obtain an estimate of the standard ervor of a single
observation A similar estimate can be obtained from the residual error term of
an analysss of vanance on the results of expenments which provide repeat
measurements on a number of subjects The use of the standard error of a single
observation s not strictly correct, since 10 nearly all tests the error 1s not constant
but 1ncreases proportionally with the magnitude of the reading

Duscrimunation
Two p of a test are d d y efficrency First,
there 15 the difference between the mean v:\lues found m normal subjects and
those found in subjects with advanced disease Secondly, there 15 the scatter of
values found within the groups of normal and diseased subjects We express the
. R o PR

. .. . -
n the of p y function by a given test may

be illustrated by an analogy with the measurement of length by a ruler to
measure a long distance a ruler with coarse gradation may suffice, but to obtain
the same precision in a short length, finer gradations are necessary Thus, the
*coarseness’ of gradation (amalogous to the scatter of function test results in any
group of subjects) is important only 1n relation to the length to be measured
(analogous to the range of tesl results bclw:cn normals and abnormals) This
criterion of 0 any fi test

Anilustration of tests whlch have ‘bad‘ and ‘good” dlscnmmauon in preumo-
coniosts 15 shown 1n Fig 3 where chest exp; 1s d with
voluntary ventilation

A statistieal measure of the discrimination rato s the use of Student's *t* 1n
this report we have used a corresponding measure which allows for the effects of
age Tt was obtained from an analysis of varance of the results of the normal
group (excluding Nyy) and those for the group of the most advanced pneumo-
contosts (group D) and 1s

vanance between radiological groups\*
©Iror Variance

Tts that the d d by this rauo (D R ) apphes
only to pneumoconiosis A sumlar index will be derived for ‘emphysema*(p 140)

Vahdity
Thisisanexpression of the extent to which the test measutes what 1t s mtended
. PO A A -

* No ugnificant mnteractton between age and X ray was found in any test



IN COALWORKERS' PNEUMOCONIOSIS

statistical analysis 18 necessary to sej
parate all these components and to define
how specific or valid the test ss as a measure of any particular aspect of lung

4z LUNG FUNCTION

function
CHEST EXPANSION MAXIMUM YOLUNTARY VENTILATION
30| L ?' powd Normal. ,17 30
e +
i popsssd,
i o
[N} ; \
i .
i ‘ 1 3
[ ;o H
] H fod 5
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i
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] = i
7 ] : :
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A ] :
z
l: 10] l. to
3
(] 1 1 1. 1
3 0 I T T °
Litres per minute

4 3
Centimetras
Fio 3 Companson of chest expansion and maxymum veluntary veatilation as
an example of the meaming of discrammation
In chest expansion {poor discrimination) the abnormal subjects overlap with the

normal almost completely in the masimum voluntary ventilation test the two groups
are well scparated 76 subjects (50 normal 26 complicated prcumoconiosss. ages

3. Clinical Methods
A full chnical examination was made for three purposes first, to compare
chmcal findings with the results of the physiological tests, secondly, to get some
1dea of the frequency of selected signs and symptoms for compartson with
reports of other observers, and lastly, to ensure correct selection of subjects
for age/X ray group (see plan of experiment, p 30} Subjects were examned by
d and fi Iy by a second

one chmctan m p
independently Neither observer knew the results of any of the physiological

tests nor the radiological groups of the subjects Full clinical histories and
examunations were recorded on a pro forma but only the more interestng

features were analysed
Certain climeal findings, which were to be compared with the physiofogical
results, were expressed quantitatively on arbitrary scales as follows

Grading of Breathlessness
After a discussion wath the subject, the observer had to answer the questions

given below and so put the subject m one particular grade
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Grade

15 the patient s breathing undoubtedly as good as other men of his.

own age and butld, at work, on walking and on chmbuing hills
and stars? ¢

Ts the patient s beathurg probably as good as other men of his Normal

ge and build at work, on walking and on chimbing fulls
o 1

Is (he patient able to walk with normal men of his own age and
on the level but unable to keep up on hls or stars? 2

Is lhe patient unable to keep up with normal men on the level but
able to walk about a mulc of more at his own speed? 3

Isthe paucnl unable to walk more than about S0-70 yards on the
Jevel without a stop? 4

Is the patient obviously breathless on talking or undressing, or
unable to leave his home because of breathlessniess? 5

Grades 0 and | were both conceived to be within the range of normal, grade ¢
eing added to see 1f those subjects deemed to be ‘undoubtedly normal” with
espect to breathlessness on exertion were different physiologically from the
ubjects 10 grade 1 In using the results, the grades were treated as of they formed

Iimear scale of units unless stated otherwise

1n the grades 1n which categonzation was more difficult (0-3), the comparative
lement with 2 ‘notmal man of cotresponding age and buld was ntroduced
t was hoped that this might slightly increase the preciston (repeatability) of
tading The greparious social activities of miners 1n 2 hilly area like South
Vales probably made this assessment easter than 1t would have been elsewhere
Fhe subject would often remember when walking with other men if he had
o ‘takea spell’ (1¢ rest)ona hill

Ironchial Spasm

A system of marking based on the history and examination of each subject was
1sed to obtamn estimates of the average degree of broachial spasm* for each
rroup The detailed comments on the history section of the pro-forma were
implified to two grades trghtness i the chest ‘with colds only’ or ‘on other
xecasions as well' From the physical a wheeze on
»oth over the trachea and the chest was recorded as ‘absent’, ‘present’ or
marked’ An audible wheeze over the trachea was occasionally present when
10 wheeze was heard over the chest, but for analysis the two separate
sbservations are grouped together

Physical Signs wn the Chest
It was decided to select certain physical signs from the chest examination
Fiuty of chest
Barrel deformity of chest
Tmpairment of cardiac dullness
Tmpairment of liver duliness
Hyperresonance of percussion
Epigastric pulsation
Impairment of breath sounds
Intercostal recession on 1aspiration

word ‘spasm 13 wsed 10 mean a presumed constnction 8nd does Not aecessanly imp;
ebsmmum caused by muscular contraction (sce p 53} " Y



46 LUNG FUNCTION IN COALWORKERS’ PNEUMOCONIOSIS
5. Physiological Methods

In all tests the subject was sitting at rest unless otherwise stated, but not under
basal conditions G: lumes were ded at room t saturated
with water vapour The readings were then corrected and expressed as their

q volume at body ure, ambrent pressure, and a water-vapour
pressure of 45 mm Hg, the latter rep the degree of believed
to exist 1n the lungs The different spirometers used agreed wathin -k I per cent

A STANDARD EXERCISE TOLERANCE TEST

Full detatls of this test have been published elsewhere (Hugh-Jones, 1952) It

was a chmcal step-test modified so that each patient did a known and standard

amount of exercise (350 kg m per minute for 5 minutes) Standardized exercise

was chosen rather than an amount which varted with the wesght of the patient

because we wished to find whether the ventilation for a given amount of exercise
was mncreased 11 pneumoconiosts

Both the step-heght and rate of stepping were adjusted so that nerther had

. . s F m4ha A Sacannas fw wanht hetween

« stotogical

. = has been

shown to be vald experimentally (Hugh Jones, 1952) lhe exua ventilation
above the resting level caused by the standard amount of exercise was found
by measuring the total volume of arr exhaled per mnute for an appropriate ttme
before, during and after the exercise
Apparatus
Three pieces of equipment were used for the test (Plate 10) (1) a ngid plat-
form, 91 (23 cm ) high, the height of which could be altered in 4 1n increments
by placing the appropriate number of boards on it; (2) a metronome for con-
trolling the rate of steppmg, (3) 2 low & ter for the
T -4 -~ oV a thalatter heing

read to the nearest litre The resistance 10 €APUALUL Was aVuuL v o
at a venttlation of 30 litres per ymnute
Procedure
The patient was weighed and the approprate step-hetght and stepping rale

for the standard amount of exercise were read from a nomogram (Fig 4)
7068 pum nar mmute 35 required, a ruler 15 placed
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Height Ref
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F1a 4. Nomogram used to standardize the work in the exercise test For method, see



50 LUNG FUNCTION IN COALWORKERS® PNEUMOCONIQSTS
and that measured directly by the Hellige colorimetric method was faurly
satisfactory

TABLE 7

Comparison of oxygen saturation of blood from brachial artery and ‘arteriahzed®
ear Jobe blood

Durect from brachial artery *Artenal from ear Jobe
{Van Slyke analysts) (Scholander Roughton analysis)

O, capagity | Saturation contenl Oy tapacity | Baturanon
(Yol %) r [ { {Vot %)J Vol %) [&4]

Subgect.

1 7 150 11 )
2 95 200 23 5
3 80 128 157 )
4 85 163 190 85
5 95 167 185 9
s ) 27 247 3
Mean [ 870 ‘ Mean 562

¥ This arterial sample was analysed by the Scholander Roughton micro method

C VITAL GAPACITY
The vital capacity was measured on two separate occasions on each subject
on different pieces of apparatus

Apparatus
(1) The vital capacity (V C) was recorded on the simple spirometer (Plate 11),
also used for measuring the voluntary )! This t

of wital capacity ts referred to as V. C (Open) The prinaipal dimenstons of the
sprrometer were bell capactty 8 Litres diameter 16 cm , weight 412 g, diamteter
of breathing tube 42 cm  There was no carbon diouide absorber or central
core 1 the water chamber

(2) The wital capactty was also recorded on the closed ciremt spirometer
which was used for measuring the total lung capacity (Plate 12) This measure
ment 1s referred to as VC (Closed) The bell capacity of this apparatus was
8 Iitres, diameter 16 ¢m , dizmeter of breathing tube 2 2 cm The water chamber
was fitfed with a central cote and thete was 2 carbon dioxide absorber in the
errcut

Procedure

ds the subject was seated 1n a comfortable upright posture

For b,o {h.’fff‘l‘?‘n For lhc’measurcmcn! of V C (Open) hc‘ was msu;um:d to

wbata

toliowea DY kL s
A e were s Iy iejectcd ¥f there was some obvious fallure or difficulty

oni
CKZg-(Efrg:?f: w‘;’é {Open) 13 the mean of at feast two and usually three
ltI:/.:}mlcally sausfactory tecords (sce Gilson and Hugh Jones, 1949)
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Tor the measurement of V € (Closed) the subject breathed through a rubber
mouthpiece 1n and out of the closed-circut apparatus (flled with oxygen) untl
the respiratory pattern became sufficiently stable to obtam a slope for the
approumate measurement of otygen uptake (3-4 munutes) The subject was
wnstructed at the end of a normal expiration to exhale as deeply as possible and
then to return to normal h Two or three of expiratory
capaaity (E C.) were recorded at intervals of about I minute Next, two or three
esttmations of inspitatory capacity (I C) were made starting at the end of a
normal expiration The V C (Closed) was computed by adding the expiratory
and each from the resung resprratory level

3
drawn on the spitogram
Esvaluation

The test ranks high for simpliaity The open-circit method needs less appara-
tus than the closed-circwit roethod but more co-operation by the subject We
have found the standard crror of a single observation 1o be approximately
50 mi for V.C (Open) and 100 mi for V C (Closed) (Gilson and Hugh Jones,
1949) Rahn, Fenn and Ous (1949) and Whitfield, Waterhouse and Arnott
(1950a) have reported simular standard errors Hugh Jones {1949) showed that
there were considerable differences 1n the mean and scatter of normal values
even when groups of several hundred subjects were compared Recent reviews
gming normal values are those of Comroe (1950), Whtfield et af (1950a) and
Needham, Rogan and McDonald (1954)

‘The s;imphaity of measurement has often led to the wital capacity being used
as a test of lung funchion without an appreciation of 1ts great imtations Itisa
measure of capacity without relation to time and 1s, therefore a poor test of
function Chnsuie (1932) powmted out that it requires for its measurement the
practice of respiratory ‘gymnastics’ never used even in the severest exercise
The wide vanation even tn normal subjects means that 1t 1s of limuted use for
measunng the deviation from normal Although its discnminating power 15
poor 1n emphysema (D R 3 17), 1t 15 relatively good 1n pneumocontosts (D R
924) The 1s essentia) for the of the
total fung capacity

D MAXIMUM VOLUNTARY VENTILATION
Apparatus

The spirometer descnibed for measunng V C (Open) was used (Plate 11)
The chain lmking the bell to the counterweight passed over a wheel camyng
studs wiich operated an efectrical counter and added up the total number of
contacts made, the space between each stud was equivalent to a volume of
270 ml Another set of contacts {controlled by a spning loaded capstan) closed
when the wheel was revolving one way and opened when the wheel reversed,
these operated a second counter which recorded the number of breaths The
counters were 1n senes with a switch, which was closed at the same moment
that & stopwatch was staried, and was released when the second hand of
the watch reached IS seconds Records of the pressure change at the mouth-
Tece using an elect with a high freqs response showed
PRk values of —70 em water pressure on inspiration and +54 ¢m on
€tpiration with a mean of approumately 15 em 1n both phases when the
maximum voluntary ventlation was 150 htres per minute Thus the sesistance
of the apparatus was Jow
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Procedure

The subject, wearing a nose-chip sat 1a frant of the apparatus a

tube to the spirometer i both hands Aftera single deep friplr;uonﬂ:e(mtrm
the mouthprece and breathed out mnto the He was the;z d
to breathe 1n and out as deeply and as fast as possible with the emphasis on
depth When a smooth thythm had been established the swatch was closed and
the wateh started The noise and rate of movement of the volume recorder
enabled the observer to encourags rate or depth of breathing as was necessary
1m order to maintain a maximym output

Calibration

Although the same apparatus is used, nstrumental errors may be considerably
greater i the maumum voluntary ventilation test than n the vital capacity
- ae P S

Ll dawth Af mmare A

of our apparatus and an account of an improved method for measunng mas
mum voluntary ventilation have been published (McKerrow 1n the press) We
therefore give only a summary of the calibration here

The physical calibration of the apparatus was so complex that no simple
correction factor was factory Instead, a biologcal calib agamst 2
Douglas bag method was used, over a wide range of values Fig 5 shows this
caltbration Twenty two male subjects, with a range of maximum voluatary
Iy 1o D (N e | pae e ta gaea tested On 2 randomuz
xva b I S T R | © there 1s almost perfect
o [ L N L T 1 " 1d 120 hires per mipuie
(Douglas bag estimate) the spirometer over reads with 2 maumum at one
pownt by about 20 per cent Above 120 Iitres per nunute there 1s no systematic

error, the points scattering on either side of the hne of perfect agreement
T eem o 4ha e ddla nac pot due

sag and

the small range of maximum voluntary venhfation vases wueie lue crrar of
the spirometer method may exceed 10 per cent 1t was decided not to apply a
correction to all the results Where any conclusion nught have been affected
by this ersor, the results have been re examined cnucally after applying the
carrection McKerrow s detarled calibrahon of onr spirometer leaves no doubt
that our results in the main experiment are ot In efsar, as a result of the
apparatus we used, 1o an extent which affects the general conclusions we draw

Evaluation

The maxsmum voluntary ventilation 15 a stmple test to perform The simplest
apparatus requtred 1s two Douglas bags, 2 supply of carbon dioxide a low
ressstance valve a stop watch and a gas meter for measuniag the volume of

gas expired This equipment 1s cumbersome and slow to use 1f large numbers
with an device

of subjects are to be d A simple sp
(Gray and Green 1945 Cournand, Richards and Dachng, 1939, Gilson and
Hugh Jones 1949) may ntroduce errots, although these may be teduced by
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p oftheap (B D Silvaand Mendel, 1952, McKerrow,
1953) At present it seems necessary for each group of workers to establish therr
own normal values (Wright, 1950)

Spwemater method (litres per minute)
t ez 8 o8 ¢

5

20 100 120 MO &0 180 200 220

3
Dougtas bag method (litres par munute)
Fi 5 The relation between the maximum voluntary ventilation 28 recorded
by the Douglas bag and spirometer methods on 22 male subjcets The line 13 one of
Perfect agreement
The test requires rather more co operation on the part of the subject and
skill by the observer than recording the vital capacity The standard error of
a single observation was 7 5 hitres 1n a group of normal and abnormal subjects
(Gilson and Hugh-Jones, 1939) Despite the rather poor repeatability there 1s
such a marked change in the voluntary m
that 1t shows the best power of discimination of any singletest (D R 1269) Tts
discnmunation n emphysema s also good (D R. 6 18) and much better than
that of the vital capacity
The means, and scatter about the means, 1a our normal subjects are shown
in 1elation 10 2ge 1n Table V, Appendix 1 (p 233)

E. ADRENALINE TEST FOR BRONCHIAL SPASM

We use the term *bronchial spasm’ phystologically to mean a state of the lung
which can be altered abruptly by the admnistration of adrenaline Whether the
alteration 15 due to a of the or to a shrinkage of the

e
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mucosal surfaces, or partly due to a vasomotor chan
8¢ as suggested by Sheld
and Otis (1951), we did not attempt to determie & Y hellon
1t 15 generally agreed that bronchual spasm can alter the results of some
tests for example, vital capacity, maximum voluntary ventilation

Procedure

At the end of the day after completion of all other tests, the vital capacity
and maxtmum voluntary ventilation were recorded The subject was then given

05 11’11 of ad {1 1000) sub ly, and mhaled nebulized *Riddo-
bron™* from a Collison nhaler 1n a series of deep breaths over 2 minutes
Vital capacity and voluntary 1 were d measured
again

Adnumnistration of a fixed dosage 1 this marner does not necessarily produce
a maximum effect 1n any particular subject (Rossser, 1949), but st 1s probably
satisfactory for detecting the relative seventy of spasm m different groups and
for revealing individuals with marked spasm The dosc was large enough to
produce some subjecttve stde-effects 1n about a quarter of the subjects

F CLOSED-CIRCUIT SFIROMETRY

A closed circutt spirometer filled with 2 mixture of 14 per cent helu
oxygen was used for measuring the total lung capacity and the inequat
venttlation The total lung capacity was calculated from the difution ¢
mixture 1n the spirometer after equilibrium had been reached The rate of ¢f
of helium concentration between the start of the experiment and the estal
ment of equiltbrizm reflected the rate of gas replacement 1a the lungs, and 1
function of the tidal volume the functional residual capacity the natu
the mixing processes within the lung the volume of the closed circunt appar
and the response rate of the helium katharometer By correcting for the kn
vanables an esttmate of mrung efficency 1 the lung could be obtaned

Apparatus

After passing through the carbon atoAUE dbsulun, o pu o
through a side circuit to the katharometert at 2 Ittres per mnute and back 1

the mam circuit
An electromagnetic ink marker was used
the b h cor ding to gal

to record a senes of pomts

ter readings as mixing between '
t o ameant af

ls';_record of the concentration of hElIUDL 1N LIE SPUU ik wiw g
from the start of the mixng process (curve A, Fig 7) By subtracting 1

* A proprietary preparation similar to Nebula Adrenalm et Atropin Co (NF)
lied by the Cambndge Sciennfic Instiument Company Grosver
Su'fee,fag::xﬁgf%asligsfgrax}:ulcs for absorption of carbon diovide supplied by Kenden
1td The Laboratonies 5 Lodge Villas Woodford Green Essex
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4WVUJ

-

Spirometer

Helum Hucker

Kymotriph

Galvanometer
Fiow-
meger

Katharometer

Oxygens ﬁ

Houthpreca

6 Diagram of closed-circmt sprrometer The subjeet breathes from the
onygencomaining bag (B) white the spiromcter 1 being adjusted On lurning tap A
1he subect 1s brought Into the spirometer Circuit at a poMt of zero pressure (relative
to atmosphere) and the supply from the bog (B) 1s cut off

concentsation at any breath from that imually 1n the spirometer and expressing
this difference os a fraction of the total fall in concentration between the start
and end of the run, st was possible 10 plot a curve representing the accumulaiion
of helum tn the lungs breath by breath Such a curve will be catled an *accumu-
Jation curve, its relanion 10 other curves rey & the progess of g g
18 discussed on pp 69 and 155 et seq

The dervation of an accumulation curve in the lungs 1 Jusbfied provided
the miung 1a the machine axtcunt 1s complete between every breath Thius was
only approumately true, the cune obtaned besng influenced by the respoase
ume of the recording system (see Calibration below)

Procedure

First, a normal spirogram (Sp 1 ond 2) was recorded (Fig. 7) with the

spirometer Gilled with oxygen, which pave an esttmation of the rate of oxygen

and the exp ry and inst h as already O bed

Althe ¢nd of this tracang, the subject was s\mchcd on to a supply of oxygen to

complete the elimination of mirogen from the lungs while the apparatus was

being filled with hehum and oxygen for the estimation of the functional residual

capacity The Latharometer 15 shghily sensitne to mitrogen so that tha prelim-
taary removal of mtrogen from the lungs 1s desirable for maximum accyracy™ =




56 LUNG FUNCTION IN COALWORKERS® PNEUMOCONIOSIS
§ A T Al =
 S—— ¥ Tug =
 E— ¢ T 1144 =
N E— T T 128 =
3 by
e
) 3 — -
Sp. T
- = ~T
S o T
— 3O |
S .y P B T 4 1
H‘FHJ‘ b tis I k2
H
T
Carve —— -
B — T s —
o 5
i —— - e — =
T T u i M— p—
T 1 T o i— =
t L T f ‘[ ' T =
I i J Il AL ’ :'
T T T T T = ) <
" §PA) i
T e o O T N
Ll ] I 1 3
) - ¥il L] 7
—rft—1 81 Te— :
o S — : I Y
rm i I i
t — =
et =
193-S n g Spi—
A i § 1 H
L3 T T
H T
1 ~
I
i
H 1 i
T T
T  § T T
e
- —— T
T o — i
T H b +
T T T
] ) TTRUTE T i

back 1nto the spirometer system  Afte:
needle start:d to fall, ﬁrst rapidly, th

d until the g

neare
fall as much as 003 per cent betwee;

r a few seconds’ delay the galvanometer
en morc slowly as the miung process

1d not

n observations at one mimute ntervals
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During the penod of equilibration the volume of the system was held constant
by supplying oxygen at the mate wndicated by the sfope of the preliminary
spteogeams.
Presentation of Results

Total Lung Caparity

The principle of the method 15 that the total fall 1n the concentration of
hehium in the crrcwt 15 proportional to the volume added ta the arcurt when
the subject 1s swatched m Thus, the combined volume of the tungs and spiro-

meter can be from the final g reading 1o the
method of cahbration of the mstrument (se¢ below) From this volume 15 sub-
tracted the volume of the at the resing y Tevel of the

subject and the remander ts the functionst residual capacity The latter plus
the ynspiratosy capacity 1s the total lung capacity

Indioes of Inequality of Ventdation (Muxing Efficiency’)*

The number of breaths required 1o achieve a given perccriage of helum aceumu-
fation This has been used by some workers (p 188) as a simple index of mixing.
efficiency on the presumption that the greater the number of breaths sequired
to achieve a given degree of gas replacement, the mare utiequal is the veatilation
n different pants of the fungs 1t s not a sausfactory index, mamly because st
15 also dependent on the size of the bdal volume and functional restdual capacity
‘The number of breaths required for the accumulation of 50, 90 or 99 per cent of
the final concentration of helium feached 1n the lung 15 used {symbolized here
by Ny, Nyg 0F Nyy, respectively) These values can be obtaned directly from
the cune representing the galvanometer readings without plotung the actual
accumulation cusve 3o the Jung Tor example, Ny, 1s obtained by taking a pont
representiag nunc tenths of the total drop (a, Fig 7) From the interception of
this fine wath the spirogram Sp 3 the number of breaths to which 1t eorresponds
is found

Oherall index of inequahty When a truc measure of venulatory mequality

Lt omm geam & P P P .t -

PR - N .. - -
. - o . .
required were complete and equal muxing takmng place throughout the fung at
USRIV RO SR

. M

_ - T I Vm - Ty
Cmo = Cmy = Cmy s {’ “(r‘+r Vi ] W
where 113 the number of breaths, F is the functiona) res:dual capacaty, Vi 13
the volume af the closed-crreurt machine when the muung process 1s started at
the end of a normat expiration, and T the tidal volume Rut the 10ta) fall at
complete miung 15

Cry ~ Cg = Crtg. (x- +TVm) [

* Throughout thit rerort the term ‘micing effoency’ will e ITRONYMOu!
with segres of inequality of veatdation® The Iatter, though Chamey, 1 mor“::tlc: *
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Daviding equation (1) by (1a), the fall mn co i
fraction of the total fall 15 eeniration up to any breah x5

Cmo —Cm, _ 'l _{ F Vm—-Ty i)
Cmg — Cm,, F+T " Vm
F Vm ~T

The ratio —_—
F+T Vm
1s called the ‘expansion ratio’ for the closed circuit system to which we give the
symbol Q

The muung efficrency of 2 subject may be expressed as the deviation of the
observed curve from the theoretical one for perfect miung, for the same tidal
volume and functional residual capacity Bates and Christie (1950) expressed
the deviation from perfect mxing by a ‘muxing efficiency index’ We shall
refer to their index as the ‘index of overall ventilatory mequality (Io) to distn
gussh 1t from other similar indices derived from open-circuit data (p 69 etseq)
which are based on deductrons about the nature of different kinds of ventilatory
inequality that may be found 1nt the lung Thus 12 symbols

I = 100 NR2/Ny, @
where NJ¥ 15 the number of breaths denved for the theoretical model and
Nio 15 the observed number This 1ndex can be calculated without plotting erther
the theoretical or practical curves equation (1b) states that the concentration
1o the ' exparate 1s a fraction 1 —Qf of the final concentration, 1f this fractron
1stobe09 Q=01 and
r = NE = logy, 0 1/log,, Q
= ~1/log,, Q

Io = —100/Ny, logs, Q . ®

Now we found, like Bates and Christie, that in experiments with a model fung
1n the form of a pump, 1n which mexing was completed between each *breath’,
an I, of 100 per cent was not obtaned mamly through delay in the response
of the galvanometer but also though to a small extent, through incomplete
mrang within the spirometer system between each breath They scaled their
results up by 100/8 - Tamt
factor was 100/85 .

for the mitial 1ag s pu w « N
simple proportionate scahing up may be justified over quite a wide range of

respiratory rates though when the rate 1s very slow 1t 1 an over-correction
compared with normal rates, since the galvagometer then responds more
completely between each breath (see Calibration below)
Catibration
Gahanometer katharometer system In order to determine what added volume
corresponds to a given fall 1n galvanometer reading 1t 1s necessary to take
account of the dead space of the apparatus, the volume of the tubes fan, etc
When the dend space 15 hnown a curve can readily be plotted relating galva-
nometer reading and volume 1 the system
The dead space 1s usvally calculated by an external gas analysis method
for example, by starting with the apparatus full of air and the bell at zero
hen after thorough mexing femoving a sample

osition, adding oxygen and tl
1a’m‘l analysing for the percentage of oxygen with the Haldane apparatus

Hence
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- - [ R R I

1mng mmalecue
. T - - -
- « - - .. .. ..

;he bell set at an arbitrary level nearly zero The volume was noted (Vo)
Sufficient helium was added to the cireut to gnve a full-scale deflexion on the
galvanometer (15 per cent helium) and the new volume of the bell noted (Vy)
Oxygen was run into the spirometer to within about 1 itre of its full capacity
and the volume again noted (V,) More helum was slowly added to bung the
galvanometer back to its original full scale deflexion The final volume (V) was
recorded

Farst volume of hehum added (H,) = V,—V,

Second volume of helium added (Hy) = V,—V,

Now, 1f Vm 1s the dead space of the machine,
LA (N |
Vm + V¥, Vo + V,
H,Y, —(H, + H)V,
1
In terms of the rano of the hehum volumes added, R = HfH,,
Vm = RV, = (R+1) ¥,

Using this method, readings agreed within a maximum deviation of §0 m!

10 8 mean of 4755 ml The results were more han the measurements
s PR P

or Vm

spirometer seading of 2000 mt Unit volumes of oxygen were again added until
the bell was full In the first part of the curve the palvanometer reading was
plotted against the sprrometer volume The second part af the curve was corrected
for the gas expelled by adding the volume of the machine to the spirometer

Vi
reading, multiplying by ‘7-:’“’—)'—;—00:—2, and then subtractiog Vi

The Latharometer responds to the mass of helium and 1s therefore shightly

affected by b and temp t Tt 15 abso affected by the
- POY oA R N b it
R N . . - e,
multiplying by G,/G,
Interpretation of the mixing cunye can only be made 1f something 15 known
about the response rate of the ding system to changes m helhum

tons With the system filled with 14 per cent heliam to the usual starting level
for a miung expenment (1500 mt ), the addition of 200 mt of oxygen as rapdly
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as possible caused an mitial lag of 6 seconds before any response i
Ometer occurred and a final stable reading was reachid uf Zboeut ;giegca;::i:
I; 15 erobabIe that the first part of the mixing curve 1s largely determuned by
’t e 1cs of the gal katt system Dunng the
atter part of the muxing process, when rate of change 1s slow, the effect of the
instrumental lag on the shape of the curve 15 small

The output of the fan was sufficient to give one complete gas change every
4-5 seconds Increasing the fan speed by approumately 25 per cent did not
affect the response rate of the system on suddenly 1ntroducing a known volume
of helium The flow through the katharometer side circmt was fived Just below
the level at which unstable readings occur (2 litres per minute)

Camam o hn enfne oo neld e tea +n vanka o ra thara are np

helium duning one hour with the fan runnung and all the taps closed

Cahbration of whole agpporatus A piston-type pump with a vanable
stroke (1¢ tidal volume), rate and volume above the piston (1e functional
residual capacity), 1n which a fan ensured complete gas mixing between each
‘breath’, was used as an ‘artificial lung® for cahbrating both the closed and
open-circut spirometers

Whereas the open circuit machine gave perfect agreement between the
theoretical and practical nuxmng curve (see p 75), this was not true of the
closed-circmt apparatus The lag of the katharometer galvanometer system
distorts the curves (see Fig 8) and the overall ‘mixing efficiency mdex” (Io} was
:ess than 100 per cent The imtial § shaped part 1s caused by the galvanometer
ag
The amount of lag depends on the rate of breathmg so that the I, of the
Tung changes shghtly at different breathing rates In Fig 9 the calibratton
of our machine for six different breathing rates 1s grven and compared wath three
points quoted from Bates and Christie (1950) The machnes appear to behave
stmilarly, though our results show the expected refation to breathmng rate

more clearly

Evaluation

Lung capacity and its subdivisions The open and closed circuit methods of
measuring the functional residual capacity have given concordant results, but

we prefer the closed cirremt method on grounds of stmplicity and reduction
city has been

of errors (Gilson and Hugh-Jones, 1949) More recently, the stmplr
disputed by Fowler (1950), but we do not agree with lus crtreism Open-circurt
T = taanemsenand no closed
955) A
rometer
ally no
red, now that the deau spact e v v - ing the

e even 1n laboratories where therc 1S
s are quicker

ch more

maintenance 15 requ -

katharometer itself, calibration 1s simpl
no provision for the usual methods of gas analysts Estimatton:

4a —ala ¢han nn the onen-circuit method and the apparatus 1s M
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manometric gas-analysss, defe
ha;_};h A laboramrz' ects may not be sevealed untf after the subjest
repeatability of closed-cireutt estimates of the fun i
ctional residual capact

:an :Orm;;“bjtﬂs appears to be about the same as that for the npcn—grcut\{
s:) Ilcs about 3 per cent of the average normal value The standard error of 2

é; Hobservzmon has been found 1o be about 100 m] by most workers (Gilson
;‘;se \‘%?i-;"!;;s, 1949, \l:]f;“tﬁely and Kaitreider, 1949; Bnscoe, Becklake and

s lowever, Hield

crron of st 00 eld and others (19502) found a larger standard

The mean normal valves ag d & % i

Y our P for

the total lung capacity and 1ts sybdivistons are given mn Table 8 They are
compared with the onfy other groups of at least 10 normal male subjects which
could be found 1n the Iterature where the method, age and posttion of the
subject were comparable

Our value for the average functionai residual capacity, which 1s the primary
measurement, is hugher © 1 er 0 e Y e e s A et ket vannrtad
by Aslett and others {1€ .
preumocomoss so that

values
b . * Tt dor maly

appreciated
The rendual capacity 1s d windirectly from the { residual
capacity by the subtraction of the expiratory capacity; when expressed 3s 2
percentage of the total lung capacity at shows less vamation betweent normal
subjects and 15 Jess affected by sex and posture than any other subdwision
sestudacly expressed (Whitfield ang others, 1950b). 315, boweves, closely selated
to age (Grefenstemn and others, 1952, Needham and others, 1959) It shaws
very good repeatability, and n 50 cases of p of
varying seventy between the ages of 26 and 66 (mean age 45) we obtaned
dnnlicate measurements at one sityng with a standard error of 2 single abserva:
. ARERN ey a s aTuse for nred

—- s -

.on

ratio of the test 1n PACHMOCORIOSIS 15 1duvLay pova s = © s
adizaced pueumoconioss

Dttle change between normal subjects and men with
Ventilatory wegquafity. We have not found the closed-circunt apparatus n:nr)]{

0 ry for miung partly because of nstrumental
Yumutations, and also because of the nctreased Co:

mplenty of theoretical analysis
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of results 1n a system 11 which the concentration of nsprred gas 1s continually
changing The only mdex we have found that 1s easily calculated from the
results 15 the overall index of ventilatory snequality Our mean values for this
.. PSSR g A it S P it e
~ e N .

Needham and others {1954)

We found the standard etror of a single observation of the index to be I 2 per
cent units (20 replicate readings on 10 subjects recorded at one sitng) Thus
although there was a wide vanation i this index between ope normal subgect
and another, the repeatability within a subject was good

The systematic discrepancy between our normal results and those of Bates and
Chnistie 15 1teresting since considerable care was taken fo make the apparatus
and method of calculation 1dentical A discussion of the difference 10 normat
values and the imitation of the index 15 given 1n Part T (p 160)

G OPEN-CIRCUIT SPIROMETRY
TLa = aun ¢ wmathad af masenrmo the residual capacity mtroduced by

arcut method
A method of determining the efficiency with which the fung transfers gas from

the alveol: to the blood was also required Singe preliminary expenments with
carbon monoxide, suggested to us by Professor R J W Roughton, had ndicated
that this gas might be used to measure gas transfer, we decided to combine
3n ope apparatus the measurement of the uptake of both hehium and carbon
monoxide This allowed simpler and more accurate mnterrefation of the

esuls * ha = 4ha qost suitable gases
sthty coeflicrent ta

pin, 1946), so that

rapidly absorbed

And COMDILES Wiu Wy v vuw u !;:e back tcsns:ﬁ:
nronded the blood cancentrstron remans !o:v L‘Fﬁ{jhi‘:’.. :u;yg:lx:uc e
of absorbing

Apparatus
1+ %o nhaled a constant gas mixture from one of (wo' ’sn'iaﬂ sﬂtoﬁfﬁ

carpon WoHuBut B,
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64 LUNG FUNCTION IN COALWORKERS'® PNEUMOCONIOSIS

of results 1n a system mn which the concentration of msprred gas 15 contenyall
changing The only index we have found that 15 easxfy calgululcd fn;m lh{
results 15 the overall index of ventilatory nequahity Our mean values for this
index are given in Table IV, Appendix I (p 232) The meanforourgroups Nysand
Nis was 54 4 per cent and for groups Nis and Ny 47 S per cent, these are syste-
matically lower than the normal values given by Bates and Christie (1950}, who
ongmally described the mndex, and also those of Briscoe and others (1951) and
Needham and others (1954)

We found the standard ersor of a single observation of the mdex to be 1 2 per
cent umits (20 replicate readings on 10 subjects recorded at one sittang) Thus,
although there was a wide vamation 1n this mdex between one normal subject
and another, the repeatabiity within a subject was good
- The systematic discrepancy between our normal results and those of Bates and

v en DD e

. L mnnarat o

G OPEN-CIRCUIT SFIROMETRY

The open circmt method of measuning the restdual capacity, mtroduced by
Darhng, Cournand and Ruchards (1940), 1s widely used in the Untted States
{Comroe, 1950) It has the advantage that the mspirate 1s of constant composition
and the mixng efficiency 1n the lungs can be measured by the rate of gas replace
ment For this reason, 2n open eircuit helium uptake apparatus was developed as
2 means of checking the more complex mixing data dentved from the closed
ciremt method

A method of deternuning the efficiency with which the lung transfers gas from
the alveoli to the blood was also required Stnce prehminary expermments with
carbon monoxide, suggested to us by Professor R J W Roughton, had mdicated
that this gas might be used to measure gas transfer, we decided to combine
m one apparatus the measurement of the uptake of both helium and carbon
monoxide This allowed simpler and more accurate interrelation of the
results
Hehum and carbon monoxide were chosen as bewng the most suntable gases
for these measurements, stnce helum has the Jowest solubility coeffictent 1
blood of any wert gas (Lawrence, Looms, Tobias and Turptn, 1946), so that
very little passes mto the blood, while carbon monoxide 15 rapidly absorbed

and combines with the blood haemoglobin, exerting neghgible back tenston
provided the blood concentration remains low Further, both gases are
- 4=~ ~ ¢ mathade helum by virtue of

of absorbing

Apparatus
4 ¢ ket whaled 2 constant gas mixture from one of two small spirometers
p W o = rnmater
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Calibration of the mstrument with standard carbon monoxide mixtures
analysed by Graham s 10dine pentotuide method to within 30001 per cent
showed the scale to be shghtly non linear The readings were corrected
accordingly

Full scale deflexion was given withm 2 seconds at the rate of sampling used
Thus full response was easily obtained between every fourth expiration at all
breathing rates encountered

A general description of the infra red gas analyser 1s given by Johnston (1947)

Helwm katharometer This was sumilar to the one used on the closed circuit
apparatus (p 54) and could be read within 1 per cent of the full scale deflexion
To mcrease the rapidity of response the gas was passed directly over the pair
of analyser elements rather than being allowed to reach them by diffusion
only as 1n the closed ciremt katharometer Since the analyser elements were
rapudly cooled by the stream of gas passing over them the galvanometer had
to be shunted to avoid damage to 1t this was effected automatically by the relay
1n the electronic control umt the galvanometer being switched back across the
bridge as soon as the gas flow ceased The galvanometer then mdicated the
composition of the gas (about 12 ml) remamung tn the katharometer The
needle settled within 25 seconds of the start of sampling and thus was satis
factory for breathing rates up to 20 respirations per mnute At more rapid rates
which were infrequent (Table IV Appendix1 p 232) error from this cause was
found to be slight

Carbon diouude was not removed from the expirate This gas has a small
effect on the katharometer in the opposite sense to helum but this could be
determuned for each subject at the end of the expeniment by observing the
difference between the final constant katharometer readings and the full scale
reading to which the katharometer was set at the start of the expersment This
difference due solely to carbon dioxide was simply added to each katharometer
reading a procedure justified by preliminary experiments

Procedure

The procedure itself was very simple A complete estimation from which
mformation on both the efficiency of the mtrapulmonary gas muxing and
transfer could be obtatned took about a quarter of an hour

The dead space (1 33 htres) of the collecting Tissot spirometer and that of
the wide bore tubing (4 4 litres) between tap Ty and the sprrometer was first
flushed with air T, being left open to the aperture A, The tubing between the
inspiratory spirometers (Sp 1a and 1b) and T, was then flushed with and feft
full of gas mixture

The zero setting of both analysers was checked Next the full deflevion of
the analysers was set by turning T, so that pure gas muxture could be passed
through them and thetr sensitity adpusted of necessary During this setting
procedure the output from the pump was delivered to the outside through T,
The analysers were then agaa brought to zero by fushing them with air and
T, was closed

After ths prel y of the the seated subject put

2Uter an assistant only had to note the readings of the analysers while the
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had been replaced by helium and to which some carbon monoxide was added
:z:e« %Jas rcglaccn"lcnt p]rocess ;n the Iungs was followed from the time of 1ts
Tt Oy automatic analysis of a proportion of the expirat:
collecting spirometer 4 pirte on it way to the
Mam crrane The tap (Ty) close to the mouth,
prece (M) enabled the subject
to be switched from breathing room air through the opening A, to mhai,mg
through the v:alve"Vx and exhaling through V, Gas could come to the msprratory
r v -

The special gas muxture used i the experuments was made up and stored i
100 ¢ ft cylinders and fed from them to the two inspiratory spirometers
alternately These were each of the same size and | cm movement of the bell

A i aa - )

T emn wl

contact was followed by a relay tn an electrome control untt (E C U j* so that
every fourth expiratory break opened the valves MV, and MV, on either side
of a continuously running pump (P) thereby allowing 1t to draw a sample of
the expired gas from & pomnt very close to the mouthpiece to pass it through
an infta red gas analyser (IR GA) which recorded its carbon monoxide
content and return 1t to the collecting spirometer On every alternate tmpulse
from the electronic control umit (that 1s on every erghth expiration) the valves
MV, and MV, were also opened concurrently with the opening of MV, and
. - -~ A 4k~ ohahel mkatharometer (k) as well
expiration was analysed
ourth and esghth breath
were chosen so that each analyser responded fully before the mext sample
was taken {see below)
The duration and flow rate of ltng were each ly
though in practice the output of the pump was fixed at 7 5 litres per minute and
the samphing continued for 12 seconds from the beginmng of every fourtf
expiration These values were chosen as a compromise to provide sat sfactory
samples 1n all subjects
The tap (T,) enabled the gas muxture to be passed d rectly through the auto
mat ¢ analvsers before and after every run se that their f_ahbml on could be

Jonendently adiustabl

ture
e - 4 a4« men + The sensitivity was
was
i
ity
the instrument alowed 1tau 5 vv A al
of the analyser tube was 120 ml and that of the rubber tubing leading from
the mouthpiece sampling point to the analyser tube 12 m!

4 and made for us by Mr A D_Thomas of the PR u
;’{)‘Llsa::%lge{srg‘: H:r»lvard ‘Grubb Parsons & Co Walter Gate Newcastle-upon Tyne 6
or The Infra Red Development Co ‘Welwyn Garden C ty Hertfordsh re
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operator kept the Y Sp filled wath g: ture The expen-
ment was continued until a stable reading on the katharometer showed that
gas-replacement 1n the lungs was complete The patient was switched out of
circuit by turning Ty and the time taken for the experiment was noted on a
stop-watch The volume reading of the collecting sprometer was recorded
The wide tubing of the main circwit was flushed with arr mnto the collecting
spirometer by openung Ty, and a further reading of the spirometer taken

Presentation of Results
In order to explam the mndices of gas-mixing and transfer obtained from this
apparatus, we must consider a typrcal example of the results m a normal
subject as well as mn subjects who showed extreme abnormality in these two
aspects of lung function  The results from 2 young normal subject are showa

mFg 11

10
Helium

09

f inspirate
o
4

° a7
£
2
H
gmos A
o a4 x Carbon monoxide
g 84X 58 2 xk, aaxBfi i
Cos e F—x '5”3“‘_ c85% o6 &
s o o oo
k] °
5
Eoq
H]
s
£ 03
2
£
oz
4
<
€
o
Qo
. N 2 s s s s s o
L rr) 50 [T 70 %0
° © 2e Jr‘iumlm- of breaths

te sample 10
10n of carbon monowide and helum in the expiral

nm]l:’x:“} Lxﬁn\no:ggaér br:a(hs after start of sahalation of the gas mixture Normal
’“b"ciiei"ui’-ffc’iﬁm- curves (see text) The open circles, triangles and crosses
are tesults of rephicate determunations
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ordiaates of the increment curve (these word:

s apply equally well to a
cu;v:s) See example for breath 9 1n Fig 12 T‘%m sﬁm of thea:?c'gfa:?;
ordinates from the first breath to the last represents the functional restdual

10 A
[. ¢l
osf I
&
3
Sost
£ )
& =
.; o7 0 Normal
s X Emphysema
t‘ op
Q
2
£
8¢5

(]_) _74 percont

Concertration of expirate as
°
>

y L y
%o E 00

N : s :
%6 3G 40 306
Number of breaths
FiG 12 Increment curves representing the change 1n concentration of hefium in

the expirate sample related to the number of breaths after the start of inhalation of

hefium mixture Normal (No 1) and emphysematous (No 200} subjects

4r o ~Fhaaffentive tidal volume (F/Te) This sum 1s approumately
bl he snerement curve (though
1 of the acceptance ordinates
1€ number of tidal volumes
. ‘ — Tt an curve can
agamst the
ven breath

e ———
sk

- ~ ~F¢ha shale area
uformly ventlated, the closer does the

breath sepresent the average value of

the helium accumulated 1n the tung vy that breath In a perfect mixing system,

~ 14 an and mcrement curves are the same, on the other

lation curves gives a good
entifation

umulation curves for the

1sual 1ndex of ventilatory
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residual capacity (which always includes dead-space) and effective tidal volume
so that q = F/(F+Te)

Again I; = 100 NTB/N,; but here the formula imples g’ mstead of q
so that
g = —100/Nylogiq’ G

Because of the post dead space sample automatically taken by our open-
circuit apparatus it was possible to caleulate I, directly from the data the sum

of the was the residual capacity i terms of
the effective tidal volume, that 1s F/Te By defimtion
q' = Ff(F+Te)

= FiTe—(F{Te+Te/Te)

o

= the sum of the acceptance ordinates divided by
their sum increased by umty

(5) Index of biphasie distribution I When the merement curve 15 plotted
logarithmically against the number of breaths on a linear scale. a Ime;sr reht:on—
shipwould be cted sf the post-dead sp:
However, this 1s not so even m some normal subjccts and an apprcmmat:ly
Linear relationshtp only exists after 10 to 15 breaths (Fig 14) The miang 1s
therefore behaving essentially 1n a biphasic manner with one component
coming to completion rapidly

The index I 1s the horizontal distance (number of breaths) between the hinear
part of the loganthmscally plotted curve of the increment data and the paraliel
Line to 1t which passes through the ongin (dotted 1in Fig 14) The nearer the
RSN, S .

of the post-dead space muxing from a “perfect’ umtary system, 1, depends on
A AT . o 4 <.

representation of the acceptance dam necessary for calculating Iy 1s given m
Appendix V, p 264

Index of Gas transfer Efficiency (Carbon Monoxide)
Since the rate of carbon monoude upmkc fmm a constant concentration 1
S

ha tncnirata .

gq;rd £33, once the concentration in the expirate was constant (Fig 11,
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inequality In the normal subject with httle nequality of ventilation the curves
nearly comncide 10 the emphysematous subject the curves deviate due to
mequality of ventilation Numencal mdices which measure the equality of
difference between these curves are given below '
In our apparatus the automatic sample was actually a post dead space

effective tidal volume 15 the tidal volume less a dead space volume equivalent 1n
1ts effect to that in normal subjects These considerations do not affect the
principle of the index 1lustrated 1 Fig 13 but are important 1 defining two
of the remaming ndices

(3) Overall mdex I, This index can be derived just as 1n the closed ciremt
method (p 58) By the 90 per cent replacement point the observed number of
breaths 15 practically 1dentical whether accumulation or increment data are
used but the index was made truly le and apphcable to op: utt
merement results by using the appropriate model for the theoretical corve and
converting the data into data to obtain the corre
sponding Ny, from the Ny,

The theoretical equation appropnate to the open crrcunt 1s a simpler special
case of the closed (see Appendix III p 251 eqn 40) the equation being

F y

& = 1~ {i)

The symbol q will be used for the open ctrcuit expansion ratto Ff(F+T) to dis
hich also depends on Vm Thus

eqn 2 p 58} Itonly differs from
2 15 implecit 1n the formula and

“@

.

the index 15 calculated as in closed circuit equation (3) as
Io = —100/Nulogiq &)

L adavT thaace mptionis made that in the perfect mexing ‘model
N lume mrxes intimately with the
~ =thal ng hecause of the
e part
space
qal subjects the seusiuvaty of

1 differences between normal

on effect of dead space

« degree of restdeal iequakily

after atlowing for an upper respiralory Uedu spunt equivalent m effect to that

10 normal subjects This mterpretation of the index 15 justtfied 1n Part 111 (p 164)
As in ], the index 13 a comparison of the N;, with that of & theoretical perfect
model having functional residual capacity and eflective t1dal volume (Te) the
same as that of the subject The equation appropriate t¢ thes model 15

F oy
Ce = ‘—(H—‘ﬂ)
ratio for the eqi

©

The symbol q will be used for the exp
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Caltbration .

Preliminary expeniments showed that at least a 150 ml sample of gas was
required to wash out completely the 120 m! sampling tube of the infra red
analyser together with the short length of smalf bore tubing which led from the
mouthpiece to the analysers This volume of gas was obtained by sampling
for 12 seconds at 7 5 litres per munute We were then able to demonstrate that
muang curves of the mechameal pump {‘artificial Jung’) exactly and repeatedly
fitted the curves for perfect miung calculated from the functional residual
capacity and tidat volume (the stroke) of the pump at breathing rates between
9 and 18 per minute The same gas-replacement curves for the pump were
obtarned for both helum and carbon monoxide, since these two gases are
equvalent when no absorption takes place (Fig 15) The sampling was therefore
sattsfactory when tested on a mechamcal model

tor 0,0—0-8‘9"'5—

°
3

2

3

o
T

©Carbon monoxide.
| I @ Helwm
———Thearetical

8

2 2
o

2
— =T

3

Concentratton of expirate as proportion of tnsptrate.

CNE T
Number of breaths
Fia 15 Calibration curves showing gas-teplacement 1n the mechanical pump

(artificaal hung) measured both by helum and carbor it the
apparatus FRC = 316 itres TV = 054 lm‘csn go{oz ?l;“ @ open-eirentt

_
3 w©

It was however still necessary to define more precisely what both the hehum
and carbon monoxide samples represented 1n terms of the complex changmg
composition which occurs 1o man duning Thus, h
(Fig 16A) were taken of a subject breathung naturally through the apparatus
The subject s expiratory flow could be made to pass through the pacumo-
tachograph by turning the tap T, (Fig 10, p 65), a record of the breaking of the
clectneal contact on the expiratory valve (V,) was taken concurrently The
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electromagnetic valves controlling the flow through the analyser circwit opened
01 second after expiration started, by which time the subject’s expiratory flow
was well 1n excess of the 7 § litres per minute

The nature of the helwm and carbon monoxide samples, which were different,
can now be deduced
Hehum Samples

Since, from Fig 16B, the sample gas-flow stopped at 13 seconds after the
start of a paruicular expiration and the volume of the katharometer was only
about 12 ml, the gas analysed when the galvanometer was switched into the
cirewt agan was a small ‘snap’ sample {d) taken at the ume of closing of
the magnetic valves All the previous part of the sumple had passed on into the
Tissot sprrometer Thus, the points plotted on our miung curves can be mtcr-
preted 1n relation to the volume time curves fora
gas such as mtrogen as measured by Fowler (1948)

Our helium snap sample was a post-dead space sample taken at a constant time
after the start of expiraton {ts refation to dead space 1s discussed further 1n
Part 1l (p 164}

Qur results are concordant with those of Fowler, Fig 17 shows that the
expirate concentration for helium at breath 1, recorded at the 1 3 seconds after
the start of was higher than normal subjects
This was observed 1 the hugher imuial rejection in our curves for abnormal
subjects (F1g 12, p T0)

Carbon Monoxide Samples

Lake the helum ones, the carbon monoxide samples were also post-dead-
space, but duffered in the average of a much larger
solume of the ‘alveolar’ portion of the curve

From the pocumotachogram (Fig 16} 1t can be seen that the 150 ml sample
of gas started to enter the carbon monoude analyser about 5 second after
exptration started Since the analyser had a volume of 120 mb, 30 mi of the
matial portion of the sample 15 not recorded This volume takes 0 24 seconds
to flow as the sampling rate of 7 5 litres per minute, so that a volume of expirate
equal to the unshaded areas ‘a’ and *b” 1s not sampled This volume of the imtial
part of the expirate vaned between 150 and 190 ml 1n normal and abnormal
subjects Since the absolute carbon monoude dead-space was found to be
about 80 ml (p (89) and the time-volume-concentration curve dechines rapidiy
after this 80 ml, we can be certain that we recorded a post-dead space sample
The sample was *viewed” end on 1n the infra-red gas apalyser so that the average
concentration of 120 mi (shaded area °c’) was recorded represenung the average
conceniration 1n the atveolar gas

Witk bt varahon of the 1espaniory 1aie Sound dunng the moon )
the end of the sampling penod rarely exceeded the tume of exhalation In lhe
few cases when 1t did, 1t simply meant that any one sample was contaminated
by a small quantity of gas 1 the dead spice of the apparatus, but since the
contamunant was end-expirate gas, the error was negligible

Tt will be shown that with this type of post-dead-space sample the
of carbon monovide uptake as the prnpomnn of gas removed fmm the inspirate

3 rel:mvc!y mdcpendent or lhe sub_\ms minute \olume and of fus tidal i
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FHYSIOLOGICAL METHODS ki

Evaluation
Helwum Indices

We find the open-circmt method preferable to the closed for measunng
‘mung efficency’ The standard error of a single observation of the indices
1g and 1, found from a small senes of replicate observations on 15 normal
subjects was 3 83 and 13 respectively The mean values for these two indices
are given 1n Table X, Appendix 1 (p 238)

‘The scatter in normal subjects 1s much less than in the closed-cirewit index I,
not for mstrumental reasons but on account of the nature of the index Both
ndices I; and I, show sumlar and very good discnamination in prsumocontosts
(DR for 1, 1209

Carbon Monoxide Uptake

‘With rapd infra red gas analysis, the test 1s sumple and reguires the mimmum
co-operation from the subject or skifl on the part of the observer The test1s
rapid since such a short ume 1s required to achieve a constant rate of carbon
monoxde removal Even with an inspired gas concentration of 03 per cent
carbon monoxide, duphicate runs which need only fast for about 40 breaths,
duning which time 10 readings are obtamed can be raade without producing
any symptoms 1n either normal or abnormal subyects
The standard error of an estimation in 16 normal subjects was 3 94 The mean

B Ea YA

might be expected pathologically to show a gas transfer defect (p 245) suggests
that as a Jung function test 1t may prove useful 1n other diseases

Qur method suggests that normal subjects remove a greater proportion of
the carbon monoxide from the 1nspirate than do the results mven by Pace,
Consolano White and Behnke (1946) on 12 normal males, who showed a
mean uptake of 41 per cent (S D 4 4) Their scatter 15 practically identical with
ours the systematic difference 1s almost certainly explained by the difference
between the average post-dead space and average overall sample of the expirate
taken 1n the two senes The mean values of percentage uptake 10 a group of
;SS lr)\or_;ml subjects (ages 19 to 74) reported by Bates (1952) was S0 per cent

B

The Use of Helum and Carbon Monoxide Simultaneously

Much 13 gained by recording the uptake of helm and carbon monoxide
concurrently Wath little trouble to the patient enough information 15 obtmned
to "‘T‘l‘!Cuhle the capacity of the lungs ther mitng and gas transfer efficiency,

- e - . e s -
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(p 234) together with the values for the total diaphragm movement and expura-
tory diaphragm movement 1n the standing position

The duaplragm was systematically hugher on the nght side 1n ail the normal
subjects There was a shight fall in the resting draphragm level with age but this
was only marked 1 the 55-year age-group The resting level was displaced up-
wards approximately 2 cm on lywng down Both in respect of movement and
change in position wath posture the left and nght diaphragm were simufar

“The total movement was not appreciably affected erther by age or posture,
but the exp: Y h d by about 25 ¢cm on Iying
down A full discussion of the effect of several postures including 45° head
down and the laterat positions m normal subjects, has been pubhished previousty
(Wadeand Gilson, 1951}, a close el between the expi y o
movement and the expiratory capacity was noted

An extenisive search ta the literature has revealed few records of measure.
ments of the duphragmatic movement Qur values agree well with the total
night diaphragm movement of 68 cm 023 recorded on 10 norma)l subjects
by Kalirewder, Fray and Hyde (1938)

In normal subjects the coefficients of varation of the mean diaphragm level
and of the mean total diaphragm movement were 12 and 18 per cent respectively

In the | groups the of total d was
relatively greater than the change of daphragmatic level The power of dis-
of total diaph mp isfar{DR 768)

Studies of the pattern of- of the and recorded

h show that changes of posthion can occur

without 3 corresponding flow of air into or out from the chest At the end of deep
wspiration the diaphragm lifts but the chest also expands, keeping the volume
of the thoracic cavity constant The movement of the diaphragm must therefore
Tot be interpreted directly 1n terms of changes in fung volume

1 ANTHROPOMETRY

Body measurements were made to check the comparability of the groups
selected and to enable a correction to be made for the effects of height or weight
ot both, when these were shown to be sufficiently closely related 10 the physio-
Jogical measurements for the correction to add a useful sncrease of precision
‘when compating individuals or groups of subjects (Sectionw p 125)

Heights and stem herghss were measuzed to the nearest cm on the scale on the
side of the K-ray table Standing height was measured with the subject an
stockinged feet, sitting height was recorded seated on a ledge projecting from
the X ray table, the thighs honzontal and feet supported

T eights were measured to the nearest 16 , 1n stockings, trousers and sfurt

Chest expansion was recorded on some subjects only, with & spring loaded
13pe which was maistamed at 2 constant tension (240 g) by small sprng
Eolances attachied to both ends (Morant and Gilson, 1945) A sumlar device has
teen shown by Cottenall (1951) to mcrease the accuracy of measurement of
Timb. of ch were made on
waxumum expiration snd snspiration The leved of the dome of the nght dia-
Phragm on manmum expiration which was noted at the time of the screeming
of duphragm mavement was chosen because a subsidiary imvestigation was
betag made 1nto the usefulness of an index suggested by Tiffencau (1949),
2a account of this has been published elsewhere (Lavenne, Wade, Hugh-Jones
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and Gilson, 1953) We are not inclmed to place much rehiance on the measure
ment of chest expanston owing to the very poor discrimunation (Fig 3, p 42
which we had found 1n routine observations

Chest di of antero-posteror and lateral d n
the y and Ty P were recorded using calhpers at the level
of the x:phlslemum In 30 normal subjects the mean expansion 1n the antero-
posterior diameter on deep tospiration was 23 cm and 3 1 em 1n the lateral
drameter Similar values were observed 1n the most advanced groups of pneumo
comosis and there was a wide scatter 1 all groups These measurements are
therefore not considered further




ui. RESULTS

THE resulis given 1n tlus section broadly define the relation between disability
and radiological change when age 1s taken into account, and strictly apply only to
the ‘population’ as defined 1n the experimental plan Their application to other
sections of the communty of muners or ex-miners, and the use of the results for
interpreting the mechanism of different aspects of lung function and for finding
the nterrelation between the different tests wall be considered subsequently
{Parts 1If and IV)

e “ . s PR -

the means of the results for each radiological group, the diagrams have to be
mterpreted with due regard to this form of presentation Reference will be
made 1o fater sections to justfy some of the conclusions we draw, and to
Appendix T where the tables give the means of the results for each group

1. Clinical Findings

The climical examination gave the frequency of the more usual signs and symp-
toms of this disease and the results were of interest for comparison with the.
Impressiony which we had ganed previously from dealing puncipally with
hosputal cases (Table IIY, p 231}

Breathl the most and ‘hial spasm are
related 1 detail to the physiological results (see pp 98, 108, 133), while the
physical signs 1n the chest are discussed 1n relation to the diagnosis of
emphysema 1n Section 1v (p. 139)

Cough was present 1n 80 per cent of men with compheated pneumocomosis,
2nd 1n 54 per cent of men with stmple pneumocontosss, 1t was also present
46 per cent of miners without where 1ts 15 strkngly
related to age OF the-normal group 37 per cent also stated that they usually had
2 cough, this 1s rather surprising, although Cochrane, Chapman and Oldham
{1951) have shown that the presence of a cough may be unrelably recorded,
Wwhen completing a pro forma such as we used

Breathlessness preceded the cough 1 41 out of 50 of the muners with pneumo-
€oniosis 1n whom a record was made, this confirms our ympression that in this
fespect the order of appearance of the symptoms 1s the reverse of that in chrome
emphysema when cough usually precedes dyspaoea (Christie, 1951)

Occastonal chest pain was reported by 27 per cent and frequent pan by 13
Per cent of men with simple In
frequent pains occurred 1n 24 per cent and this was significantly greater than
In simple pneumocomiosts Eight men were orthopnoerc, 3 of them beng tn
the group Dy,

OF muners with comphcated pneumocomosis 39 per cent reported having at
Some time coughed up heavily coal ¥ whuch was
usually only of small amount, was often assotiated with the black sputum and
occurred with the same frequency, 1t was reported 3n 22 per cent of subjects
with either simple or comphcated pneumoconiosis This 1s higher than the
frequency (7 per cent) found by Stewart (1948)

Clubbing of the fingers 1s rare and was only noted on four oceastons, all m
menan eategory D Definite eyanosis was alsa uncommon and oaly occurred 1n
ctegory D

85 o

v
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The blood pressure, which was recorded at the end of the clinical examin
atton on the right arm with the subject supme, showed no notable change with
the disease stage Hypertension was uncommon 1nt the men with pneumoconiosss,
only one man was rejected on account of 1t from all the miners seen, whereas there
were 4 men i the normal control group 1n whom the blood pressure exceeded
160/95 and who were rejected from the final analysis partly or solely on this
account Our findings therefore differ from those of the Division of Industral
Hygiene, US Public Health Service (1950), who found a positive associahon
between hypertension (B P >160/100) and the degree of Iung fibrosis among 211
men 1n ferrous foundries 1n Ilhinots, and from those of Schilling Goodman and
O’Sullivan (1952), who reported a high proportion of subjects with hyper
tenston 1n operatives exposed to cotton dust

The blood sedimentation tate was done on nearly all subjects (Table III,
P 231) The average for the groups was only defimtely raised above the com-
monly accepted upper imt of normal in men with complicated preumocontos:s
and 1 group 3,; (average 14 mm per hour) The absence of a raised
sedimentation rate 1n simple ppeumocomosts was confirmed (Rinsler, 1950) in
the underground working population 1n mine B, who were examined to confirm

some of the physiological results Stewart (1948) had previously reported the
. - 4tnisha emaan ead mentat an rite tends

2. Cardiological Results
(4 J Thomas)

Table 9 summarizes the results of the cardiological examunations In the complt
cated pneumocontosts group all the subjects except one were exammed, but
this was not 50 mn the other groups As explamed under Methods (p 44), the
selection bias was towards those subjects with tardrac aboormality, so that
differences between the normal groups and those with pneumocontosts will

d rather than ted On the bass of the final assess-
;nent shown 1n Table 9, 1t 15 at once apparent that right heart stress 1s not 2
feature of sumple pneumocomiosis, but that it 1s a frequent accompaniment of
d larly 1n the oldest age group of category

D where }:mlfr the group showsrdeﬁmte evidence of nght heart stress

Auscultation
3 wsente A were examined and gave average
le pneumoconiasts, 36 were

. acomsosss, only one showed
which was thought to be

eased pulmonary tension
¢ sounds at the base only

and thus was not considered apbuotiia
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Fluoroscopy

Parucular attention w3s gven to detection of prominence of the right ventricy-
13t outflow tract

I the groups of normal men and auners the eardoscopic findimgs were normal
maltthe 27 men who were serrened, 2 of these had heart shadows of the vertical

type
Ta the 31 subjects with simple pa¢umoconsosts screened, one showed ¢viderice
of night ventncular prominence and 4 had normat veetica! heant shadows
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In the 22 cases 1n group B, 2 had definite nght ventncular prominence and
2 others had borderline signs of prommence of the night ventricle There were
a further 6 cases with a vertical heart shape only

From 21 cases examened 1n group D, 10 had definite evidence of night ventnicu
lar prominence and 12 had vertical heart shadows, the findings being comncrdent
1n 9 of the cases

It 1s clear that, as 1 d d , 4 vertical elongated
heart shadow becomes much commoner than 1n normal subjects In addition,
promunence of the right ventricle, particularly of its outflow tract, 1s a feature
of the later stages of complicated pneumocontosis and usually follows the
elongation of the heart, but may be present without the other finding The effect
of age 1s not so evident 1n the cardioscopsc findings as 1t 15 1n the clinical ones

Electrocardiographic Findings

General

The electrocardiographic patterns of the normal men, normal nuners and
muners with stmple disease followed the accepted average of the normal popula
tion One normal subject showed marked left ventricular preponderance One
man with simple disease, who produced a of aurcular fit of
unknown aetiology, and one normal miner, who was found to have a nght
bundle-branch block, were rejected from the analysis of the main expeniment
as a result of the findings

Twenty of the 23 exammed 1n group B had normal standard and chest lead
patterns, 1 the remaimng 3 the CR1 chest lead showed an 1Sr’ QRS complex

- FRNEIA

mnb

>
t
t

signuficant
g’In‘;lc more frequent vertical heart pattern in group D tended to lower the R

wave 1n Iead I Lead III showed hitle difference between the groups
TABLE 10
Analysis of leads V1 and V6 giving the mean amplitudes of R and § wares

R W S Wave
Fead Growp mean (mma;/cs D mean (mm } 5D
120 “9)
Vi N 25 normals 44 @n
D 22 abnormals 36 [e2)) li g 65
eal 08
Diference im means @2<P<03) ©3I<P<04)
e
52) 11 sy
vé N 25 normals 159 (:
D 22 abnormals 103 G¢9 é; (i)
56
Diference n mearns (P<0001) 005<P<010)
e
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Table 10 gives the detailed analysis of leads V1 and V6 which best represent
the overall chest lead pattern The chief differences between the groups, found
n V6, were the reduction 1n amplitude of the R wave in group D which was
significant (P<< 001) and the merease 1n amplhtude of the S wave in the same
group, which was not, however, statistically sigruficant The full pattern of
night ventncular hypertrophy, R>8 1n VI, was not found, but 1n 3 cases 1a group
D the R/S ratto was near unity

The V chest lead from the third left intercostal space V2 (3 1¢s) was of
snterest In the 25 normal men examined, the pattern on the lead resembled
V2 (Fig 20) In 20 of these subjects r was absent and 1n the remaiming 6 1t
varted from | mm to 4 mm {mean 22 mm)

In 22 subjects in group D, r was absent 1n 13 but was present 1n the other
9, and varied from 2 mm to 16 mm {mean 62 mm)} The difference in the
overall means, 0-4 mm and 2 5 mm, was significant (0 5>P> 02) The peak
of the r* falls on an average 0 07 seconds after the start of the QRS deflexton and

et n
ity R Al
N
H ’ Va »J‘ i\_/\,

s S

Cove
- I Bley) Pee
A B

Tr0 20 Staadard and special [V2 (31 ¢.3 )] electrocardiograph V leads showns
of notmality {4) and extreme sbrormahty oF e ¥ wawe (:;, 8 it
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Quantitative measurement nf these changes was desirable, so the change 1n
size of the itninsic defl was ded 1n the y and
phases, though 1t will be appreciated that the recxprocal change of R and S robs

Vi

\%3

Va

iy
N

v AJMMP‘—U f,’{“ ‘f!r,-
VZ AMM/M/LJM/\J
V4 "“"f/\"“-‘:r/\"‘\;ﬂ/\'w:/\ﬁmfk:/\«

Fig 22 Chest lead electrocardiograms showing variation of pattern wath breathing
]
amant nF come of tts symificance However, 1n the 24 su}:;szi

degree 1n 1o e e z;rt;emﬂl:s‘li;:llyk‘;;vln that there 1s respiratory

with other signs of nght heart c!
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vanation of the penpheral artenial pressure and several workers have demon-
strated changes n the balhstocardtogram on respiration, thus 1t 1s tempting
to say that the electrocardiographic varation results from haemodynamuc
changes 11 the nght ventricle, due to the pulmonary disease, but this must
tematn a postulate untl further studies are made

The Exercuse Test

Heart rate ‘The chinical exanination suggested that a rapid heart rate was a
frequent feature of the d stages of The d
of at rest and dately after a standard exercise test 2llowed
a companson of the resting and exercise rates 1n the various groups Marked
changes were present only 1n group D In the 25 men examned 1 groups N
and NM, the mean resting pulse rate was 70 per nunute (range 60-50) and this
mean was raised to 75 per minute immediately after exercise (range 70-110)
The few hugh rates on exercise were 1n the oldest age group In group D the mean
Testing heart rate was B6 per munute {range 65-120), the mean rate after exercise
was 95 per munute (range 75-140)

In studying individual cases 1t was noted that the highest resting and exercise
rates occurred 1n those with other evidence of right heart stress and that they
were highest 1n group Dy, There was a marked increase in heart rate on exercise
1n those men who had signs of pulmonary heart disease, the increase with this
test bemng of the order of 15 beats per munute A rarsed resting and exercise
pulse rate 1n a patient with pneumoconios:s 1s an indication that some heart
stress may be present, 1f no other cause such as intercurrent infection is apparent

T wave The chest leads recording the night ventrcle before and after exertise
were studied 10 see 1f any changes m the ST segments or T waves took place
Leads CRY, CR2 and CR4 were analysed

In 19 normal subjects there was an increase 1n height of the T wave i 17,
and a decreasein 2 In the 12 cases thought on climieal and radiologieal grounds
to have some nght heart stress, the T wave increased in amphtude m 9, and

med dane o

the presence of night heart stress

3. Physlological Results

Tt is generally agreed that the main symptom of a ventilatory defect 1s breath
Tessness, as opposed to cyanosis which occurs especually when a gas-transfer
defect exists Breathlessness on excrtion 18 certainly the main symptom of
coalworkers® pneumocomosis while cyanosis 1s rare

A VENTILATION
Vennlatory Requirements
The maumum ventilatory capacity of the lungs, by which 1s meant the
Trmit of output of the lungs as a pair of bellows, must atways be greater than the
ventilahon needed to maintain adequate gaseous exchanges with the blood, if
the body's resprratory requirements are to be met i all crcumstances In other
words, there must always be some “enulatory reserve’ If the resene 15
tnadequate, ventifatory farlure may occur on exercise, and the subgect is forced
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Quantitative measurement of these changes was destrable, so the change 1n
size of the ntnnsic deflexion was recorded in the expiratory and 1nspiratory
phases, though 1t will be appreciated that the rectprocal change of R and S robs
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FiG 22 Chest lead electracardiograms showing vanation of pattern with breathing
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vanation of the peripheral artenal pressure and several workers have demon-
strated changes in the ballisto-cardiogram on respiration; thus it 15 tempting
to say that the electrocardiographic vanation results from haemodynamic
changes 1 the nght ventncle, due to the pulmonary disease, but this must
remam a postulate until further studtes are made

The Exercise Test

Heart rate The clinical examination suggested that a rapid heart rate was a

frequent feature of the ad d stages of The

of card at yest and 1y after a standard exercise test allowed
- . . e s

mean was rased to 75 per minute mmmediately after exercise (range 70-110)

The few huigh rates on exercise were 1n the oldest age group In group D the mean
resting heart rate was 86 per minute (range 65~120), the mean rate after exercise
was 95 per munute (range 75-140)

In studying individual cases 1t was noted that the highest resting and exercise
fates oocurred 1n those with other evidence of right heart stress and that they
were hughest tn group Dy There was a marked increase in heart rate on exercise
1 those men who had signs of pulmonary heart disease, the increase with this
test being of the order of IS beats per mimute A raised resting and exercise
pulse-rate 1n a patient with pneumoconiosis 15 an indscation that some heart
stress may be present, if no other cause such as intercurrent infection 1s apparent

T wave The chest leads recording the nght ventricle before and after exercise
were studied 1o see if any changes 1 the ST segments or T waves took place
Leads CR1, CR2 and CR4 were analysed

In 19 normal subjects there was an ncrease 10 height of the T wave 1a 17,
and adecreasen 2 In the 12 cases thought on clical and radiological grounds
to have some nght heart stress, the T wave increased 1n amplitude 1 9, and
and decreased 1n 3 cases Thus the change m amplitude of the T wave on exercise
was of no help in identifying pulmonary heart disease

Stmuarly, ST segment change was not found to be of apy value 1n assessing
the presence of night heart stress

3, Physiological Results

Tt 1s generally agreed that the mair symptom of a ventilatory defect ts breath-
lessness, as opposed to cyanosis which occurs espectally when a gas-transfer
defect exists Breathlessness on exertion is certainly the mam symptom of
coalworkers' pneurnocomosis while cyanosis is rare

A VENTILATION
Ventilatory Requirements

The maximum ventitatory capaaity of the lungs, by which 15 meant the
limit of output of the lungs as a pair of bellows, must always be greater than the
venulation needed to masntain adequate gaseous exchanges with the blood, if
the body's respiratory requirements are to be met i all eircumstances In other
words, thete must always be some “ventlatory reserve', If the reserve 15
rmadequate, ventilatory failure may occur on exercise, and the subject 1s forced
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On Exercise
The Y teq for a d amount of exercise (350 kg m
per mynute for 5 minutes), expressed as the standardized ventilation, are shown
m Fig 24 and T.‘zble V, p 233, this 1s an appropriate measure whethter the
o S e e

4 showed 2 fassly
d by age, though
with licated

there 1s a shight but definite trend towards p
disease, the mean standardized ventilation of those 1n category D betng about
25 per cent greater than that of the normal subjects

In every radiological group, except category B, two or three subjects had an
unusually high ventilation on exercise, which was not related to radiological
appearance, nor 1o a history of respiratory disease of to heart fallure In grovp
3 there seems to be a possible refation to age The extreme requirements of the
two subjects mn group D may be an over estimate since their exercise lasted less
than 1} minutes and i these dard; the 1 may
not have been satisfactory

TABLE 11

The frequency with which subjects n different radwlogical categorses petformed
the full S minutes or only shorter times of exercise

Minutes of | No of subjects in radiologicat category

s N wmw s [w o

5 wlsn(#|2({n2|u
3 ) IR N e I
3 — _ — 1 — 2
> U U IS S SR Y
t B A N IR R
Total e 30 | 2 l 2 ) 2] 2 e 2

Table 11 shows that the proportion of subjects in each radmlggtcatlhc:gcgug
mplete the full 5 mnutes of exeruse ncreased with disea
who fai]‘d 1o €0 p_ £ 1 enmne A e to hreathiessness, but none of those who
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Since the maximum voluntary ventilation has been shown usually to provide
a better measure of the maxsmum ventilatory capaaity of the lungs than esther
the venhlatory fesponse to severe exercise of to carbon dioude inhalation
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Fia 25 Scatter dugram relsting the maxumum voluntary ventilation to disease
stage and age The line passes through the mean
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the degree of simple pneumocomosts has httle effect on the maximum voluntary
sentilation In contrast to the standard everaise venulation, the maximum
voluntary ventslation within each radiological category 1s related ta 2ge (Fig. 25)
Tt 15 clearly shown in Fig 26 that within each radiological category the fahl
due to age 15 about the same 1n absolute units although when expressed ag a
percentage of the value of the youngest age group, the drop is much greater in

category D
Index of Breathlessnesy

Tig 21(p 10 the form of a three-d h h 5
values for the dyspnotic indet (D) for each age'\ ray group on a base whch
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s -

on éums per munate),
T 3
¥

L 1
s
Age qroup
Fi0 26 The average maximum voluntary ventlation of each
radivlagreal cak
related to the age group et category

Maxumum Munglry Ventulaty
¥
5
o ®

there 13 smkmgly good agreement Thus, the validity of this dyspnoeic index
PR L * meal

there

being a greater percentage change from the normal subjects to those in category
D The comments below on the relation of X ray change to dyspnoea are 1
dyspnoeic ndex swnce 1t 1s based on measurement rather than

reference to the
N -+ '1e1 ¢~ ke more accurate, but 1n most cases they

rage, 1n each radiological category a
steady increase 1n exertion dyspnoea with advancing age and this effect of age
tself as b Lty wcreases

In each of the three age groups, there 1s a shight increase mn the average
dyspnoeic tndex between the control non miners and the normal muners, the
possible causes of this finding, which 1s perhaps rather surprising, are discussed
1 Section 1v (p 127) On the other hand, there 15 relatively lutle increase m
dyspnoea with an ncreasing degree of simple preumoconiosis except tn the
oldest men of group 3, who show definttely greater exertzon dyspnoea than
the normal men of therr own age From the relatively flat plateau of dyspnoea in
each age group for the groups NM, 1/2 and 3 (other than men 1n 3yy), there s 2
well marked nise 1n group B and another nse in group D Thus, the men with
complicated pneumoconiosts, especially 1n category D, 1n general have severe
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exertion dyspnoea Nevertheless, the effect of age 18 such that the men 1n group
D, are perhaps less disabled than mught be expected considening the extreme
changes 1n their chest radiographs (Plate 8)

‘There seems no doubt that a reasonable estimate of the degree of exertion
dyspnoea 10 a group of subjects with coalworkers’ pneumoconios:s can be made
from the radiological appearance of the chest, provided age 1s taken into
account. However, the scatter about the mean of each agefX-ray group 1s such
{Table V, p 233) that durect assessment of exertion dyspnoea 1s necessary when
assesstng individuals

The following general conclusions may be drawn about the breathlessness
m pneumoconiosis from these results dealing with the measureraent of
ventilation

1. In general, men with pneumoconosis are not breathless while at rest, even
when the disease 1s advanced {except 1n some of those who are bedndden)

2 The degree of simple pneumocomosis up to the age of 55 bears very hittle
relation to breathlessness on exertion However, men with category 3 pneumo-
contosts are, on the average, more breathless than those men without mming

age 1s more m the
ness m m(egory 3 than 1n category 1/2 or in normal miners

3 Complicated pneumocomosts produces severe breathlessness in relation to
the radiological disease stage, category D beng much worse than category B
As with siraple age s an factar, the pi
increase 1n seventy being greatest in the oldest age group exammed

4 The exertion dyspnoea 1s mainly associated with a decrease in the maximum
ventilatory power of the lungs, resulting in a lowenng of the ventilatory reserve,
rather than with an increased ventilatory requirement on exercise

Factors Limiting ¥ ennilatory Capacity

The maximum output of the lungs when considered as a pair of bellows will
be controlled by four man factors

1 The forces operating to drive the betlows, that1s the muscular forees of the
chest wall and diaphragm

2 The stroke volume at mrumum output, that 15, the udal volume when

f the

3 The resistance to the air flow within the bellows, that 15, the resistance
offered by the bronchial tubes

4 The mechamcal resistance wathin the bellows, that 15 the resistance due
10 the viscous and elastic forces within the lung tending to prevent its deforma-
tion

A complete analysis of all these factors was not possible when this work was
done 1n 1949, so that we had only an imperfect 1dea of the underlying defects
which caused the reduction 1n ventilatory capacity in pneumoconiosts Examina
vam 2l he wydhs o Ahrs s, 1w, vt o tdieatoon o edry Tty
Recently, precise methods have been descnbed for a more complete analysis of
the mechimes of breathing (Ots, Fenn and Rahn, 1950, Mead and Whitten-
berger, 1953, Mcllroy and Christie, 1954, Comroe and others, 1955)

The Position and Vovement of the Diophragm
These measurements were made esther under resting conditions or after
slow 1nsp and 50 we can pan Litle informauon
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The red in diapt 15 b
nt p a change n th
resting level of the diaphragm measured from the 1liac crest ([zg 30) ’lghe mea;
level n group D 15 approximately 2 cm below that 1n the normal subjects The
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Fi6 30 The relation between the resting level of the diaphragm (mean of right
and left), measured from the iliac crest with the subject standing, and radiological
category, mean of each age/X ray group Inset shows mean for five cases of advanced
non industrial emphysema
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Fi6 31 The relation between the lev
roup Insct shows mean of five cases

on maximum expiration, measgred from the
radiological category, mean of cach age/X ray g
of advanced non mdustrral emphysema
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fevel of the diaphragm is much mare dependent on age than 15 1ts movement and
comphcated pneumoconosss seems 10 enhance the effect of age These changes
are al) the more marked when the level 1s recorded in full expiration (Fig 31)
and the pattern of change 18 then very similar to that of the maximum vofuntary
ventilation {compare Figs 25 and 31) The movement and levelof the diaphragm
1n 5 cases of ad d non ind 1 emp! (Appendix 11) was found to
be stmilar to that seen in the group Djy, and the results are mset into Figs. 25,
30 and 31 for companson

Inspiratory diaphragm levels are not given because they have no meaning in
the absence of simultaneous records of the degree of chesthifung (p 82)

Our observations on the of of the diapt 19 pheumo-
comosts confirm those of Bloomfield and others (1936) On the other hand,
our finding that the resting level of the diaphragm falls sn preumocomoss and
the few cases of emphysema 15 at vanance with the findings of Whitfield, Smuth,
Ruchards, Waterhouse and Amnott (1951), who surpnsingly noted no change
1n the diaphragm Tevel 1n emphysema From other obscrvations we have made,
we think that the method they used, of measuring the level relative to vertebral
spines which ate less easily localized than the thac crest and move with the

change in thoracic shape sn may have 4 Tor the m
the findings
Yom hpamme et ha S et ane
‘ . . T o
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e .
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Vitat Capacity, Tidal Volume and Breathing Rate

The mean results of vital capacity measurement for different groups are shown
in Fig 32 and i Table IX, p 237 A companson with Fig 26 shows that the
pattern of change 15 similar to that of mavumum voluntary ventilation the differ-
ence beng that, 1n the SS.year age-groups 1n categonies B and D, the vial
capacity is the same as that in the 45-year age-group, while maxtmum soluntary

decreases p with age Since vital capacity 15 the
maumum strohe of the lung bellows, the similanty 1n the results suggests that

g‘:lh!l n ventilatory capacity anises pantly from a reduction in the size of the
lows

The elfact af eare of hranthinm nm man ;e e ct o oam 2 0 .
studied §
(195%) *
er seco
Eroups asting the maumem voluntary yentlanion test was, in fact, remarkably
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constant except mn group Dj; wh

s Where 1t was redpced, it was L)
adrenaline Thus, differences 1 breathing rate are no,t the caus‘c ;f ﬁx‘eﬂgfﬂ‘ y
ences m maxtmum voluntary ventilation «

o +\
Lr %

5

Iy

y (atres)y

Vital eapace
o

45
Age group

Fi6 32 The average wital capacity of esch radiological category refated to the
-group

TABLE 12
The average number of breaths (1o nearest breath) wn the 15 seconds of the maximum
voluntary ventilation test in the diferent age/X ray groups, before and after
adrenaline
Average . . s .-
' D
f . —
Before | After | Before | After | Bofore | After | Beforo [ Afer | Before | Afer | Betore | After
15 1“4
15 | 4o |15 o3 || M f1s] KBl
14 14 14 13 14 14 14 14 4 14 13 13
14 14 13 3 14 14 13 13 14 13 n u

Table 13 and Fig 33 show the tidal volume as a percentage of the vital
capacity used by the subjects 1n the maxmum vofuntary ventifation fest
before and after they recerved adrenaline This ratio (about 50 per centin normal
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subjects) rose shightly 1n groups NM and 1/2 and then fell to about 33 per cent
in category D Thus, apart from group D5, whose low maximum ventfation
may have been partly due to a slow average breathung rate, it seems that men

e
>
2z
H
H
:
: 8
EE ]
> o
s . o °
. .
°
) .
Sofe
£ @ before adrenaline
H Onfter adrenalina
- . sema befors | S|
s DEmphysema ofter e 0,
.
R ] 1
3" 1 1
s ) '
L]
K} ] [}
h t '
. — 2 1 s . tpt
N ™ radlfiogicat’eateqory 4 £

Fio 33 Ratio between the tidal volume used in the maumum voluntary ventila
:_I:Ar\ test, and the vital capacity {open) before and after adrenaline, mean of each

iological group Inset shows the mean fot five cases of advanced non industrial
emphysema

with complicated pneumoconiosis for some reason use a smaller proportion
of therr vital capacity than normal men duning soluntary
Itis 10 note that the of the vital capacity used in group 3
was similar in all ages, although there was a big difference of 53 litres per minute
between the mean maximum voluntary ventilation of the youngest and oldest
subjects

Table 13 and Fig 33 anclude for compansen the average results on the 5 cases
of advanced non industrial emphysema Therr tidal volume/vital capaaity ratio
was much reduced, 10 only 26 per cent, or about half that of the normal subjects
This low er proportion agrees with the findings of Baldwin and others (1949b)

Matheson, Spies, Gray mod Darenam (1040) made o wwmalar companson
normal subjects by relating matumum voluntary ventlation to wital capaaity
assumung a constant optimum rate for producing the maximum soluntary
venulation They found the ratio was 32 8 for young normal subjects (average
age 20) For companson with their figures, ths ratio 1s gnen for all our
groups 1n Table 14 The ratio 15 only shightly less 1n our normal group than the
one they quote, at 1s not bly attered by until groups
B and 13 where (as was shown tn the more precise companson of tidal solume
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g;eﬁ[a‘l’ er:ﬁ’x;r;l;;l Cx;u(pcu:, \f\_'hlchhtakes account of rate) men have an uaduly
pacity for the swe of their lungs On th
older men 1n all grou o ther v o e
ps tend to use a smaller proportion of ]
doImg the maximum voluntary ventilation tcstp P oftherwial xpecty
N summary men with simple preumoconiosis have
smal
;l}[an normal men but can nevertheless a good ot
a]sznl:zlsd: ‘;:iomphca}:ed Ppreumocontoss have very small lung bellows which are
S fess. crent, their maximum output being disproportionately reduced for
Herbst (1928) and Matheson ef (1950) have shown that this ratio of the
maxmum voluntary ventilation to the vital capacity may be used as a rough
:ndex of th_e cause of the reduction of the ventilatory capacity Thus the
snefficiency’ of the small lung bellows 1n complcated pneumocomosts might
be due to the third of the factors hmiting maximum ventilatory capacity (p 99)
that 1s restnction of air flow, either reversible from ‘bronchial spasm, of
Ppermanent

Bronchial Spasm
The results of giving adrenaline as a test for the presence of spasm (Fig 34
and Table VII, p 235), showed that there was a general improvement in both
capacity and voluntary I 1n all groups including the normal
subjects, though the effect was much more evident 1n the groups of complicated
pneumoconiosis 1n which the mean was matenally and sigmificantly increased
The effect on the maximum voluntary venitlation was greater than on the vital
capacity
The results of the chncal assessment of spasm from the medical hustory
2nd auscultation of the chest were in agreement with those of the adrensline
test (Figs 34 and 35) .
All groups of miners reported some fightaess of the chest (Fig 35) In group
NM the tightness was usually limted to times when the subject had a cold
- danaa ~F ¢ ahitness with advancing radiological
iltation although quite well related
» method of estimating the presence
~ =~ an fmantincregce of

revealed Its presefce oty au wi v g
Alternatively adrenahine was also having other effects such as increasing
pulmonary vascular tone as suggested by Sheldon and Gtss (1951}
The chmcal assessments of bronchial spasm from the medical ustory and
from auscultation were made entirely independently of any knowledge of the
hystol 1 results It 1s that there was a greater mcidence

of a Tustory of tightness of the chest 1 normal muners than in the normal
group
The *usable portion of the wital capacity used 1n performing the maximum
voluntary ventilation test rose in all groups after adrenaline but the improve
f complicated preumocomnosts (Fig_33)

ment was greatest i the groups of

These results show that an important factor causmg the lowered cﬁcxeucy of
the small lung bellows m d p was spasm
§ T f the air-ducts in the lung alteration e

Qther factors a permanent narrowlng o
e of the lung or deficient muscular power 11 the muscles of the

complianc!
chest and draphragm may all contribute to impaired ventifatory capacity
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PHYSIOLOGICAL RESULTS m
B. TOTAL LUNG CAPACITY AND ITS SUBDIVISIONS

An attnbute of the lungs on which the of g 14
and transfer all depend 1s their total capacity and the proportton of this normally
exchanged by the tidal volume The total lung capacity was measured on the

. = PRSP P S e

as likely to show gross finctional changes It was hoped that they would help
to provide a check on the vahdity of the new tests

The following observations may be made from Fig 36

1. The total lung capacity 1s practically independent of age 1n all the
groups

2. The total lung capacity 1s lower 1o the normal muners than in the normat
controls but s uminfluenced by the degree of simple pneumoconiosts, it is
lower 1n the complicated disease than in the simple, but the fact that group
D 1s no lower than group B 1s of interest (see below)

3 The reduction 1s predominantly due to a fall 1 the vital capaaity and
espectally the component inspiratory capacity However, there 15 also a small
reduction 1n the absolate ressdual capacity up to group B, but m group D there
1s then a small increase The general trend of the functional residual capacity
is sumilar to that of the residual capacity but less umform, a finding which
agrees with previous workers’ observations that the functional restdual capacity
15 more fabile than the residual capacity

4 The small group of cases of di | emp show a
marked inctease of total lung capacity and residual capacity with a reduction
of vital capacity The results show that the decreasing total lung capaaity and
resdual capacity of preumoconiosts are not due to some instrumental error
causing low values 1n subjects with poor ventilatory reserve or muxing deficiency
Considening that group D 1s the only one showing bullous emphysema radio-
lopcally (p 5 and Plate 8), 1t 13 of interest that this group shows the shght
nse 1 residual and funcuonal residual capacity noted 1 (3)

In order to allow for vanation in total lung capacity the residual capaaity 1s

7 d of 1t Fig 37 shows that

1 The residual capacity as & percentage of total lung capacity nises with age in
all groups

2 There 1s a shight upward trend with advancing disease, considerably less
than the change with age, except for category D when the percentage incteases
relatively abruptly This ancrease occurs in spite of an actual fall 1a the absolute
value of the residual capacity 1n all groups (except Dys and Dy, and ) and
tosults from an even greater concurrent fall in vatat capacity

The small alteratton of the average percentage resrdual capacity even wath
advanced radiological change is anteresting  (Table VIII gives the mean
values for the groups ) There were only 19 (16 per cent) muners with a residual
capacity of 45 per cent or over out of the whole group of 118 This contrasts
sharply with the figures for the 272 muners investgated by Motley and others
(1949), of whom 40 per cent had a readual capacity of 45 per cent or over
The difference may be due 1o selection of more disabled indmaduals 1n his
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hospital group,* for Motley comments that percentage residual capacity relates
well to disability Age may also be a small factor, the mean age of us 272 muners
was approximately 8 years older than our group
Our results show the need for caution I 1nterpretation of a raised residual
capacity when expressed as a percentage of total lung capacity Clearly, this
percentage may be rased from two different causes
The absolute value of the residual capacity may be considerably above
normal with 2 normal or even abnormally large total lung capacity
2 The absolute value of the residual capacity may be normal, or even shghtly
reduced, but the vital capacity may be much more reduced
To confuse these two conditions is to obscure what may be mmportant
differences For example, the 5 cases of dustral h are 1plk
of the group with high absolute and relative residual capacities, whereas the
men mn group D have much smaller absolute residual capacittes but rado
logically and almost certainly pathol Ily have severe emph The
difficulty 1n separating these groups In previous reports 1s that the absolute
value of the functional restdual capacity and hence the residual capacity 1s
dent upon the techniques used for 1ts and the posture, age
and sex of the subjects Unless an adequate control normal group s given, 1t
15 not possible to establish whether there was an absolute ncrease in either
residual capacity or functional residual capacity

€ GAS-DISTRIPUTION AND TRANSFER

The results so far have shown that the exertton dyspnoea of pneumoconiosis
occurs as the maxtmum ventilatory capacity of the lungs becomes reduced by
the disease But there 15 some exercise hyperpnoea, which increases with the

' ' e Fewo @ ~nd -4k ¢he presence of right heart strain

that there may be a defect 1n
to the major reduction 1n the
capacity of the puimonary bellows

“There are three stages of gas exchange () the distnbution of each breath
within the lungs which determunes the relative equality of alveolar ventilation
1n different lung segments, (b) the gas transfer between the alveolt and ‘blood

o Y R

v

he pulmonary crculation
Y P watd the most advanced
stages Had 1t been practicable 1n the conditions of our experiment to use the
elaborate procedures of Rossier Bucher and Wiesinger (1947) and Ruley and
Cournand (1949) to obtain more detasted mformation on the relation of blood
distribution and alveolar perfusion, 1t 15 unlikely that the results would have

mvestigation of gas transfer defects snggest that ]
cannot be p dly disturbed b;

® %arn 3 ot cananru of 3l the mnets seen as vatients 2t Llandough
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hospital group,* for Motley comments that percentage residual capacity relates
well to disability Age may also be a small factor, the mean age of his 272 miners
was approxumately 8 years older than our group

Our results show the need for caution m interpretation of a ratsed residual
capacity when expressed 25 a percentage of total lung capacity Cleatly, this
percentage may be raised from two different causes

1 The absolute value of the residual capacity may be considerably above
normal with a normal or even abnormally large total lung capacity

2 The absolute value of the residual capacity may be normal, or even shghtly
reduced, but the vital capacity may be much more reduced

2'0 confuie these two conditions 15 to obscure what may be important

- o , P mml o~ mawemnlar

logically and almost certanly pathologically have severe emphysema The
difficulty in separating these groups 1n previous reports 1s that the absolute
value of the functional residual capacity and hence the residual capacity 15

pendent upon the tect used for its and the posture, age
and sex of the subjects Unless an adequate control normal group 15 given, 1t
1s not possible to establish whether there was an absolute increase 1 exther
residual capacity or functional residual capacity

€ GAS-DISTRIBUTION AND TRANSFER

The results so far have shown that the exertion dyspnoea of pneumoconiosts
occurs as the maximum ventilatory capacity of the Jungs becomes reduced by
the disease But there 1s some exercise hyperpnoea, which increases wath the
radiological seventy of the disease and with the presence of right heart strain
n comphicated preumocontosis, this suggests that there may be a defect m
the mechamism of gas exchange, m addition to the major reduction 1n the

bellow;
capacity of the pulmonary bellows 7% s d cteh thian af each breath
ventlation
and blood
. 1 the lungs

These stages may be measured 11 part by IHUILES ailiuny utor uiu
‘We only obtained 1ndirect and scanty evidence on the state of the pulmonary
circulation 1 our subjects from our cardiological studies The results of our
snvestigation of gas transfer defects suggest that the pulmonary circulation
cannot be profoundly disturbed by pneumocontosis until the most advanced
taan tha cnndstions of our experzment to use the

and Wiesinger (1947) and Riley and

information on the relation of blood

'
distnbutton and alveolar pertuston, i 1y unhkely that the results would have
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10 0 $" PNEUMOCONIOS!

[A— P

capacity when expressed as 4 percentage of tota
percentage may be raised from two dlﬂf::nt t:ams:shmg cepaciy Cleaty, ths

1 The absolute value of the restdual capacity may be considerably abave
normal with a normal or even abnormally large total lung capacaty

2 The absolute value of the restdual capacity may be normal, or even shightly
reduced, but the vital capacity may be much more reduced

To confuse these two conditions 15 to obscure what may be mportant
differences For example, the 5 cases of non industral emphysema are examples
of the group with high absolute and relative residual capactties, whereas the
men 1 group D have much smaller absolute residual capacities but radio
logcally and almost certainly have severe J The
difficulty 1 separating these groups mn previous reports 1s that the absolute
\:alue of the functional residual capacity and hence the residual capacity 1s

-pendent upon the techmques used for 1ts and the posture 2ge
and sex of the subjects Unless an adequate contro} normal group ss given, it
1s not possible to establish whether there was an absolute mcrease 1n either
restdual capacity or functional residual capacity

C GAS DISTRIBUTION AND TRANSFER

‘The results so far have shown that the exertron dyspnoea of pneumoconiosis
occurs as the maxumum ventdatory capacity of the lungs becomes reduced by
the disease But there Is some exerctse hyperpnoea, which increases with the
radiological sevenity of the disease and with the presence of night heart strain
10 complicated pneumocomosis, this suggests that there may be a defect 1
the mechanism of gas exchange, in addition to the major reduction n the
capacity of the pulmonary bellows

There are three stages of gas exchange (a) the distribution of each breath
sathin the Jungs which determunes the refative equality of alveofar ventfationt
1n different lung segments, (b) the gas transfer between the alveoli and blood
and (c) the distribution of the blood carrymg the gas to and from the lungs
These stages may be measured 1 part by indices already described

We only obtamed 1ndirect and scanty evidence on the state of the pulmonary

1ological studies The results of our

culation 1 our subjects from our card:
ol ansfer defects suggest that the pulmonary circulation

ation of gas r:
tnvestig B et o pavumecenests untd the mast advanced

tners seen as patients at Llandough
~¢ +hw rpe dual capacity of all th:ix;n sgen 28 f;‘a; ieots a1 Liandoug
) ‘hat our figures were about
e of hus_ with a residual
ton myght account for 2n
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matenally altered our conclusions about the major ca
on Jor cause of breathlessness i

Gas distribution (helium)

Empirical Indices
Visual mdz;x The 0'p:n carcut increment curves obtained directly dunng the
of gas are d m Frg 38 with the corresponding
ML T Ageas
o Aﬂe AS
® Age 55
. L+ R Emphysema,
<
Sl
5 °© .
o> [
<] %
er p g ¥
ir %o :
IFE R I
Gl O & A ¥ ° 1
E 4 < + o ‘i’ ! '
J IS A -
= 3 ° o t% [
8 N o« & g |7
2 1
— 7 ——% i ét - 'l

W2 3 B
Raaiolegical categary
Fic 39 Scatter diagram of the overall mdex of mequality (I,) measured on the
closed-circuit apparatus related to the radiological category and age Inset shows
results for four cases of emphysema
accumulation curves calculated from them Each of the respective curves
represents the average values for the group Both curves show a slight tendency
to bend further to the nght with age and disease stage but 1 no group 1s the
end pownt really prolonged as 1t 1s i the group of advanced nen industnal
emphysema The number of breaths to the end pornt (taken as Ny,) 1s mamly a
function of the mcrease 1n size of the functional residual capacity (which was
found not to change much 1a p! ) and a change 11 the
alveolar expansion ratio These changes are d wntl d |
of ventilation the effect of which 1s shown by the 1ncreasing area between the
corves In the young normai subjects the lungs behave almost hke a perfectly
umform muang system and the two curves almost coincide As the degree of
pneumocomosts increases, the divergence between them increases gradually up
to a maximum 1 the S5 year old group D even here the divergence 1s not
nearly as marked as 1n the emphysema group
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Overall index (Ip) This reflects the inequality shown by the visual index The

Tesults obtained on the closed-circuit apparatus are given as a scatter diagram
mn Fig 39 (and 1 Table 1V, p 232)

+ % * g
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Kadiotegleal eategary

Fio 40 Scaner diagram of the index of residual iequality (1) related 1o radiologrcal
category mnd age Jnsct shows results Tor five cases of emphyserna

Within each radiological category there 1s a wide scatter of values and intle
Telation 10 age but the index on the whole decteases, that 1s the miung efficiency
becomes impaired, with advance 1n pneumoconiosts

The index 15 Jow {range 25-10 per cent) 1o the $ cases® of advanced non-
tdustnal emphysema, though there are a number of subjects even i group
N with indices a3 low ay this Thus, the index 1,, 15 very insensitive and does no
more than suggest a gradual decrease in minng efficiency in pneumocomosts
This {5 the same index as that of Bates and Chnsue (1950), recorded and
calculated in the same way, and the poor of ad d
€ases from norma) cases s sn contrast to therr findings, 3t is discussed an

Pact H(p 160) The mean vafues for the groups are shown in Fig 41

e same inde caleutated from the open-airciit data showed the same wide
scatter of results and a companson of the proup means in Fig 42 with those
for the closed-circut sn Fig 41 shows that the differentiation of the emphysema
Eroup was, if anything, worse, though there was a similar shght impairment of
musing in the preumoconsosts eases compared with the normal miners and non.
Tuers

* Data were ot avautable 1 ifth man owing 1o techncal fadure.
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Analytical Indices (Ipandl, /)

When the effect of the
pper respiratory dead-space 15 allowed for, i,
of mequality become more mformative (p 163) The results for the !w«; mg:f:::

2
T

-4
-

o (percent) closed-circuit
+

il
\/2.
+N
S
Zaop
!
g
s
%5
2o
3
S
=
§ 1 1 1.
a5 A5 £
Age group

FiG 41 The average values for the clg ¢t index To 1 each
group related to age The dotted line shows the average for the index in four cases

of emphysema (Mean age, 52)

I and I, are given 1n Table X (p 238) and shown as a scatter diagram for the
index I 1n Fig 40, the diagram for I being very strular A comparnson of
Frgs 39 and 40 shows that I has much less scatter within the different radio-
logical groups than I, the coefficient of variation for the normal subjects of all
ages being 7 5 per cent for I compared with 28 per cent in the overall index,
I, Thus, the wequality of muung in the group of advanced emphysema
compared with normal 1s much greater 1n terms of the indices I and I

The relation of these two post dead spaces sndices of ventitatory inequality
to age and to the radiological disease stage 1s seen 1n Figs 43 and 44, where the
average value for each expenmental group 1s given

Compared with I, both indices Iy and I, give a som:Lwhat sm':llar picture
. T . 2 L e U P O e .

with the results for the maximum voluntary ventilation of the lungs (Fig 26)
and other tests, (3) with the onset of simple preumoconioss (groups 12 and 3)
there 15 more 1nequality m the ventifatton within the lungs, but the presence of
massive shadows (group B) does not mncrease this inequahty fusther Once
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category D s reached, howeser, the ventilatory 1ncquality becomes much worse,
though even then 1t 1y not as severe as i the group of advanced cases of emphy-
sema In this category the large ncrease sn ventlatory inequahity at the age

3 B 8
T T T

]
'
'
[
"
(i |

-3
T

Overoll index of teguolity 1, (per cent) open cirault

2b

1 1
] A3
Agegrovp
Fia 42 The average values for the open-carmunt index 1, for comparison with Fig, 41

of 5518 tas 4 with a marked
m maxumum voluntary ventlation and with the presence of cor pulmonale

Gas transfer

Carbon Monoxide Uptake

The results are shown as a scatter dragram 1n Fig 45 (p 122) and also 1n
Table XII (p 240) the average values for each age/X ray group are shown in
T1g 46 to make the presentation comparable to that used for the other tests.
Twounusual casesof fibrous of thelungy(Appendix 1t,p 245) have been included
as examples of gas transfer defect, as well as the emphysema group

There appeats to be only a slight tendency for the carbon monoude uptake
o be reduced by advanaing age, and hardlyanychangeinmmplep
There 1s & significant decrease (sbout 30 per cent, P<0:001) 10 the mean uptake
1 proup D when compared to all the other groups The two cases of fibrous of
the lung show that the uptake can, 1n fact, be greatly reduced by discase and
that the small degree of charge in preumocomoss does not merely reflect a
defeet 1n the test The uptake 1n the cases of emphysema ss similar to that
the severe cases of preumocomosts
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These results, together with s smilar smalf merease mn ventilation on exercise,
suggest that gas-transfer deficiency 15 not a marked feature in simple prew o:
coniosis but may t to exerhion d In ad ] heatnd
preumocomosts .

3
¥

P
3.
T

equality I, (percent )

3
T

3
t

Index of residuat i

o a e

1 1
s 5
Age qroup
Fio 43 The average value for the index of residual wequality (Ip) for each
radiclogical category related 10 age The dotted lige 13 the average for the index 1a five
cases of emphysered

Blood Oxygen Saturation

The presence of a Jow oxygen saturation 1n the blood may result from 2
farlure of the cardiopulmonary system in two ways:

1. Impaired gasteansler aceoss the alveolar membrane ot example, when
R U ia - falaambeang
o -+ effectively & shunt
. . - xygen
.. . . .- ~ - atura.
+ ~duced
- - *oxygen
© tem o dha A O [OCTEASITE U Yeuumoun « Lo 193%h)
R . = e wect ey seact
- 2 1o the
PR v ousagess

improved ventiiation, GLULLs siun a s~
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greater than the improvement effected by the change of ventilauion, or because
the circulation ts famng

It was not p to the oxygen on exercise of all
subjects the main expenment The selection 1ed to a bias m all groups towards

o
L

3
T

3
T

L et

Index of taphasic dutributon §g  (breaths §
o

: L .
a3 A5
Age group
Average values for the index of biphasic distnbotion (Tx) for esch
ndloln}nl group retated to age The dotted fine 13 the average for the index in five
physema

those who might have been abnormal 1n respect of oxygen saturation Hence,
the conclustons 1n ths section are less fepresentative than those elsewhere
Twelve subjects 1n graup N gave a mean resting vatue of 94 6 per cent increas-
i1ng by I 2 per cent on exercise, this ts about 2 per cent lower than the normal
figures reported by Lilienthal and Ruley (1949) using the same method In groups
NM, 1/2 and 3 together, 19 subjects were examined, they had & mean testing
saturation of 92 8 per cent which rose 1o 93 3 per cent after exercise, so they
were not different from normal However, there were two subjects, both in
group 3. who had sigruficantly low resting saturation values of 84 and 85 per
cent The evidence we have therefore suggests that tn simple preumoconiosis a
lowered oxygen s:uunhon of a senone drm- fhelnw ON nee et g (re

PO e et e

o . : . S T
L 1u asuiuon, tnere were two extra subjects 1n group D, not included 1n the
analyns of the main expenment {p 31), 1n whom the satvraton fell markedly
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s c:c ,rlcsults, togethar With g Stmyjar Smajy Nerease iy Yentiatyo,y O exercyge

cgsﬁ:ss;s (b:::‘t a sf:r ';1 Cy 15 2 markeq featyre 10 simple Pneumo.
Y cop €xerty, dys;

neumocomos YSPnoe; ad €Omplicateq

10 4.
oy ve

Fra 43 The Average Yalue
Fadio), gzcalcategaryrehxed 0age ‘The dotted line 8 the aye, '8¢ 107 the Inglpy
Cases of Cmphysems

or the index of Fesrduat Inequalyy {12) for ?ch
r, n

Blogg Oxy0en Saluralmn
€ Presence of a low OXygen Saturatiop n the bloog may resnye from
failyre of the cardmpulmonary System ;p two Ways
Mparred gag trangfer ACross the alveolay Membrane for €Xample whep,
a pa(hologlcal ToCess hag led to tblckemng of the Membraps
lack of balance betwcen betfusion and Ventilation
US100 15 mych 1% excess of Yentilation there 15
! Tetmal side, ang Jnereasing the gxyg,
tension n the spired a5 Will make no stnkmg differen, e t0 the OXygen satyp,
ton in the blood Owever, 1 there ¢ Bormaf pe Us1on byt 5 Telatively Teduce.

Ventilapign, the desarurzmon may alleviateg Cither py, fasing the 0(yg€{
Cntilation Baldwy and others 1919y,

fenston 4y he air CTeasing the v,
observeq that cases of Physema with Xygen desaturaucn at rest may reacy
m two y, ey Some show 3 increase of Saturation (fye to the

CrC1se
others show 2 fal use the ncreased O%ygen usage 5
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Teater than the 1mprovement effected by the change of ventilation, or because
he circulation 1s faihng.

It was not ble to the oxyge! on exercise of all
ubjects 1n the mam expenment. The selection ch to a bias 1n all groups towards

¢ biphasic distribution (Tg) for each
¢ s the average for the mdex m five

r respect of oxygen saturation. Hence,
representative than those elsewhere

can resting value of 94 6 per cent increas-

1s about 2 per cent lower than the normal

i'ey (1949) using the same method. In groups

< were examined, they had 2 mean resting

10s¢ 10 93 3 per cent after exercise, so they

However, there were two subjects, both 1

low resting saturation values of 84 and 85 per

elar Gnoorcte fhat m il min — -

- - - -

© extra subjects 1n group D, not included m thle
2t (p 31), 1n whom the saturaton fell markedly



120 LUNG
FUNCTION IN COALWORKERS’ PNEUMOrANIntee

Thaea was 1
sug, T
com .

svu uysphioed 10 advanced complicated

PRewwvontosts

%0
oy N
£
E]

&
él@‘
=
2 ve
k] B
&
ot
g
3
2
2 D
G o=
&
<
£
e r e mmmoemeaeag
1 AL

2
A 45 3

ge group
Fia 43 The average value for the index of residual inequality (Tg) for each

radiological category related to age The dotted line ts the averags for the index in five
cases of emphysema

Blood Oxygen Saturation

The presence of a low oxygen saturation m the blood may result from a
failure of the cardiopulmonary system 1 two ways:

1 Impuired gas-transfer actoss the alveolar membrane, for example, when
a pathological process has led to thickenung of the membrane

2 A lack of balance between perfuston and ventiation

‘When perfusion 1s much i excess of ventlation, there 15 effectively & shuat
of desaturated blood through to the artenal side, and mcreasing the oxygen
tencran o tha snem -, - . . . .

. e aetiewe i uy dwaiup WE VAYRLL
tension 1n the air or increasing the ventilation Baldwin and others {19495}
ohserved that cases of emphy with oxygen d at rest may react
in two ways on exeraise some show an mcrease of saturation due to the

!
improved ventilation, others show a fall because the mereased oxygen usage s
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greater than the improvement effected by the change of ventilation, or because
the circufation 1s failing

It was not ble to the oxygen on exercise of all
subjects 1 the matn expertment The selection led to a bras m all groups towards
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44 Average values for the mndex of biphasic dustnbution (Tg) for each
radological group related 10 age The dotted line 15 the average for the index 1 five
cases of emphysema

those who mught have been abnormal 1n respect of oxygen saturation Hence,
the conclustons 1n this section are less representative than those elsewhere
Twelve subjects 1n group N gave a mean resting value of 94 6 per cent increas-
ing by 1 2 per cent on exercise, this 1s about 2 per cent lower than the normal
figures reported by Lilienthal and Ruley (1944) using the same method In groups
NM, 1/2 and 3 together, 19 subjects were examined, they had a mean resting
saturation of 92 8 per cent which rose to 93 3 per cent after exercise, so they
were not different from normal However, there were two subjects, both 1n
22 Lo led e Ranmtd e el e ek W v eeRA eagE

groups had a resting saturation of less than 90 per cent Exercise caused a fall
11 oxygen saturation in 1 out of 11 men tn group B, and 1n § out of 14 10 group
D In addition, there were two extra subjects in group D, not included 1 the
analysis of the mamn expeniment (p 31), 1n whom the saturation fell markedly
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by & and 17 per cent A moderate degree of under saturation at rest there
fore may be frequent 1 complicated pneumoconiosis but 1s rarely severe
(below 80 per cent) This agrees with more numerous observations by Motley

8

en saturotion (per cent)
Fd

2:1

3

£ . "

° R [H

1 2

54 o
- ORM

RE —
' Minutts *

Fic 47 Change 1n blood oxygen saturation after exercise related 0 the time of
exercise The cardiological assessment is given by the symbol for the radiological
group of the subyect Values outside the dotted lines indicate & reat change of satura

tion  (R) probable abnommality of right heart R definute abnormahty of nght
heart from pulmonary disease

and others (1950a) and with our chrucal mmpression that cyanosis 15 not a
common feature of the disease, though it has been shown that the relation of
cyanpsts to oxygen saturation 1s not necessanly close (Comroe and Botelho,
1947)

prra

3 mean of 138 ¢ per 100 ml

Tig 47 shows the relation of Yhe ¢hange of oxygen saturauon after exercise
to the length of time the subject was able to continue the exercise None of the
4 subjects 1n whom the saturation fell to a degree which czn with confidence
be considered outside the error of the method (approx + 3 per cent), completed
as much as 2 munutes of exercise and they all showed evidence of night
heatt stress Of the remamder who failed to reach 4 munutes of exercise and
showed either a munimal fall or an increase of saturation only one half had
evidence of right heart stress Thus the combination of right heart stress and
desaturation on exeraise 1s assocated with grave disabifity and m our sarople 1s
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limated to group D over the age of 45 Further, our evidence from the study of
oxygen saturation suggests, but by no means proves, that in group B paeumo-
contosts, Jow oxygen saturation at rest 1s usually due to inequality of ventilation
(tmproved by exercise), whereas 1n category D failure of the circulation 1s also
an important factor

It 1s of nterest that 1n a few of the grossly disabled subjects in group D, who
were severely dysproeic on exercise, the ventilation actually continued to
increase when they ceased the short period of exercise of which they were
capable This phi mught be d with a of carbon
dioxide, erther from circulatory farlure or gas exchange




iv. DISCUSSION
1. Cniticism of Results

Tt 1 essential to be sure that the changes we observed were the consequences of

and not of otherdistur such as helghl and weight,

blas 1n selection of the sample, cer mining exp
We therefore consider these influences before discussing thc nature of the
m shown by our own resulis and s

relation to the radiological appearance of the disease

A FACTORS AFFECTING THE SAMPLE
Height and Weight

Smce men with different 1 degrees of p were.
compared with a control group of normal men balanced for age but not for
height and weight, part o7 whole of the observed differences might have been
due to the effect of size However, changes 1n size, as measured by stem-height
and weight, from one group to another (TableI, p 229) were small As would be
expected, weight shows a proportionately greater change than height, though
both appear on the average to fall with disease We have made no correction
for erther vamable m presenting the results, an omusston which will now be
Justified

‘Table 15 shows the regression relations of stem-height and weight on X-ray
category when the latter 15 measured on a umt scale (Part II, p 85) Although
the height and werght changes were small, their relation to disease was
statistically significant, and on the average, there was a drop of about 05 cm
1n stem height and yust under 1 5 kg sn weight per umt merease 1n radiological
disease

The relation between tests and size mn normal subjects is grven in Table 16
The only tests showing a significant relation to height are total lung capacity,
vital capacity and functional residual capacity, those showing a sigmficant
relation to weight are functional residual capacity, total diaphragm movement
and carbon monoxide uptake From the normat regression relations 1t 1s evident
that, 1n general, reduction 1n height apart from disease could have reduced the
total lung capacity by about half a litre (regression coefficient 0 166 x 3 5 cm
change), the vital capacity by about half a litre, and the functional residual
capacity by about a third of a itre The changes we observed (pp 236, 237) over
the whole disease range were generally more than three times as great as these
Thus, even 1f there were no relation between height and disease stage 1n the
general of men with pi , the results would stilk be valid
The survey by Cochrane er af (1952) of the papulaucn of a Welsh valley con-
firms the height disease relation Our expeniment could not show whether men
with advanced complicated pnenmoconiosis were shorter as 2 result of the
s_nfense, or whether shorter men tend to develop complicated preumoconiosts

Although size cannot account for the changes 1n lung function obsesved 1n
preumoconiosss, the effect of size differences between the normal control group

125
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TABLE 15

The relation of stem height and weight to radiological category m each age group
expressed as a hnear regression

Regression coefficients

Age Stem height Weught
group
Coefficient Coefficient
35 —~0134 4 0348 —~0393 + 0686
45 —0599 + 0272 —~2267 £+ 0794
55 —0852 + 0246 - 1458 £ 0626
All —0530 + 0169 —1407 + 0406

Analysis of varance (all ages)

Stem height Weight
Degrees Sumof  Mean  Sigmfi [ Degrees Sumof  Mean  Sgnefl
of squares  square cance of squares  square cance
freedom freedom
Linear
regression 1 1289272 1289272 S 1 8756652 875 6652 5
Deviatton 4 938125 234531 NS 4 5535756 1383939 NS
Difference
between
categones 5 2227397 445497 S s 1429 2408 285 8482 5
within
categories 142 17403076 122557 142 101057795 TL 1675
Total 147 1963 0473 u7 145350203

N All regressions are sigmficant (P>>001) except 1n the youngest age groups where the regressions though

ot sigmificant are in the same sense.
, 'The arbitrary numerical scale of radiological category used was
Category N NM 12 3 B D
Scale umts 1 2 3 4 6 8
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TABLE t7
’7; XIxe difference i stem height and Wweight of normal miners and non muners, and
e average values observed for three sentilatory measurements (T D bf Ve
, Ve,

M V'V normal nuners compared with those expected after correcting for the
difference m height and weight

A S Difference
ghie | Groaw N Group NM | TDM em) | VC lopeny®) | MVV gjeun)
Stem heght | Weight * 1 1
(em) (kg)  )Expected | Observed | Expected | Observed | Expected | Observed
35 40 J 75 J 59 59 J ast | 42 | uo | 135
45 ) 15 ) I 50 53 I 448 I 420 ’ 130 l 12
55 | 0s 32 { 61 ’ 5 ’ 435 | 403 | 0 | %

Notes * Related to weight average change 1s an ncrease of 005 cm per kg

Related to stem height and age average change s an increase of 0 135 Jitres per cm of

stern height and a decrease of 0022 m}es per yg:ar of age oo e

1 Unrelated to height or weight but related 1o age decreasing by 1409 litees per munute
per year of age

‘The expected values are calculated taking into actount the shght differences between the

actual and nominal ages of the groups

-+

= = Tnkfa 1€ Tha ¢ moleeindec DI, was measured, but
exercise the results are
1ce between our normal
ad no radiological evi
dence of p as by the dysp ndex and the maximum
voluntary ventilation If anything the difference 1s shightly greater than in the
corresponding group m the masn expenment whch meght be due to the ipclusion
of all miners of the appropriate age groups 1n pit B' and not only face workers

as 1n pit ‘A’ in the main experiment
We ranclude from these results that the workmg miners 10 both samples with
- LMY

huois s v = o
sufficient fo cause serious disability Further wavestigations of much iatge!
samples will be required to establish the real smportance and cause of the findings

Simple and Complicated Pneumoconiosis
The results suggest that age for age, comphcated disease s much more

disabling than simple
Although a small minority of the men with pneumaconitosis were chosen from
among those attending the hospital (p 31), there were as many i group 3
from this source as 1 groups B and D, apart from group 3s the men 1 group
3 showed no more disability than the NM and 1/2 groups If anythwmg the
- 4 Leadt enaardsthe less disabled since none
. TableI,p 229) Thus,
sattern of the relationt
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TABLE 17
tT}"h: adlﬂ'erence in stem height and weight of normal miners and non miners, and
verage values obsened for three sentilatory measurements (TD M, VC N

,
MY VYn normal mners compared with those expected after correcting for the
difference in height and neight

ree | DifTerence
enge | Group N-Group NM | TOM em) | VC(opem) | MYV @jmmy
Stem height [ Weight . 1 3
(em) (kg) | Expected | Observed | Expected | Observed | Expected | Observed
35 40 7s s9 | so | ast | 4z | w0 | 1
45 1s 30 60 | 53 | 448 [ 420 | 1m0 | m
55 ' 05 , 32 l 61 ’ 55 J 435 l 403 J 20 |

Notes * Related to werght average change 15 an increase of 005 cm per kg.

Related to stem height and age, average change 1s an increase of 0-13$ litres per om, of
stem height and a decrease of 0022 litres per ygur of age i
Unrelated 10 hetght or weight but related to age decreasing by 1409 bises per munute
per year of age

The expected values are calculated taking into account the shght differences between the
actual and nomunal ages of the groups

[T

1avestigation are given o1 Table (8 The simpler index, DI, was measured, but
as the majonty of subjects completed the 5 munutes of exercrse the results are
comparable with DI, (see p 48) There 15 again a difference between our normal
non muner group and the workng men m this pit who had no radiofogical evt
dence of p as d by the d ndex and the
voluntary If anything, the diff 15 slightly greater than 1 the
corsesponding group i the main experiment, which might be due to thenclusion
of all miners of the appropriate age groups in pit ‘B’ and not only face workers
as 1n pit *A’ 1n the main expeniment

We conclude from these results that the working miners 1n both samglcs wu‘h

. - - - e -

sufficient to cause serious disability Further mvestigalons O3 Liuwu sarg
samples will be required to establish the real importance and cavse of the findings

Simple and Complicated Pneumoconiosis
The results suggest that, age for age, complicated discase 15 much more
I e

- nrosis were chosen from

- - -« - ¢ as many m group 3
from this source as 1n groups B ana D, apast 110w g, wup 3, the men 1n group
3 showed no more disability than the NM and 1/2 groups If anything, the
selection bias m group D was undoubtedfy towards the Jess disabled since pone
was bedridden and some had advanced category C X rays (TableI,p 229) Thus,
bias 1 selectzon seems most unlikely to have distorted the pattern of the relation
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be grossly different elsewhere unle:
ss the X
vers dh ooy crent ¢l ray change were related to agem;
a Twz Important limitations tn the apphcation of the results remain (1) they
wo ;zco n:_cessanly apply to types of pneumocontosts other than that 1n coal
co‘;rl We;:i(ct:r eg(ample, pl;re thcosxs, siderosss, efc, and (u) they canaot, even 1n
s, be extrapolated to other age grou t ;

sixth and seventh decades ¢ $1OuPS partcularly to men un te

TABLE 20

The frequency of different age| X ray groups in the entire population of muners and
ex-miners over 20 years old hving m a Welsh valley

No of mumers 1n category

Aw Normale’T’ ) e
2029 ) 610 J 202, 2 / | 2 / 854
30-39 , 569 , m,wo J 59 , 5 ’1114
4049 l 51 l 4oslms l |10 ]uss
50-59 ‘ 570 J 366’ 56 J 85 ’ 5 ’ms
60+ ' 615 ‘ ssa' 5 'ms '193 rma

’1574,343 Jm 1456 ’5745

Total ’ 2935

*Age groups between the thicker lines closely approximate to those in the mam expenment
though 1n the latter category 3 and a few category A were combined to form group 3 and
category B was separated from category D which however also contamed a few men in late

category C N

2 The Disturbances of Lung Function
A MEASUREMENT OF BREATHLESSNESS

‘We must now consider the relationshtp of our results to the main symptom of
pneumoconiosis—breathlessness on exertion—1in order to determune what
disturbances of function are chiefly responsible for 1t To do this we must be
able to measure br either by a estimate of
the symptom, as we have done in our chnical grading (p 42), or by arbitvanly
selecting a particular physiological test as the best index and relating other
test resuits to thus standard The latter 1s the approach used by Motley and
others (1949)

South Wales muners, because of the nature of their work and the steep streets
which they must surmount going to and from 1t, often become aware of hmita-
tion of their ability for severe exertton earhier than men working i a less fully
district This may account for the good measure of agreement which the two
observers attained 1 grading 92 of the men seen by them both, 1 indmidual
gases a disagreement was never more than one category (Table I, Appendix 1,
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be grossly different elsewhere u
nless the X r:
vers dhfferont e 2y change were related to agema
Two tmportant limitations 1n the a;

pplication of the results remain (1) the;
:’ivo ?(ot nercessanly‘ apply to types of pneumoconiosis other than that 1 coaly
c‘;ri ‘:‘::i(eor e[):ample, pt;re siicosis, siderosis, etc, and {w) they cannot even 1n

1S, be extrapolated to other age groups, particularl:

sixth and seventh decades 5 Brones. by to men i te

TABLE 20

The frequency of different age/X ray groups in the entire population of muners and
ex nuners over 20 years old living tn a Welsh valley

No of muners in category
Age* f——— —————— Total
Namal] 2] 3 | A j BCD

20-29 610 [ 202 32 8 2| 854

30-39 369 [ 3337100 { 59 | 53 [1118

4049 51 405 | 108 74 | 110 | 1268

50-59 570 366 | 56 85 98 | 1175

60+ 615 368} 52 [106 [ 193 r 1334

Total ‘ 2935 lnmlsas Js:z J4ss Jsus

*Age groups between the thicker lines closely approumate to those 1n the mam expertment
though m the latter categary 3 and a few category A were combmned to form group 3 and
category B was separated from category D which however also contamned a few men 10 late

category C .

2 The Disturbances of Lung Function
A MEASUREMENT OF BREATHLESSNESS

We must now constder the relationship of our results to the main symptom of
' 11, a btam  w aedos tn Aatarm na what

sers {1949)

South Wales muners because of the nature of their work and the steep streets

1ch they must surmount going to and from 1t, often become aware of lmta
ier than men working 1n a less hully

n of their ability for severe exertion earl
measure of agreement which the twe

trict This may account for the good
servers attained in grading 92 of the men seen by them both, 1n 1ndividuz
ies a disagrecment was never more than one eategory (Table I, Appendix 1
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Although most recent work (Kaltreider and McCann, 1937, Wnght,
1942, Baldwmn and others, 1948, Warring, 1949) supports the truth of
this conclusion, onginally pmposcd by Peabody and emphasized by
Harnson (1939), 1t 15 stll not very generally recogmzed n chnical
medicine, for example, 1t 1s not mentioned 1n a review on ‘Dyspnoea
(Chniste, 1950)

All the dysproeic indices suggested by other observers which have been found
to relate well to and y fibrosis are
essentially the same, but their quanutztwa relation to the degree of dyspnoea
varies because of differences 1n the method of performing the tests and win
expressing the results However, Motley and his co workers (1948, 1949, 1950),
1 therr study of lung function mn coalworkers® pneumocomnosts, drd not use a
dysproesc index of this type and concluded that *the degree of emphysema as
measured by expressing residual ar as a percentage of total lung volume 1s a
very 1 the eval of disability” but did not relate
test results to the symptom of breathlessness

In view of the apparent conflict between our conclusions and those of Money
and ks co workers, we tnvestigated the point further by companng maximum
voluntary ventilation and restdual capacity as a percentage of total lung capacity
on a comparable sample

During the last five years we have collected records of clical grading of
dyspnoea, voluntary and residual capacity
on 207 men admitted to our ward All exccpt 16 of these men had radiological
evidence of pneumocomoss and all had some history of dust exposure Of the
total, 90 had been admutted at their own doctors’ request, and 117 came m at
our request, mostly for therapeutic trials In the whole group, the hnear
correlation coefficients between clinical grade on the one hand and maxuuimum
voluntary ventilation and percentage residual capacity on the other were
respectively —0 730 and 40 709, compared with ~0 765 and 40 480 respect-
tvely n the mam expeniment Thus, in our ‘hospital population® of cases
of pneumccontosss, presumably selected on simular grounds to those of
Motley and hJ:s kers, the between and

0-2) the maximum voluntary ventilation 1s rather better related to the chn:al
grade thn:l PercentAge residual capacity, but m the more severe grades the

a2 A .
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Fio 48 Scatier diagram of dyspnoerc ndex, DI, related to clmical grading of
cathlessness 'The curve js the quadratic regression hine which gave a better fit than the

iear one
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Our evidence doss not support the con
tention that i this disease the residaal
capacity expressed as a percentage of the total
of breathlessness as the dysprote mdex ng volume.s s go0d s easur
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Fio, 49 Scatter duagram of maximium voluntary ventiatsan and of percentage
residual capacsty retated to cliueat grading of bresthlessness Afeans fot each
age/X ray group {excluding group Ny,¥

B CAUSE OF BREATHLESSNESS

We will now consider the varables that may affect the dysproesc mdex

Clearly, sts value will be altered either by changes tn the vu:ml:;nwry thm‘umem

for a given amount of exercise (as d by the

or in the maxaum ventlatory capanty of the lungs (as measured by the

maumum vofuntary ventation or both o
b b w2850 95} thasin th test the averap

- . - nd that 1t was only

. © < moss of the most
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forces af arrway resistance and chany

diaphragm 1s Jowered and its movemg:ixtu;clrlll:cgeg omplance, especally s te
. %t tt;‘e time this work was bemg done (1949) most attention was beng pad
0 bioc] :m‘x‘cal and gas transfer aspects of Jung function Baldwmn ef of (1948}
had stated “the measurements and analysss of ventilatory function are i most
respects adequate * We cannot now agree wath this statement, for our findimgs
1n preumocomosts showed that 1t was the cause of reduced ventilatory capacity
which needed analysts, and we are theref. with ) etal
(1950) when they said “It would be of matertal advantage m chmcal analysis
of respiratory disease i 10 addition to measuning the degree of reduction
1n ventilatory capacity the cause of the impairment could likewrse be identified
Since then many new tech have been developed for ana}, the

of breathing so that the contnibution of changes 1n atrway resistance, tissue
viscance, muscle force etc can now be more easily assessed separately (Ous,
f;;;; and Rahn, 1950, Mead and Whittenberger, 1953, Mcllroy and Chrishe,

Increase in Ventilatory Requirement

The nise 1n Y on exercise 1s |y marked, particu-
larly 1n the groups of d to ment d of
its ongm

Gray (1950) has shown that even m normal individuals no theory satisfactorily

accounts for the increase of ventilation on exercise, and that 1t 1s necessary to
d d factors the response of the respiratory centres

‘We only studied arterial oXygen saturation before and after exercise and have no
’ L a an

artenial carbon dtoxide TENSION UNAIEIEU) SULLL a3 1\wssitiy truvads  w
(1947) observed
Our observations (Figs 43 and 44, pp 120, 121) showed that the desrec of
1nequality of ventilation as revealed by the indices I, and I, 1s on the average
relatively shght, and much the same 1n groups 1/2, 3and B, but 1t 15 more marked
m group D However, even 1n advanced complicated disease the impairment of
mixing 1n the lungs 1s not nearly as severe as in the cases of advanced emphysema,
Tal 4 ~aen anha alim lar averase valiies of standardized ventifation
\e an ymportant cause of
118 supported by Roelsent
The poor relattonships
irement on exercisc may
be accounted for by inadequate perfusion an the pooriy ventilated areas
Since the indtces I, and Iy seem to be the most sensitive of all our tests of the
functional changes d with emp! (asa of Figs 43and
44 with 21l the other similar figures shows), the above conclusion mphes that
om emphysema does not, per se, cause

the ventilatory inequality which results fr

the breathlessness (see p 145) On the other hand, the carbor monoude uptake,
which measures the overall gas transfer efficency of the lung mght be more
lated to the increased ventilation on exercise There was kitle change
ake or standardized ventilation be(wc?n lhg

but 1n p

closely re!
sn ether carbon monoxide upt:
normal group and men with smple p.
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dlagnos:i In any but fairly advanced cases Thus no one method can be set up
as an measure of emph because we are trymg to compare
.

Knott and Christie 1951 Whitfield ez a/ 1951 Theodos ez af 1950 Hurtado
et al 1934 Baldwin ef al 1949b) to rationalize the concept of emphysema
and to relate the separate entities They have shown that m hfe there 1s good

betweencl land rad, h onlymnthe most advanced
stages when both may correspond quite well with the post mortem findings
r voa Famah

functional syndrome of emp d phystol Ily and not requ rtng
the presence of particular physical signs We have attempted to assess the severity
of this functional syndrome m the subjects m our main expenment the
circumstances were not :deal but were adequate to see how the method might
be applied

The first consideration 1s what functional tests should be selected and how
they may be bined to measure h We belteve that the use of a

stngle test to study extreme cases 1s of great value m solating a particelac
L - af the erectrum

(P 202) shows that mn no test are the results wholly unre ated Wwa v
tests Tn so doing we are using essentially the same process as that employed by
Le oar

can be measured It ought therefore to be possivetwuvve v o

“ =~ nant analvs §

stobetetave v

the main experiment was planned to stuay pr eut weu v 4 and not emphysema
amt ama Therefore we do not cons der

1ant func

¢ analysts

ht take 1f given larger groups
ml'f‘ablc 2 shi’ws the gxscrﬁrmml:mt ratios of the mdividual tests when used for
companng the normal subjects 1 the 55 year age group with the group of men
with d non 1nd ] emph; (average age 34) The discnminant
function was calculated from the four best tests and the 1ncluston of any of
the other tests did not ymprove it In denving the function certain important

ns have been made
asslun_llg: to the dll}e'ercnccs between test results m group Nyg and the non sndustrial
" R Rt | actyanal syndrome of emphysema

1 ] & " v 1ned represents the functional changes
) ' 1 18 assumption cannot be fully Justified
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diagnosts 1n any but fairly advanced cases Thus, no one method
as an absolute measure of emphysema because we are zrymgca(g l:ins:;:r‘;
dissimutar but overlapping entities, namely cluucal, radiological, phystological
(functional), and, after death, pathological ‘emphysema’

" Attempts have been made by workers {Christie, 1934, 1944, Fletcher, 1952,
Knott and Chrishe, 1951, Whitheld et af, 1951 , Theodos et al, 1950, Humdo‘
et al, 1934, Baldwin 7 al, 1949b) to rationahze the concept of emphysema
and to relate the separate entities They have shown that 1n Ife there 15 good

ement beb inicaland radiol ph Iymthe most advanced
stages when both may correspond quite well with the post mortem findings

i d of h physiol lly and not requinng
the presence of particular phystcal signs We have attempted fo assess the severity
of this functional syndrome in the subgects it our main expenment, the
circurnstances were ot ideal but were adequate to see how the method might
be applied

The first consideration 1s what functional tests should be selected and how
they may be bined to measure emphy We believe that the use of a
single test to study extreme cases 1s of great valug in isolating a partenlar
functional defect, but that 1t 15 restrictive because the contimuty of the spectrum
from normality to advanced disease and the multipheity of functional disturb-

ance 1 obscured We prefer to rely on multiple tests since the factor analysis
" Ve A an o) athar

IVations Bul INE PUYSIUIUguL v wer

emphysema from a weighting of all his obse:
ty 1nd dent of the observer, and the weighting

are tve and ively 'p
can be measured It ought therefore to be possible to do better than the chimetan.
1t a limuted set of cucumstances
+ »~f A cor monant analysis
and one
nd those

with emphysema in relatron 1o the sCaller wilnm Ui groups = v urpose,

however, 1t 1s essential to have large groups 1f the result 1s to be selrable Since
the main expenment was planned 1o study p and not emph

we only have 5 cases of advanced emphysema “Therefors wa do not consider

- e n€ the rarticulac discrimmant func.

ste of the form the analysts

widual tests when used for
th the group of men

companng the normal subjects i the 3>-yedl age gioup Wi
wth advanced non mdustral emphysema {average age 54) The discrimmarnt
function was calculated from the four best tests, and the inclusion of any of
the other tests did ot improve 1t In denving the function certain important

assumptions have been made
1 That the differences between test results th group Ngand l(he nen mdustaal
Zen = mem A e 0 the i 1 synd of empt g
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2, That only men in group D have on the average undoubted emphysema,
1e. are alf below the datted line which is half-way between the average value
for nosmal subjects aged 55 and that for the 5 cases of advanced emphysema on
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between the groups, the oldest men n the normal group being on the same Jevel
m the figure as the young men with category D complicated pneumocontosis
This sndex therefore shows poor discninunation of emphysema
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Fia 51 The ses dval capacity as a percentage of the fotal lung capacity for each
;Is;IX tay group as an 1dex of emphysema for comparnison with Fig. 50 group
ng

An wndependeat chacal of emph by one observer using
the seven physical signs* was also made oa the subjects i the main evperiment
Although we know (Fletcher 1952 that the error between different observers
BUtmplng to elictt physical signs wn the chest 18 farge a comparison of climeal
and physiologreal assessment of emphysema 1s of some mierest aad the com
Panison 15 given i Fig 52 where the chintcal evidence is presented as a percentage
of the total possible marks 1n each group This mdes of ensphysema also has a
poor & power 1n

ar
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To summanze alth
gh there 15 no satisfacty
the use Ty single test for serr
Powsibls (;(f) ::, ;:;r;llbmatlon of several tests m g disciminant function ';n;kcs
an ande which s useful for the objective assessment of 1]
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Radiologecal cﬂteﬂgor’ e £
Fio 52 Chnical of the de f for each age/X ray group
from thy of seven physical d f total marks

on an arbitrary scale, for comparison with Fig 50
dividual Calcul. this 1ndex

degree of 1 empt 1n a group or
for the groups of muners m the mam experiment showed that men with
category D complicated pneumocontosis have as a rule severe functional emphy-
sema Men with stmple pneumoconiosts also have more evidence of emphysema
than muners without pneumoconiosis, the merease 15 atself not siguficant
statistically but the general trend suggests that 1t does not anse by chance
Having pted a of h mn 1 terms and ilus
trated 1ts measurement 1n PREUMOCONIOSIS, We must now consider the part it

plays m cousing breathlessness
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compared with normal non muners of equivalent ages * Thus, 1t 1s a man’s age
rather than the radiological degree of stmple pneumocontosis which 15 important
mn predicting his disability This generahzahon does not apply to other
information derved from the X-ray, such as diaphragm level, the shape of the
cardiac shadow ete , and 15 only known to be true within the age range of about
30-60 years In general, the amount of breathlessness resultmg from simple
Ppreumoconiosis 1s shight, though there 1s about a 30 per cent vanation around
the mean dyspnoerc index particularly 1 the oldest subjects, so that some
elderly ndiduals are severely disabled ’

In Compheated Pneumoconiosis

In contrast to the simple disease, the breathlessness 1n complicated pneumo
contosts 1s nearly always severe, increases with the radtological abnormafity
and 1s augmented even more by age Thus, on the average, if 2 man’s X ray
shows complicated pneumoconiosis, his disability may be estimated reasonably
well by taking both age and radiological category nto account The diaphragm
level on inspiration and expiration and the shape of the heart may give further
mformation of value, a long, thin heart shadow, rather than a large one,
espectally when accompanied by a large outflow tract, 1s suggesttve but not
diagnostic of nght heart strain

It 15 not surpnsing, remembenng the scatter about the mean that other
workers who used earlier systems of X ray classtfication 1n which the group
with massive 1 was not sub ded and who neglected the effect
of age, have been unable to d the true fi 1 of
the radiograph

In Miners with Pneumoconiosis of less than Category 1

Fig 27 and Table 18(p 129) showed that the degree of breathlessness for each
age was approximately the same whether a working muner had radtographic

ds of simple p or not The breathlessness 1n the normal
group, compared with the non muners, could not be explamed on the grounds
of bras 1 selecting the sample (p 127) It 1s natural to ask whether the miers’
radrographs were truly normal, but tius 1s difficult since there 1s an mfimte
gradation of degree of abnormahity and the classification of radiographs 1s a
subjecttve procedure Films which we classify as category 1 have so hitle

abnormality that several radiologists with whom we have discussed them
**—  ~nd+ha Pneumocontosis Panels of

mze category 1 for official
our experiment had been
U as having less abnormality
nerally

;le::snﬁed by four expenienced readers in the PR
than category 1, so that we can confidently state that they would ge:
Lo eamacdad as showing 00 evidence of pnenmocontosis

of coalworkers’ preumocomosis PLret UL Vluy Ay v v »

* The slope of the regression lines predicting DI, from X ray category in simple pneumo-
comosts increased sigmificantly (0 { <P<0 5} witk increase of 2 -
1 Onc of the normal subjects 50 selected was found oo fe-examination of the indust

Tustory to have worked 1n a dusty briquette factory






PART IIl. FURTHER INTERPRETATION OF PHYSIOLOGICAL
RESULTS

THE use of helm and carbon monoxide simul

distibution and transfer was the only test we used wthaxxcll:xox:?nx/ ?;:sr‘:\r:a:ﬁ;sg
and physiological sigmficance of the results from 1t are exammed 1n this Section
They are more easily understood 1f the general theary of the process of gas
muxing and transfer in the lungs 1s first discussed

1. General Theory of Gas-uptake

‘It 1sa co‘mmonplace that breathing consists of an ntermittent ventlatory
‘wash-ont’ of the lungs, whereby the ambient air 1s mxed with the gas m the
alveol,, and a continuous pracess of gas transfer to and from the blood by
diffusion across the alveolar membrane Numerous authors have attempted
mathematical descriptions of this whole breathing process, and these have been
summarnzed 1n an excellent critical review by Kety (1951) The discussion
1n ths chapter 1s developed from his analysis Kety states “1t 15 necessary

that an aggregation of millions of separate processes ocensring at mucroscopic
levels 1n the lung or 1n a tissue (are) represented by a smgle average
process taking place umformly and simultancously 1f there 1s to be any
hope of mathemafical treatment » The necessary assumptions himit the

direct applicability of these t 1 concepts, though as generaltzations
they are very useful 1n understanding the processes of mixng and transfer

Tots ~which

mform

ediate

When the insptred concentration of the gas 1s taken as uwmly, we wlveolar
concentration (CA) of any nert gas* may be represented as a function of time (t)

by the equation
Ca = A Ft—Ae™t @)

The constants Ay, A, k; and k,, as shown by Kety, are functions of the alveolar
volume of the lungs (VA) (which 1s approximately equal to the functronal
residual capacity), the alveolar ventdation, the tidal volume the pulmonasy
blood flow and the solubthty coeffictent (A) of the particular nert gast There
nra tun eynonential terms m this equation, the first of which represents the
PRSI

1 0 at an]

blead
- y -+ = ~hemycal change in the body
1in the blood 1s therefore
1on 15 proportional 1o the

A shese i Lo g n 1by 1 ml of ligud after
- A pfﬁ‘:‘uon coefficient of the gas between
partial pressure ‘The values far A for

od they are almost identical with those

for water
150
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simple model, they refer to normal subjects at constant barometric pressure
so that, unless otherwise stated, they are those for the respective gas tenstons
and the 100 per cent equilibrium line 1s when Jung and blood gas tensions are
the same, also, unless otherwise stated, the temperature, ventilation, trdal
volume, functional residual capacity, pulmonary blood flow and blood pH are
all assumed constant

Consider the gas phase the helum curve (which 15 a theoretical curve
on the assumption of perfect mung but closely approximates to that i
normal subjects) lies to the left, and the curves for gases of ncreasing
solubility, such as artrous oxide (X = 047) and acetylene (A = 0 8), (which
are theoretical curves derived by Kety from the general equation (8)), bend
further to the night and show a sharper mflexion The 1mbal rapid nse of
concentration of these gases in the alveol 1s less steep than that of helum
since some absorption 1s taking place and less gas 1s therefore rejected 1n the
expirate, the subseq p slow mise the time taken 1n
saturating the blood tissue mass, so that some interval elapses before the
expired concentration (Ce) taken 1n the simple model as equal to the alveolar
concentration (Ca), equals the inspired concentration (C1) Deviations from
the theoretical curve are now more complex  they represent, first, the 1nequality
of gas myxin A 1 4 a < cavtn tn s ame Fommn the amnle
postulate of

takes place,
the lag between the gas being taken up from the Jungs and bemg returned 10

them as blood arnves from different parts of the body Nevertheless, Kety
(1951) finds that the general equation * although jnexact can be used to
describe the uptake of gases of different sofubility wiuch 1t does rather farthfully
especaally 1n the early phases of saturation™

Now, consider the blood phase for the mert gases the curves representing
the nse of concentration 1n the blood are theoretically identical with those
representing the nse of tenston, and are murror jmages of the nise of con
centration (and therefore of tension) n the alveok Thus, the helum rise 1n
the blood, expressed as a percentage of 1ts equilibrium value, must occur
very quickly, although the absolute concentration at equilibrium would, of
course, be very low, while the nitrous oxide and acetylene curves nise more

<nwlv Tn vractice, the blood and gas p}ms‘e curv::s may not nse qute to the

£ amn tha ol Such a
hnke and

Carbon Monoxide ,
Tt =~ taeser annlies

' »the
nple,

rand

that

. ntra-

lood,

1at 1s

- us

what happens, and the dotted ttic it 5 < ax " . "\:as
oxide curve which he obtamed exp when n;y»}: o anae after
followed by quiet breathing Tt will be seen that there 15 a short p!
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1bx;ﬂex1on when the curve was actually honzontal (representing uptake mto the
l’Ioog with zero back-tenston), before the blood recirculated Then, as the
ood tension rose, the expirate concentration also rose since the rate o‘fu take
degeasedhas equilibrinm was gradvally approached i
ow, the diffusion of carbon monoxide from
the general diffusion law so that Aveolt to the blood folovs

Mco = Kco(Pa—Pa), 12

where the rate of diffusion across the alveolar me;

1ts drffusion constant for carbon monoxide {Kco) :Jnlgatx}:]ee gftﬁ?ininggf\fegg
the gas tension 1n the alveol (PA) and that 1n the alveolar capillanies (Pa)
Because of the shape of the carbon de h Jobin d! curve,
the arterial tenston 1 effectively zero for some time after the start of mhal:mon:
although the artersal concentration (Ca) 18 nising continuously as absorption
takes place Assuming Kco 1s approximately constant 1 normal subjects, the
absolute rate of uptake 1s then proportional to the tension of the alvenlar,gas
Thus, 1n Fig 53 the carbon monoxide curve {measured on one of our normal
subjects) shows an mtial phase in which the proportion of gas 1n the expirate
nises This phase represents the time of muxing between the ambient and alveolar
gas, though, as for mtrous oxide, absorption 1s gomng on concurrently, so that
the curve deviates from the heltum curve There 1s then a horizontal plateau
of constant (and effectively zero) back-tension 10 the blood, 1n which the rate
of uptake 15 constant, and hence the portion of carbon monoxide 1n the expirate
also remains constant This relatively long plateau corresponds with the very
short one seent in the hyperventilation experiment with mitrous owude The
difference n herght of the plateau for the carbon monoxide and mitrous oxtde
curves can be expl d by the hyper and the different diffusion

constants for the two gases
In the blood phase, the concentration cu:
)

rves for carbon monoude are not
namac s erne smaoes of the tension
reaches about
son occur and

X
cause a change 1n the honizontal plateau 1n the gas phase tne curves for this
nise 1n blood concentration n Fig 53 are those given by Forbes, Sargent and
Roughton (1945), though n the figure they are expressed not as absolute
values but as a percentage of the equilibrium value The latter, for the two
of carbon de shown (01 and G 3 per cent), represented
62 and 86 per cent carboxyhaemoglobin in the blood respectively at ume
infinity, and was found by extrapolation Our results for the gas phase m
some confirmatory expeniments agree with those of Forbes and others, since
after the inhalation of 0 3 per cent of carbon monoxide for about 10 minutes,
we found the honzontal plateau was followed by an upward trend
In Fig 53 the curves for the gas phase of carbon monoude after back-
tension starts to nse are shown dashed because their form 1s not known
They must reach 100 per cent at the same time as the equilibrum Ieve! 1n the
blood occurs, though they are no Jonger murror 1mages of the blood con

centration curves

Thus, we can summarize the form of the trme-expirate concentration curve
for carbon monoxide 1n the lungs over a sertes of breaths by referring to four
phases (1) the phase of mixng from ambient to alveolar air deviating from
the helium cnrve because of concurrent absorption, lasting about ten breaths,
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Small changes m the value of
the alveolar
: expansion tatio, g,
Ii;ge t}tanies 1 the number of breaths required for gas ;p‘lzac::i’nfmd?;c
J 3 r.z e number rapudly as q ap 1 InFig 54 th et
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= ~mrant movwse For tiree values

replacement curves are plotted assuming a constant tida! volume of 500 mi
and functional residual capacittes of 2, 5 and 7 hitres, which represent common
values 10 normal subjects, those with advanced pneumocomosts and those
with severe emphysema respectively The shape of the curves changes as q
ncreases and the Ny, becomes rapudly greater

Since the Ny, 15 mnversely related to log q (p 72) a graph of the relanon-
ship shows how cntical the ratto g becomes after about 0 9, when small changes
1n 1ts s1z¢ cause a large mcrease 1n the number of breaths required for replace
ment of the gas 1n the longs (Fig 55)

Closed circtat With this apparatus only an accumufation curve 1s analysed,
for the changtng composition of the nspstate would make the interpretatton
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volume 15 wfinte, the Q of the closed circmt b
A ecomes 1dentrcal with th
lt:e(ﬁselr:l crcumt, zuLd the xéumbe}: of breaths for a grven degree of gas rep)xc:rgezf
ngs, as observed 1n the two
Chppentrciis Ppieces of apparatus, becomes the same

Methods
As’Bate‘m:m, ,Boothby and Helmholz (1949} have pointed out, either ‘end
poimnt’ or ‘serial’ sampltng may be used Fnd pomnt sampling consists of the
tedious process of stopping the expeniment after a given number of breaths,
[P

consists of obtaimng a continuous tecord of the changing nuxed expirate 1n
the sprrometer, or, 1f the imcrement curve 15 followed, of sampling any breath
as1t1s expired Senal sampling 1s clearly the more convenent method since 1t

[

- x
lungs during the inhalation of pure oxygen, can be followed Most American

workers have used open circuit mtrogen wash out (Darling, Cournand and
- 1L 10 Bater

ALU I s v,

) -
mtrogen (Wolfe and Carlson, 1950) Cournand and others (1940) followea
both the uptake and wash out of mtrogen on a closed circurt apparatus

The use of mtrogen, by whatever method, s complicated by 1ts greater
solubility 1n blood than that of the other two gases so that the results must
be corrected for the entry or exit of nitrogen to or from the blood, during the

P M of ) y gas repl by uptake of
helim are more satisfactory because loss into the blood 1s thought to be
neghgible and correction unnecessary On the other hand, its use has been
enticized because of its unusual physical properties although 1ts viscosity 15
practically the same as that of mitrogen, 1ts low density and resulting rapid
diffusion mught make its mode of replacement different from that of a
‘physiological gas However, 1t 15 smprobable that the differences between
these two gases produce a large effect because our helum results agree within
exp I error with the d mitrogen results of other workers (p 173)
The corollary supports the contention that gas flow produced by breathing
and not diffuston ts the main mechanism of gas replacement and hence the
number of breaths 1s a better parameter than time for the curves

B GAS-REPLACEMENT UNCORRECTED FOR KNOWN VARIABLES
4 = =ncencad tme o number
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We conclude that the index 13 at present too dej
pendent on techmque to make
results of different workers comparable We thunk that rechmcac} defects
the closed-cureust apparatus do not account for the vantation i the normals and
the rather poor discrimmation of the mdex Iy, stuce the same 10dex on the open
- Lo

We agree with Bates and Chostie that ifs mterpretatron must be as a measure
of the effect of the upper resprratory dead space which preveats part of the
tdal volume reactung the lower parts of the lung where mixing 1s takig
place, together with any mequality of ventilation n this part, 1t 15 for this
reason that we have called the index ‘overall’

Other Empirical Indices

The total ventlation for gas replacement Wolfe and Carlson (1950) de<
cribed a “new wdex of ventilatory efficiency, the ‘muung indev’, which takes
mto account varations in minute volume and ling sze® Tiis wndex, the
functional residual capacity dwided by the total ventilation to reach equiibrium
was based on the conception that the greater the ventilatory mneguality in the
lungs, the greater the total amount of gas required to replace that already
occupying the functional residual capactty It 13 2 measure of the overall
ventifatory inequality like the mndex Ty and can, n fact, be directly related to st
Since, however, Wolfe and Carlson worked with 2 closed circurt appasatus
the actual value of their index depends partly on the volume of their particular
prece of apparatus (p 157} This volume 1s not given in their paper, but simes
the values they give for their mndex for three normal subjeets are 21, 15 and
14 per cent (approumately one fifth of our normal values for I, Table LV,
p 232), it suggests that the volume of their apparatus must have been about
6 hires, that 15 approumately twice the average funchonal residual capacity
This can be deduced from the mterrefation of thewr ndex to Io It was
assumed that ‘equiltbration’ was 99 9 per cent replacement Then

To at Nyg g = logio 0 001/Ny, g logss Q¥,
= —3I%2303{Nyqy log:. Q.
= 3x2303/Nyg 5 (T/F4+T/Vim)

or when Vm = 2F, T == 2% 2 303X F/(Nggs XT)
= 5F/total ventilation to equilibnum

77 elanon of merement to accurilation curses This has been discussed on
—=1at st ovee 2 visutal

71, and 33 P 11y Bheses o
fnake’ the ndex numencal would be fune consuming and there are moie
sensitive and useful numerical indices which ean be calculated from the data

(see Ig and Ty below}
+1, = 108, (fraction unmuxed) /log,e Q (see p 58)
x"g -%'ﬁégx. 8 ;cr 38:5. :m“::g
- =2flo; ot 927,
—2fiog,0 QLot P e
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pomnt carly 1 the alveolar plateau largely ehminates any effect of uneven
alveolar-mtrogen content In abnormal subjects, 1t 15 not easy to select the
mlial pomnt because the alveolar plateau 1s so steep, but Fowler took a
ventilatory criterion for the 1dentification of alveolar gas (for the full meaning
of which his paper must be consulted), and i thrs way showed that the kinetic
dead space was not enlarged 1n abnormal subjects compared with normal
ones The average value of the kinetic volume 1n normal subjects was 325 ml
(SD 65 mi ) dunng quiet breathing, but was increased to 526 ml {(SD 118ml)
on maximum ventilation
Thus, the meaning of upper Tespiratory dead space becomes sunplified
(1) The upper respiratory passages have a certain volume which 1s not much
changed 1n emphy N 1¢ deter of ths volume d or
physiological dead space) 1s only practicable when the alveolar gas concentratton
can be defined This 15 simple 1n normal subjects, possible 1n some abnormal
subjects by refiaed methods, but 1mpossible 1 grossly h cases
(2) The volume of gas required to replace completely that already 1n the upper
respiratory passages (kinetic dead space volume) 15 greater than the volume
of the passages themselves The kmetic volume changes with the depth of
respuration but varies httle 1n disease, even though the alveolar gas-
concentration may be altered so that the ‘calculated volume shows an
apparent 1ncrease
The residual index In, It 15 evident that sf an alveolar sample s taken at a
constant time after the start of expiration, provided the kinetic dead space has
been expelled, then vanations in this sample can give 2 measure of venuhmr'y
nequality 1n the post dead space parts of the lungs, or, to quote }S‘auwcrdja s
terms from his h review of latory \f
1946), 1t will reflect the ‘regional 1nequality’ of ventilatron n the lungs apart
from any ‘stratified inhomogeneity’ due to dead space Such a sample 1s the
basis of our index I
Our open circwit apparatus automatically took 2 small exprrate sample (zbout
12 ml) at 13 seconds after expiration started and pneumotachogram studies
showed that the greater part of the trdal volume (approximately 70 per chem,
depending on the size of the tidal volume tself) had been exhaled by‘t:l cl:-n
Thus the subject’s kinetic dead space of about 300 m! had been cleared, and the
of the above the rccogdcd g_xcr!emeg; :;xivoi E’n‘f
e functional restdual capacity in terms of an effective
_a“\:: L‘:;erg;‘ ;}]:15 effective tidal volume 1s partly a function of the apparatus dHaw;
ever, 1t 15 interesting to note its approxnmatlc size 1;1 Dtuhre"cso“rur; ;::di:rgn: ;r e:?l:c
thie was ohtained by relating the tidal volumes o' D ey
nates of the
»7 where the
tidal volume
ter of ponts
K WO
about the rcg fne " b) :ct'; t;dal volume uidrg;,}?tc'dly
pieces oﬁ appa;’:““s ;E:‘\:v:lcll:v:lv: 'j,l}'m:h‘:;,‘:djbe expected They are of interest
results 2,
t"’:: lc\g’o'r:asons ﬁrft, although they are a very crude °5"ma':,:ri§é"3:§e‘::gc
space, they agree with the work of Fowler in sho;vu’lg nzc ens space varies
between normal and abnormal subjects, sccMdly!’ll " em:ed (Moncnefl, 1933,
with the tidal volume, 2 fact which 18 now generally accepf
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(cited b B~ tem 1OSN the b e she & ey tan el - nema

conside

below

comosis and to be especially marked

s 4 o ppplzo, {21) ed in the cases of non industrial emphysema
The nature of this residual mnequality measured by the mndex Iy can be

discerned to some extent by a mathematical analysss of the form of th)e1 replace

Lx;)esx;t curves This will now be considered 1 relation to similar work by other

vers

The Nature of the Ventiiatory Inequality

This discussion 1s maimly confined to the open-circuit replacement data
which are simpler to analyse and less 1nfluenced by instrumental error than
the closed For analysis, the acceptance data from the increment curve are
plotted on 2 loganthmic scale agarnst breath number on a linear scale (Fig 58),
the graph 1s thus a loganthmic plot of the summation of the ordinates above
the mcrement curve and so, becattse of the nature of the samplng represents
the building up or replacement of the functional residual capacity 1n umts of
effective tidal volumes

Tt m s eeefa amen awbad tha aranacg

{p 72} In fact, even in normal subjects to a shght extent as shown m kig s,

and 1n abnormal men to a much greater extent, 1t was found that the graph

was curvilinear 1mtally, becoming straight only after about 10 or 15 breaths
f

— s ~mmananant

‘The expenimental curve can be analysed into these two componemis 1o
simplest mathematical model which fits such an analysis (Appendix HI, Section
4, p 257) 1s one in which the whole functional residual capaaty 1s regarded as
consisting of two parts behaving hike chambers in parallel (F, and Fp) a
proportion of the effective tidal volume gong to each (T, and Ty respectively)
Perfect mixing 1s deemed to occur i each chamber but the expansion ratios
of the two components differ so that replacement 1s completed 1n the one
say Fp before 1t 15 n the other, or, 1n other words the ratio of Ty to Fy 1s
greater than that of T, to F,

It must be und d that other
wnct Aaad enace narallel inhomogeneity, also fit the results and can repre:

hy 1 models besides this form of
ta

7

But the sumple two chamber in parduel oua v sw . it
purpase, Since we are now only concerned with the pomnt that the expensmental
data (both open and closed) demand more than one exponentsal process taking
part 1 post dead space muxing, so that one portion of the lung appears to be
hyperventilated compared with the rest and gas replacement 15 completed there

first.
1t can be shown (Appendx III, p 257) on the basis of the simple biphasic
model, how numencal values can be given to the postulated volumes F and
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Fy together with thewr respective tidat volumes Tn Fig 58 the hinear porbon
of the espenimental curve (heavy line) represents the more slowly replaced
volume F, acting alone, so that the stope of this hne 1s the Joganthm of the

tion of wspirate

o
-

.
Y
—

expirate o8 propor
3
T
—

5 A

L

3

é.., \\

E R

?u- ‘\ \

! e oz 1 e s

S 25 35 ) B

Number of breatha

Fr. S8 Sem foganthmic plost ng of the icreiment curve {acoep ance ordindtes 1 ~y)
felated 10 1he number of breaths. Mean vatues of normial subjects aged 29

cxpansion ruo of £y that s logq, The slope of the hne €D obtarmed from

the differences between the cune and the extrapalation of AB represents

log g The distance logJ from the ongin to the cutiing pomt of the extra

polatton of AD prees the preporuon of the effecine ttdal volume gong to ¥y
P H \

.
and OF. which 16 the mdet Lo renreeants the danree 0OF Barnnet v Fromn & € nals
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exponential system, on account of the presence of the small, rapidly replaced
portion Fy

R R T T S TP " N

‘Whatever the true model for intrapulmonary gas-miung (and, on z seral
mrung model, p 260, the hyperventilated portion Fy might ever be an
extension of kinetic dead-space), we believe that 1t 1s useful practcally to
analyse the crude data, first by ehminating the effects of the kmenc dead-
space, either Ily 1n the or by p and secondly
by expressing the degree of the remaimng tnequality By this method an index
more discrimnatng for the effects of ventilatory inequality 15 obtamed Both
Ig and Iy are ths type of analytical index and can be related mathematically

The relation of the indices Iy, and Ip.

Ip =—100/(Ny; 1080,4") {equation 7, p 73)
and Tp = logo J/10g10 Qs
but q’:—r—F—andq =—~1—:‘L—andT =J Te
F+Te AT F T A

Now the volume of the rapidly repfaced portion of the lungs was found to
be small 1n all cases (cf Tables XT and VIII), so that if Fy 15 a large frachon

of F and always much greater than Te,
¥ o~ ("W
=R~ @)
logye 4y =J logao @’
and I = logi, J/1 logngq”
and Ip/lp == ~-J/Ny 10810 3.

The mequahsy w empiyserna The small group of five men with advanced
provides a with the normal group m reveabing the

+ <l A€ tha funetional change which takes place . N

seen 1n the advanced empRyseiint gluuy vevw . .
:xsgc and with pneumocontosts; thus, the thanges are on the whole progressive

down the colamns
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Itis ing that the emph Iesion aj
ppears to be an exaggeration
of a change which takes place with an increase 1n age 1n normal subjects

Results of Other Workers

Open circuit Darling, Cournand, Richards and Domansks (1944) made some
of the first serral wash out expeniments on ntrapulmonary gas muung They used
the techauque of end pownt sampling developed from their open-cremt method
of 'esum:mn g residual capacity (Darling Coumand and Richards, 1940) Having

an app h curve whick would express the nutrogen
remaimng 1 the lungs after different numbers of breaths of oxygen they
compared these concentrations to those found on experment both by direct
alveolar sampling and by deduction from the samples of the nitrogen accumy
lated 1 the collecting spirometer In most normal subjects these two expen
mental mtrogen results agreed with the predicted values, but m some (mostly
elderly) the mtrogen remaming 1n the lungs was greater than that expected
0 that the alveolar value differed from that given by the accumulation curve
This suggested regronal mnequality to the authors and 1t was much more marked
n therr emphysematous subjects Thus ther finding that * imperfect intta
pulmonary muxture In some normal subjects 1s probable * agrees with ours
However, therr method 1s open to the serious objection, which they acknow
ledge, that 1t required the assumption of a value for the respiratory dead space
obtained from Bohr's equation although the alveolar sample value tself was
one of the indicatrons of imperfect moing

Bateman (1946) argued that mmperfect mixing can conveniently be expressed
as apparent enlargement of dead space, He extended Cournand s open circuit
techmique by introducing a form of senal sampling (Bateman Boothby and
Helmholz 1949) to save the tedious replicate expertments of the end point

vooa 4

Lawmatle dinct A thantrane Imonarv moung of 20 normaf
ection for mtrogen
should be drrectly
[ N . £ Lo o Favant

¢ o0 s N " o L
In making the companson it must be realized that, althougn Lue cuves Toun
superficially the same Bateman s are accumulation and ours 1acrement curves
Therefore, 0 Fig 59 we have replotted the average result for our subjects
* ' * 4 the accurmulation
sth the correspond
1 normal subjects

= 09) and 1n cutting put wiue Bateman's figures
the average slope of hus log plots for his normal subjects being 091(SD = (7(;‘)
Bateman however, mterprets his results as showing that the single-chamber
model 1s vahd for normal persons while recogmisiog that forther study .
mught establish the n some of mare than one cxponem;ia
clearance process We do not find that the single-chamber mterprclla;mn Its
normal subgects first, while sympathizimg with lus destre lt})| mcllx e ono)f'l
experiments 10 which the tidal volume was regular, we think the mclusion

enments may have meant that some cuevilinear results
A 4 especially 1n elderly subjects of which

were mustakenly rejected as mcorrect
few are ncluded m hus senes secondly the use of the accumulation curve
means that the cutting pomt of the log plot 1s nearer the ongn than 1t 15 10

agrees both 11 slope (qa
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the corresponding acceptance curve {Fy,
g 59), and this may lead
pretation of a single Iinear phase nght up to the ongmn 2y lexd to the e
The cutting pont of the log 1 curve the ratio F,fF
:;tl;r tha]r(x);hc ratzlgg;l',{r 3 t;lf the increment curve 1t 1s shown (Appendix 111,
uation 106a, p that the equation for th fect-s
o ot oo ax8) q e perfect-moung biphasic mode!

1~Cr; = (Tyq4"+Tyas")/Te
where T,/Te 1s the intercept for the linear part of the sem loganthmue plot
But the accumulation data represent

Sa-ce)[F-ce) = 1~
or 12 = 1~ {(F A T, (Fpt T YFT)

- . wlet beeafans /T T MRLTRY 1n th

ey

Yyoung normal subjects can be seen from the equattons i Fig 59

Other American workers have thought that normal subjects do not neces-
sarily conform to a single perfect-mixing system, Jones (1950) concluded from
ntrogen wash-out experiments that the usual normal subject “has two major
rates of ventilatron of the lung gas field”, though other subjects, not inctuded
1 the group reported, were found to have only one dscermble nuxing rate of
045 munutes half-time In a later paper more detailed results are given
(Robertson, Sin and Jones, 1950) together with a mathematical analysis of
them, their analysis p some 1lt 1deas on a th 1 model of
the process of muxing and we discuss 1t agan later (p 181) Here we are only
concerned with their experimental data in relation to our own

The method used by Robertson and others was to pass each exprrate through
2 400 ml baffle chamber on the way to the collecting spirometer, so that a
very small sample of gas bled from thus baffle reflected the expired concentration
of nitrogen as a continuous change with time The gas was analysed by a mass
spectrometer from the start of the wash-out with oxygen untit 10 mmutes had
elapsed The results were plotted on senuloganthmic paper so that analysis
could be eastly performed m the usual way Owing to the nature of the method
the changes mn gas conceniration were expressed refanve to time sather than to
number of breaths The results are expressed as a ‘turnover rate’ for each
exponential component together with the proportion of the functional residual
capacity wath which 1t 15 assoctated Bestdes this analytical result a single

‘effictency mndex’ 15 gaven i which the turnover fate of the homogencous
. = leantal data 1s ermpared with an equivalent perfect-

of the functional restdual capacity witin wiLLL tty « -
compare their normal data with our own, some of the curves were recon'-
structed from their tables and plotted as semiloganthmic mcrement curves

4ta fvart nn af the
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Imearty and a greater a;
pparent enlargement of dead space, H
prefer a method of Ppresentation s which uneven Ventl{arfoﬂc;s d;::v;rsh:
from the effects of the existence of an upper respiratory dead Spactg "
An alternative though tedious method of analysis of our closed circut
chu".;es Xas made on the assumption that the whole log plot was really curvi
near An equation (o represent this has the form (see Appendix I
Cm, = 1~-Q
whete a = the proportion of the tidal volume w
which 15 effective (Te/T) and
; 1: abnumber 10 which we have not been able to attach 3 phystc.(ul mmng
d:w;vt ;c}} 15 an l{‘ndcx of the mequality since 1t measures how miuch the curva
deva e Irom that predicted for a perfect muing system of the obeerved
ronal residusl! capacity and tidal volume, after affowance has been made for
lh; uppctx;crespxralcry dead space
t can be shown that ¢ = fog NIbflog N, d
T&flog Nog and 1t 15 thus a fog ratio equivalent
to the indices [ = LOONTE/N,, when the N1 1s denved from Q for the closed
ciremt and g = 100NT/N,, when NI 15 denved from q for the open
circut apparatus
Thus form of amlysis was not done 1n all subjects but a representative sample
showed there to be good relation between closed and open-cirount results
This confirmed the hypothesis that 1t was allowance for the presence of 1he
dead space rather than the imtnnsic difference between optn and closed
cecurt apparatus which made the indices Iy and 1 more useful than I, It
shows the significance of Birath's use of the apparent enlargement of dead
space and emphasizes the difficulty of using closed-circwt data for muming
results d with the i1 of the op reuast
Briscoe  Becklake and Rose (1951) published some closed-ciremt helum
experiments on ntrapumonary gas mixmng after our expenments had been
completed They plotted an accumulation curve obtamned by end pomt
sampling against the humber of breaths on an algebraic scale This procedute
converted the curves to a sigmoid shape and they were compared on the
same axes with the corresponding sigmoid curves for a single chamber pestect
nuev ne svetem These authors have since altered the sampling procedure and
N

pre
paratus
to simpler
[

and more useful presentation of 1he resuls 3 v oaves o
plotted semuloganthmically but therr analysss was only superficially ssmufar to
the analysis of open circust Tesults by other workers By his analysis Briscoe
found two main ventidatory phases in the lung—an 1utial one corresponding
to & major poruon and a punor slower miung phase occurring fate 1n gas

od on our closed-cwrcwt results we too find a

replacement  Using his meth
L = an lat an nfqse but only 18 occasional subjects usuafly those :‘mg
- Anal th o
ve
ot
er

replacement the curves were ineat ofi v v -
tins range there was one exponential component and that before 70 per cent

ble with one
muting (that 15 up to about & breaths) the results were compat
other hyperventilated component but out data for this part of the process
wese not precise enough to warrant any further analysis It 15 possible that
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hneanty and a greater apparent enlargement of dead
prefer a method of presentation whxfh uneven vcnillastfgsexs};g‘;cn‘gzshvo’;
from the effects of the existence of an upper respiratory dead space

An alternatwve though tedious method of analysis of our closed-ciremt
curves was made on the assumption that the whole log plot was really curvt
Linear An equation to represent this has the form {see Appendix I}

Cm, — 1—Q»°

where a — the proportion of the tidal volume which 1s effective (Te/T) and
¢ 15 a number to which we have not been able to attach a physical meanng
but which 1s an 1ndex of the mequality since 1t measures how much the curve
deviates from that predicted for a perfect muung system of the observed
functional residual capacity and tidal volume, after allowance has been made for
the upper respiratory dead space

. . ! ' ratio equvalent
to Far the closed
cr A for the open

circuit apparatus

Thus form of analysis was not done 1n all subjects but a representative sample
showed there to be good relation between closed and open circut results
This confirmed the hypothesis that 1t was allowance for the presence of the
dead space rather than the ntrinsic difference between open and closed
circutt apparatus which made the indices I and I more useful than I, It
shows the sigmificance of Birath s use of the apparent enlargement of dead
space and emphasizes the difficulty of usuig closed circurt data for meung
results with the i of the op

Briscoe  Becklake and Rose (1951) published some closed circmt helum
experiments on intrapulmonary gas muxing after our expeniments had been
completed They plotted an accumulation curve obtamed by end pont
samphing against the number of breaths on an algebrarc scale This procedure
converted the curves to a sigmoid shape and they were compared on the
same axes with the corresponding sigmord curves for a smgle chamber perf'e::t’l

PRl

and more useful presentation Of the IESULLS 110 awau wa o
plotted semiloganthmically but their analysis was only superficially stmilar to
the analysis of open cireutt results by other workers By his analysis Briscoe
found two matn ventlatory phases 1n the lu minal one d

to a major portion and a mmnor slower muxng phase occurring late 1 gas
replacement Using his mathad on oor closed circurt results we too find a

late hypoventiation ph
advanced emphysema

phase given by Fowler
could certarnly say was that between the stages of about /U and ¥y pel w n

replacement the curves were linear on the semuloganthmuc plot so that over
this range there was one exponentral companent and that before 70 per cent
muxng (that 15 up to about 9 breaths) the results were compatible with one
other hypervenufated component but our data for this part of the process
were not precise enough to warrant any further analysis It 1s possible that
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lineanty and a greater a
pparent enlargement of dead space. However, we
grefer : method of presentation n which uneven ventilatton 1s dnsungul’shed
m;‘“ the effects of the eustence of an upper respiratory dead space
. n alternative though tedious method of analysis of our closed cureurt
;: rves was made on the assumption that the whole log plot was really curvi
inear An equation to represent this has the form {see Appendix TIT)
Cm, = 1-Q#*
where a = the proportion of the tidal volume which
1s effectrve (Te/T), and
; 1s a number to which we have not been able to attach a physteal meaning,
ut which 1s an index of the mequality since 1t measures how much the curve
deviates from that predicted for a perfect mixing system of the observed
fﬁncnonal restdual capacity and fidal volume, after alfowance has been made for
e P
L ratio equivalent
for the closed

to
. N for the open

cr
curcuit apparatus

This form of analysis was not done 1n all subjects but a representative sample
showed there to be good relatton between closed- and open circutt results
This confirmed the hypothesis that it was allowance for the presence of the
dead space rather than the mtrinsic difference between open and closed
circuit apparatus which made the indices Iy and Ip more useful than Ip It
shows the significance of Birath’s use of the apparent enlargement of dead
space and emphasizes the difficulty of using closed circut data for mixing
results comprred with the simplicity of the apen circust

Bnscoe Becklake and Rose (1951) published some closed-circurt hehum
expeniments on intrapulmonary gas mixing after our experiments had been
completed They plotted an accumulation curve, obtamed by end pont
sampling against the number of breaths on an algebrac scale This procedure
converted the curves to a sigmoid shape, and they were compared, on the
same axes, with the corresponding stgmoid curves for a smgle-chamber perfect

muxng system These authors have since altered the sampling procedure and
4 and

presentation of their
In a subsequent pa paratus
simpler

to grve senal samphn,,
and more useful presentation of the sesults lhe accumutauvn cuives were

plotted senuloganthmucally but their analysis was only superfictally sumlar to
the analysis of open-circmit results by other workers By his analysts Bnscoe
found two main venulatory phases in the lung: 1ntral one pond

to a mayor portion and a minor slower mixing phase occurrlng late 10 gas

replacement Using his method on our closed-cireutt results we too find a
fate hypoventifation phase but only 111 accastonal subjects, usually those with
d d h bly corresponds with the occasional third

1S P
phase given by Fowler and others {1952) In our open-circuit resuits, all we
could certanly say was that, between the stages of about 70 and 99 per cent
replacement, the curves were linear on the semiloganthmic plot, so that over

this range there was one exponential component, and that before 70 per cent
mrang (that ss, up to about 9 breaths) the results were compatible with one
other hyperventilated component, but our data for this part of the proc;ss
were not precise enough to warrant any further analysis It 1s possible that
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l'ﬁdul volume
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geneous tneg

Single system
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d Thus regional are by such as
well as by seral measurements

Regonal or *parallel” inequality (scheme 3) would accord both with single-
breath and seral experiments It might anse from esther of two mechamsms
unequal expansion 1n different pomons of the lung so that the percentage

the latter does

that the dead-

those portions
wluch expand first” Clearly any simple model of pamllel mnequality assumes
groups of tube systems to behave sumlarly grving nise to a biphasic system (as
m the diagram) or a multtple system accordingly Equattons descnibing the
biphasic system are given m Appendix I1I (p 257)

Robertson, Sin and Jones (1950) were the first to pomt out that a ‘sertes
inequality’ can also give fise to a biphasic or multiple system and can accord
with the experimental results Such a system 1s indistinguishable, when observed
by semal measurements of the expirate concentration, from the multiple
exponential system which would anse from ‘parallel mequahity’ Owmg to
their expenmental technique, 1n which one expirate 1s mixed with another
and the whole process of pulmonary wash-out 1s observed as a continuous
change with time, they denve therr models 1n terms of continuous charnge
In Appendix IIl we have given an alternative apalysss 19 which one tidal
volume 1s the urst of change, and their concept 15 strll valid This process
15 shown m Fig 63, scheme 4, where the inspired gas passes through
a proumal (serial) muang space, and from thence nto a distal (alveolar)
muxing chamber Due to turbulence 1n the proximal space, each element of
gas muxture enfering it muxes intimately with the contents of the space, before
a representative part passes through to the distal chamber The fraction of
nspired trace gas that can pass through such a senal mixing chamber mto a
distal chamber can be lated for any p mtial
these chambers (see Appendix I1I} Thus the concentration of gas 1in :nher
chamber after a gtven number of breath cycles can be calculated

This cycle of operations, taking place at any breath, and an equation des
cribing thes sequence, can be deduced (equation 161, p 262) Two exponentral
processes result, though the constants for these processes cannot be deduced
from the graphs We therefore agree with Robertson, St and Jones that
senial 1nequality may give mise to a biphasic process, and any example of a
senal muxing space, analysed as if it were 1n parallel, gives a vatue for the
quickly miung space 1n parallel similar i magnitude to the proximal serral
space Qur results are compatible with either parallel mequality or seral
mung

The assumption of serial mixing has many attractions gas entenng the
lung tube system must pass through and mux with gas 1n the proxamal spaces
md_an H . . .

space increases with deeper mspiration as other workers have found The
serial mixing equation which expresses the concentration of new gas leaving
N
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::;eﬁrgﬁgall ss;:’:;_ctehf,f;hm f; the l:frem;;: tidal volume after serial mixing hag
s rm Te = | —e~ e st =
th;n the effective tidal volume 1s 0 57 and wlﬂe::hr =m gé:jslttcl:sg,ﬁxghm =5
bul; 1:0proballili that the complex arrangement 1 the human lung gives nse
el tﬁ:rcz; i:s-:;xlcsl (t)? :cnal m;qulahti; of venttlation If the evidence from
en- an

from other workers, 1s aﬁ to be cafc {‘{62" apparafus, s wu:;ﬁ]:;
seem to be one of serial replacement giving rise to the exponential components
I and 2 (F, and Fy) and parallel inequal y to the thid p called by
Briscoe the poorly ventilated space, though component F, may also be partly
n parallel On this assumption two lestons may proceed together i any
emphysematous lung an enlargement of Fy with associated maldistribution
of the tidal volume and the development of the very slow mixng phase, par
ticularly 1n those cases with large bullae The index I only directly measures
the first change Lastly, we think there 1s little doubt about the advantage n
using muang mndices which allow for a constant, relatively large kinetic dead
space (as defined by Fowler), but, 1n so far as seral mequahty 1s present, we
suspect that the hypoventlated phase (Fp) may sull represent an increase of
kinetic (but not anatomical dead space) produced by change in the degree of
turbulence 1n the bronchi or bronchioles

E CONCLUSIONS
There are two ways of investigating the effectiveness with which any tidal
volume 1s disttibuted in the lung and so replaces the gas already there (1) by
an analysis of the volume concentration changes 10 2 single exprrate, or (2) by
following the clearance curves for the lung over a series of breaths In either
method a foreign diluent gas 15 used 1n the mspirate It seems that smgle-breath
experiments give the best estimates of the size of the upper respiratory dead

space and hence of the effective tidal volume, serial replacement expertments
3 Z0 e 4 S anc in the

tion of the results for gas exchange with the blood, 4G it ity fespies 1o « &
18P le to the of the ck of the mtrogen 1n the lung

by oxygen inhalation Since heltum and corrected nitrogen results agree well
there seems no ‘physiological disadvantage 1n usmg the former gas, the choice
deoending partly on which 1s most easily analysed

crcunt for clearance experiments 1ISt, (NE resus afv wwuiv v g s o
to the changing concentration of the inspirate, secondly, the volume of the
machine atself 1s 3 factor 1n their mterpretation, and thirdly, lag i recording
18 less easily overcome owing to the tme of muxing m the machine An arrange

ment which might prove satisfactory for clinical purposes would \‘7c 10 use
helum m a closed crrewt app. for the residual
and record the helium coming

caprcity, then to wash out the lungs with oxygen
out 1n an open crremt apparatus using the same gas analyser The curve obtamed
as the result of clearance experiments may either express the change 1n coft-

centration of gas breath by breath ( curve) or the d change
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as the gas curve), d on the sampling method
used In ether curve, the results can represent the concentration of the gas
rejected from the fung, or its complement, the gas ‘accepted  Only 101 a single
exponential system, which 1mphies even distnbution and muxing of the tidal
volume with the whole functional residual capacity at each breath (‘perfect
muang?), ate the ncrement and accumulation curves wdentical

The main practical difficuity in senal clearance experiments 1s 1n the expres-
s10n of the results which are implcit 1n the parucaiar clearante carve obtumed
Two principal methods have been used to define the ventilatory inequahty,
the first sumply expresses the departure of the curve from the corresponding
perfect mixng curve for the same tidal volume and functional residual capacity
as that of the subject, the second 15 an analysts of the exponential components
of the clearance curve and an expression of the different proportions of the
functional residual capacity associated with them

In the first method, which 1s less informative but useful practically, different
ndices have been proposed by vamous authors which are actually inter-
convertible If allowance 1s made for the upper respiratory dead-space and
the effective tdal volume used, the and the
of the index 1s greatly enhanced, we have called such an index Iz

In the second method, which 1s preferred, the clearance curve 1s analysed
mto its from a i \ plot of the data Our results in
this method show that even 1 young normal subjects there 15 a biphasic clear-
ance process a small part of the lung is ventlated mote rapidly than the
remainder and rapidly brought 1nto equlibnum with the nspirate In old age,
thus iphasic clearance is mare marked, but even then 1s slight compared to that
m our cases of advanced The feston 1
appears to be a maldistribution of the effective tidal volume giving nise to less
even ventlation  There is evadence that in advanced emphysema a thurd, very
slow clearance process appears, though this accounts for only a small part of
the whole gaseous replacement process These results are 1n complete agreement
with those of most other recent workers and an explanation is given for most
of the apparent discrepancies A single numerncal index (Iy) 15 suggested as a
practical index of the degree of biphasic ¢learance Thus mndex can be related to
the 1ndex I
R It 1s dfficult as yet to determune the sigmificance of the changes observed

PR A ) e .

gas uptake  Although clearance expenments are of great interest 1 the
elucidation of functionat pathology 1n the fung, their relaune complexity still
lumts their chinseal usefulness On the other hand, they may reflect changes i
the Tung not measured by other tests

3 Interp of Carbon M. Results
As one index of fung function we d the prop of carbon d
removed from the inspicate dunng the second of the four phases of uptake
which can be observed when this gas 15 inhaled This phase, described 1n

-
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Section 1 (p 154), 1s the phase of neghgible back tension 1n the blood, when
the rate of uptake 1s constant (first equilibrium concentration) Its tevel 15 2
function of the diffusion constant of the lung membrane (Kco) when all other
vanables were controlled, but 1n order to mterpret the meamng of the results
we must now examune what factors did influence this rate of uptake 1n the
1n which we 1t

We shall distingwish between the use of an ‘average post dead space sample
of the kind taken automatcally on every fourth expration with the open
circult apparatus (Part 11, p 66), and an ‘average expirate sample' repre-
senting the mean concentration of the whole of an expirate

A FACTORS INFLUENCING THE UPTA‘KE OF CARBON MONOXIDE

The factors which affect the rate of uptake of carbon monoxide 1n normal
subjects have been studied by many observers These studies were reviewed
by Forbes, Sargent and Roughton (1945), who showed by their own expen
ments, subsequently confirmed by Pace, Consolazio, White and Behnke (1946)

o £ v

carboxyhaemoglobin level and m the blood volume However, smce 1n our test
we are merely concerned with the disappearance of the gas from the mspired
nuxture, we can neglect the factors which only aflect the nse m blood con
centratton, provided we can show that no effective back tension occurred
which would alter the rate of removal of the gas from the lungs

As the result of the work of Forbes and others, 1t 1s generally agreed that
the rate of removal of carbon monoxide de Aemer
factors (1) the concentration of gas mn
exposure to the gas, (3) the ventilation
on the degree of activity, (4) the baror
centration 1n the mspired mxture, and (6) other vanitions dependent on the
1ndividual

Of these six factors, the gas concentrations 1n the inspired muxture remained
constant, any small varations between one gas cylinder and another wese
compensated for by adjusting the sensitivity of the analyser to give full de
flexson with the mixture and expressing the expirate concentration propor
tionately (p 67)

Because our results were expressed as the proportion of gas removed from
the inspired muxture rather than as the absolute uptake, they shoufd theoreticatly
have been n pressure and, within imits,

of the subject 5 1 The last 13 fy true because the
proportion of gas removed 15 expressed by the fraction
100(Ct Tf—Ce TH/TITT

However, the ventiation may, m practice, affect uptake when alterations in
the respiratory quotient and breathing fate are large Thus, provided we
establish that the tme of exposure was short enough to hecp the blood CO
concentration at levels where no sigmficant back tension occurred and that
the varations 12t the ventilation between the different subjects did not actually
affect our measurements, we may expect the changes observed to be due to

the sith factor, individual vaniatons 1n the Tung atself
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Exposure Time
The test to0k between about three and seven minutes, depending on the
time for complete helm replacerent (because the gases were used con-

Carban monaride removed from insparate (per cent )

Nihver o breath®® e

Fio 64 lotremest curves showing the pescentage of the vospired carbon
monoxide rejected at each breath by individual subjects in the groups N, and D,
The curves for all the intesmediate groups were of the same general character

currently) From the results of Forbes and others this exposure time would
PO S .

expeniments until the blood carbovyhaemoglobin was between 20 and 30 per
cent In practice, concentration of gas i the expirate did remain essentially
Constant durng the ume of our expenments, once the 1utal mixing-phase was
complete This 1s shown in Fig 64

Venulaton

In Fig 65 the proportion of the carbon monoxide retained by each of the
subjects in our expenment 15 plotted as a scatter diagram agasnst therr ventila-
ton There 1s no apparent relationshup over the rather small range of ventila-
tion observed

Thus, since netther exposure time nor ventiation affected the results wa may
assume that tie test reasures changes 1n the fung tself

The Effects of Dead space
Forbes and others concluded, from a speciaf pair of expeniments carned out
at rest on their slowest and fastest absorbers of carbon monoude, that the
di , not expl by changes of the five other factors,
could only be due 1o vanations eithet 1n the ratio of tidal volume to dead-space
or in the actual diffusion constant of the lung, of both Since dunng the main
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experiment we used an average post dead space sample, the effect of the upper
respiratory dead space should have been removed

If an average expirate sample had been used, the tidal volume would have
had some effect as observed by Forbes and others and Bates (1952)

The advantage of using an average post dead space sample mstead of an
average expirate sample 1 tlustrated by an expenment 1 which four estuna
tions were made of the carbon monoxide uptake of a normal subject traned
1 the use of our apparatus In two of the estimattons he breathed with his
usua} tidal volume (about 800 ml) In the other two he about doubled his
tidal volume but halved his respratory rate, so keeping the ventilatioz
practically constant In each case both types of sample were recorded The
results are gven 1n Table 25 where the independence of the average post
dead space samples on the udal volume 1s contrasted with the dependence of
the average expirate samples The correction for appar 15 dead space shown
1n the table 1s discussed below

TABLE 25

The relation between carbon monoxide yptake as measure. >y a post dead spac:
sample and an average sample of the collected expired gas for different tida
volumes when the venplation remained constant normal subyect aged 32 (sittng)

CO uptake as 7% of mnsprrate

Tidal
Date velume | (I/mn) Average post Average expimte
(ml) dead space sample sample
December 18 1950 804 uz 543 479 WMy
1563 18 553 549 (311
December 19 1950 803 19 557 366 (16
1590 nt 570 516 (523

The figures for the average expirate sample uncorrected for the dead space of the apparatus
are given 1n parentheses

CO-dead space
From these results 1t might be supposed that the absolute

(that part of the upper respiratory dead space before absorption takes pla(l:]e)
s annrouimately constant Further, if the sample we obtauie_d w‘?i rc:\" ’3'/

arison of 1he AvETage PosL UCdU apush o v w L
B o was mace on seven other subjects five of whom had

samples was made 1n replicate ‘runs n seven othier subjects five of wtom 120
tive trdal
with the
£7 From
umes the
vre 1s (h;
zero an

e tidal volume WHEL W v« ~
;’:riggg::t‘l’:nmtats ‘;}acc Since however, the open-circmt apparatus atself
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had a dead space of about 100 mf
» the volume of the u
dead to carbon monoxide absorption, 1s estimated at abg&c;éiﬁmtory et

- PN

Effective tldal volume (litres)
2 2 2 3 5
? ¥

2

R ) ez
Tidal volume (litres)

Fic 67 Scatter diagram relating the effective tidal volume required to account
for the difference between the average post dead-space and average cypurate samples
of carbon monoxide to the observed tidal volume  The line 1s the linear regression
relating the two varables ETY = 958 x TV ~184

The absolute non absorbing space for carbon monoxde was alse invest-
gated by direct experiment in four normal subjects The method adopted was
for the subyect to place his mouth at one end of the inlet to the actual analysis
tube of the infra red gas analyser so that the dead space between hum and the
analysed gas was only about 5 ml He inhaled a volume of about 1500 m!
of 03 per cent carbon monoxide mxture through the analysis tube so that

the needle of the analyser recorded a steady full scale deflexton, the times of
1 - asacdad He held this volume of carbon monoude tn

from a soap-bubble flowmeter dttavuiu o+
The results are given 11 Table 26 from which 1t will be seen that the estimate
of the carbon monoude dead space was the same (79 5 ml) as that denved
from Fig 67, and was practically independent of the nme of retumng the

carbon monoxide mixture
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TABLE 26
i o7
v

« tume of whatstiont Ty = e of breath hotdmg, Ts = 1yme from statt v [ n
anul change 1M the reading of the snfra red €35 analyse?

Tty method of measurmng (he dead space 18 techmeatly mperfect SINCE it

could not be ‘muntaned that the volume of expirate a1 which 2 change was

first noted on our gas analyser 1S equivalent 10 the dead space * Inspection O

Fowler's curves for murogen using the LY mtrogen metet shows that the
concentration starts to change after about 80 mi

asmmed prObAbIE that the dead space for carbon monoxide 18 not

« «n fat examined, and 1t 18 ikely that

- - m Fig 671 an expression of the

- space sample from a true averags

b - ¢) partof 1he exprate There 15, how-

ever, ittie aoubt w bon monoxide nptake were relatively

unaffected by vanations 1 ndal volume
T et for pOMUng “out thys ror 0 OVF method



190 LUNG FUNCTION IN COALWORKERS® PNEUMOCONIOSIS
B THE DIFFUSING CAPACITY OF THE LUNGS*

Having established that our results were not dependent on any of the factors
histed by Forbes and others, and that they were not appreciably mfluenced by
the dead space, are we to beheve that they are a measure of the diffusion
constant of the lung?

This *diffuston constant’ was first defined by Bohr (1909) as the volume of
carbon monoxide at N TP removed by the lung 1n umt time when the differ
ence between the pastial pressure on the two sides of the lung membrane 1s
1 mm Hg Mane Krogh (1915) estimated 1ts value for carbon monoude
when a subject mhaled a large volume of carbon monoxide mrxture (1 per cent
m air) and held his breath for some seconds, the concentration of carbon
monoxide n a small volume of expirate was then determined after about half
the lungs were emptied and 1n 2 similar sample 0 1 munutes Jater, the volume
of carbon monoxtde taken up dunng the short time nterval was found from
these samples of exprred gas, the volume of which was recorded on 2 spiro-
meter A a zero back-t , the diffi constant (Dco) was caleu-
lated knowing the barometric pressure and estimating the abveolar tenston
from the samples

Forbes and others (1945) related thewr results for the vptake of carbon
monoxide to the ‘diffusion constant’ by using the following equation
CO uptake (m! /min) = Dcox CO 1 alveolar arr (%)xP — 47 (mm Hg)

There seems no doubt that, i any such measurement of the ‘diffusion
constant’ for carbon monoxide from the rate of uptake of the gas, what 15
really measured 1s a combined function of the true diffuston constant of the
membrane and the area of the membrane containing blood which 1s effectively
exposed to the carbon monoxide m the lungs The constant 1s thus dependent
not only on the total alveolar area but also on the ventilation-perfuston ratio
10 different parts of the lung In other words, it 15 difficult to distinguist
between an increase m the true diffuston constant of the lung membrane and
alterations m the ventilation-perfusion ratios in the alveolt caused by shunting
of blood or vanation 1n gas-distribution In therr effect on the subject the two
are tdentical, a decrease mn the overall gas-transfer efficiency occurring with
esther We shall distinguish between the overall diffusing capacity (Dco) for
the lung which was measured by these previous workers and the physical
constant for the lung membrane (Kco)

Measurement of Diffusion Constant Kco
There are at feast three further dufficulities 1 anny at(eimipt {7 meAsure the }:i cr;
The first 15 obtatning the area and thickness of the membrane The smlnwg)
i the assumption that there 1s no back-tension i the lungs Roughlo; ( o)
suggested that an error of up to 10 per cent may anse 11 the calculated valu

a ~a avam nad the
. v
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of the constant on account of local back tension Krogh herself appreciated
that this error might exist

The third difficulty, that of esttmating the alveolar carbon monoxide tension,
15 because the tension changes with time In other words the value obtained
from a Haldane Pnestley sample 1s a function of the time that elapses before
the sample 15 taken Krogh attempted to evade this difficulty when measunng
the constant by taking small samples at known time intervals, Roughton and
others by taking alveolar samples 1n a standard manner and assuming that
these bore a constant relation to the average alveolar concentration over the
respiratory cycle when using their results for the comparison of one man
with another

Comparison with Other Results

‘We related our values for the proportion of carbon monoxide remaoved from
the 1nspirate measured by an average post dead space sample to those given for
the Dco by Forbes and others 1n a small confirmatory experiment, using two of
our normal subjects and one of the cases of unusual fibrosis who showed
extreme impairment of uptake by our test The results are given 1n Table 27
The effect of the alveolar sample on the value for the Dco when calculated by
the method of Forbes and others 1s also shown

All the alveolar samples m this confirmatory expenment were obtained by
the Haldane-Prestley technique at the end of a normal expiratron just after
the penod of carbon h was leted, all were about
180 ml samples except that taken 1 the first experiment 1n the second normal
subject, marked with an astenisk 1n the table this sample was only the last
50 ml of gas (diluted with air to 200 ml for analysis by the infra red gas
analyser) The values for the Dco repeated reasonably well both wn normal
subject No 1 and i the patient No 201 with fibrosis, 10 whom the value 15
much lower This abnormality of the Dco value 1s reflected 1n the small pro-
portion of carbon monoxide removed from the mspirate as measured by the
average post dead space sample OQur values for the Dco of the normal subjects
agree reasonably with those of Forbes and others, though the importance of
the time of sampling the *alveolar air” 1s shown 1n Experrment 1 1n Subject No 2
In this stance the value of the Dco calculated from the smaller sample taken
lower down the time-concentration curve for carbon monowude In the expirate,
15 much higher Forbes and others themselves remarked about their results
‘To obtam the “absolute’ values for the diffusion constant the average
alveolar carbon p during the y cycle should be
used and this, being higher than the expiratory alveolar percentage would
lead to lower values (for)  ~the diffusion constant *

It 15 evident, therefore, that by this method of calculating the diffusion
constant, absolute values are dependent on the particular alveolar sample, but
f the alveolar sampling 15 constant relative to the time of expiration useful
Comparative measures may be obtaned for differences in the overall gas.
transfer efficiency of the lungs between one subject and another However,
as seen from Table 27, similar comparative measurements to those for diffusing
€apacity are obtained from the percentage of the mspired carbon monottde
Temoved, when this 13 expressed from the average post dead space sample
The proportionate change 1n the abnormal subject with fibrosss 1s then i fact
somewhat greater
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Effect of Cardiac Quiput

Cardiac output may affect the overall gas transfer efficiency, it 1s inter-
esting to pote that m the groups of the expirate concentration for many subjects
small sinusordal varations were seen in the equilibrium level (for example,
Fig 11, p 68), which were not to be explamed either from electrical artefacts
or the effects of vaniation 1n breathing or pulse rate We have not investigated
the effects of changes 1n cardiac output on the results of this method, though
we think 1t improbable that the decrease in uptake of carbon monoxide 1n the
groups of advanced pneumocomosis 1s due to this cause Subsequent work by
Hatch and Cook (1955) suggests that carbon monoxide uptake 1s almost
dependent of cardiac output

Summary

‘We think that the test of measuring with an average post dead space sample
the proportion of carbon monoxde removed from the mspirate provides a
measure of the overall gas transfer efficiency of the lung This 1s comparable
to the measurement of the effective diffssion constant as done by Forbes and
others For our purpose 1t had the great advantage of not requirtng an alveolar
sample by the Haldane Priestley method (which gives varymg results since the
catbon monoxide concentration 1s changing with time) and which would
have been 1mpracticable with the untramed subjects 1n the main experiment
The samples we took automatically gave an average alveolar concentration
over a constderable part of the volume time curve for a single exprrate starting
at a fixed interval after the beginming of expiration The test was a useful
comparative measure, hitle by m ventilation and tidal
volume, but 1t cannot differentiate between changes mn venhlation perfusion
rz;rtms and i the diffusion barmer since the two have the same functional
effect

Ideally one would like to know the efficiency of gas transfer 1 terms of
oxygen or carbon dioude However, no method of estimating the diffusion
constants of the lungs for these gases has been devised but that for carbon
monoude bears a known refatton to them

4 Interrelationship of Hehum and Carbon Monoxide Results

It was concluded 1n the previous section that the proportion of carbon monoude
removed from an mnspired gas mitture ts a measurement of the effective gas
transfer efficiency of the lungs By relating the open circwit hehum and carbon
monoude 1ncrement curves, which were recorded concurrently, we hoped to
allow for that part of the smpasred removal of carbon monowde which was
due solely to ventlatory inequality Such an analysis would show whether the
ventilatory mequality, by affecting the ventilation perfusion balance was itself
enough to account for the defect 1n carbon monoxide removal 1n the late stages
of preumocomiosts (p 119)

In this analysis we shall first examine that part of the carbon monoude
increment curve which precedes the establishment of a constant expirate con
centration (usually between breaths 0 and 15), and then study the factors
mfluencing the equilibrium level

-
e

ey
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Dernation of Equations

Stngle-chamber model The first part of the carbon monotide curve, before
equlibrium, must represent intrapulmonary gas-distribution and transfer pro-
ceeding concurrently Te study this, a general equation was dertved which
would represent the simplest case of a single-chamber model which not only
mxed perfectly, but which had a umformly distnbuted power of absorbmg
one conshivent of the gas-muxture The chamber was assumed to be ventilated
by a repetitive cycle of equal tidal volumes and to have no dead-space

For such a chamber the concentratton of absorbable gas (expressed as a
fraction of the mnspirate concentration), after r breaths 1s

i
C = ] qrft+KcoF/TH)

" = TTReprTe ¢ } a9
where F == volume of chamber (equvalent to the functional residual capacity),
T = tidal volume, f = ‘breathing’ rate, and Kco =umt volume of gas
absorbed/umt volume of chamber*/fumt tume/unit pressure difference

Or 1f V 15 the ventilation rate,

C = Vﬁ%c—oi: {1~ qr(F+ReoRy/ S} (16)

With a gas such as hellum, Kne 1s approsimately zero, so that equations (16)
and (16a) become C, = 1—g* which 1s the ‘perfect miung’ equation for an
1nert, non absorbed gas (Part II, p 72} Thus the heltum curve 15 2 special
case one limut of a whole famly of curves, described by the general
equation, the other hmit being an nfimtely absorbable gas (Kca = c0) when
C, =0 Carbon monoxude Ires between these extremes and knowing its absorp-
tion coeffictent 1t should, in the postulated simple case, be possible to predict
the form of 1ts uptake curve from the helrum curve

It will be seen from (16a) that V/(V-+KcoF) 1s the limitmg value of
v {1—qr¥+EoRNY, for when r 1s sufficrently large, grivHscon/¥

& = 3 ReoE
becomes neghgibly small In practice this 15 so after about 16 breaths So that

the concentration of the expirate at the first equilibrium platean 13
Cop = V/(V+KcoF), an

or C., = 1/(1+KcoF/V) (173)
Equation (16a) can then be restated

C, = Co(t—q°) = Ca{l—(@"*} (18)

G 19

From (17} o (19

and Dco= % IEC‘" where P 15 the barometric pressuse, 20)

* For stmplicity volume of chamber 18 used as & functian of wall zrea of constant thickness
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Thus for carbon mondude,
Koo = (Ventilationfuut volame of lung)x (ratio of proportion of
mspired carbon mononde absarbed to propartion rejected
at equihibrium),
and
Dco = Total volume of gas absorbed by chamberfumt timefunst of
barometnc pressure
’l;h\s 15 the same equation as that derved by Forbes, Sargent and Roughton
{1945)

Chambers 1 parallel Using these formulae it 1s possible to caleulate the
equation for 3 more complex case, that of the combined expirate concentration
of two or more such chambers ventfating ndependently in paraliel Such a
system of parallel chambers was postulated for the tung to explain the helum
data, but if it exssts, inspiration and expiration ss through a common duct in
the lung, and 50 the chambess are not strictly paraliel, independent and withont
nteraction When the observed heliom data were analysed, however, the Jung
appeared (see p 166) to behave as if 1t consisted of two volumes F, and Fy
venblated wndependently by two pdal volumes T, and Ty respectively the
sum of Ty and Ty, being less than the observed tidal volume The Jung behaved
in fact, lke 8 system of two chambers 1n paraliel plus a Bohr dead space
Tt1s posstble that sequentia) ventdation could also produce this result

Thss disttibution of effective tidal volumes T, and Ty, found by analyss
of the helium curves, could be used in cajculabions from the carbon monowde
data Where J s the cutting pont of the extrapolated lnear porton of the
experimental curves (Fig 58, p 167)

TulTa+Tod =3, TpfT+Tp) = 14
a5 = Ef(Fa 4T, qp = Fpf(Fat+Tu)s
Cro = VoV, +KCO,Fyd Cpa == VAV hoogFy)
Then the mean expirate concentration = c,

= 3Coll QA% {1 ~D)Cpall gy =) @y
=0 (1~ =~ ICyqy Fhn—{ ~F)Cy 02 €3]

From (21} or (22} ut follows that the mean expirate concentration at egmlibnum
3 Ca = JC,mt (1D 3
= IV VA KOO, F -+ (L IV /(Vy+ Kooyl (24

or € = S+ KCOF V) +(1 -0 +ReogFg/ V) (2

1fan equat diffusion constant far both phases 1s assumed, thatis Keo, = Keoy,
then the overall Koo may be deduced from the observed mean expirate con-
<entration® and the volume distnbutions gven by the hehium data, using equa-
ton (24) In the dervation 1t 1s assumed that there 15 a neghgible or constant
back-tension of earbon manowude in the blood (see Appendic 1) This @,
tefers to the first equilibriam piatean for carbon monovide (see Fig 53)

A diffuston constant 15, of course, properly measuted per um area of
diffusion surface Our constant ys measured per amt roleme gud we are thus
committed to the assumption that in & parhicular lung, surface area 15

* Forster, Fowler Batesand Vanl
of this Essimption n dotai
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dsffi bal; which 15 I in erther phase, whi

for the observed data The distribution of absorpnveppow;r \v:lﬂgl{i‘:xfo:r:t
appear to be inhomogeneous within each phase, 1 which <ase, with rcspcct’
to the absorbable carbon monoxide, the phase behaves as though 1t were not
a perfect-mixing system

Corrections which may be Apphed
Tt 15 now necessary to see whether the carbon monoxide equilibrium level
(usually achieved after about 15 breaths) s influenced by the degree of imequahty
of ventilation, and also whether 1t 1s possible to allow for any alteration caused
by mequahty and thus to obtam an ndex wiuch 1s 2 more valid measure of the
imparment of pas transfer
The equation Keo =Y 1=Ce (]
F C,
shows how the Kco 1s related to the equilibntm concentration of 2 mean
expirate (post-dead spac:a) sample and how 1t allows for vanatton of ventila

nven Kco
depending

Thus the
Byects will

only remamn constant within narrow hmits 1 so far as the ratia F/V for
members of that group 1s similar (assummng they all have the same value

for Kca)

A simlar dependency exsts for a biphasic system but 1n a more complex
fashion, for there 1s here the completity that the ratio F,/V, and Fy/Vy and
also J =T,/(T,+Ts) may vary with respuatory rate and tidal volume If

147t . ame ahavenatinvact oated It requires expert
1ai and abnormal
¢, left with some

uncertainty how to correct for these vatiables

Table 28 shows that for the means of groups Nyg and Ny the breathing rate f,
Fy/V; and Fy/Vy, and T, (T, +Tg) are fauly constant, so that the observed
difference 1n equilibrium’ level 1s possibly accounted for by a real change of
Kco which fell from 4 00 to 259 In group Dy, the observed average expurate
concentration (Table 28 column 16) was much higher than for the group Ny
however, the Kco catcutated assurmng a biphasic system {(with equal keoan
both phases) 1s not much altered from the average of the normal groups
(column 13) Thus, the greater proportion of carbon monoxde rejected 1n
each breath in this group would appear to be the result of the changed mode
of ventilation which 1s reflected by the altered T,/(T,+Tg) and Fy/Va ratios,

and the chapge in breathing rate )
In the emphysema cases (Nos 156 and 158) the Kco1s reduced, and 1n the
case of pulmonary fibrosts (No 201) 1t 1s much reduced The carbon monoxide
uptake 1s correspondingly reduced Now if the lr:1ean I\C;J Zf é?clirtc::créo;:r;l:
ate to these cases,

15 substituted 1n th'e cq‘u‘:xdt‘l.?:s' 3?vp-l;oggd:c!ed (Table 28, column 17), that 15
es would be capable of gving a higher

o were normal The uptake predicted 15
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much the same as the mean of the cases of advanced pneumoconosts aged 55,
the emphysema cases being a little better, the case of fibrosis shightly worse
Hence, as compared with the normal gmup, the imparment of carbon
monoxide uptake of these cases ts due to both 'y
and reduced Kco It must be emphasized that such conclusions can anly be
tentative, for 1t has already been shown that the assumptions made 1n the
calculation of the K¢o only apply when there 15 good agreement between the
observed carbon monoude curve and the ome predicted from the helum
tesults using a biphasic scheme There 15 good agreement  groups N and D,
but not 1n the cases of emphysema and fibrosis

Summary

For the groups of normal subjects and men with advanced pnenmocomniosts
aged 55, the carbon monowide results confirm the biphasic hypothests of gas
distribution denved from the hehum data This hypothesis, together with the
further assumption of an equal difusion constant per umt volume of lungs
(Kco) 10 both phases, gives the best. f the observed carbon

data

The hypothests breaks down with the emphysema and fibrosis cases, leaving
the possihility of a distribution of absorptive power which 1s non-homogeneous
within the phases defined from analysis of the helium results This imhomo-
geneity mught mdicate vanatton 1 blood distnibution within the lung n
advanced emphysema, and patchy change m the alveolar-capillary block
the men with unusual fibrosts In pneumocomosis the difference in carbon
monoxide uptake between normal men and men with advanced disease 1s
probably for by of ; the diffuston per umt
volume of lung (Kco) being almost the same 1n the two groups

In emphysema and fibrosis, Kco 15 reduced, and mmpairment of carbon
monoxide uptake 1s due both to thts and 1o mequahty of ventilation However,
as this latter conclusion has been reached by deductions from equations shown
to be of doubtful validity 1t must be treated with reserve
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PART IV. INTERRELATION OF THE TESTS BY FACTOR
ANALYSIS
ONE of the difficultres of interpreting functronal tests in medicine {whether they
be of lung, liver or kidney function) 15 that many are empirical and the extent
to which any two tests partly measure the same thing 1s rarely known Butitis
destrable, both for reasons of economy of effort and ease of nterpretation, to
know how much tests overlap Factor analysis of our results by a process of
with shight provided a suitable method of seeing
this interrelation by enabling the results of all tests to be viewed concurrently
using & threc-dimenstonal model Further, our mam object was to find the
relation of change 1n lung function to the radol 1 degree of 1
and by ntrod ageanda scale of radiol I abnormality (Table
15, p 126) mto the analysis as ‘tests’, the model provided an excellent summary
of the lesion 1n pneumoconiosis

- LI .

preliminary analyses ncluded tests thought to be of doubttul value lhese
tests were subsequently discarded if the anmalysis confirmed thus behef The
prelminary analysis also confirmed that the addition or subtraction of tests
did not affect the mterrelation of those remaining
The tests mncluded 1n the fina] factor apalysis were
Stem hesght (SH)
Total lung capactty (TL C)

Vital eapactty (Y C)

Maximum voluntary ventilatron (M V' V)

Total diaphragm movement (T D M)

Muxing index (Iy)

Mrxing index (Ig)

Carbon monoxide uptake (CO)

Age

Radiological category (X ray)

The normal men aged 25 years were excluded from the analysts order to

preserve the balance of the expennment The five cases of advanced empliysema

and two of fibrosis were also excluded

A THE TECHNIQUE OF FACTOR ANALYSIS

Stage 1 Calculation of Intercorrelation
The first step was to calculate product
between each of the tests i the normal way

+ The correlation coeflicient between two vanates X 2nd y 1s gven by the formula —
£ Slx=D (=90
. Z(Y—Yr)'l d pectively The sign Z
X v thmetic Means of the values of x and y respective
v:a};cr:t:sas:?nryn:!{l;;:}:)ev:: ,a?jmdne values 1n the sample and corresponding values ofxandy
‘m used i the product ferm m the numerator
202

moment correlation coefficients
* The thirteen tests given to each
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their length That 15 to say, on this model the angle between any pair of the
rods (representing tests) shows the extent to which the pair of tests measure
the same thing The smaller the angle the more the tests have 1n common
tests at nght angles have nothing 1n common, those Pprojecting 1n opposlle'

to construct the model are not shown m Plate 15, for the sake of clanty They
are independent reference axes to which the relation of each test 1s known,
and so once the position of the tests relative to one another 15 fixed, their
purpose as ‘scaffolding’ with which 1o construct the model has been fulfilled
and they can be discarded They would not necessantly be expected to have
any 1d ble physiol 1 fi for they were 1solated by a techmque
of analysts which was such that each 1 turn accounted for the maximum of
the remaiung covaration of the tests, thus, therr choice was sumply part of
the mathematical procedure

B DESCRIPTION OF THREE-DIMENSIONAL MODEL

Some general aspects of the model will first be described, pomting out

examples of how the interrelations shown would be expected from the general
X
. Fatasn ¢ ava af nocacerty constramed

of the model
mtations must

be remembered that the results only represent the attributes of the lungs
featuring 1n our experimental group of subjects, and that the results of tests
represented by short vectors are partially ignored

An obvious feature m the model 1s that maximum voluntary ventilation,
vital capacity and total diaphragm movement form a group of tests (nuged
in Fig 70) presumably measuring the ‘bellows action’ of the lung Carbon
monoxide uptake 15 also meluded by this group, but only partially sce its rod 1§
much shorter than those of the other tests In the normal subjects tis group of
tests was negatively related to age (Table 16, p 127), so one would expect to seea
stmylar refatron here, which 1s apparent 1 the model as the positive age vector

el e

A »ant nm Tha ansle included between age and maximum
tent of correlation of

that given 1n Table 30,

Total lung capacity and functional residual capduily ne 1 2 general directron
annravimatelv at neht angles to the ‘bellows’ group and, therefore, represeat
-~ an vag

In the normal subjects, vital capacity was WL vy ve ~
height (Table 16) and 1ts direction ont the model shows the relationship

The muxing ndices Ip and Iy are almost perfectly negatively corrcl:r;d,
for they project 1n opposite directions as would be expected from lh]elr malh c;
matical relation (p 168) They hiena plane very nearly at nght angles l;) :} 21
including functronal residual capacity and maximum voluntary w:gm‘:s c:lx
and, therefore, mostly measure yet 2 thurd mdependent factor (this 1s best sec!
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1 Plate 15) They are, however, partly related to the bellows tests, since they
wnchne (in the bonzontal plane of Fig 70) at an angle of about 60° to the
bellows group rathet than beng truly at nght-angles Since 1n aormal subjects

FRC

F1a 78 Diagram of the three-dimensional moded of the factor analysis showing
fuactional groups formed by the tests Incet shows the relation of the pane of the
tests to the ‘plane of age and Xeray*

these mrung wndices were ot related 1o exther age of size (Table 16), their
POSIOR 18 what would be expected

Some care 15 peeacen—r - - =sidual
capacity The fact s an
arifical constraimt . o dasa

Petcentoge, must be nearly ndependent of totat capacity In other nords, the
results of the factor analysss would have been mncorrect had residual capacity
not esther fam at nght angles 1o total lung capacity, which 1t does, or been of
acgligble length {communality), winch would have wmphied that total lung
Capacity wtself must be shost since residual capacity 1s part of it If com-
munality were present, residual capacity was only free 10 rotate in o crele a1
ught angles 10 1otat tung capactty The fact that 1t fay in this phane inchined
towasds age rather than to the maong indices 1s of anterest

Age and X ray ke 111 a plane at about 120° to this ‘size” aunbute (see inset
duagram, Fig 70), this 1s reascnable because both were only poorly related to
height and weight (Table 15, p 126) Age wonld be expected 1o be at nght-
2gles {0 X-ray had the experiment been perfectly balanced, m fact, a fow
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Bromefm ok oo farg aen] am Bgnezaflant el gen ne T pere ag -
1 P [ AU T
(18 [ o LI AT T ' H
The reason r:or qxe posttion of the next test, namely carbon moncmde‘upwke
15 not y obvious and 1s d. 1 below
Gong on down from axis A on the nght band stde, that 1s n the negative
direction, where the measure decreases with mncrease 1n ventilatory power,
we first pass functional residual capacity near the size axis and there 3s then a
8ap to percentage fesidual capacity It 15 mnteresting to find this here, by
standardizing residual capacity for the size of the lung and thus making 1t at
right angles to total lung capacity, 1t 15 forced 1nto this position, which accords
with 1its accepted use as a functional test 1n that it increases as the overall
ventilatory capacity decreases, for example with age, emphysema, etc It does
not lie quite 1n the plane of . ot a od
from the directson seen 1 F
on the axis B, which on th
would mean that (in so far as 1t 1s represented here, for 1t 1s a short vector)
1t 15 a measure entirely of 1 which as voluntary
ventilation, etc decreases This agrees with fact and 1s the explanation of the
sensitivity of the dyspnoetc tndex
The functional plane The mixing indices I and I, project along the shaded
horizontal plane, out of the ‘plane of the tests’, so 1t 1s worth considenng
what the third dimension indicated by the dotted line C—C m Fig 71, repre
sents Accepting the interpretation of the heltum uptake data n Part III
(p 168) that Iy and Iy represent the post dead space ventilatory nequaiity,
the obvious 1s that 1t 1§ as distrt Snce st 15 at
right angles to B—B, we must think of it as gas distnbution independent
of the degree of venttfation It, too, 15 a dynamic aspect of the lungs, so the
whole plane, B—B C—C will be called the ‘plane of function” and 1s shown
diagrammatecally 1n the mnset n Fag 71
Change 1n gas distribution independent of change of 15, however,
— amemtav hat i the Jungs,
inked
dices,

therefore, might be expected to have a component wsepaiavL nu 1 v o lfows
attnibute which 1s concordant wath their posttion betweenB B and C-C (Fig 71)

The three axes m Fig 71 (nset) are a framework which shows what we
believe must be three of the fundamental and independent attnibutes of the
fungs, namely, static size ventdateon  bellows action’} and gas distnbunon
{‘mixing’ or ventilatory inequality), which these tests measure 1n common i1 &

f men with different 1 1 degrees of p
Fowp e e B el o terms of thtee independent
T the factor analysis

ed  Therr onginal
L Fherone

The Gas transfer Attribute of the Lungs .
In the basic three dimenstonal framework 1n Fig 71, the known attnibute ol
gas transfer 1s omutted To understand this, let us consider the carbon monoude
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uptake, which 1s thought to represent an overali measure of gas transfer, there
are two aspeets of 1t 1n the model first, 1t is sepresented by a shont vector,
secondly, the direction hies close to maximum voluntary ventiation In pneumo-
conioss the carbon monowude uptake 1s not greatly altered, but, as X-ray

measunng the carbon monoxide uptake 1s not a useful adjunct to assessment
n preumoconoss However, an spute of sts rather hugh error the earbon
monoude test has a high speaificity, so that, although it changes refatively
Jittle 1n pacumocomosss, it coutd be affected 1n other conditions as the findings
m the two cases of unusual p\dmonar‘y fibrosis showed

PR ) e

\ .

and 1t seems not unreasonable to suggest that they would then have swung
round towards a dsrechon measuring pure transfer

Conclusions

Just as the indices Ig and 1y do m the model
T h T

a the o the basic 15 that
the farther tests are removed from the state size axs (ether by applying the
appropriate corrections or, better, by their bemng pure function measures),
the more useful they become Once they are pure measures of function, at Jeast
three tesis are needed to define fully the performance of the Jungs Probably,
even 1f the tests were reduced to three, they would overlap, since 1t appears
unitkely that a test of pure disinbution will be devised, because venulation 1s
11d1) nd cnme plament of 3 1 1 ha ) alad sa the halte -

2 .

di - -

the gas-tisttibution {t an eflort 15 made 10 find 2 combimation of tests with
minimum overlap each one does not necessanly measure disability, since they
may not be hmting factors 1t would appear that the best combmnation is
Iikely to be some measure of maxwnum ventilatory capacity possibly assocrated
with tests 10 determine factors such as mr-flow resistance and hung wiscance
which limat the function, together with a test of both non-absorbed and absorbed
gas uptake
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importance to X ray change in determining disability This becomes at once
apparent when one examunes a group such as the Dy, who, 1n spite of extreme
radiological change, are not nearly as disabled as one mught expect from the
appearance of their chest rad. hs  Agan, the ding feature of
pneumoconiosis which we have emphasized 1s that 1t adds, as 1t were, a premum
to the changes which occur with age and this 1s well shown by thus analysts

Perpendiculars from the test vectors on to the ine B—B (Fig 72) gne a
good mpression of the relative usefulness of the different tests for measuring
breath], mn The correlations are not exact since we have
no real criterion 1n the analysis for breathlessness 1n Fig 72, but the axs 15 2
fair approximation It can be seen at once that functronal residual capacity
changes* are of no significance at all, bemng almost at nght angles to B—B
The muxing indices, although so closely related to X ray, have relatively poor

n like d d 1 and carbon

monowude uptake

The ‘bellows group are the best tests and are appreciably better than per
centage residual capacity All this 1s consistent with the analysis relating the
tests to clmcal grade (p 133} The efficacy of percentage restdual capacity,
as a measure of disability, 1s seen to depend on the fact that 1t measures almost
entirely the changes which occur n the lung with age, though 1t has more 1t

e aa L Er o dam

T

n
dyspnoeic index 1s the best measurement of disability m pneumoconiosis

E CONCLUSIONS

A factor analysss of a large body of data like ours provides such a concise
summary that 1t enables other workers to appreciate all the results with a
completeness which would otherwise only be possible by lengthy explanation
and by separate diagrams By thus concise presentation 1t shows correlations
of the tests which would otherwise be mussed, and by showing how one test
overlaps another, 1t permuts a rational chotce of single or multiple tests for any

function of the lungs

this
* The size vectors (total lung capacity functional residual capacity) only appear in
projection because the age X ray plane s tilted by the relation of X ray to size In the projection
on to the functiona) plane they practically disappear



SUMMARY

Part 1

1 Previous work in South Wales has proved that the prolonged tnhalation of
coal dust alone can cause a disabling form of pneumocomosts, which differs 1n
1ts pathological and radiological features from those assoctated with silicosis
(pp 1-3)

g This coalworkers' pneumocomosis s not pecuhar to South Wales Itconsists
of two distinct pathological processes with charactensti¢ radiographic appear-
ances corresponding to them the first, *simple pneumocontosts’, tesults from
the retention of coal-dust and increases only 1f dust exposure continues, the
second, ‘complicated pneumocontoss’, results from an infechive process
(‘massive fibrosis”) supenmposed on the simple pneumocomoss, and, once
acquired, may advance independently of any further dust exposure (pp 3-5)

3 Both the clinical features of coalworkers’ pneumotomosis and the inter-
relation of the many classifications proposed for the various radiographic
appearances are summarized (pp 3~12)

4 A review of world literatute on previous studies of lung function wm
pneumocomiosis showed that neither the cause of the breathlessness nor the
relation of its severny to the radiographic appearances had been properly
established {pp 12-27)

Part 11

5 A study of 40 normal subjects and 118 muners between the ages of 23 and
60 years 18 deseribed  The subjects were selected at random and grouped to
represent each of four dufferent radiological stages of coalworkers’ pneumo-
comosts (according to the latest International Classification), so as to complete
an orth 1 exp 1 plan of the effects of age and
X ray category There were also control groups of non-miners and of working
. T L o

. N . L wewu
transfer by a new techmqgue of recording the uptake of hémm and carbon

well with chmeal (pp 97-99 and p 133)
(b) The exertional dyspnoea in the coalworkers® pneumoconiots 15 mainly
¢aused by a reduction in the maumum ventilatory capacity of the lungs rather
PR Pt o P . . .

oo -

atrest(pp 93-99, 114-124, 136-139)

(€} In general, the relation between the degree of exertional dyspnoea and the
radiographic appearance 1s close if, but only 1f, age 1s taken 1nto account
Simple pneumocomiosis has a relatively small effect, but does accentuate the

U8
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TABLE XII
Normal
The proportion of carbon monoxide removed from the
s mspirate measured by open circuit  spiromelry, group
E o means, standard deviation m brackets
o |E58] B2
= |EgRc| 2E
g|ls=8 87
I - ] Preumoconiosts category
<[5 & Normal
mmer
1 2 1/2 3 B D
25| 662 | 754
@8 ) as2| 1 2 1 2 1 2 1 2 1 2
35] 653 ] 716 | 636 | 582 | 660 F 672 | 645 ) 651 ] 595 ) 650 | 512 | €24
@o | um |6sy | 6N |6 |USH]GH [Q13) | (64 [(U38) [ (83) | (351)
45| 649 | 658 | c01 | 679 | 661 | 617 | 576 | 714 | 498 | 659 | 534 | 614
GOy (30| 7D A | (63) {40 | G5 (162 | GO [ 09 | (72) { (11D
55| 551 894 | 613 | 635 | 559 | 81 60 636 | 546 | 646 | 471 l 593
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APPENDIX 11

Medical Histories of the Cases of Non-industrial Emphysema and
Pulmonary Fibrosis

INDIVIDUAL medical histones of the cases of pneumoconiosis are not included
because all the essential information 1s gaven 1n Tables 1-1V, Appendix I The
detnfs of the medical hustory and the clinscal findings for the cases of non-
industrial emphysema and pulmonary fibrosts are given below

Subjects Nos 154, 156, 158, 175 and 177 had been attending a spectal clime
directed by Professor R V., Chnstie, for the study and treatment of cases of
emphyserna at St. Bartholomew's Hospital, London The subjects were selected
by Professor Christie and Dr 1. Knott as being typical of moderately advanced
disease, but they were afl sufficiently well to make the joumney to Cardiff
unassisted, and were examuned at the same time as the muners in the main
expenment,

Subject No 200 also had non 1ndustnal emphyseraa, but on account of the
unusual medical hustory our findings on this man have been separated from
the remarader of the group

Subjects Nos 201 and 202 with pulmonary fibrosis were introduced to us by
Dr } D Spiltane, who had noticed that their chest radiogriphs resembled
simple pricumocontons Both men were being treated for diabetes msiprdus

CASES OF NON-INDUSTRIAL EMPHYSEMA

LT .
. e .

. . - . . . «
. . - ey . .
i . . . v

P . . .
. . “
S
s .
CEPE o . . .
V. ) - .0 .-
o .

ot - o - .

. . . “ .

i LTmber, 1930, thets was no post mortess examsnation
Su!s;m Ao 156 md 57 He had been well until the age of 23, when he had an arntack of

cach "\":“Fl'n KLK‘\ wiim btd for 3 ‘wh For henent 8 )t:m he hz_d !u:\l:lr_lnach
e 8 o .
" LIS} o A
N Ve . C o . '

a8 ""“’ 5 ] -m: had atfacks of wheerng and u;mm“ m ms chest, espeuially st
Aght and 1 col "“IS weather On two pocasions in the Rrevious $ years a tmall haemoptyss had
EYE) -
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s ‘ . s . [ . . A

the chest : ’
‘The radiograph showed low flattened diaphragms and horizontal ribs Th
e h Ids were
:;7; l.:aab!x::nrmally translucent but showed Iittle change in density between u‘:sl;)gug:m:l and
irat

I R U N Ty DU,

examunation

€ kot Na 158 pod SR Hp had heen a plerk all hus e excent during the Furst World War

avabang a waan ang ly o chratead RV S1EHION

I T TP '

. EER TN

P . oL v,
sertously disabled with marked abnormal physical signs 1n lus chest lhere was no certaut
clraical evidence of cardiac failure

Subject No 175 aged 54 He had worked as a French pohsher all hus Iife, except during the
Farst World War when he was gassed on more than one occasion but never severely enough
“~ ha cant ¢n hacmital For the last 30 vears he had had a mornmg cough often severe enough

. attacks of

ach earler
‘hudhood
. - as aclerk
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Radiographs showed no obvious abormality except a ver small change 1 transldoency
between the msprratory and expiratory films There was no evidence of pheumoconiosis
Lyeen the imspiratory and erpiralory A A % i B

evidence of cor pulmonale

Summary

These men have 1n common a history of cough and mcreasing shortness of
breath, for which no other cause than emphysema could be found The physical
s1gns 10 the chest were those usually assocrated with emphysema The vanety
of the symptoms referable to the chest preceding the onset of breathlessness,
and the of the chest rad suggest that they do not form
a homogeneous group actiologically, however, at the time we exanuned them
the pattern of functional drsturbance was stnular Four out of six died within
3 years from the ime we investigated them

CASES OF PULMONARY FIBROSIS
Full details of subjects Nos 201 and 202 have been published (Spillane, 1952),
subject No 201 being Case 2 and subject No 202 Case 3 1n Spillane’s paper on
“Diabetes Insipidus and Pulmonary Disease™ Only a brief summary of the cases
15, therefore, given hese

Subject ho 201 aged 37 This man had been well untl the age of 30 when he notxed he was
short of fucath on exertion and casily became Ured A chest radiograph showed diffuse
motthing Shortly afterwards he developed pofyuria and a diagnosts of dubetes (nsiprdus way
made This was controlicd by Pitressun For the last 3 years he had been getung more short
of breath but was otherwise well
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L L T

e1 o oana Tar vw 4 s e et

Putressin
- aon an amnama heh nd hnth agry

- P Ty

“Duscussion

“ The changes 1n the hypothalamus were considered to be indicative of an eosino-
phhic type of granuloma of tnknown cause but siular to those previously described.
The picture 1n some areas was reminiscent of sarcoidosis

‘1 e lung changes appear compatible with the healing stage of an cosmophulic
granuloma
“There were no features in any organ to suggest the syndromes of Hand Schuller
Christian ot Letterer Stewe's disease which are regarded as related to eosmophilic granufoma ™
Summary

These two subjects both had diabetes msipidus and remarkably sumtar chest

radiographs The nature of the generalized pathological process i subject No
20215 uncertamn even at autopsy Whether subject No 201 has the same process
causing his symptoms 1s unknown The two tases are tcluded 1n this report
because they exhibit a disturbance of the uptake of carbon monoude to 2
degree far exceeding that found m any of the muners even with the most advanced
stage of pulmonary fibrosts caused by complicated paeumoconiosis



APPENDIX I

The Derlvation of Equ p ing Different Models for
Pulmonary Gas-mixing and Uptake

1 THE GENERAL APPROACH

In many parts of the report, different theoretical models of the lung have
been presented to explan and to use the data from semal gas-replacement
expenments They are summarnzed i Part If1, p 177 Here we give the denva-
tion of equations which represent curves relating the concentration of gas-
mixture to the number of breath-cycles, which would be obtained from such
models 1 observed on either the open- or closed-aremt apparatus The former
can be regarded as a special case of the Jatter in which the machine volume 1s
finttely great

Tt 1s assumed that both the mactune and the fung models are ‘perfect-miung’
systerns, the gas-muxtures wn each bang of umform, though not the same,
composition at any time during the breathing cycle Itis also assumed that when
the lung model 1s 2 multivolume system 1n which different proportions of the
tidal volume go 1nto two or more volumes in parallel, then each of these
parallel volumes will contamn gas of umform composition at the same phase of
the breathing cycle

In any model of the lung we visualize the summauon of increments of
change tn concentration occurnng at each identical repetstion of the breathing
cycle Two methods of approach to this concept will be descnbed a specific
method, only suitable for dealing with the simple model of the lung as a single
chamber, and a mote general method, apphicable to this simple case and to
more complex muftiphase models or to models breathing an absorbable gas
Specific Method

In this, 1t 13 shown that the ratio of the {r+ () to the r** increment 1$ a
constant, so that the whole series of inerements must be in geometsic pro-
gression Henee their sum (which is the total nise in concentration m the lung
or total fail i concentraton 1 the machine) 1s of the form A(l—qn), where
A 13 a constant and q the ratio of the increments or ‘common ratio’ of the
geometnic progression

General Method
In more complex systems, such as those dealing with absorbable gases, serial
miung spaces or two or more volumes n parallel, gas

tions are given by an expression consisting of the sum of a number of simple
exponentials, the number of these being related to the complexity of the system

The cases considered 1n this Appendix are descnbed by the simplest of this
family of equations 1n which

C,  AarBE, m

where C, 15 the concentration of gas at the end of the ¢ breath cycle and
A and B sre constants

‘Wnting equation (1) for any three successive breaths,
C. =Ax+B2, [¥)]
Cpyy = AVt BE, 3)
Crpr = Ao RO, (D}
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from which we can denive

Crra—(a+f) Cryn+efic, =0, ®
the correctness of which can be verified by substituting the values of
G, Coyt, Coyz from (2), (3) and (4) m (5) whuch will then reduce back to (1)

So that, if for any system, a relationship can be found of the form

Cry2~2MC,+NC, =0 (M and N are constants) [(]
then 1t can be seen from (5) that 4-2M = a+Band N = off
To separate « and B we consider —~2M and N as the coeffictents of an
auxtliary equation

x#—2Mx+N =0, U]
so that o= M+\/M’ N, (8a)

= M- N @

We will now denve equations for the different theoretical models using
these two methods

2 SINGLE-CHAMBER PERFECT-MIXING SYSTEM WITH
NON-ABSORBED GAS
Symbols* F = volume of gas i lung at end of normal expiration
T = tdal volume
d = non moxng (anatomucal) dead space (part of lung volume)
Te = effective tidal volume (T--d)
v ~ .

ke
i,

Closed ctreunt Apparatus
Specific method of dersvation
Concentration 1n lung after (r-+1)! breath =
_ B+ (T—d)m, 9
fpr = FH{T—3) ®

Increment 1n concentration 1 fung due to (r++1)* breath =

e =lhy—h (e
= T=d [ 11
_F+(T~d)[m' 1,} (1)

1e the mcrement 1n lung concentration due to a single breath 1s a fixed pro
portion of the difference m concentrations in the lung and machine at the
begmmning of that breath We have now fo show that successtve differences
are also 1n fixed proportion to each other

the equations 1n this Appendx, the symbols are simphfied from
th;sfgv‘:: nsua l’}eagfebsm :rlg;‘: the mqam text They afe therefore listed here at the beginning of

each section
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Concentration in machine after (r+-1)'* breath
=m0 = (V=T +dm, T =, )}V 12
.. Subtracting equation {9} from (12) and rearranging terms
My —ha [ F ] V—(T-‘d)] a3

me—1; |FHT=d}j V

" :-:—:: [F—_Fg._—d)] [V__(y')] = [F:T:] L‘,le] = aconstant, (14}
1e the increments 1n concentration m hung gas due to successive breaths are

1n the constant ratio
_F_JV_Te
F+Te v
2and their sum to r terms
v F V—Te
=tt =y [ 1= [ [0 ) us)

If the concentration of gas tn the lung 15 zero at the start of the expen-
ment (J, = 0), then the concentration m the lung alter r breaths

v F V—Te]"
== i) [l [ a6
In the symbols of the main text (Table 6) this becomes
Vm
¢ = emf 552 ) {1~ @) an
The drop i concentration in the machine
1IF F F 1[V—Te]r
= =mem = m(ey) {1 FTT;] [’T G
F V—-Te]®
Since [ﬁ] [Lv a] 0, (19)

then the total fall 1 concentration mn the mactune at completion of mxing 1s

me—m. = m(55) )

Dwnding equation (18) by (20), the fall 1n concentration 1n the machime up
to any breath, r, as a fractton of the final fall s

meom | [ 5 VT
me—m, Frtej| v~ en
In the symbols of Table 6 equation (21) becomes.
Cimy—-Cm, -
Cmp= Gy ™ QY ¢33

which, when the effect of dead space 1s neglected (as in the index Tq), becomes
equation (I1b) of p 58
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General method of derivation

_{ F Te
:'M*(——-«F +TE) .+(F +Te) - @
M= () mHT) e )
Rearranging (24) . My — —Te 5)
V) e =W lp—) m 29

€ —Te
(%) 1= m—~ (!—v—f) m 28
By subshitution from (25) and (26) 1nto (23)

eyt { [F:TCHY—:E J}+m"‘“FfT=HV;Te]} 0

This equation of hnear difference has a solutton
— Ao"+-BSF @)

=

7

where A and B are constants and « and 8 the roots of

e {“’ [F+Te][ :/TE]}’“L” :TEHV‘—EBM o)

@=1

F 1[V-~Te

o=l
— A+BE (30)
Since m, = A+B @an
and m, =A (32)
m, — Myt (Me—my)f 33

Total drop in concentration m the machine =
mg—m, = (g~} (1) (39
My = %}‘1‘7‘_’ 09
o=, = (=1~ [Ffﬁ] [Z%Tj} ] @

awhenly =013

= 1 o

Specific Method See equation (1))
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Open cireunt Apparatus

When 2 single-chamber modet 15 recorded with an open-tireunt apparatus,
the case ts stmphified becanse the mspreate concentraion 15 constant This
would occur with a closed eircutt machine of mfimte volume so that the
equanion for change of gas concentration 10 the lung can be denved from
the corresponding closed-circutt £quation by the substitution of V =0

Hence from equation (16) when 7, = 0,

LI 3%
w=mfi- (i |
ar i the lung gas concentration 15 expressed ay a fracbon of the constant
1nspired concentration,
o] .
e [‘ (F+T: %

In the symbols of the mamn text (Table 6) 1f the inspirate concentration s
taken as umty,

F oy .
—11- =1 4
Ce, [s (Fr&)} 19 @0
or, when dend space 1s neglected 1—-q7

3 SINGLE CHAMPER PERFECT MIXING SYSTEM
WITIt ABSORBED GAS
Symbols

To sunphifly the algebra, the unit of ume used i the calcalations 1s the ume
talen to insprre umt volume The volumes of inspirate and expirate are assumed
10 be cqual as also are the inspiratory and expiratory flow rates It 18 assumed
that there 15 no dend space The umt of concentration ss for pure gas all
concentrations thus hie between unity and zero

t = umits of ume or volume

T = udal volume

V = minute volume

¥ = concentranon of gas in chamber

h — concentration of gas mhaled

¥ -~ volume of gas 1a chambet whent = @

k = absorplion coefficient

= mass of p1s abeorbed by chamber/unit time, unt concentration {assum
g that the tension gradient across the membrane s aumencally
equat 10 1he concentration in the chamber 1¢ 1o back tension}

Aote I ume 5 measured m minuies and 3 dilfusion-constant, k., s
defined such that

Ky = mass of pas absarbed’minute unyt volume of lung umit corcentration,

thenk » Ly
g
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Analysis of Single Breath-cycle

We are considering 2 single perfect-mixing chamber absorbing the gas bemg
muxed 1n proportion to the concentration present It 1s necessary to find an
expresston for the concentration 1n 1t, at any phase of the breath cycle, before
equattons applicable to the closed- or op: t app can be developed

Inspiratory phase Consider an inspiratory phase when a volume t has been
msprred (in time t) A further fimte volume At 1s inspired (in time At) The
concentration in the chamber 13 now

Y(F4-0)-+hAt—kyAt ¢
F+t+At
The increment m concentration =
Ay = Y(F+-t)+-hAt—kyAt—y(F+-t-+At) @)
F-+t+At
. Atlh—y)—kyat 3
FHirAt
In the imit as At >0
dy _hoy kv @
dt ~ F+t F+t
dy dt )

h=(+ky ~ Frt

The solution of the above equation 1s

—(14-k) log, [h—(1+K)y] = log, (F-+-t)-+Hlog C s}
log, [h—(1+K)y] = log, P(F-+)@+¥) where P 1s an arbll&:;r;’stam'
¥ = QR PP ] @
If y, = concentration of gas 1n lung when t =0,
) ¥o = (14K)7 [h—P(F)~#0], “8)
P = Fus) [h—(1+K)y] “9)
When t = T (end of spiration),
_ : F Esiy (50)
B L L |
F 1+k ]+k F )lékj (51)
L
xpiratory phase
dy __ —kdt (52)
y  (F+D)-t ©
= log, A[F+T—t]F (A1s a constant),
log, y = log, Al( P

y = AlF+T)—F
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When t =0, ¥ = yy {t besng now measured from the beginning
of expitation)

s fromequation (54), A =y(F+T)* (5%
11 ¥ = concentration of gas 1n lung after a time t from the beginmng of
etpiration,
Vi =ydF+T)* [(F+T)—1]t (56)
When t = T (end of expiration),
; L &)
s =ule)
1e concentration of gas 1 lung at the end of an expiration =
L b
(m) X at the of the exp ]
Mass of gas expred (M)
B P+ DAFAD— on
M =yT(F+n--J'°[(F+T)—q~ (9)
T
= —yFLTH [N F{F+T =R (60)
I\x
e (R e )

Mean expirate concentration (C}

Ly
C=MT= y,uﬂ)-'[ig—;(ri—r) ] )
oy
-
=yl 40y ~—-—,1)-- )
=)

We shall now apply these relationsings 1o 20 open- and closed-creomt system,

Closed circuit Apparatus
Symboly
m, = concentration in machine after r'* exprration
Iy = concentration sn lung after ©** 1nsparation
€, == concentration n tung afler r'™ expiratioh
M, = mass of (absorbable) gas expired 1nto machine dunag 1** expiration
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B )]
+k[ (Fir)mJJf (f%)m 69

cm:lm("iT) l+k(F+T) { (F+T m} (FJ}:“T)H“ 5

M, F
rp2 = l#—k[(F+T) F(F+T)‘] 9
Mass of (absorbable) gas 1n machine after (r-41) expiration
= Tea1 F \r
m(V~T)+ l+k[(P+T) F(F-{-T)] ©n
- mn(F+T) F i
= m(V— [ .,
V-t [(EN3H [' (F+T) }
& F 1 F \M¥
RRESY (Fﬁ) (F+T’[“‘(?ﬁ) ] @)
_ V=T F4-T F \1+)#
ms =5 |~ () )
&{F+T) F \M¥] [ F \14*
+Soml- ) ) ®
From (65)
e E e o e LR TR
frt ‘*(F+T) i k[' "( T) ](F 'r) o
_ F My 14K &
N it = [ (ot [ =3 LY
Substituting in (69) and rearranging, we have
F o\ (VT F+T F \1#]8
°'+"°'“[(F+T) +{ v +V(l+k)‘[)_(F+T) ] H
vefege) (7)) -0
the solution of which 1s
= AQy+BQy where A and B are constaats
If (72) 15 wnitten
Erea—208epy b8 =0, a3
then Q, =a+y@*-b (@)}
and Q, =a—Jaf—=b ()]
A value for A can be found for any arhitrary values of ¢ and ri, although
expenimental conditions are usvally such that ¢ =
(]

I ¢, =0, then~ A+B=0

v

.
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The general solution when €, = 015
& = AQr—Q;),
Soe=AQ~Q),

%(Ff_,r)‘[l - (%_)m] (from 65)),

X F 14k
ae ) =) |
) Ak (Q—Qy)
Solving for m gives the solution

m, = CQy +DQ,f

an
8
(79}

{80)

(81)

where C and D are different constants but Q, and Q the same exponential

coefficients 2s 1n the solution for ¢

Whenr =90, m,=C+D,

50 that m, = C(Q —Q,")+meQy
m; = C(Q~Q)+meQ,

e nf ) )
R a1k (B
T Q~Q,

Open circwit Apparatus

Here, as 1a the case of the non-absorbed gas 1n Section 2

V=0 and m,=1

Hence of
ek T T
ot (o YL TT
1

82
(83)
@4

(85)

(50)

(87)

(88)
(89)

(90)

91}

[CAd]
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1+K\| [ F i+
o= 13 {1 - o)) () ]
m, F \14¥ F \l+k
=T7r_k['_(F+T) J+°'(F+T)
FY m{ F\¢ F \l¥ F oM
e o =m«(m) [“(m) ]“'(m) ¢

1 F \¥
My =] +k[(F+T) F(F +T) ©
Mass of (absorbable) gas in machine after (r+1) expiration

B

=

5)

1 13
= m(v— T)+l$i([(F+T) F(F +T)} D
,(V—T)+m(—;‘f£%[1»(%)‘“]’
Pl e ()Y @
me =S54 g 1 () )
14%° 14k
e I o V2 R
From (65) Fe
o) = e () | () @
S e T

Substituting 1n (69) and rearranging we have
F \4 (VT  F+T 1 F )”"]’”
‘"““'“[(—Fn) +{ v +v(l+k)ﬂ[_(F+T
— F
— ) (=) s) =0
sofia) (T ) =0 ¢
the solution of which 1s

& = AQy +BQ," where A and B are constants

If (72) 1s wnitten

e, ,2—2a8,y--be, =0, 73)
then Q, = a4yai—b 4
and Q, =a—ya’=b 3

A value for A can be found for any arbitrary values of e and mt, although
expenimental conditions are usually such that & = 0 "
[t

If e, = 0, then A+B =0
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The general solution when gy = 01s

& = AQ—Q) an

€ = AQ—Q), an

- (%)'[1 _ (%)'“] (from (65)), %)
Aem (%TY[‘“ (&) ] ®0)

(1+k) (Q—Q)
Solving for m gaves the solution
m, = CQ+DQ, (81

where C and D are different constants but Q, and Q, the same exponentral
coefficients as 1n the solution for ¢

Whenr =0, m,=C+D, (32)
s0 that m, = C(QyF —Q7)+mQy @3
my = C(Q— Q) +mQs @4
V_T , F+D F e
from(69)  m, == mﬂ{T 4 WH—k)'[l - (_F_ﬁ_) ] } @5
V=T (F+D [, (_F y*]*_
.\ Com {T + V(H—k)’[l (ﬂﬁ') ] Q’} (86)
T QG-Q

Open curcunt Apparatus
Here, as 1n the case of the non absorbed gas 1n Section 2,

V=0 and my=1
Henge f

F

=

Q=1, (89)
Q= (FLH 142 (90)
A (F—-!:ﬁ .[l_ (F—L')m] o1

6= A[l_ (L)‘”“"] (92)
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From (65) and (66)

Moo —(EED [ F yx
'(1+k)(_p SRy ©
F+-T,
Mean expirate concentration = E,
[1 ( F T+
LT 'r) ]
—MT -+ o9

F }* F
W)= [1- ==
t )(F-H') (l F+T)
[1 ( F 1+k2
_ - m) ] F (4
(1+k)’[l—( - (l_(F+T) } o
F+T, F+T,
The value of T/(F+T) found 1n practice 15 usually sufficiently small for this
expresston for E, to simphfy to

== (rm) = (e) ) o

but E,, = mean expirate concentration at equitbrium

T) (r/Ex)l )

In the symbols of Table 6
Cr 1 —(qV/Cee)r ©8)

Ce.,

The similanity and simple relationshuip of this equation to the open circuit
formula for a non absorbable gas (equation 40) 1s apparent The equations
are 1dentical 1n form and the exp tial for an absorbable gas 15
stmply that of the non absorbable gas but rarsed to the power of the reciprocal
of the mean expirate concentration at equiibrrum In practice, the mean
expirate concentration 1s measured as a fraction of the nsprred concentration,
thus making the mnspired concentration effectively unity

* Diffusion constant’ from open circuit data
As stated 1n the note at the beginming of this section 1f
K, — mass of gas absorbed/mnute/umt volume of lung/unit conceatration

~EXy
then k= v
Cex = 1/(1+2K) = V/(V+FK,) 99
v (1—Ce,
and Ry = 'ﬁ( CEo ) (0
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elation to Equations for Non absorbed Gas (k = 0)
‘When no absorption takes place CEg = mspired concentration == umty
Equation (98) becomes
CE, = 1—q, (101)
hich 15 1dentical with equation (40) when Cm, = 1, and since ¢ = q when
ead space 1s not considered

These substitutions serve merely to check the not at all obvious correctness
f the equations of this section against the simpler equations the correctness
f which has been demonstrated by different methods of dervation

| TWO PERFECT MIXING CHAMBERS IN PARALLEL {BIPHASIC SYSTEM)
BOTH FOR ABSORBED AND NON ABSORBED GASES
ymbols
F, and Fy = volumes of the two chambers at end of normal expiration

Kj and K} = diffusion constants (K and K*) pertaining to F, and Fy
Tespectively, as defined for K, at the beginming of Section 3

E, and Ey = equiltbrium mean expirate concentrations from F, and Fg
respectively

dsand gz = expansion ratios Fy/(F,+T,) and Fg/(Fp+Tp) respectively

V4 and Vi = nunute ventilations pertamnmng to F, and Fy respectively

H =Ty [(Ta+Ts)

v olume of closed circuit apparatus at end of normal expicatron

Y. = combined mean expirate concentration at r* expiration

Open circuit Apparatus
Absorbed gas Restatig equation (97),

F \/Eo
m=Efi~ ()

So that Y. =EJ{l1—q AEO}HE(1—D){1 —qpU/EBY} (102)
=JEy+(1—-DEz {JE,q, /=0 +(1—))Exqs"*»} (103
Yo =JEs+(1-DEg (104)

Then from equation (99), Y. = observed mean expirate concentration at
*quilibrium

S /S )/
Va+F Ky T Va-+FeKg

This equation was used to calculate the diffusing capacity of the lung with
the factor of ventlatory mequality removed (see text p 195)

(105)
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Non absorbed gas The volume components of this equation (105) can be
found 1n the special case when K} and K} = 0, 1¢ when the lung 1s breathing
an inert gas mixture contailing, for example, hehum

Knowing these, K} and K, can be found
When K} =K;=0, E, =E;=1 The equation (103) becomes trans
formed to

T,
Y, =1-[a+(1-T)gg] = 1~E§qx+ ﬁq,,’] (106)

so that 1-Y, = (T,q,% +Tpqp" )/ Te (1062)

If qy>qg then q,” will become neghgibly small compared with qg! after 2
certain number of breaths After e -t v
Therefore after this point the gra

to a straight line of siope log q,

Thus J and g, may be found and hence the other volume components (see
text p 172, and Appendix V, p 264)

Closed circurt Apparatus
Symbols
Here certain rattos are represented by specific symbols

T,/V and Ty/V = W, and Wy, respectively,
Tu/(Fs+T,) and Tyf(Fp+Ty) = a and b respectively

) m n F, after ' insp = a(m—x),
I m 1on m Fy after i'® == b{m—x)
Mean cxpirate concentration into machmne at 1 expiration =
E - WA[‘(I—a)+am]+W1,[y(I—b)+bm] 107
W,+Wp

h =
Drop mn concentration 1 machine due to r'® respiration

4, = [(Ta+Ts) (m—E)VY = (Ws+Wy) (n—Ey), (108)
= W,(1—a) (m—x)+Wg(1-—b) (m—)) (109)
(m—x) =W 1

},‘,f; (m—3) ="V 1 "
Then 1, = (1= W) (1-8) (B )= Wa(1—b) (-0, (10
¥, = (1—Wg) (1-) () —Wa(1 =) (5c2) am

=(-Wy(-a),

1 P —wﬁ (1-b),

Qp =
R, = W (1-Wy)
Ry = Waltl— W),
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then ¥ = Qe —RyQp¥e 1 (112
Ve =Qpve —RaQuur 1 (113)
"+ U = Quu—ReQpve, 114
Yeur = Qpve—RyQuver (1s)
From which four the gz two of linear difference
may be deduced

Uria—{(Qu+Qulur+-QuQe(l —RaRp)e, 1 =0, (116}
Verr~{(Qu+ Qu)%e+ QuQe(l =RuRg)Vey =0 17

which have selutions
1= A"+ BET, (118)
v.=A'@+Bg, 119
o = Qs+ Q)+ H[Qx ~Qul"+4QuQsR,Re), (120)
B = H(Qu+Qu)—H(Qs—Qul*+4QuQuR, R} a2y

Since the analysis of closed-circwit data for the single phase model was 1n
terms of the drop 1n concentration in the michine we will now develop an
equation of this form

From equation (108),
d; = Wy(1—a)y,_;+Wx(1—b)v, ,,
= W12} [Ac+BE- 14+ Wl -D) [Aw "B Y] (1))

& d, = Mo"4+Npr where M and N arc constants (123)
The total drop in concentration in the machine =
D, =dy+d, d, 129
= C(l—a"+D(1 —£) (125)
C
=(C+D) |1~ C and D are constants; 126]
€+ )[l (C+D) (c+r>)ﬂ'] (Cand Darec )29
1T F, and Fy are at the same at the of the
and the diffe between this and that of the machine 1s. taken
as umity (uy v = 1),
FA+ Fo _ F
then Do=(C+D) - 5240 = F5y 1z
From equation (126), total drop after first breath =
C D
b, = c+)f1- (c5p)~ (cF)?] )
If(1 ~2) and (1 ~b) are wntten q, and g respectively, then from equation (122),
=W,y +Wsls (129)

From equations (128) and (129) we have
C _(C+D)(1—B) — (Wa9a+Wyas) 130
TID= T (CADh )



260 LUNG FUNCTION IN COALWORKERS' PNEUMOCONIOSIS
It should be roted that equation (126),

[ D
D, =(C+D)}1— [ Jar— [ ——)pr
= i (55~ ()]
which represents the fall 1n concentration 1n a closed-circuit machine due to
the ventilation of two volumes 1n parallel, has the same form as the equation
representing the rise 1n concentration in the lung model of a biphastc system
applied to an open circutt apparatus
‘When T, = Ty and simultaneously F, = Fy, when any of the components
Ty, Ty, Fy or Fg = 0 or when T,/F, = Tg/Fp. then equation (I26) becomes
1dentical with that of a single-phase model on the closed circuit apparatus
Although the numercal value of the constants and 1oots of equaton (126)
can be obtained graphically, there 15 no easy way of obtaming the volume
components of these constants and roots

5 MIXING CHAMBER WITH SERIAL MIXING SPACE FOR NON-ABSORBED
GAS ON OPEN-CIRCUIT APPARATUS

Definution of Sertal Miving Space

The usual single-chamber perfect mixing system envisaged 1s one 1n which
each element of inspired gas entenng the chamber 1s perfectly mixed with the
mixture already present and 1s retatned n the chamber, which expands to
accommodate the additional volume

A serral mixing space 1s a non-expanding chamber 1 which each element
of the gas entening mixes with the gas already present and an equal element
of the resultant mixture leaves this chamber to pass on into the ordinary
expanding chamber Although the simple definition given above has Iogical
difficulties, the system can be exactly described by the differential equation

de H—a
= 131
I b
where H = concentration of gas entering the space,
- W~ e
o
T .
R)

We will now establish the mean concentration of the gas leaving the senal
mixing space

Equation (131) has the solution
ap = H— (H—a)e ™ (132

= H(} —e~%)F0ge™ 133)

Mass of gas ongnally present chamber == Sog, (133)
Mass of gas passing into the chamber =TH, (135)
Mass of gas remaining 1n the chamber = Sar (136
37

Mass of gas leaving chamber = Sty +TH—Sar
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Mean concentraton of gas leaving the sertal muxing space
= mean expirate concentration,

S
=R-Z(H—e) —e9

Miang Chamber with Serial Space (Open circuit)

Symbols

= volume of serial mixing space,
volume of expandmng mrang space,
tidal volume,

3
F
T
k
Y, = concentratron 1n S after r*» expiration,
F = m F after it

v
Ye = m § after ¢t
H = concentration mnspired

Ypar = H (H-Y ek,
FEHHTSHY) (¢
{F+D)
Yeu = Fg(l—e )ty ()
Substituting from (139)
Yoot = Frall—e 9+ Y, el e

FHJ

From (140)
s
FruimF, = g (H—F)~ £ o (H-Y) (1—e)

(F+T) (H~Fy ) —FH~F,) = SE-Y,) U~
From (142) ssmylerly,
(H=Y,, ) H(H=Y,) = (H~F1) (1 —e)

Let H~F; =u,
and H-Y, =v,
then (144) becomes

(F+ TPt = S~
and (149) 55

Ven—€ %, = (12U,

(F+Dura—Furs = 51— Pona

and vi~e ¥y, = (l—eHu,

Ehminating u from (146), (147), (148) and (149)

(F1TW o HF Tk L (1 X121 Flv b Fa=2y o
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262 LUNG FUNCTION IN COALWORKERS' PNEUMOCONIOSIS
the solution of which 1s
v, = (H-Y,) = Ao"+-Bf', (15
where A and B are constants and « and § the roots of
F+Te—[(F+Te ™ +-5(1 - ¥+ Flv+Fe % = 0 (152
A and B can be found from the above equations by th thod alr
demonstrated n this and previous sections a ¥ the method aleady

It can be shown that 1if Y, = 0, then
A+B—~H

Jo-p-a—e [ e])

and A=
i @ )

Solving (146), (147), (148) and (149) for u gives
u, = (H—F,) = Mar—N§" {154)
and if Fy =0, M+N=H (155

[(1 B S0 —e—=)]

and M =H. P (156)

Mean expirate concentration
From equation (138), 1f the mean expirate concentration at the 1t expiration

= E,, then

B, = Fml(1-e8) (Fey) asn
but from equation (141)

F,~y; = (Fe~Yo)/e™ (158
I Wt e J BRA ()

(et [d—e

= F'[l' Tor ]*Y'[ 7= J

. E = [H—(Mor+Ng)} [1—(1 —e ke ]
+[H—(Aa"+-BgY] [(1—e)/ke™] (160)
— H{(M—(M 4+ A) (1 —e)keHa"
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+[N—(N+B) (1—e)ke B}

for the mean expirate concentration for a muxing
ace on the open circwst apparatus 15 of the
mbers 1n parallel on the open cireuit

Thus the expression
chamber with a serial mixing sp:
same form as that for two mixing cha

apparatus



APPENDIX IV

The Ci fon for Valve-box Dead-sp. of an Op it
Apparatus used to Calculate Carbon Monoxide Uptake

THE problem 15 to calculate the ratio of the mass of gas removed by a lung
to the mass that has passed 10 and out of it The gas nuxture 1s inspired through
a valve-box of known volume, and the volume and concentration of the
collected expirate can be measured at any trme

The problem 1s complicated by the fact that when an absorbable gas is
bemg expired the concentration of the expirate 1s dropping continuously and
thus the mean concentration of gas left 1n the valve-box (of volume d say)
15 the mean concentration of the last d umits of exprrate and 1s not the same
as that of the whole expirate

No allowance 1s made 1n this calculation for the dead space of the man
and gas 1o the context below means carbon monoxide

Symbols
Tidal volume = T
Volume of valve box — d
Mean concentration of last d units leaving man — C
Concentration nspired 1s umty
Collection takes place after equlibrium 1s reached
Intial 1n coll P 15 zeTo
Mass of gas mspired by man = dC+(T—d}
Mean concentration of gas feaving valve box and therefore collecting
spirometer = C,

_ final n X total volume in spirometer
(total volume 1a sprrometer) —(imtial volume 1n spirometer)

Thus the mass of gas leaving valve-box during expiration — TC, but mass
of gas entering valve box duning inspiratron —~
mass of gas absorbed during resperatory cycle = T(1 —C,)
mass of CO absorbed by lung __T(1—C) _ T C)
mass of CO inspyred into lung  (T—d)+dC (T &)
#d4C 13 sufficiently small to be neglected
direct expenment 1 which a senes of small synnge samples were taken
the dead space at the end of aay expiration gave & value for dC which
showed that 1ts neglect led to an error of about 2 per cent in the calculated
value of percentage CO removed
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APPENDIX V
A Method of relating Linear and Semilogarithmic Graphs of
Open-circuit Helum data to obtain Muung Indices
I METHOD OF GRAPHING

THE expuate concentration, as a fraction of the mspired concentration, 15
plotted against the number of breaths using hnear co-ordinates The expirate
concentration range s therefore 0 to 1 For the calculation of the mixing
1ndices 1t 1s then necessary to plot logy, (1 —expirate concentration) against the
number of breaths It 1s anticipated that this graph will become lLimear when
the mean expirate concentration 1s greater than 0 6

If the available experimental pomnts are so plotted, onc may attempt o
draw the best fitting straight line through them But on a log plot 1t 1s not
easy to give proper weight to ponts deviating from the Ime chosen Often 1f
this “best’ lme 1s replotied on a linear scale (de log), then the reconstructed
curve may clearly be deviating from the ongmal curve on the hnear scale

This difficulty may be overcome n the following way Both lIinear and
log plots are drawn on the same centimetre graph paper, a double ordinate
scale being used a linear scale of 0 to 1 for the pnimary expirate concentration
curve and a liear scale of loganthmic values 0 to —2 for the log plot, the
0 of the log scale starting at the 1 of the pnmary curve scale and the —2 at
the zero of this scale

A rough curve through the primary pomts rs drawn and the number
of breaths for a mean expuate concentration of 09 and 099 15 noted
Logy, (1—09) and (1--099) are —I and —2 respectively This provides a
guide as to the general posttion and slope of the hnear part of the log plot

The edge of a transparent set square 15 laid on the graph paper agamst the
position of these two ponts Readings of other points can then be made from
the edge of the set square as if a pencil ine were actually drawn The edge
of the set square 1s now moved shghtly until the antilogs of a number of
conventent check points (see below), read from the edge of the set square
gve values of (L —exprrate concentration) agamst their corresponding number
of breaths that follow closely the trend of the ongnal experimental pomts
The amn 1s to find a line, not on the basis of fithng a few ponts 1dentically,
but of best fitting the whole curve from an expirate concentration 07 to 099

Conventent check points are expirate concentrations of 06, 08, 09, 095,
099 Log, (1—06), (1—08), 1—09), (1-095), (1—099) are —04, —07,
—10, —17 and —2 0 respectively

To llustrate the technique an example 15 shown 1 Fig 73 The curve A (dotted)is @

mei the 90 per

tentative curve thought to fit the oxy :ntal points best on the linear scale From
cent and 99 per cent’ pounts of this curve :h_e coresponding dotted I:ns Al 5‘35,"38:5‘..]{2?

2 CALCULATION OF Iy AND Iy INDICES

o ) d the manner just
A log plot of (1—mean exprate concentration) 15 mace 1 the

descnbgdl,) and a(lme parallel to the linear portion of 1t 1s drawn through thﬁ

ongmn {te through the pomt 0 on the log ordinate scale) This new line wil

264



265

APPENDIX V

(23nudsin jo wonsodoud so
n ¥ ° °

© 1) ]
[ A nw

° 2 2 4

1 1 1 il

JondXs Jo UoBIURIIOT

»

~ 1) boy

L.

i

-

Q
Q
"

LY

50

-
-

L ! R | ) T T L
P u
e g 3 yx 3 & ¥ 4 i I

Nondeu Jo uouodoud sz FONINXD JO UOHOLFESOLOD

ki

&

o T Dugrim 1o pstrate the method of selfating Lneas and semioganitmic

b b
Number of breaths

EN

Braphs 1o obtamn the 1nd ces of gas mung



APPENDIX V
A Method of relating Linear and Semiloganthmic Graphs of
Open-circwt Helium data to obtain Mixing Indices
1 METHOD OF GRAPHING

THE expirate concentration, as a fraction of the mspired concentration 1
plotted agamst the number of breaths using linear ¢o ordinates The expirate
concentration range 1s therefore 0 to 1 For the calculation of the muing
1ndices 1t 15 then necessary to plot logy, (1 —expirate concentration) against the
number of breaths It 1s anticipated that this graph will become hnear when
the mean expirate concentration 1s greater than 0 6

If the available experimental points are so plotted, one may attempt to
draw the best fitting straight line through them But on a log plot 1t 15 sot
easy to give proper weight to poimnts deviating from the line chosen Oftenif
this ‘best’ Ime 1s replotted on a linear scale (de log), then the reconstructed
curve may clearly be deviating from the ongnal curve on the linear scale

This may be m the foll g way Both lnear and
log plots are drawn on the same centimetre graph paper, a double ordinate
scale - - LTt
curve
0 of
the zero of this scale

A rough curve through the primary pomts 1s drawn and the number
of breaths for a mean expirate concentration of 09 and 099 s noted
Logy, (1—09) and (1~099) are —1 and —2 respectively This provides a
guide as to the general position and slope of the linear part of the log plg]!

The edge of a transparent set square 15 laid on the graph paper against the
position of these two points Readmngs of other points can then be made fr:m
the edge of the set-square as 1f a pencil line were actually drawn Th; [ E‘;
of the set square 1s now moved shightly until the antilogs of a number t:
conventent check potnts (see below), read from the edge of the set 511“4::;
gtve values of (1 —expirate concentration) agatnst their corresponding num e
of breaths that follow closely the trend of the ongmal expertmental pau]lI
The aim 15 to find a line, not on the basis of fitting a few points ’dc"‘m;gg’
but of best fitting the whole curve from an expirate concentration Og 90 095

Convement check potnts are expirate concentrations of 0 6,0 3:04 e 7
099 Log, (1—06), (1—08), (1—09), (1—095), (1—099) are —~04, —U%
__1 0, —1 7 and —2 O respectively © e w1 he curve A (dotied) ‘;e:

" . ine
i

2 CALCULATION OF Iy AND Iy INDICES

Index Iy -
A log plot of (1 —mean expirate concentration) 15 made éna::n: :::::;}:jthe
described, and a line parallel to the hinear portron of 1t 18 'lr'lu T foee will
ongin (e through the pomt 0 on the log ordinate seale)
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266 LUNG FUNCTION IN COALWORKERS’ PNEUMOCONIOSIS

be displaced to the nght of the linear portion of the log plot The displacement
1s measured in units of number of breaths and 15 the index I

The line through the ongin represents the concentration changes i the
larger mixing space F,, and so the physical meaning to be attached to Igis
that the concentration of heltum in F, at breath n+4-I,, equals the mean expirate
concentration at breath n The greater the mequality of ventilation of the two
components the greater will be Iy
Index Iy,

It has already been shown that the acceptance ordmates (1—exprrate con
centration) represent the uptake of heltum by the lung, further, that the sum
of all these ordmates equals the functional residual capacity divided by the
effective tidal volume

It 1s more convemient to measure the complete or partal sum of these
ordinates by measurimg the area above the curve with a plammeter Such
areas can be converted mto ordinate umts by appropriate allowance for the
scale of the graph A small error 15 mtroduced by equating the area above a
contingous curve to the sum of a serres of discontinuous operations

Scale Correction
If the total length, 1n centimetres, of the expirate concentration ordimste
scale 1s, say, 20 ¢m and the distance, on the breaths scale, between one breath
and the next 1s 0 2 cm, then the equivalent atea of one p ordinate 1
20x02 =4sq cm
The area above the curve insq cm — 4
= sum of acceptance ordinates = F R C [Te

Dervasion of the Index
. - 4 o = anb am mna et o mbor af hragths 15 drawi

of breaths
reaths’ axis
and cuts the ‘mean exprrate concentration’ axis at umt concentration The
total area above the curve bound by the vertical axis and this Iine 15 pro-
portional to the total mass of helum finally taken up by the lung This ared
1s measured 1n sq cm by a plammeter
If the area above the curve between the vertical axis and a vertical lm;
through breath nt 15 measured stmilarly, then the ratio of this area to the to(:h
area 15 the ratio of the mass of hehum accumulated 1 the lung up to the &
breath to the total hehum contarming capacty of the lung \
To find the index I, a value of n s found by tmal such that the partid!
area 15 9/10 of the total area
Now, 1f total area (sq cm )/4 = F/Te, then the
total area F/Te F

\
cally) = Ny, then T = —1/Ny 102159 »
or, expressed as a percentage,
" 1 = —100/Nio loguud’
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Chest rad ograph of normal subject No 33 aged 54 Group N Code O~/






PLATE 3

zﬁy/
{.

Chest rad ograph of subject No 168 aged 53 with s mple
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PLATE 3a

h m d zone enlarged There sabrorma y nall ¢ bspaces wh ch conta nfine
opac t cs aggregated n some places nto larger nodules up toabout S mm  nd ameter
Lung mark ngs Fartly obscured



PLATE 3
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Chest rad ograph of subject No 168 aged 3 with simple poeumoco

appearance which 1s rather more marked 1n the ngl
Code 1~/

o §
Group 1/2 Exen th's fim 15 abnormal because of the d fluse_granular or nodufir

ht lung field than 10 the eft




PLATE 3a

R ghtm d zone en arged There s abnormal ty nallr bspaces wh 7o ~nmi= = Fne
opac t cs aggregated @ some places fto larger nodules up ta about S
Lung mark ngs partly obscored
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PLATE 4

Chest radiograph of subject No 49 aged 54 1n the group of simple pneumo-
coniosts category 3 The diffuse nodular appearance 1s clearly seen and cxiends mio
the outer thirds of both lung ficlds Code 3/



PLATE 4a

Right mid zone enfarged Al the nib spaces are atmost flled with fine opacities
which show more aggregation than in PLATE 34 and also extend in greater profusion
1nto the outer thurd of the fung field Normai lung markings obscured
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Chest radiograph of muner aged 69 This film 1s included 1n_categary 3 but
shows an unusually reticular pattern Normal lung markings replaced by an
arregular network of tntetsecting lnes and nodules Code 3 /
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R ght m d zone enla ged The fne opa tes whch can st} be dent fied n the
ba kground n all 1 b spaces ha ¢ aggreidted to form nodules whch e in broken

hans and so g € the whole a ret cular appearance Cale feat on of the | far glands
smerema ked nth s film than s common ins mple pneumocon 0s s n South Wales




PLATE 6

Chest of miner aged 25 sh, y
A on a background of simple pneumoconiosis category 2 In the outer third of the
second anterior rib space 1n the right fung ficld s an indcfinite opacity with an
irregelar hazy outhne which merges with the surrounding simple pacumaconiosis

Code 2A2/-
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PLATE 8a
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Chest rad ograph of subyect No 45 aged 57 1n the £10Up of campl cated pn
con 5 5 category D The mass ¢ shadows are larger and mors homogencous
PLATE 7 and there 15 d stort on with eqphyscmatous bullae at ap ces
The background of s mple pneumoton osls ~ Jonger wis ble Code



PLATE 9a

Chest radiograph of a miner aged 35

yA
on a background of category 3 slmplc Preumoconosis Code 3A3/0
PLATE 92
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PLATE 12
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PLATE 14

Front view af fiuorescent screen with tracking device added for recor
movement on the kymograph concurrently with spirogr
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PLATE 13




PLATE 14

g §

Front v of fuorescent screen st traching device added forrecording diaphragm
movement on the kymograph concurrently with spirograph









