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FOREWORD
By PAUL WOOD, O BE, M.D, FRCP,

This monograph on the pulmonary circulation 1s 2 timely and much needed contnibution
to medical knowledge, for b great deal of work has been done on this subject since the
introduction of rehiable means of measuring pressure and flow 1n the pulmonary arteries
and vems. That the majority of 1ts authors ar¢ on the staff of the Postgraduate Medical
School of London or have at one time been connected with that institution ss seemly, for it
was here that McMichacel and Sharpey-Schafer helped to develop the technique that made
so many of these observations possible. In their choice of other authors the editors have
selected wisely, particularly perhaps 1 relation to Donald and Lee, whose contributions
are outstanding.

For a book of this kind there is remarkably little overlapping or conflict of opinion;
only with regard to nomenclature is there any confusion, Bemng 1 a privileged position
perhaps I may be allowed to comment on this, especially because with the help of J. B, Lowe
T was tesponsible for introducing several of the expressions around which much of the
confusion seems to circulate.

Physiologically there are only three fundamentally different kinds of pulmonary hyper-
tension; these may logically be called passive, hyperkinetic and vaso-occlusive. The word
passive implies the absence of any active agent on the artenal side that might lead 10 a raised
pulmonary ar.ery pressure, and this denies 1ts use in relation to increased pulmonary blood
flow It should be used solely when pulmonary hypertension results only because the
pulmonary venous pressure is rassed. The term hyperkinetic pulmonary hypertension best
describes a high pulmonary artery pressure caused chiefly by increased blood-flow. The
adjective was selected because 1t had fong been used to describe a high cardiac output

STt v

the right ventricle, a situation that does not exist. Hyperkinetic pulmonary hypertension
1s Mot passive, because there is an active blood pressure rasing agent (increased flow) on
the arterial side. The thard great group results physiologically from an d pul y
vascular resistance, however caused, and this may be called vaso-occlusive pulmonary
hypertension. Its chief subdivisions are (vaso) obstructive, e g. thrombo-embolic, (vaso)
obliterative, e.g. from endartenus fibrosa, and vasoconstrictive (functional), € g hypoxic.
When an i d pul y vascular resistance is dary to passive or hyperkinetic
pulmonary hypertension, the word reactive may be used with advantage when 1t 1s destred
notto beg the question of mechamsm. The term active pulmonary hypertension (once used
in cases of mutral stenosis with a high pulmonary vascular resistance to distinguish them
from cases of passtve pulmonary hypertension) should now be abandoned, for the impl-
camm.\hat the reaction 15 necessarily vasoconstrictive is not justified. and when it 15 vaso-
constrictive that word itself 1dentifies it.

v
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FOREWORD vii

Subacute cor pulmonale remains the correct label for neoplastic cases with diffuse
lymphatic spread, for here the respiratory apparatus is involved, and the physiological
disturbance is similar to that associated with diffuse interstitial fibrosis of the lungs. Tumour
embolism, from chronionepithelioma, for example, is obstructive pulmonary hypertension
and should be so classified. It behaves like primary pulmonary hypertension, not like cor
pulmonale,

Tt should be clear to the reader that these views on nomenclature and classification are
my own and their expression in the foreword of this book 1n no way implies their acceptance
by the authors or editors.



Vi FOREWORD

No less confusion surrounds the nomenclature and classification of cor pulmonale or
the more cumbersome expression pulmonary heart disease. It is abundantly clear, however,
that disturbance of the cardiovascular system secondary to parenchymatous disease ot the
lungs, such as emphysema, requires a definitive title that separates 1t completely from all
forms of pulmonary hypertenston in which the respiratory apparatus is essentially normal
(as 1n pnimary pulmonary hypertension) or only secondarily involved (as in rmitral stenosts).
To regard primary pulmonary hypertenston and the reactive pulmonary hypertension of
nutral stenosis, for example, as subdivisions of cor pulmonale is tantamount to dentifying
cor pulmonale with pulmonary hypertension itself. Nothing is gamned and much 1s lost by
so domg. Cor pulmonale, when fully developed, usually means a cyanotic form of heart
fallu{e secondary to gross inadequacy of respiratory function. The artertal oxygen satura-
tion is always reduced. When the pulmonary lesion is mamly emphysema, carbon dioxide
retention 1s mvariable; when it is manly interstitial fibross, there 1s no carbon dioxide
retention. The pulmonary vascular resistance vartes greatly. The frequency of severe
pulmonary hypertension in any series depends on what cases are classified as cor pulmonale
and what are nat. Obviously, if pulmonary hypertension and genuine right ventricular
failure are demanded before a diagnosts of cor pulmonale is made, then all such cases of
cor pulmonale must have a raised pulmonary vascular resistance. But at the bed-side there
are few physicians who would not make the diagnosis when a case of bronchitis and em-
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the physiological response to the Valsalva test 1s normal, and digitalis may not nerp 1
these cases salt and water retention 1s probably renal and hypervolaemia raises the venous
pressure. The absence of right ventricular strain 1s confirmed by the normal electro-
cardiogram, That the cardiovascular system 1s disturbed by the altered blood gases 1s
evident from the bounding peripheral pulse, the relatively gh cardiac output, and the
diminished renal blood flow. Moreover, each attack of acute bronchitis 1s accompanted by
transient vasoconstrictive pulmonary hypertension. To deny the use of the term cor pulmon-
ale to identify such cases when the pulmonary vascular reststance is normal, but to use it
to describe exactly the same disease when complicated by pulmonary hypertension seems
illogical and is certainly confusing I have always pleaded that cor pulmonale should be
defined as disturbance of the cardiovascular system secondary to parenchymatous disease
of the lungs. * . . . . Tt e theeeane Toetu ap
gross obesity, . .

tharacic cacp’?

Of course chronic pulmonary hypertensive cor p 1¢ 15 duLauy
form of obliterative pulmonary hypertension.

Such a definition denies the nght of massive or mu!
labelled acute cor pulmonale, and the nght of recurrent pulmonary embohism to be Iabel!cd
subacute cor pulmonale. These embolic states represent acute or subacute qbstmcl:vc
pulmonary hypertension, and‘ shouILd be so clagsiﬁed. Acute cor pulmonale might define

“heart failure” dary to

ltiple pulmonary embolism to be




PREFACE

Increasing knowledge and interest in the pulmonary circulation has stimulated us to
compile a comprehensive review of the subject and to set out on paper up-to-date views
held by experienced workers in this field.

The book is designed primarily for senior students and clinicians who are concerned
with the diagnosis and treatment of disorders of the heart and the pulmonary circulation.

The format of individual chapters is not identical, for free expression of views and
presentation has been left to every contributor. Some repetition 1s deliberate to em-
phasize important or controversial problems.

We are deeply grateful to our contributors for their unstinted efforts and would
especially like to thank Professor McMichael for hus help and advice with the arrangement
of this book.

‘We should like to thank Messrs E. & S. Livingstone Ltd. and the Editors of The
British Heart Journal, The British Journal of Radwlogy, Circulation, Clinical Science,
The British Medical Journal and the Journal of Physiology and The Lancei for permission
to reproduce some of the illustrations,

Finally we are most grateful to Dr. Paul Wood, who has written such a stmulating
and provocative Foreword The extent to which he 1s quoted 1n the text bears witness
to his pre-eminence 1n this field.

. D.
.F. G
Lonpon. ES
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CHAPTER }

ANATOMY OF THE PULMONARY VASCULATURE

By RAYMOND DALEY

EACH LUNG is divided into ten b hovascular seg The pul y artery has not
quite the same lobar distribution and relative constancy of origin as the bronchi, although
there 15 a fairly constant relationship between the segmental arteries and bronchi, Peri-
segmental veins travel superficially, immediately bencath the pleura or in intersegmental
planes. They course somewhat independently of the 1 bronch and arteries
to reach the subpleural planes in the primary hilum and there jon a main pulmonary
vemn .

These differences 1n the anatomical course of the bronchi and pulmonary arterses and
vems make suitable nomenclature difficult. In spite of these discrepancies 1t has, how-

ever, become common practice to name the blood vessels according to the lobes or seg-
ments which they serve

The Pulmonary Arteries

The Ieft main pulmonary artery anses in front of the left main bronchus and shortly
arches over 1t to he, in the hilum, behind and above 1t and the vein. Here segmental
branches are given off to supply the left upper lobe. In the oblique fissure a branch passes
to the lingula segment and divides 1nto the superior and inferior segmental arteries  There
are, of course, variations in the onigin of these as of all segmental artenes, but they are of
practical importance 1n the surgical rather than the haemodynamuc field.

The four basal segmental arteries usually follow their respective bronchi as the medial
and anterior basal segmental arteries, and the lateral and postenior basal segmental
arteries.

The right main pulmonary artery anses from the man pulmonary artery and crosses
behind the aorta and superior vena cava and 1n front of the oesophagus In the night
fulum the artery lies between the vein and the bronchus It divides into upper and lower
branches. The upper supplies the anterior and apical bronchopulmonary segments of
the right upper lobe The lower crosses the anterior surface of the right bronchus between
the origins of the upper and muddle lobe bronchi, This trunk supplies the middle and lower
lobes, and, usually, the posterior bronchopulmonary segment of the upper lobe. As in the
left lung there are four basal segmental arteries, which are adjacent to their respective
bronchi.

The Pulmonary Veins

The left superior pulmonary vein receives all the left upper lobe segmental vemns 1t also
usually receives two tributaries from the lingula but these may drain 1to the inferior
pulmonary vein or even directly mto the left atrium,

1 1
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CHAPTER 1

ANATOMY OF THE PULMONARY VASCULATURE
By RAYMOND DALEY

EACH LUNG is divided into ten bronchovascular segments. The pulmonary artery has not
quite the same lobar distribution and relative constancy of origin as the bronchi, although
there 1s a fairly constant relationship between the segmental arterics and bronchi. Pen-
sepmental veins travel superficially, immediately beneath the pleura or in intersegmental
planes. They course somewhat independently of the seg 1 broncht and arteries
to reach the subpleural planes in the primary hilum and there join a main pulmonary
vein. .

These differences in the anatomical course of the bronchs and pulmonary arteries and
veins make suitable nomenclature difficult. In spite of these discrepancies it has, how-
ever, become common practice to name the blood vessels according to the lobes or seg-
ments which they serve

The Pulmonary Arteries

The left main pulmonary artery arses in front of the left main bronchus and shortly
arches over 1t to lie, in the hilum, behind and above 1t and the vein  Here segmental
branches are given off to supply the left upper lobe. In the oblique fissure a branch passes
to the lingula segment and divides 1nto the supertor and inferior segmental arteries  There
are, of course, variations 1n the onigin of these as of all segmentat arteries, but they are of
practical importance in the surgical rather than the haemodynamuc field.

The four basal segmental artertes usually follow their respective bronch: as the medial
and anterior basal segmental arteries, and the lateral and posterior basal segmental
arteries.

The right main pulmonary artery anses from the main pulmonary artery and crosses
behind the aorta and superior vena cava and in front of the oesophagus In the right
hilum the artery hes between the vein and the bronchus. 1t divides into upper and lower
branches. The upper supplies the anterior and apical bronchopulmonary segments of
the right upper lobe. The lower crosses the anterior surface of the right bronchus between
the engins of the upper and muddle lobe bronchi. This trunk supplies the middle and lower
lobes, and, usually, the posterior bronchopulmonary segment of the upper lobe. As in the
left lung there are four basal segmental arteries, which are adjacent to their respective
bronchi.

The Pulmonary Veins

The left superior pulmonary vein receives all the left upper lobe segmental veins It also
usually receives two tributaries from the lingula but these may drain into the inferior
pulmonary vein or even directly into the left atrium.

1 n




2 ANATOMY OF THE PULMONARY VASCULATURE

The left inferior pulmonary vein has five tributaries which run behind their respective
broncht. These number three on the lateral side, the lower lobe apical segmental vein,
the antersor basal vemn and the Jateral basal vein, and one on the medial side, the medial
basal vem. The termination of the parent vein 15 called the posterior segmental vein.

The right superior pulmonary vein drains the right upper and middle lobes via three to
five trunks. The highest trunk 1s the apical anterior vein which recetves tributaries from
the apical and anterior bronchopulmonary segments. Below is the infersor vein which
runs subpleurally in the transverse fissure, The two tributaries from the middle lobe usually
dramn 1nto the supenor vemn but may jon the inferior vein or even enter the left atrum
directly. The postertor and intersegmental regions of the upper lobe are drained by the
posterior segmental vein which enters either the man pulmonary vein or its nferior
tributary.

The right inferior pulmonary vein recetves the five segmental veins from the lower lobe
which run behind their respective broncht The highest of these 15 the lower lobe apical
segmental vern, The lowest is the medial basal segmental vein  Between these two are the
anterior, lateral and posterior basal segmental veins which have no fixed pattern of entry
wto the inferior pulmonary ven.

The Bronchial Arteries

The bronchial arterses supply the structure of the lungs including the vasa vasorum
of the pulmonary vemns and lymphatic structures in the lungs, hila and at the carma. Many
anatomical studies of their . ’ * ' Toem fet- oo recent
has been by Cudkowicz an * tech-
niques after the bronchal z . They
concluded that the bronchal arteries normally anise from the aorta and that, while there
is no constancy as to their number or level of origin, the majority lay opposite the fifth
and sixth dorsal vertebrae, A common number 1s two to each lung. As they pass from
the aorta to the hilum, either anterniorly or posteriorly to the oesophagus, they send
branches to the mediastinum, ogsophagus, hilar lymph nodes and the vagi On each side
an annulus 1s formed round the main bronchus and from this the true bronchal and pleural
arteries arise.

The true bronchial arteries radiate with the major bronchi, having a branch on either
side. These branches frequently communicate 1n the fibrous coat of the bronchus gnd
send penetrating twigs to the submucosa Probably the framework of the alveoli 15
supplied by these systemic arteries

The medial pleura 1s supplied directly from the annulus whereas the antertor, lateral
and interlobar visceral pleura are supphed by bronchial arteries emerging from lung

substance.

The Bronchial Veins

i htal verns dramn

There are two separate systems of bronchial veins. vThe true bromnc
the mtrapulmonary bronchi and the supporting interstitial framework of the lung. The
pleurchular veins drain the hilar structures and the subpleural planes of the lung  The first
drain into the pulmonary veins and the second into systemic veins such as the azygos,

hemiazygos and interstitial veins,
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The plevrohilar veins (Gilroy ef af, 1951) communicate freely with the pulmonary
veins both at the hilum and in the subpleural plane. The true bronchial veins course
along a definite fascial plane which is an extension of the mediastinal perivascular fascia
(Marchand, 1951). Situated within the plane between the bronchial wall and the peri-
bronchial fascia lic the main trunks of the true bronchial veins, the true bronchial
arteries and the lymphatics of the Jung. The peribronchial fascia extends to the bronchioles
separating the respiratory and mterstitial portions of the lung. The latter is drained by the
bronchial veins.

Applied Anatomy

A great deal of work has been done 1n studying the altered calibre of lung blood vessels
in various experimental and diseased states. There has been considerable speculation about
the anatomical paths taken by blood in a number of diseased states Discussion centres
on the extent and site of anastomoses between the pulmonary and bronchial circulations
and whether pulmonary artery blood can reach the left heart having by-passed the
alveoli.

Cockett and Vass(1950)demonstrated in normal lung the existence of minute communi-
cations between the bronchial and pulmonary artenal systems and believe that, when for
any reason the bronchial system enlarges, these communications dilate. In the experimental
animal the greatest sumulus to enlargement of the t hial system is pl Tusi
of the pulmonary artery. The collateral flow from the aorta passes into the pulmonary
artery radicles within the lung, thence through the lung capillaries and back to the left
auricle via the pulmonary veins, The output of the left ventricle may under these condi-
tions exceed that of the right by a third. The comparable situation 1in man 1s in congenital
heart disease with pulmonary stenosis or atresia, and pulsating bronchial arteries may
be seen radiologically 1n pseudo-truncus arteriosus,

In expernimental pulmonary embolism, Ellis er al. (1952) have shown that the nutrient
requirements of pulmonary tissue distal to an embolus can be met by the pulmonary
artenal circulation through capillary anastomoses in the capillary bed The bronchial
circulation is not necessary for this purpose, nor is 1t y for the develop of
mfarction after embol provided sufficiently severe pul ry ‘“congestion” js
present  However, bleeding after pul bol may come from the bronchial
arrculation and the bronchial flow may promote the development of infarction after
embolism

Liebow et af. (1949) report enlargement of the bronchial arteries and their anastomoses
with the pulmonary arterses in bronchiectasts, but the stimulus for this 1s not clear. A
possible explanation 1s that histological sections of bronchiectatic areas reveal large
thrombosed arteries undergomng recanalization, and the obstruction may be sufficient to
stimulate increased bronchial artery blood flow. That such an increased flow does exist
is confirmed by finding more highly oxygenated blood in the pulmonary artery on the
diseased side. Simular changes may oceur 1n primary bronchial neoplasms, and Cudko-
wicz and Armstrong (1953) describe four cases of primary bronchial neoplasms 1n which
there was a diffuse, proliferative bronchial arterial pattern extending to the tumour. It
was not observed 1 two cases of metastatic lung tumours,

In absorption collapse of a lung or lobe after an mitsal short period of central cyanosis,
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the arterial oxygen saturation becomes normal. There is, therefore, no flow of pulmonary
artery blood past non-aerating alveols, and 1t appears that the bronchial arteries produce
a retrograde flow in the pulmonary system.

In contrast to experiments involving occlusion of a main pulmonary artery, Ellis et al.
(1951) occluded the right postertor bronchial artery n dogs and found that this caused
infarction and ulceration of the right stem bronchus and of the right lobar bropch m the
fular region. Distal to the hilum the bronchi remained normal. It appears, therefore, that
under normal conditions pulmonary artery blood can maintain the integrity of the pul«
monary tissue and the bronchial walls distal to the hilar region,

The evidence does suggest that shunting of blood can occur from bronchial to pulmon-
ary arteries in either direction distal to the hilum,

Arteriovenous anastomoses in the lung also probably occur, and in Meckel's Anatomie
of 1820 1t js said that “very important commumcations between the systems of red and
blue bloods are found™  Particular arteries which are *“able to close ™ and are distingushed
by their musculature have been described. It is said that they arise from a branch of
the pulmonary artery and give rise to numerous arteriovenous anastomoses These lie
1 association with the bronchial venous plexus whose trbutaries, as discussed, drain into
the pulmonary veins. It is believed that the ability of these arteries to open or close
governs the presence of a “through stream” which by-passes the alveoli,

Anastomoses within the lung venous system also seem to develop in various forms of
chronic lung disease, notably emphysema, and the bronchopulmonary circulation 1s
greatly expanded. There 1s considerable communication between the bronchial and pul-
monary vemns providing a by-pass in the event of occlusion of the latter. Liebow (1953)
says that in their expanded state the bronchopulmonary veins constitute a shunt of
significant size between the right and left auricles,

Another example of venous shunts has been suggested by Gilroy er al (1952). They
observed dilated pleurohilar veins 1o mitral stenosis and pointed out that, as the pressure
is higher 1n the pulmonary vein than the superior vena cava, the pleurohilar vems could
constitnte a method of modifying rises 1n pulmonary venous pressure.

The evidence, therefore, of anastomoses between pulmonary and bronchial arteries,
pulmonary arteries and bronchial vems, and between pulmonary and bronchial veins is
reasonably well substantiated.

Nerve Supply of the Lung Vasculature

The lung vessels are supplied by sympathetic and parasympathetic fibres which are
woven into plexuses and carry efferent and afferent fibres, The sympathetic fibres arise¢
1 the second to the fifth or sixth thoracic ganglia They run mainly to the posterior pul-
monary plexus, which les in the postertor part of the hilar regions and also containg

2 T distieead i the yessels bronchy, and glands of the lungs. This

L .+ bres The preganghonic fibres are the
E . “-~ They form synapses in the corres-
N The post-ganglionic fibees are the

LRE AUIEIHL 11w - <heir cell stations in the dorsal root

;:xons of the ganglionic cells. 1en ]
ganglia of the upper five or six thoracic spinal nerves.
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Preganglionic vagal fibres arise in the dorsal vagal nuclei. Afferent vagal fibres have their
cell stations in the inferior vagal gangha. Above the lung roots each vagus nerve divides
and surrounds the root, forming a large posterior and a smaller anterior plexus. Below
the roots there is union with sympathetic fibres from the oesophageal plexus and with vagal
fibres from the opposite side. The lung vasculature is mainly supplied via the posterior
pulmonary plexus which receives direct or indirect contributions from the upper thoracic
sympathetic ganglia, i

The autonomic nervous supply to the various lung vessels vanes greatly in its richness.
1t is probable that the small bronchial arteries have the best supply, ll]e pulmonary
artertes are less well supplied, and the pulmonary veins are very poorly innervated. It
has been remarked by many authors how generally poor the whole pulmonary vessel
innervation 1s, especially when compared with the autonomic supply to the systemic
vasculature,

There ts no marked plexus formation round the pulmonary vessels, the nerves only
winding round them and giving ofl branches at irregular intervals. Cookson (1953) has
d rated frequent inter ion by small bundles of fibres between the peri-
vascular and peribronchial nerves, and he also showed, by special silver and methylene-
blue stains, that there are comparatively few fibres around pulmonary capillaries.

Lymphatics of the Lungs

There 15 an abundant supply of lymphatics in the lungs which can be divided into a
superficial and deep set. The superficial 1s contained n the pleura. The deep set
accompanies the bronchi, and the pulmonary arteries and veins, and forms networks in
the connective tissue septa. The two sets communicate in the hilum and n the
pleura,

The pulmonary arteries are accompanied by two or three lymphatic trunks which are
jomned circumferentially by an irregular network. The pulmonary veins are surrounded 1n
the same way and there are frequent communications between them, and those with the
arteries and bronchi, Miller (1947) has pownted out that there are no lymphatics present
1n the walls of the air spaces distal to the ductuli alveolares and, therefore, there are no
Iymphatics in veins which anise from their walls,

The lymphatics of the pleura are arranged in wrregular polyhedral rings which mark
out the secondary lobules. Smaller lymphatics mark out the primary lobules. Distension
of interlobular spaces by oedema fluid is of particular interest as 1t 1s seen so easily on
X-ray plates (see Chapter 5).

There are very few valves in lymphatics within the lung, but they can be found in the
hilum and pleural networks By studying the direction of the valves as well as by injectron
studies 1t is possible to have a general idea of the direction of lymph flow. The flow in the
bronchial and arterial lymphatics is towards the centre of the lung. In lymphatics
accompanying the veins the flow is towards the hilum. The valves 1n all these lymphatics
point towards the pleura and hence there cannot be flow from the pleural lymphatics mnto
the lung. Withia the pleura lymphatic valves point in alt directions and lymph probably
crculates freely. The main trunk of the pleural lymphatics ultimately joins the pul-
monary venous lymphatics at the hilum and enters the tracheobronchial lymph nodes.
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CHIAPTIR 2

PHYSIOLOGY AND HAEMODYNAMICS

By GRANT pe J. LEL

INTEREST 10 the physiology of the pulmonary circulation has been greatly stimulated by
the impact of techniques enabling 1ts study to be carried out in man imself. However,
these nvestigations are often difficult to interpret because the techmques themselves are
comparatively imprecise. In addition, serious difficulty arises in obtaning experimental
control of the many variable and interacting factors which influence the pulmonary
arculation. Thus, comparatively small changes ansing m the pulmonary circulation
1tself may be masked by much larger changes occurring as a result of vascular changes
1 the systemic circulation, which may be influencing the lung circulation at the same time.
More precise mformation may be obtained from observations on isolated lungs and from
carefully controlled animal experiments  But such studses may not be directly apphcable
to human physiology It 1s therefore unfortunately true to say that, although general
principles of vascular behaviour within the human lung are recognized, the mechanisms
controlling the pulmoenary airculation 1n man are not precisely defined

The physiological alterations that can take place within the pulmonary circulation show
great versatility. The main function of the Tung is to permit efficient exchange of oxygen
and carbon dioxide between the blood flowing through the lung capillaries and the air
ventilaung their related alveols. This efficient gas exchange ts possible over the full range
of cardiac output, which may exceed 25 litres/min. under conditions of severe exercise,
Yet 1t is accomplished although the capillary blood volume 1tself probably never exceeds
150 ml. Inaddition, the pulmonary vascular bed 1s charactenistically a low pressure system
and is capable of accommodating these wide varations in pulmonary blood flow with
comparatively little alteration 1n pulmonary vascular pressure Furthermore, in disease,
certain adaptations are possible which help to maintain normal gas exchange For
example, adjustments of alveolar capillary perfusion may take place enabling the pulmon-
ary blood flow to be directed to more normal areas of the lung and away from under-
ventilated alveol affected by disease

In the present chapter, the factors regulating the pulmonary circulation, and which help
to maintain normal respiratory gas exchange, will be reviewed,

THE ANATOMICAL PROVISIONS AND SOME PHYSIOLOGICAL
CONSEQUENCES
Pulmonary Capillaries, Arteries and Veins

The anatomy of the pulmonary circulation has been described in the previous chapter.
The branches of the pulmonary artery which supply the air sacs of the lung divide mto a
n
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capillary network that envelops the alveol and drains into the pulmonary veins. Electron
microscopy reveals that the alveol: are hined with an uninterrupted layer of thin epithelial
cells, which is separated by a fine, structureless, basement membrane from an equally
thin single endothelial layer composing the capillary wall. This structural arrangement
permits gas exchange by simple diffusion between the alveoli and the blood flowing through
their capillaries. However, this same structure will permit transudatton of plasma constitu-
ents nto the alveolt if the capillary-alveolar pressure gradient were to exceed the plasma
osmotic pressure at any time. Therefore, one vital requirement is that regulation of puimo-
narycapulary pressure must besuch that this pressureis not exceeded, if pulmonary oedema
1s to be avorded.

Brenner (1935) has shown that the pulmonary arterioles and venules are structurally
stmilar and difficult to differentiate unless they are seen joining their respective arteries
and vems. They consist of endothehal tubes, surrounded by a single spirally-wound
elastic fibrl which appears continuous with the external elastic lamna of the parent artery
Occastonally, the elastic fibrils spht to enclose single muscle cells The pulmonary arter-
1olar wall thickness may compose only nine per cent of the total external diameter of the
vessel compared with approximately 36 per cent in the case of the systemic arteriole.
Again, the small arteries of the lung are much less well endowed with muscle fibres than
their equivalent systemic arteries, while the larger arteries contain predomtantly circular
and agam comparatively few muscle fibres The pulmonary veins have 2 media consisting
of connective tissue and rrregular elastic fibres, with scattered bundles of muscle throughout
the media and a rather thick fibrous adventita. The pulmonary vessels contain both
sensory and motor nerve fibres at Jeast as far as the alveolar capillaries (Larsell and Dow,

1933) In spite of their anatomical existence, the of their physiological impor-
tance 1 the regulation of pulmonary blood pressure 1s still somewhat controversial and
will need to be d. d in detail subseq ly

The Bronchial Arteries and Bronchop Yy Anast

The bronchral artertes supply the bronch: only as far as the alveolar ducts, where the
capillaries anastomose with vessels from the pulmonary artery proximal to the pulmonary
capillary bed The bronchial arteries normally carry less than one per cent of the blood
flow to the lung (Bruner and Schmidt, 1947). However, under conditions of disease, such
as prolonged obstruction of a major pul y artery, bronchi is, or cyanotic con-
genital heart disease, an enormous increase n the bronchop 1 Yy can take
place. Fig. 1isanillustration provided by the courtesy of Cudkowicz and Armstrong (1953)
and shows the small number of fine bronchial arteries in a normal human lung which
have been filled by mjecting radio-opaque flind at arterial pressures from the aorta in a
cadaver. These are compared with the greatly hypertrophied bronchial artery supply
shown in a similar ijection specimen of a lung affected by bronchiectasis aqd lungﬁbrO§ls.
Fishman and his colleagues (1958) have developed an ingentous qulﬁcatmn of the Fick
principle enabling them to the coll 1 blood flow occurring through the bron-
chopulmonary anastomoses in patients afTectgd by various types of pulmonary and cardiac
abnormality. Collateral blood flow up to eight per cent of the tot::l pul.monurl)}'l a;lclr)lr
blood flow was obtained in some cases. The tech may well e tota
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collateral flow. However, these studies show that the bronchopulmonary anastomose
1 disease may be quite large. The develop of such a i conditions tha
lead to deoxygenated blood entering the systemic circulation serves a useful function, i

T "

~

Fi1G6 1 Lateral ndlosmp)‘\s of lungs sho\ﬁlr}g tllhe b“_‘"‘f‘“‘“ art.

Cudkowicz)

that they allow the blood to be presented for gas exchange to the alveols for a second tim
(sec Chapter 5).

Lymphatics

1

ymp vessels can be d ated in the region of the lung alveolr. Drinker (1948
demonstrated a large mncrease i pulmonary lymph flow n the dog with pulmonar
oedema. No direct measurements of pulmonary lymph flow have yet been posstble
man. Such information would be of great value 1n providing a possible clue to the parz
doxical assocration 1n some cases of mutral stenosis of very high pulmonary captllar
pressures with freedom from clinical signs of puimonary oedema 1t would seem possib]
that, 1f raptd lymphatic drainage occurred from the respiratory bronchioles, this mgh
be great enough to prevent the accumulation of plasma transudate mn the alveoli caused b
the capillary pressure exceeding the plasma osmotic pressure 1n these cases. Lymphati
drainage in such cases is certainly suggested by the observations of Rossall and Gunmin
(1956), who correlated feft atrial pressure measurements in man with the appearance ¢
lymphatic limes on the radiograph of patients with mutral stenosis and pulmonary hype;
tension (Fig 2), They found that the radiological appearances of these hines occurred 1

Pulmonary lymphatic vessels accompany the bronchial arteries as far as the lung atriz
o1
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those cases whose left atrial pressures were in the region of 30
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The Distensibility and Capacity of the Pulmonary Vascular System

The distensibility of the pulmonary vascular bed has been measured under statc
conditions 1n animals by measuring the increased amount of blood that the lungs may be

made to acec date when the pul 'y veins are tied off  The distenstbdity of the
lung blood vessels varies with the species  Thus, the dog’s lungs show relatively small
) in pul ry vascular p as the vessels are distended. Sarnoif et al. (1958)

have also shown that under conditions of systemic vasoconstriction the dog’s lungs may
contain up to twice their normal volume of blood The pulmonary vascular system was
also found to undergo stress relaxation, the pressure after injection of fluid being less n
some records than it was immediately after injection

The volume of blood n the lungs has been determined using the Harmilton dye injection
techuque. The method does not allow a very precise volume to be measured and usually
includes the heart volume. However, results show that the intrathoracic blood volume
15 about 20 per cent of the total blood volume, both in ammals and man Changes in blood
volume of less than 200 ml cannot be detected by this method

A very small proportion of the intrathoracic blood volume is situated in the lung
capillanies th 1 Rougt (1945) d the volume of blood exposed to alveolar
gas in the pulmonary capillaries He did this from w1 vitro studies of the rate of combin-
ation of carbon monoxide with suspenstons of human red corpuscles at 37°C, combined
with in vivo measurements of the rate of uptake of carbon monoxide per mm. Hg alveolar
CO tension in the human being at high oxygen tensions. He found the normal pulmonary
capillary volume was approximately 70 ml.

Recently, Roughton and Forster (1957) have carrted out more precise calculations tzf
the capillary volume At rest, the calculated capiifary volume ganﬁnns Roughton’s
original figures. Studies under exercise conditions will be awaited w!th 1nterest, although
techmeal difficulties are likely to affect their accuracy. The distensibility of lung ‘b]aod
vessels at various flow rates will be constdered in more detail in a subsequent section.
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PULMONARY VASCULAR PRESSURE FLOW RELATIONSHIPS:
PULMONARY RESISTANCE

Theoretical Considerations

The problems of hacmodynamics are those of the flow of blood 1n a branching system
of tubes of widely differing diameters and mechanical charactenistics. The tubes vary in
distensibility and a tension exists i their walls due to the blood pressure within, This
tension is composed of three elements: the elastic recoil tension, *“active™ tension due to
the contraction of smooth muscle, and surface tension at the blood-vessel interface,
According 1o Laplace, there 1s a simple relationstup between wall tension, vascular
pressure and radius:

T=PR

where T =tension in dynes/em. length of tube
P =pressure in dynesjem?
R=equilibrium radius i cm.

Thus, at any given pressure, the tension of large vessel walls 1s very much greater than the
tension of the walls of small vessels such as capillanies  Some of the values for T, Pand R
1n various blood vessels are shown 1n Table 1 taken from Burton (1951). He poted out

Tanee 1
REUATIONSIIF OF PRESSURE, RADIUS AND TENSION IN BLOOD VESSELS
T=PxR)

Tension Amount of
Type of ressel mfnfrzn pf,x:;’,("s le’{‘m' wall, elastic
& nele T, dynefem, nssue
-
Aorta and large arteries 100 1 3x10° 1 3cm down 170,000 ++
Smalt arteries 90 1-2x10* 0 5cm, 60,000 +
Artenioles L] 60 8x10* [0 15em.—6p 1,200 500
Capillaries 30 4x10% 4p 16 (1]
Venules . 20 2 6x10* 10, 26 o
Vems . 15 2% 10 2004 up 400 +
Venae cavae . 101 3x10¢ 1-6cm 21,000 ++
|

Alter Burton (1951)

(hag, under conditions of *“active tension” due to contraction of smooth muscle {or to
an interface tension between blood and the endothelial wall), there is an unstable equili-
brium within the blood vessel, so that any shght departure from the pomt of equilibrium
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The Distensibility and Capacity of the Pulmonary Vascular System

The di bility of the put y vascular bed has been measured under static
conditions 1n animals by measuring the increased amount of blood that the lungs may be
made to accommodate when the pulmonary vems are tied off. The distensthiltty of the
lung blood vessels varies with the species. Thus, the dog’s lungs show relatively small
changes 1n pulmonary vascular pressure as the vessels are distended Sarnoff es al. (1958)
have also shown that under conditions of systemic vasoconstriction the dog’s lungs may
contain up to twice their normal volume of blood The pulmonary vascular system was
also found to undergo stress relaxation, the pressure after mjection of flud being less
some records than it was immediately after injection

The volume of blood in the lungs has been determined using the Hamilton dye mnjection
technique. The method does not allow a very precise volume to be measured and usually
includes the heart volume However, results show that the mtrathoracic blood volume
15 about 20 per cent of the total blood volume, both 1n animals and man. Changes in blood
volume of less than 200 m! cannot be detected by this method.

A very small proportion of the intrathoracic blood volume 1s situated n the Jung
capillanies themselves. Roughton (1945) estimated the volume of blood exposed to alveolar
gas n the pulmonary capiilaries He did this from 1 vitro studies of the rate of combin-
ation of carbon monoxide with suspensions of human red corpuscles at 37°C, combined
with in vivo measurements of the rate of uptake of carbon monoxide per mm. Hg alveolar
CO tension in the human being at high oxygen tensions. He found the normal pulmonary

capillary volume was approximately 70 ml. X .

Recently, Roughton and Forster (1957) have carried out more precise calculations ?f
the capillary volume. Af rest, the calculated capitlary volume conljrms Roughton's
original figures. Studies under exercise conditions will be awai}ed wfl}} interest, although
technical difficulties are likely to affect their accuracy Th:‘d!stensmmly of fung blood
vessels at various flow rates will be considered in more detail in a subsequent section,
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The expression 8yL/R¥ represents the resistance (R} offered to flow. Note that both vis-
cosity and the dimensions of the tube contribute to the total resistance, and that 1t 1s
evident that the mean linear veloeity of flow (#7) 1s proportional to the volumetric flow rate
(Q), which in turn 1s proportional to the applied pressure P (P=AV’). Thus a given change
in applied pressure difference will produce a much greater change in mean linear flow
velocity in a system with laminar flow than in one where turbulent flow exists.

In Newtonian liquids such as water, there 1s a straight line relationship between pressure
(P) and flow (Q), which passes through the origin and whose slope 15 the resistance (R).
For other fluids such as blood, anomalous viscosity effects appear at very low flow rates,
50 that the graph of P and @ becomes curved and mtersects the pressure axis at a positive
value, termed the yield pressure At high pressures, the normal straight-line relationship
still applies. However, 1n the ammal, Burton (1951) considers that the curvature of the
pressure-flow graphs obtained in isolated perfusion experiments are due predominantly
to the elastic structure of the blood vessels rather than to the anomalous viscosity of blood

Poiseuille’s law is fundamentally tnapplicable to a study of the intact pulmonary
circulation, both because of the physical nature of the vessels themselves and also because
the blood flow 1s pulsatile. However, until techniques for the continuous and simultaneous
measurement of pulsatile flow and pressure are easily available, analysis of the phasic
relationships of pulsatile pressure and flow will not be practical and styhized calculations
of the relationships of mean vascular pressure to mean flow rates must serve as a useful
comparison. Under such circumstances, Poiseuille’s law serves to show that very small
changes 1n the radius of a tube can produce derable c} in the resistance to flow
1n that vessel.

Vascular Resistance in Isolated Lungs

Studies of 1solated animal lungs perfused at measured flow rates allow calculations to
be made on the effects of the distension of the pulmonary vascular bed on vascular resis-
tance. These show that with increasing flow rates the pulmonary vascular resistance falls

250,

FiG 3 Flow-resistance curves on three 1solated
cat lung preparations
Resistance of pulmonary vascular bed
p—LAp

= Flow
(By couttesy of H N Duke)

Resistance.
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given by Laplace’s law would result in closure of the vessel He coined the phrase “critical
closing pressure™ as the pressure existing within a vessel below which the active tension of
the vessel wall will cause complete closure of that vessel This will be associated with a
cessation of blood flow. The lung capillary closing pressure 1s probably i the region of
7 mm. Hg, for Borst et al. (1956) found that at left atrial pressures below this figure the
pulmonary artery pressure and left atrial pressures were not equal at a time when there
was no blood flow through the lung, This suggested that the lung capiliaries between them
had closed

In a hydraulic system, two types of flow behaviour exist: streamlined and turbulent
flow. In man, 1t 15 probable that turbulent flow only exists in the heart chambers, and
pulmonary artery and aorta close to the pulmonary and aortic valves, In a large tube
turbulence arises gradually as the flow rate increases  Constrictions, or abrupt changes 1n
tube radius, will tend to initrate turbulence. In a umform tube, turbulence 1s likely to
occur if the Reynold's number exceeds a certain value, depending on the nature of the
fluid. The Reynold’s number 1s given by

RV
Re~—%

where R=tube radius (cm )
V=critical mean linear flow velocity (cm./sec)
p =density of the flmd
7 =coefficient of viscosity of the fluid.
The Reynold’s number for blood is found to be less than 1000.
In areas of turbulence, the applied pressure difference will vary with the square of the
mean hinear flow velocity (P=kV?).

Streamlined or Laminar Flow

When a homogeneous fluid flows down a tube of umform bore and small raduus, the
flow 15 streamlined Owing to the friction of the tube walls, the cross-sectional velogny
is not uniform and a parabolic contour of velocity exists, the central or axial flow being
fastest. The force to maintam this flow 15 measured as the pressure difference between the
two ends of the tube 3

Poiseutlle’s law defines the relationstup between pressure and flow for water in capil-
lary tubes.

8L

Thus: Poc mQ

where P =pressure difference across the system in dynes/cm?
L =length of tube in cm.
R=raduws of fube 1n cm.
@=flow in ml /sec.

Where fluids of different coefficients of viscosity () are used, a term for this variable
must be inserted:

8L
P=—r0Q

“7R
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pulmonary blood vessels are susceptible to nervous, humoral, or chemical control and
whether this is active under normal physiologteal conditions,

Most meticulous control of the numerous variable factors influencing pulmonary blood
flow must be undertaken if one is to obtain a reliable me: of changesinp y
vascular resistance. No better examples of this are available than the many cleganl studies
of L. de Burgh Daly (1932, 1954, 1956), who devised experiments on innervated isolated
perfused lung preparations of animals, chiefly dogs, to climinate the cffects on the pulmon-
ary circulation produced by large passive changes in pulmonary blood flow, broncho-
constriction, and alteration in intrapulmonary pressure or bronchial vasomotor activity.
These preparations were perfused at constant volume inflow or at a constant head of pres-
sure with frec outflow of blood from the left auricle. Bronchomotor effects were considered
1o be absent during nerve stimulation tests if the tidal air or ventilation overflow remamed
canstant under controlled negative or positive pressure respiration respectively. In other
experiments on whole animals with a widely opened thortax, the systemic vessels were also
perfused at constant blood volume inflow To demonstrate the existence of pulmonary
vasamotor nerves, both the sympathetic and parasympathetic nerves supplymg the lung
were 1 and put y vascular resy were only regarded as proven if they
could be demonslmlcd at zero systemic blood pressure and 1n the absence of any broncho-
motor response (Fig. 4). The cxperiments showed that both vasoconstrictor and vaso-
dilator fibres are present to the lungs, and pharmacological evidence suggested that the
vasoconstrictor fibres were sympathetic n origin with cell stations in the steilate and middie
cervical gangha and that they t d adrenergic post-gangl fibres However,
order to effect all the controls necessary, the conditions of the experiment became rather
artificial This may possibly have led to some modification of normal responses, and makes
1t difficult to assess how important a factor such vasomotor activity may be in the control
of pulmonary vascular resistance in the intact animal.

Daly and Daly (1959) have also studied the reflex effects on the pulmonary circulation
when the baroreceptors m the region of the carotid sinus and aortic arch and the carotid

are st They used a vasosensory perfused living amimal prepara-
tion n \vh:ch the vasosensory areas of the carotid bifurcations and of the aortic arch, the
brain, the remainder of the systemic circulation and the lungs were separately perfused
Thus the problem was simphfied as the secondary reffex effects on the pulmonary vascular
bed anising from the sensory receptors in the heart and systemic circulation could be elim-
mated This enabled them to examine the primary reflex pulmonary vascular responses to
sumulation of the vasosensory areas 1n the caroud and aoruie regions  Under conditions
m which all known passive effects on the pulmonary vascular bed were excluded, includmg
those due to the bronchial circulation, they found that carotid chemoreceptor stimulation
produced pulmonary vasoconstriction, whereas sumulation of carotid and aortic baro-
receptors caused puimonary vasodiatation
Afferent fibres 1n the vagus nerves ansing in the pulmonary artery, cardiac atra and
ventricles have been described. These fibres probably provide the afferent branches of the
pulmonary depressor reflexes by which veratrum alkaloids or a rise in pulmonary artery
pressure produce slowing of the heart and a fail in systemic blood pressure  Stimulation

ifdafferem fibres from the left atrium has also been shown to cause a water diurests by the
idney.
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Carlill et al., (1957) showed that when blood flow in the isolated perfused cat’s lung was
increased from 80-900 m! /min., the pressure gradient across the lungs mcreased with a
Imear relationship to the flow and to the volume of blood 1n the vascular territory perfused.
Resistance did not change significantly in this range However, when the flow was reduced
from about 30 ml./min. to zero, the vascular resistance increased sharply and the lung
blood volume was also sharply reduced (Fig. 3) Perfusion with blood or saline pro-
duced simular results, suggesting that anomalous viscostty of blood was not an important
factor.

‘When the left atrial and pulmonary venous pressure was first raised, the curved part
of the pressure flow diagram disappeared The flow-pressure curve was much steeper than
reported in the systemic circulation; flow changes in the cat of 100 ml./mm. produced only
7 cm saline pressure change.

Simular effects can be demonstrated 1n isolated lungs of other animals and man. The
practical suggestion that arises from this work 1s that large increases in pulmonary blood
flow are accompanied by only small pressure increases, with a correspondingly small risk
of pulmonary oedema developing at high flow rates.

Effect of Respiration on Vascular Resistance

Many 1nvestigators have shown both 1 the 1solated lung and in the open-chested
animal that pulmonary vascular resistance increases when the lung 1s inflated either under
positive or negative pressure. Calculations of pulmonary vascular resistance in man at
different phases of respiration are hard to obtain with accuracy but tend to confirm this
observation. Inspiration will be accomplished by stretching the lung tissues  The blood
vessels, bemng among the structures mvolved, will also be stretched and will thus offer a
greater resistance to blood flow In addition, with msprration the imntrathoracic pressure
becomes increasingly negative At the phase of full inspiration, when airflow has ceased,
atmospheric pressure will exist within the respiratory passages, including the alveolt There
will thus be an increased pressure gradient from alveolr to lung tissues on mspiration,
tending to close the small blood vessels of the lung This explanation for the mcrease in
pulmonary vascular resistance on inspiration would tend to suggest that the pulmonary
capillaries themselves may be acting as the resistance vessels of the lung.

Animal Studies in the A t of Pul y V: tor Activity

Some of the mechanical factors which affect lung resistance have been very briefly
discussed 1n the previous pages, and therr effects must be taken nto accqunt when any
assessment of vasomotor factors controliing the pulmonary ctrculation is r'ngsi_e, The

B

the body. The pulmonary circul
secondary to the requirements o‘Ft.
mechamsm requiring selective dlstn
the evidence obtammed from anima

ation, on the other hand, has a blood tlow wnich 1S
he systemic circulation, and which has le§s need for a
bution of blood flow In the present section, some of
I studies will be examined to consider whether the
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The Effects of Hyporia

Interpretation of the effects of hypoxia upon the pulmonary circulation tends 10 reman
confusing as the evidence, even from careful ammal studies, is contradctory, For this
reason, cven at the risk of some repetition in subsequent chapters, it seems tmportant to
consider evidenee from animal studics on which our Lnowledge of the action of hypoxia
15 based. They will mndicate some of the difficulties that arise when atiempting 1o obtain
evidence of the action of hypoxia even when carefully planned ammal experiments are
possible. von Euler and Liljestrand (1946) showed that the pulmonary artery pressure
rose in cats breathing Jow concentrations of oxygen. These observations were confined to
pressure measurements only and thus no conclusions regarding the pulmonary vascular
resistance could be made.

However, studics of unilateral hypoxia i the rabbit and the dog have shown a shift of
blood away from the hypoxic lung, indicating a rise in pulmonary vascular resistance with
hypoxia. This suggests that vasoconstriction due to hypoxia coutd provide 3 mechanism
whereby blood is diverted from poorly ventilated to better ventilated parts of the lung
Tnvestigation of such a mechanism is comphicated by the action of hypoxia n other parts
of the body. Hypoxia often causes a rise in cardiac output, it may increase bronchomotor
10ne, and alter the left atnal pressure. Al these factors have been shown to cause secon-
dary a} 1 pul y vascular rest . In addition, hypoxia may stunulate the
release of adrenaline, Evidence of hypoxic vasoconstriction has been obtamed by many
workers who have shown a rise 1n pulmonary artery-left atrial pressure gradient with hitle
nise in cardiac output. However, Aviado ef al. (1957) have recently carried out a series of
experiments where pulmonary vascular pressures and pulmonary blood flow were measured
and concluded that at least four opposing factors were involved in producing the varable
effects of hypoxia that may be encountered They were able to demonstrate powerful
reflex pulmonary vasoconstriction from hypoxic stimulation of chemoreceptors i the
carotid and aortic bodies, Some of the conclusions did not agree with those made by
Daly and Daly (1959) quoted i the previous section  This may be due to superimposed

systemuc vascular effects, as control of events outaide the pulmonary crrculation iself was
not undertaken 1 the same careful manner that was possible sn the Dalys’ studies. But
the local effects of hypoxia studied by ventlating an 1solated tobe wath reduced oxygen
produced the opposite effect, namely vasodslatation. Passive reduction w pulmonary
vaseutar reststance could also take place as a result of the rise 1 pulmonary biood flow
caused by hypoxia. However, this effect, too, may be opposed by the vasoconstrictor effect
due to the release of adrenaline.

The Site of Action of Hypoxia on the Pulmanary Vessels

The local dilator effect of hypoxia found by Aviado 15 not confirmed by others.
During constant volume inflow experiments in both cat and dog, Duke (1954, 1957} has
shown a nse m pul y artery p n resp to mhalation of reduced oxygen
gas muxtures  This response was simnlar in duration and latency to that oceurnng n
wofated perfused lungs and 1t was independent of changes m left atrial pressure. In her
perfusion studies of solated lungs, similar responses were obtatned whether the lungs were
perfused with venous blood from pul y artery or pul y vem, These reversed

2




PHYSIOLOGY AND HAEMODYNAMICS

300~

La o
QuTFLOW 2°%
mifmn 100~
o

VENT ©
OVERFLOW
5.

mi
o

15
INTRAPULM
PR i

amHO
5-
RA O
oUTFLOW ¢
i “
PA.

OVERFLOW
50mI] min. div

[

LAs emsel
RA pom sl
pa, 1557 mnp

em salne ;o o

BP 150~
Mg 140
Yo Ro-
100~
80~
60~
40~
20~
o~
Time JOsee
T T T L
sulmonary
Zentilation
¥ e sec /20
dalair =

gB ml
9y Inspiratory pressure reduced ia steps from 14 5 to 12 5 cm H,0, then i
@ :‘r‘esgscd l;yn 5 Expuatory pressure throughout 2 5 em H,0 'The P.V.R.

"The P.V.R. mcreased by 35 per



HYPONIA AND THE PULMONARY CIRCULATION 17
The Effects of Hyponia

Interpretation of the effects of hypoxia upon the puimonary circulation tends 10 remam
confusing as the evidence, even from careful animal studies, 15 contradictory. For this
reason, even at the nsk of some repetition in subsequent chapters, 1t scems important to
consider evidence from animal studies on which our knowledge of the action of hypoxia
1s based They will indicate some of the difficultics that anse when attempting to obtain
evidence of the action of hypoxia even when carefully planned animal experiments are
possible. von Euler and Liljestrand (1946) showed that the pulmonary artery pressure
rose in cats breathing low concentrations of oxygen. Thesc observations were confined to
pressure measurements only and thus no conclusions regarding the pulmonary vascular
resistance could be made.

However, studies of umlateral hypoxia in the rabbit and the dog have shown a shift of
blood away from the hypox:c lung, indicating a rise in pulmonary vascular resistance with
hypowa This suggests that vasoconstriction due to hypoxia could provide a mechamsm
whereby blood is diverted from poorly ventilated to better ventilated parts of the lung.
Investigation of such a mechanism 1s complicated by the action of hypowa in other parts
of the body Hypoxia often causes a rise in cardiac output, 1t may increase bronchomator
1one, and ahter the left atrial pressure. All these factors have been shown 10 cause secon-
dary alterations 1n puimonary vascular resistance. In addition, hypoxia may stimulate the
release of adrenaline Evidence of hypoxic vasoconstriction has been obtamed by many
workers who have shown a rise in pulmonary artery-left atrial pressure gradient with little
ise in cardiac output. However, Aviado ef al. (1957) have recently carned out a senes of
experiments where pulmonary vascular pressures and pulmonary blood flow were measured
and concluded that at least four opposing factors were nvolved in producing the variable
effects of hypoxia that may be encountered. They were able to demonstrate powerful
teflex pul y 1ction from hypoxic 1 of chemoreceptors n the
carotid and aortic bodies. Some of the conclusions did not agree with those made by
Daly and Daly (1959) quoted in the previous section. This may be due to superimposed
systemic vascular effects, as control of events outside the puimonary circulation 1tself was
not undertaken in the same careful manner that was possible in the Dalys' studies. But
the local effects of hypoxia studied by ventilating an 1solated lobe with reduced oxygen
produced the opposite effect, namely dilatation Passive red m pul ry
vascular resistance could also take place as a result of the rise ir pulmonary blood flow

caused by hypoxia. However, thus effect, too, may be of dbythev 1ctor effect
due to the release of adrenalie

The Site of Action of Hypaxia on the Pulmonary Vessels

The local dulator effect of hypoxia found by Awviado 1s not confirmed by others.
During constant volume inflow expeniments 1n both cat and dog, Duke (1954, 1957) has
shown a nise in pulmonary artery pressure in response to mhalation of reduced oxygen
gas muxtures. This response was simular 1n duration and latency to that occurnng m
ssofated perfused fungs and it was independent of changes 1n left atnal pressure. In her
perfuston studies of 1solated lungs, simular responses were obtained whether the lungs were
perfused with venous blood from pulmonary artery or pulmonary vemn These reversed

2
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perfusion experiments suggested to her that the site of hypoxic vasoconstriction may be
the lung capillaries themselves.

The Effects of Carbon Dioxide

Studies in the 1solated animal lung and also 1 the living amimal show that concentra-
tions of five to ten per cent carbon dioxide 1n the wnspired air increases the pulmonary
vascular resistance. These effects are not abolished by dehydroergotamine, atroptne or
vagotomny. Some evidence exists that hypercapnoea shunts blood from the hypercapnoerc
lung, but the study of the pulmonary vascular effects of carbon dioxide have not been
studied either 1n animals or man to nearly as great an extent as the effects of hypoxia
Neither has the possible potentiatng effect of combined hypoxia with carbon dioxide
retention recerved any careful study.

THE STUDY OF THE PULMONARY CIRCULATION IN MAN

The previous sections of this chapter have set out to review the mechanical, reflex and
chemical factors known to influence the pulmonary vascular bed m the amimal, where
carefully controlled expermmental study of their action is available. In summary, it may be
sard that mechanical factors such as the level of left atrial pressure, volume of blood flow,
distribution of pulmonary blood volume, and degree of inflation of the lungs, wall produce
quite large changes m pul ty vasculat r . Reflex vasomotor control of the
pulmonary circulatton can also be demonstrated experimentally, but these experiments
require very careful control, necessitating elaborate preparation of the ammal, 1t 1s there-
fore difficult to assess the relative importance of this factor vis-G-yis the secondary effects
resulting from the mechanrcal factors mentioned and also from more powerful vasomotor
changes taking place simultaneously 1n the systemic circulation. Hypoxia and carbon
dioxide retention can also cause both reflex and local pulmonary vasoconstriction in addi-
tion to changes 1n cardiac output

The interrelationship of these various factors may be so complex that m the intact
animal or man there 1s hitle possibility of assessing their relative importance. Thus,
investigation of the pulmonary circulation in man cannot offer any hope of the same
precision for study, and only heavily qualfied statements regarding its function are
possible The problems are further complicated by the relative inaccuracy of techniques

available for use,

Techniques available for the Study of the Pulmonary Circulation in Man
Measurements of Pulmonary Blood Flow and Cardiac Qutput
The Fick Principle

Estimation of cardiac output by the direct Fick principle is now such a commqnplaCe
procedure in the clinical mvestigation of the circulation that 1t is.as \\'cll_ to examine t}.m
requirements needed for its accurate application. If the Fxc!( Prmc:ple is to be used in
determining blood flow through an organ such as the lung, it is necessary 1o measure a
substance which is added to the blood during its period of flow through the organ. The
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amount which is added to the organ by the blood flow is equal to the difference between
the amount brought into the organ and the amount carried away from it. .

An amount of material in the blood can be expressed as a concentration multiplied
by a volume:

D rxcimFne, ®

where dN=amount of material added to the blood during time interval dt
F =blood flow into the organ
F, =blood flow out of the organ
C, =concentration of reference substance flowing into organ
C, =concentration of reference substance flowing out of organ.

Equation (1) only refers to instantaneous periods of time and therefore one must
examine the conditions n which 1t can be integrated and solved for blood flow. Integration
requires that F, x C;and F, x C,are continuous factors of time (1), and 1t 1s usually assumed
that F; = F, is constant over the period of study and that this 1s equal to the mean blood flow
through the system. Now, 1f this constancy 1s not true, and in a pulsatile system of blood
flow 1t never can be truc, an error will develop from making such an assumption.

The standard Fick equation cmbodying this assumption 1s.

0 _0 ®

Oxygen ption (0)
criovenous O, difference (4C)

Visscher and Johnson (1953) have mathematically analysed the errors, taking two
successive finite intervals of ume, and assuming that during each time period each flow
and concentration difference of the reference substance remains constant, being designated
F,, 4C,, F,and AC,, respectively. They obtamed the following equatton.

FLAC,+ F,AC, = FLAC,+ F,4C, 3)
or F (AC;-4C) = F14C;~4C) @

which indicates that only when F, = F, or 4C, = AC, will the mean values for F (cardiac
output) and AC (4 -V oxygen difference) apply. In the body this cannot occur, stnce the
pul ry blood flow 15 pulsatile and since the rate of oxygen uptake into the pulmonary
capillaries is influenced by the cyclical character of ventilation and can only be measured
at the mouth rather than at the alvealar capillary membrane. In addition, the blood sam-
ples required for the determination of the oxygen content of blood entering and leaving the
lungs are averaged with respect to time rather than to volume, as they are collected at a
constant rate while the volume of blood flow is varying because of the pulsatile nature of
the cardiac output, These theoretical considerations, however, do not itroduce very large
errors if certain precautions are taken to maintain a steady state of ventilation, cardiac
output, and gas exchange. For practical purposes, this requires that the subject should
maintam his physical state of cxercise at a constant level for at least ten minutes before
blood samples and i oxygen ption measurements are made This is

or, Cardiac output (F) = AT
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a difficult eriterion to fulfil in patients or under conditions of exercise and 1s practically
never attainable when the short-term effects of drugs, such as ganghon-blocking agents,
are being studied.

A particularly potent source of error in estimating cardiac output by the Fick method
15 the vanation of blood flow occurning across mtracardiac shunts  The degree of shunt
may vary very constderably due to alterations in the haemodynamics occurring with the
phase of respiration, posture, etc. This will have large effects on the oxygen content of
blood samples. Under normal circumstances, mixed venous blood samples giving a
representative sample of venous return from both superior and inferior venae cavae may
be obtamned by sampling from the pulmonary artery by means of a cardrac catheter.
Intracardiac shunts may be associated with streaming even as far as the pulmonary artery,
so that it may be impossible to get representative mixed venous samples in such cases
This error is 1n addition to the errors produced from the use of time averaged samples
already mentioned. Finally, analytical errors in determination of blood gases and oxygen
uptake must also be remembered. These errors are measurable and amount to 15 per
cent It 1s salutory that in man one cannot rely on any greater accuracy for cardiac output
estimation than this  Under such circumstances, 1t is not surprising that calculations of
pulmonary vascular resistance in man are so often equivocal and contradictory

Dye Injection Techniques

Cardiac output estimation by the Hamilton dye injection technique has been shown
to correlate well with the Fick method in the steady state. Fig 5 shows such a correlation
The method depends on a known volume of dye (T1824) bemng mnjected as a bolus into the
venous system. Tumed arterial samples are collected from a convenent peripheral artery

25% ga25% w125% 2%

€0 Fick L/}

€O Dye Marad (L /Min)

7

Fi 5. Companson of cardiac output obtained by Fick and dyc
" methods

PR 4
5 h




DYE INJECTION TECHNIQUES 21

and the blood analysed for dye concentration, The method depends on complete mixing
of the injected dye with the blood flowing through the vascular bed between injection and
sampling points. Sample analysis is tedious and modern modifications have employed the
use of cusette and ear osymeters. These devices, though theoretically designed to give
a linear response to changes 1n dye concentratson occurring in the blood, often do not do
so, and the clinical investigator is well advised to carry out a careful calibration of any new
device of this type as the photocell responses vary individually.

One difficulty in calibrating dye concentration dilution curves obtammed with the
oxymeter depends on the use of a single mixed venous sample analysed photometrically
which 1s correlated agaimst the baseline shift in oxymeter tracing. Particularly with the
ear oxymeter the deflection at such a point on the oxymeter tracing 15 often small, so that

HAMILTON and FICK € O.

2 4 6 B 10 12

OXYMETER C.0 L/mmn

Fig 6a Sumultancous estimations of cardsac output ob-
tamed by Fick or Hamulton samplieg methods com-
pared with absolute ear oxymeter method

Iargg calibration errors may be introduced  Fig 6a shows a correlation of cardiac outputs
obtained by the Fick and Hamilton blood sampling techniques compared with the cardiac

output calculated by the ear oxymeter method Correlation 1s poor because of these oxy-
meter cahihratinn artafante Hauratae iFenm al amed oa oo am oo - e . -

or exe . .
tion is . . . ' .
another, provided 1dentical dye doses are used at each estimation and provided the
oxymeter sensitivity is kept constant  Fig, 6b shows the same data as 1n Fig 6a expressed
as percentage change of one subsequent cardiac output from the first. Calculations were
made from the areas of the dye concentration curves in arbitrary umits  There is now
excellent correlation with the Fick and Hamulton methods when using the oxymeter.

1t has already been mentioned that estimates of the circulating blood volume may be
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obtained between injectron and sampling points, calculated from the product of the cardiac
output and mean circulation time derived from the dye concentration~dilution curve.
The method is not too versatile but allows changes greater than 200 ml volume to be
detected. Thus, it has been possible to show that patients suffering from congestive cardiac
fatlure assocrated with mutral stenosis have a smaller mtrathoracic blood volume than
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Fi6 6b Companison of percentage change tn cardiac
output obtamed by the Fick or Hamulton sampling
method, and the simplified oxymeter method

patients with left ventrscular failure without valvular disease. The slope of the down-
stroke, associated with the onset of the appearance time of the dye curve, has been treated
mathematically by several workers m an attempt to allow sophisticated calculations of
lung blood volume and of the degree of valvular mcompetence m patients with mitral
valve disease. Too enthusiastic acceptance of such calculations are often made. This 1s
not justified because in the case of valvular incompetence associated dilatation of cardiac
chambers, especally the left atrium, also takes place This will also affect the slope of the
dye curve and may affect the accuracy of the calculation of backward flow through the
incompetent valve. This somewhat himuts the practical usefulness of the technique as a
diagnostic procedure for detecting valvular incompetence.

Intravascular Pressure Measurements

Direct measurement of intravascular pi using electr s of various
types 1s now standard practice  The systermic arterial pressure 1s usually measured using
a needle inserted percutaneously, while intracardiac and intrapulmonary vascular pressures
are recorded using a radio-opaque plastic catheter. Pressures are rccorged from an orifice
situated at the tip or sides of the end of the catheter, which 15 placed in the required site
under radiographic control. The use of long, plable, slightly distensible catheters for
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measuring pressures in this way may produce artefacts in the records obtamned. The
highest frequencies that need be fecorded in a complex wave form such as the argenal
pulse are not accurately known, but 1t is generally considered that instruments with a
uniform sensitivity up to the tenth harmonic of the fundamental frequency of the pressure
wave should be used. The pulse rate rarely exceeds 180 per mun,, so that a system with a
uniform sensitivity from 0 to 30 cycles per sec. (¢ p.s.) should be adequate for recording
intravascular pressures. Equally important critersa required of the manometer are that it
should be stable and dnift free, insensitive to s ure, humidity or , easily
sterilized and easily filled with water or saline in such a way that it can be rendered bubble
free. The manometer must have a linear response 1o pressure change. The effect of con-
necting a fong plastic catheter to the manometer head is that the distensibility of the
catheter introduces very considerable damping effects, so that the frequency response of the
manometer may fall to near the fundamental frequency of the pressure to be measured.
1f this happens, resonance effects may occur and the pressure that is recorded may appear
greater than the true pressure 10 be measured In general, 2 manometer with a stff
recording diaphragm will have a high natural frequency. Thus, the Hansen capacitance
manometer has a natural frequency of approximately 100 c.p.s. When a No. 6F cardiac
catheter 120 cm. long is attached to 1t, the damped frequency falls 10 30 ¢.p.s., which 1s
still satisfactory  When using such a system, serious damping artefacts may be introduced
if the system 1s not entirely free of bubbles. Where accurate pressures are to be recorded,
the system shauld be tested for frequency response each tume 1t 1s used. I€1t1s found to be
heavily damped, the system most probably contains an air bubble.

The response of a manometer to repeated exposure to the same pressure change at
vartous frequencies should be determined for each device, so that 1ts frequency response
can be checked, and the errors from damping or resonance may be known By introducing
electrical damping 1nto the pressure recording circuit, the electrically integrated mean
pressure can be obtained. The mean pressure can also be obtained from the continuous
pressure curve by graphical integration or an approximate but satisfactory figure obtained
by adding a third of the pulse pressure to the diastolic pressure.

Net Vascular Pressures within the Thorax

The centre of gravity within the body cannot be obtained practically, so an arbitrary
manometer reference point must be chosen. Thus is often taken to be at the level of the
sternatangle Another more accurate site 1s probably 10 cm anterior to the back, the chest
A.P diameter also being measured, so that conversion to either reference point 1s possible.
Variations m intrathoracic pressure will affect any vascular pressures recorded within the
thorax. Thus, if the right ventricular pressure 1s 36/3 mm Hg and the intrathoracic pres-
sure on spiration 15 ~7 mm, He, falling to 0 mm Hg on exprration, then the pres-
sures recorded by the catheter will be 23/~4 mm. Hg on inspiration and 30/3 mm Hg
on expiration. Accurate net pulmonary vascular pressures free of intrathoracic pressure
vanation may be obtamned using a differential manometer recording the difference in
pressure between the intravascular pressure and the intra-oesophageal pressure
measured from an aw-filled balloon or water-filled cathetes 1n the oesophagus. The
oesophageal site is used because it has been shown that the intra-oesophageal pressure 1s
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very similar to the intrathoracic pressure, and is much more eastly obtained as a practical
procedure  Even today, the number of pulmonary haemodynamic studes performed in
man using a differential manometer, so that the intrathoracic pressure can be elimmated
as a source of vanation, 1s still surprisingly small

Two further sources of inaccuracy must be mentioned concerning recording intrapul-
monary vascular pressures  First, under some circumstances the contractions of the heart
produce very considerable movements 1n the catheter tip which may be seen under the
fluoroscope to be moving to and fro in the pulmonary artery. These movements may
produce very large pressure artefacts; they are usually quite easy to recognize but at tines
may be unavoidable Other artefacts may occur even though the catheter tip appears
stationary either because the tip 1s up against the vessel wall, which damps the tracing, or
because ventricular contractions jar the length of the catheter within the right ventricle
Finally, 1n conditions where a igh cardiac output exists, as 1 large left to right shunts
associated with atrial septal defects, the systolic pressures recorded by a catheter m the
marn puimonary artery and infundibular region of the right ventricle may be much lower
than the systolic pressure n the cavity of the right ventricle. This mught suggest the
presence of an infundibular pulmonary stenosis, when 1t is actually due to artefact This
1s due to the high blood flow through the pulmonary artery producing a negative velocity
gradient at the catheter tip, which therefore behaves like a ventur: tube (see Chapter 9)
This artefact can be largely avorded by using a catheter with side holes at the up

Measurement of Pulmonary Arterial Pressure Gradients

Pulmonary arterial pressure gradients between mam pulmonary artery and left atrum
are required 1f calculations of resistance are to be made. The left atrial pressure may be
obtained by direct puncture either through the back or via the transbronchtal approach
through a bronchoscope  However, numerous workers have been able to verify 1ts surpris-
ing correlation with the pulmonary artery wedge pressure, measuring the left atrial pressure
by the transcapillary approach Using this technique, the pulmonary artery pressure gra-
dient free of ntrathoracic pressure variation can be obtained usmng a differential mano-
meter and a double lumen catheter whose tip 1s wedged in a fine radicle of the pulmonary
artery and whose second orifice 1s free in the man pulmonary artery. This techmque 15
satisfactory 1 patients with near normal pulmonary vascular pressures However, 1n
patients with high pulmonary vascular pressures, the wedge pulmonary artery pressure
may not record the left atrial pressure accurately, in which case direct left atral pressure
recording will be needed.

Calculation of Pulmonary Vascular Resistance in Man
Poiseurlle’s relationship for the estimation of vascular resistance (p. 12) may be modified

to:
P

R=%
[4
where R = resistance .

P = mean artermal pressure gradient

Q@ = mean blood flow.
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This is calculated in man from:

Mean PA pressurc—mean left atrial pressure mm. Hg
Cardiac output hitres, min.

and may be expressed m simple R units or converted to dynes per sec «cm~* using a density
and viscosity constant for blood. This is nesther strictly scientific nor necessary, apd the
simple resistance units give equal informaton. Normal pulmonary vascular resistance
should not usually exceed 2-5 units and rarely exceeds one unit.

STUDILS ON TIIE PULMONARY VASCULAR RESISTANCE IN MAN

The difficulties encountered i attempuing to measurc either pressure or blood flow in
the pulmonary circulation in man impose very great restrictions on the interpretation of
the data obtamned from such studies, It is unlikely that the combined errors of flow and
pressure measurement in man are ever less than # [5-25 per cent of the true values
Interpretation of resistance calculations based on such data are thus always likely to be
equivoeal, particularly as actual expenments suggest that pul y I hi
often may not exceed such a figure. Quitc apart from the technical errors inherent in the
methods used, 1t ts impossible to tmpose contralled flow conditions tn man to enable one
to obtatn unequivocal evidence of changes 1n vascular resistance as is possible 1n animal
studies This presents an enormous difficulty because nearly any procedure designed to test
vasomotor function 1n the lungs simultaneously produces greater changes 1n the systemic
circulation.  For tnstance, posture and the phase of respiration will produce great altera-
tions 1n systemtc venous return to the right auricle with consequent changes n cardiac
output. The same factors will also affect the volume of blood pooled in the systemic venous
system, so that pul y vascular di and q t al changes in pul-
monary vascular resistance will occur. Attempts at studying the presence orabsence of reflex
pulmonary vasoconstriction by the use of ganglton blocking agents 1s a particularly potent
source for misinterpretation  Numerous studies have been published claiming to demon-
strate release of reflex pulmonary vasoconstriction by the use of ganghon blocking agents
in man. Even when doses are used that produce litle change in system:c blood pressure,
1t 15 Irkely that large changes are produced 1n systemic venomotor tone, Under such cir-
cumstances, venous pooling n the systemic circulation would be assoctated with a reduc-
tion of lung blood volume, and on mechanical grounds alone might be expected to lead to
an mncrease in pul ry vascular . In add the venous return to the heart
will be affected, so that accurate measurement of cardiac output becomes vital Parti-
cularly under such conditions 1t becomes most difficult to obtain dependable data, so that
interpretation of changes in vascular resistance 1s extremely difficult, as Goodwin et al.
(1958) have recently pointed out. 1t was for this reason that Lee er af. (1954) attempted to
study the relative importance of passive flow changes and reflex vasomotor activity in the
pulmonary circulation. They did this by companng the effecuve pulmonary artery
pressure changes, using a differential between pul y artery and oceso-
phagus, with simultaneous changes occurring 1n the brachial artery under circumstances
known to produce obvious systemic vasoconstriction. The use of Valsalva’s manceuvre

\/“-\
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very sumifar to the mtrathoracic pressure, and 1s much more easily obtamed as a practical
procedure  Even today, the number of pulmonary haemodynamic studies performed in
man using a differential manometer, so that the intrathoracic pressure can be elimmated
as a source of variation, 1s still surprisingly small.

Two further sources of inaccuracy must be mentioned concerning recording intrapul-
monary vascular pressures First, under some circumstances the contractions of the heart
produce very considerable movements 1n the catheter tip which may be scen under the
fluoroscope to be moving to and fro m the pulmonary artery. These movements may
produce very large pressure artefacts; they are usually quite easy to recognize but at times
may be unavordable. Other artefacts may occur even though the catheter tip appears
stationary erther because the tip is up against the vessel wall, which damps the tracing, or
because ventricular contractions jar the length of the catheter within the right ventricle
Finally, in conditions where a high cardiac output exists, as 1n large left to right shunts
associated with atnal septal defects, the systolic pressures recorded by a catheter in the
main pulmonary artery and infundibular region of the right ventricle may be much lower
than the systolic pressure m the cavity of the right ventricle. This might suggest the
presence of an infundibular pulmonary stenosts, when 1t 1s actually due to artefact This
1s due to the high blood flow through the pulmonary artery producing a negative velocity
gradient at the catheter tip, which therefore behaves ltke a ventur: tube (see Chapter 9).
Thus artefact can be largely avorded by using a catheter with side holes at the up

Measurement of Pulmonary Arterial Pressure Gradients

Pulmonary arterial pressure gradients between main pulmonary artery and left atrium
are required 1f calculations of reststance are to be made The left atrial pressure may be
obtaned by direct puncture either through the back or via the transbronchial approach
through a bronchoscope. However, numerous workers have been able to venfy its surpris-
ing correlation with the pulmonary artery wedge pressure, measuring the left atral pressure
by the transcapillary approach. Using this technique, the pulmonary artery pressure gra-
dient free of intrathoracic pressure variation can be obtained using a differential mano-
meter and a double jumen catheter whose tip 1s wedged 1n a fine radicle of the pulmonary
artery and whose second onifice 15 free m the main pulmonary artery This technique 15
satisfactory 1n patients with near normal pulmonary vascular pressures However, 1n
patients with high pulmonary vascular pressures, the wedge pulmonary arte.ry pressure
may not record the Jeft atrial pressure accurately, in which case direct left atrial pressure
recording will be needed.

Calculation of Pulmonary Vascular Resistance in Man
Poisewile’s relationship for the estimation of vascular resistance {p. 12) may be modified

to:

P
R=%

where R = resistance
P = mean arteral pressure gradient

@ = mean blood flow.
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the brachial artery response in that pulse pressure changes were marked ar}d varied con-
siderably with the phase of respiration, being larger on inspiration than expiration. These
R DR S A I N SR I R A

An intravenous dose sufficient to abolish the post-Valsalva vasoconstriction in the systemic
artery was used. This had virtually no effect on the pul y artery p . hang;
suggesting that flow events were predominating. This was confirmed by similar events
occurring in right atrial filling pressure. This study indicates that in normal man stroke
volume changes appear to predominate 1n altering the pulmonary arterial pressure and
that vasomotor changes are insufficiently active to produce changes demonstrable by the
technique described. 1t may well be that when the pulmonary arterial system 1s converted
from a low pressure to a high pressure system by disease, then vasoconstrictor effects may
become important, This would explain the lack of response in normal subjects compared
with the effectiveness of ganglion blocking agents in lowering the pulmonary artery pres-
sure and resistance shown by Goodwin ez al, (1958) and other workers n patients with
mutral stenosis. This will be discussed more fully in Chapter 4.

Tn a short vascular system with apparently low vasotonicity, such as the pulmonary
circulation, 1t would not be surprising 1f the pulsatility of blood flow through the main
pul y artery still 1 d in the pul y capillary system also. This hypothesis
has been tested and found to be correct. The method depended on a modification of
Krogh’s mitrous oxide techmque for measuring lung blood flow in man, smtably modified
to allow continuous and nstantaneous flow events to be measured (Lee and Dubois, 1955).
The subject sat in a closed body plethysmograph; the pressure within this chamber was
measured continuously with a sensitive electromanometer. Events were timed against the
subject’s electrocardiogram  After a control period, the subject took a breath of 100 per
cent nutrous oxtde and held his breath with the glottis open As the gas was absorbed
from the lungs into the blood flowing through the pulmonary capillaries, the total volume
of gases 1n the lungs, and hence within the plethysmograph, decreased producing a fall in
plethysmograph pressure. Thus, a conttnuous record of mtrous oxide uptake was obtained
(Fig. 8) From expired air samples and from the known solubility of N,O 1n blood, the
instantaneous pulmonary capillary blood flow rate was calculated (Fig 9)

The pulmonary capillary blood flow was found to be highly pulsatile, At rest, the peak
blood flow rate was approximately 12 5 litres/min. This occurred at the time of the T wave
on the electrocardiogram. The slowest blood flow occurred at the time of the QT interval
and was about 3 litres/mun  After moderate exercise, the peak flow rate rose to approxi-
mately 28 litres/mun., the slowest flow rate being about 6 litres/min. at this time.

These large changes in capillary blood flow rate with each heart beat suggest that the
pulmonary capiliary and arteriolar system must be very distensible The events are so
rapid that some passive adjustment seems likely. For instance, the capillary volume might
increase at peak flow rates because the closing pressure 1n certain areas of the capillary
system was exceeded, so that opening of previously closed vessels took place. In these
same areas at low flow rates the perfusion pressure would fall to less than the closing
pressure and the capillanes would shut again  In this way the pulmonary artery pressure
could be controlled over a narrow range of pressure in spite of large changes 1n capillary
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is a convenient stimulus for the purpose (Fig. 7). The brachial artery pressure changes
were characteristic. During the period that the intrathoracic pressure was raised while
Valsalva’s manceuvre was mamntamed, there was an initial squeeze imparted to the thoracic
aorta which produced a short-lived rise in artersal pressure. Then, as heart filling was
1mpaired, the stroke volume decreased and pulse and mean pressures fell With release
of the Valsaiva, the impatred venous return to the heart ceased and there was a rapid rise
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using PSoxygen suggests that oxygen uptahe is approximately twice as large in the lower
lobes as 1 the upper lobes in the crect posture (Hugh-Jones, 1959). This also could be
explamed on a similar basis because the pul y capillaries si d at the lung bases
are kept open by the hydrostatic pressure from the left atrium, However, in the upper
Tobes the left atrium is below the lung capillaries, so that the left atrial pressure minus the
hydrostatic pressure between atrium and upper lobe capliaries will be insufficient to
exceed the capillary closing pressure in these lobes. The vessels will therefore remain closed
until the pulmonary artery pressure rises sufficiently to open the vessels at high flow rates.
Much further work 1s required i this field to remove this explanation from the realm of
hypothesis.

Cournand (1950) has shown that initially the pulmonary vascular resistance decreases
with increastng pulmonary blood flow. He and his colleagues studied the effects of increas-
1ng cardiac output on the pulmonary artery pressure during exercise 1n normal subjects and
n patients with only one lung following pneumonectomy. In this way they were able to
study the effects of a very wide range of blood flow rates through the lung in man The
pulmonary artery pressure did not start to nise above the upper himut of normal until the
pulmonary blood flow exceeded approximately three times the resting flow rate The
absence of pressure rise in the face of increasing blood flow imples an expansion of the
vascular bed, erther by opeming up new vessels or wideming those that are already open, or
a combiation of both. Riley ez al. (1954) have shown an instial hnear relationship between
the diffusing capacity for oxygen and the oxygen uptake. This lineanty flattens out at
high rates of oxygen uptake to give a maximum diffusing capacity, which takes place at
levels of oxygen uptake very similar to those obtained by Cournand when the pulmonary
blood flow became associated with a rise 1n pulmonary artery pressure above the normal
range Lilienthal and Ruley (1954) suggested that there was a relattonship between the
critical level at which the pressure in the pulmonary artery increased signtficantly and the
maximum oxygen diffusing capacity, which is a function closely related to the alveolar
capillary volume Such a suggestion imphies that the alveolar capillartes themselves may
be the site of peripheral resistance tn the normal lung  This does not appear unreasonable
1n the hight of the evidence of the existence of pulsatile capillary blood flow, which indicates
that resistance to flow at the arteriolar level must be small.

Effects of Hypoxia on the Pulmonary Circulation in Man

So many studies of the h d ics of the pul y circul mn man are
german to our understanding of pulmonary hypertension that they will be discussed with
greater benefit 1n Chapter 4

However, it 15 appropniate to consider the effects of hypoxia in the present chapter and
to remind the reader that the confuston that exists 1n our knowledge of 1ts effects i man
results from the large number of effects 1t produces both 1n the systemic and pulmonary
circulation, which were shown by Aviado et al. (1957) in his studies 1n amimals  If the
pulmonary vascular resistance can be increased by local hypoxia or carbon dioxide re-
tention, this action could provide an important mechanism for maintaining the most
effective ratio of ventilation to perfusion throughout the lungs. Some of the most elegant
studses of the effects of hypoxia in man have been carried out by Fishman et af (1955)
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LFFECT OF DRUGS ON PULMONARY CIRCULATION 3

Histamine. Most observers report a rise in pulmon:xry :mery pressure after histamine
but in many studies the cardiac output was not d anly slight
changes in the pulmonary circulation of the dog (Bors( 1957) but it produccs a marked
bronchoconstriction in most species and this could increase the pulmonary vascular
resistance.

5-Hydroxytryptamine (Serotomn). One of the more occult Sunchons of the lung is its
part in the denaturing of humoral agents. The lung 1s one of the richer sources of mono-
amino oxidase in the body. In cases of carcinoid tumour, a gradient in the content of
5-hydroxytryptamine can be shown between the blood levels of this substance found in the
pulmonary artery and in the systemic arterial system, suggesting that inactivation has taken
place in the lungs. Borst ef of. (1957) have shown that S-hydroxytsyptamine has a powerful
vasoconstrictor effect on the pulmonary vascular bed. This had been estimated as being
some twenty times more powerful than nor-adrenafine. One of the interesting effects of
this substance 1n cases of malignant carcinoid 15 its action in producing pulmonary
hypertension.

Acetylchohne. Recently, acetylchohine has received great anterest in 1ts action on the
pulmonary circulation in man, and some authors have claimed that this action indicates
a release of reflex vasoconstriction In the animal, interpretation of 1ts effects is difficult
because acetylcholine produces bronchoconstriction, which may affect the pulmonary
vascular resistance. Borst et al. (1957) concluded that acetylcholine had very little direct
action on the pulmonary vasculature because only small and vanable changes could be
produced folt "s jon nto the pul y ATiery.

Small doses of acetylcholine in man produce vasodilatation which 15 more marked 1n
those patients in whom the pulmonary artery pressure 1s raised by disease or hypoxia.
Fritts et al. (1958) have shown that the effect on the pulmonary circulation in man occurs
equally well 1n the totally sympathectomized subject, indicating that the drug 1s acting
directly rather than hy relcasmg reflex vasoconstriction. Its action on the bronchial circu-
Jation to prod m y vascular resi were considered unlikely as no
changes in the sys!em:c blood pressure occurred duning infusion of the drug. At present,
thercrore, thc use of acetylcholine does not really advance our knowledge of the mechamsm

y vascular However, a fong-acting compound with similar
effects would be a very useful therapeutic agent in pulmonary hypertension

In conclusion, it may be stated that, although precise evidence 1s laching, there is

cor,\smerable presumptive evidence to suggesl that 1n the normal animal and 1n man the

Ty vascular is d ly by ¥ ! and physical
means Hypoxia and carbon dioxide retention also appear to have some constnctor effects,
which may be concerned with the regul of perfusion rel hips within

the fung. The part played by nervous control of the pulmonary vessels, al(hough known
to exist, is 1mpossxble to assess in the intact ammal or in man at the present ume, In
disease, when organic changes in the vasculature of the pulmonary vessel walls take place,
so that the pulmonary airculation 1s converted from a low resistance system 1o one of gh
resistance, apparently vestigal vasomotor reactions may assume greater importance This
may well explam part of the confusion that exists in our knowledge of the function of the
pulmonary circulation at the present time,
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Using the techniques of bronchospirometry, cardiac catheterization, and peripheral
arterial cannulation, they have applied the Fick principle to determine the blood flow
through each lung simultaneously in man. The effects of unilateral breathing of hypoxic
gas mixtures, known to ncrease the pulmonary artery pressure when applied to both
lungs, could then be studied. If unilateral hypoxta were to increase the resistance of the
hypoxic lung, then the blood flow should decrease in that lung and rise in the contralateral
lung  However, they found that concentrations of ten per cent oxygen given fo one lung
produced no alteration in the distribution of blood flow. Further work using much
lower unilateral concentrations of oxygen will be awaited with very great mterest, This may
resolve the discrepancy between this work and some animal work where unilateral ventifa-
tion with nitrogen undoubtedly caused diminution of blood flow to the hypoxic lung.
The rise in pulmonary artery pressure with moderate hypoxia which has been shown by
others may be due to the combined effects of adrenalne release, rise 1n cardiac output, or
reflex constriction from systemic chemoreceptors. Present expertmental evidence does not
permit us to answer these questions in normal man,

Effects of Drugs upon the Pulmonary Circulation in Animals and Man

Drugs that act on blood vessels can be divided mto those which act through the auto-
nomic nervous system or its nerve endings and those which, so far as is known, have a
drrect action on the vessels

Adrenaline and nor-adrenaline In animals, the action of adrenaline in perfused lungs,
whether in the 1solated state or in the intact lung, 1s almost uniformly vasoconstrictor
But dilatation has been reported with small doses or when the imtial vascular tone 1s high
The constrictor effects of adrenaline are reversed by ergotamme, Since adrenaline usually
causes bronchodilatation, which may 1tself reduce pulmonary vascular resistance, the vaso-
constrictor actron of adrenaline cannot be secondary to its bronchomotor action Expeni-
ments 1n the intact closed-chested dog have not demonstrated defimte vasoconstriction.

In man, investigations of the effects of adrenaline have been inconclusive (Witham and
Fleming, 1951). .

Nor-adrenaline, on the other hand, appears to produce pulmonary vasoconstriction
both 1r amimals and man (Borst e al , 1957; Patel er al.. 1958)

Ganghon-blocking agents. The difficulties in interpreting data using these drugs in man
have aiready been discussed earlier mn this chapter. Further discussion on thewr use wifl
be found 1n Chapter 4. The evidence of their action n the pulmonary circulation 1s
conflicting i

b d evid of a diator effect in the

Aminoplyllwe. Borst et al (1957}
pulmonary circulation of the dog, which has been confirmed by others. It also produces a

rise 1 cardiac output. The complex cardiovascular responses in man make 1ts action
difficult to assess. The cardiac output usually rises and there 1s a fall in central venous
pressure indicating myocardial stimulaton. The fall mn pulmonary artery pressure that
™may oCcur was shown by Werko and Lagerl.of(1950) to be associated with a failin pul-
monary transcapillary pressure and‘no fall in calcu{ated pulmonary vusc]u!ar relsxsmnce.
This is contrary to other vestigations in man, which have shown a fall in pulmonary

vascular resistance using amtnophylline.
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CHAPTER 3

PULMONARY FUNCTION AND
CIRCULATION

By KENNETH W. DONALD

THE function of the lungs is to maintam normal and nearly constant oxygen and carbon
dioxide tensions and content in the arterial blood in all physiological circumstances
without causing any undue sensation of ventilatory discomfort or adverse effect on the
heart or any other organ. This constancy of the arterial blood gases m all degrees of
activity and oxygen usage 1s maintained only by the efficient transfer of gas between the
alveolar air and the blood passing through the alveolar capillaries Such a transfer de-
mands the intimate bringing together of blood and gas and the maintenance of an adequate
gas-tenston gradient between them. It 1s the function of ventilation that mantains and
freshens the alveolar gases despite the constant interchange of oxygen and carbon dioxide
with the venous blood This ventilation must not only be adequate 1n total quantity but
must be efficiently distributed to all alveoli through which blood 1s flowing. Stmularly the
venous blood from the right heart must be effictently distributed to all ventilated alveol
In this way an enormous blood-gas interface is created. Any lack of correlation between
the ventilation and circulation of the lungs, 1n the form of ventilation of unperfused alveoh
or perfusion of underventilated alveol, will mean wasted ventilatory effort or imperfect
oxygenation of blood and will cause a reduction 1n the effective blood-gas nterface
Fmally there must be no undue impedance to the diffusion of gases through the structures
present between the alveolar gases and the blood
The term respiratory farlure 1s used 1n many different ways and is obviously a matter
of definition. If a patient suffers ventilatory discomfort (dyspnoea) erther at rest or on
exercise, then, strictly speaking, this constitutes some degree of respiratory failure. Such
wide use of the term would decrease its value i climcal medicine. The defimition used
by most respiratory physiologists 1s that respiratory failure 1s present when the arterial
blood oxygen tension falls below or the carbon dioxide tension rises above the normal
Iimits during any degree of activity. However chnicians reserve the use of this term to
conditions where the arterial blood oxygen content 1s becoming so low at rest that hfe 1s
threatened, and this 1s a reasonable and useful convention Respiratory failure, used in
the clinical sense, may be caused by the failure of the respiratory centres due to posons,
jschaemia or severe hypoxaemia. It may be caused by the paralysis of }he respiratory
muscles due to poliomyelitis, myasthenia gravis or other neum-mus.cular diseases. !t may
be caused by defective alveolar ventilation due either to obstruction of !.he respiratory
i otic oed status asthmaticus, severe acute bronchitis) or an afule

o 1],
;educ(icn in the amount of functiomng lung (severe p gross I
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bilateral p horax) or a bination of the two (br
with previous lung damage or emphysema).

The function of the heart is to pump adequate quantities of blood to the lungs and body
while maintaining low normal pressures behind the ventricles in all physiological circum-
stances. Ventricular failure, either right or left, occurs in two stages. Firstly there 1s an
increase 1n the diastolic intraventricular pressure owing to the inability of the ventricle to
empty adequately during systole. The atrial and pulmonary or systemic venous pressures
will therefore become elevated although flow may be maintained at normal levels. In the
second stage of failure the output of the ventricle will fall, first on exercise and later at rest.

In a number of lung diseases, the right ventricle performs increased work. This is
usually due to the development of increased pressures in the pulmonary artery. In patients
with hypoxaenma and carbon dioxide retention the cardiac output may also be somewhat
elevated and further increase the right ventricular work Right ventricular hypertrophy
and finally failure may result. These patients appear unable to imitate any circulatory
economy by a reduction of blood flow to skin and other organs because of the potent
vasodilating effects of hypoxaemma and hypercarbia

Respiratory and night ventricular farlure caused by lung disease can occur quite
separately although erther may help to precipitate the other. Respiratory falure will
contribute to heart failure by the adverse effect of reduced myocardial oxygen tensions and
the increased cardiac work due to further pulmonary hypertension and increased flow
Rught ventricular failure with a reduced cardiac output in the presence of moderately
severe hypoxaemia will render the vital respiratory centres even more hypoxic and thus
cause central respiratory faslure. However a patient may be 1n severe respiratory failure
without right ventricular fatlure and this 1s not infrequent 1n pulmonary emphysema
Simularly a patient with lung disease may develop right ventricular failure of a severe
degree without respiratory failure  An excellent example of this is found 1n certain patients
with scleroderma where the vascular obstruction in the lung may be far greater than the
interference with ventilation, gas distribution and gas transfer  Although 1t 1s the right ven-
tricle that 1s embarrassed n lung disease, the proper functioning of the lungs 15 dependent
on a normal left ventricular function. If this fails and there 1s a rise of pressure i the left
atrium and pulmonary vasculature, then lung function is grossly disturbed. Mitral stenosis
will also cause a rise of pulmonary vascular pressures and disturbance of lung functton.

is and bronchop snia

Lung Volumes

The gas volumes n the lung at the end of quiet expiration, dunng full insprration and
full expiration are known as the functional residual capacity, the total lung capacity and
the restdual capacity respectively The vital capacity 1s the maximum volume of gas which
can be expired after a maximum mspiration (see Fig. 10) In a young healthy person the
wital capacity 1s about four-fifths of the total capacity. Ths fraction of the total capacity
which can be filled and emptied by maximum respiratory effort 1s hmited by the ngtdity of
the thorax and the collapse of small airways when violent expiratory pressure 1s exerted
on the lungs. The vital capacity and 1ts components can be determined by simple spiro-
metry The residual or the functional residual capacity can be measured by the degree of
dilution of a measured volume of inert gas (usually helium) when the patient 15 breathing
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without causing any undue sensation of ventilatory discomfort or adverse effect on the
hea‘n or any other organ, This constancy of the arterial blood gases in all degrees of
activity and oxygen usage is maintamned only by the efficent transfer of gas between the
alveolar air and the blood passing through the alveolar capillaries. Such a transfer de-
mands the intrmate bringing together of blood and gas and the maintenance of an adequate
gas-tension gradient between them. It 1s the function of ventilation that maintains and
freshens the alveolar gases despite the constant interchange of oxygen and carbon dioxide
with the venous blood This ventilation must not only be adequate in total quantity but
must be efficrently distributed to all alveoli through which blood 1s flowing. Simularly the
venous blood from the right heart must be effictently distributed to all ventilated alveol.
In this way an enormous blood-gas interface is created. Any lack of correlation between
the ventilation and crrculation of the lungs, in the form of ventilation of unperfused alveol
or perfusion of underventilated alveoli, will mean wasted ventilatory effort or imperfect
oxygenation of blood and will cause a reduction in the effective blood-gas interface
Finally there must be no undue impedance to the diffusion of gases through the structures
present between the alveolar gases and the blood
The term respiratory failure 1s used in many different ways and 1s obviously a matter
of definition If a pauent suffers ventilatory discomfort (dyspnoea) erther at rest or on
exercise, then, strictly speaking, this constitutes some degree of respiratory farlure. Such
wide use of the term would decrease its value in clinical medicine The definition used
by most resprratory physiologists 1s that respiratory farlure is present when the arterial
blood oxygen tenston falls below or the carbon dioxide tenston nises above the normal
Iimits during any degree of activity. However clinicians reserve the use of this term to
conditions where the arterral blood oxygen content 1s becoming s0 low at rest that Iife is
threatened, and this is a reasonable and useful convention. Respiratory fatlure, used in
the clinical sense, may be caused by the failure of the respiratory centres due to poisons,
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bilateral p hotax) or a combination of the two (bronchatis and ¢ h
with previous lung damage or emphysema).

The function of the heart is to pump adequate quantities of blood to the lungs and body
while maintaining low normal pressures behind the ventricles in all physiological circum-
stances. Ventrcular failure, either right or left, occurs in two stages. Firstly there is an
increase in the diastolic intraventricular pressure owing to the inatility of the ventricle to
empty adequately during systole. The atnial and pul y OF SY iC Venous pressul
wll therefore become elevated although flow may be maintained at normat levels. In the
second stage of fmlure the output of the ventricle will fall, first on exercise and later at rest.

In a number of lung discases, the npht venricle performs increased work. This is
usuaily due to the develos of i dy in the put y artery. In patients
with hypoxaemia and carbon dioxide retention the cardiac output may also be somewhat
elevated and further increase the right ventnicular work  Rught ventricular hypertrophy
and finally failure may result. These patients appear unable to initiate any circulatory
economy by a reduction of blood flow to skin and other organs because of the potent

ditating effects of hyy ia and hypercarba.

Respiratory and right ventricular fmlure caused by lung disease can occur quite
separately although either may help to precipitate the other Respiratory failure will
contnbute to heart farlure by the adverse effect of reduced myocardial oxygen tensions and
the increased cardiac work due to further pulmonary hypertension and increased flow
Right ventricular failure with a reduced cardiac output 1n the presence of moderately
severe hypoxaemia will render the vital respiratory centres even more hypoxic and thus
cause centra) respiratory falure  However a patient may be in severe respiratory failure
without right ventricular falure and this 1s not infrequent n pulmonary emphysema.
Similarly a patient with lung disease may develop right ventricular faslure of a severe
degree without respiratary failure. An excellent example of thus 1s found 1n certan patients
with scleroderma where the vascular obstruction 1n the fung may be far greater than the
wnterference with ventijation, gas distribution and gas transfer. Althoughtis the nght ven-
tricle that is embarrassed m lung disease, the proper functioning of the lungs 15 dependent
on a normai left ventricular function. if this fals and there is a rise of pressure n the left
atrium and putmonary vasculature, then lung function 1s grossly disturbed  Mutral stenosis
will also cause a rise of pulmonary vascutar pressures and disturbance of lung function,

P

Lung Volumes

The gas votumes in the lung at the end of quiet expiration, during full mspiration and
full exprration are known as the functional residual capacity, the total lung capacity and
the residual capacity respectively, The vital capacity 1s the maximum volume of gas which
can be expired after a maximum mspiration (see Fig. 10) In a young healthy person the
vital capacity 1s about four-fifths of the total capacity. This fraction of the total capacity
which can be filled and emptied by maximum resprratory effort ts limsted by the rigidity of
the thorax and the collapse of small airways when violent expiratory pressure 1s exerted
on the lungs. The vitai capacity and its components can be determined by stmple spiro-
metry. The residual or the functional residual capacity can be measured by the degree of
dilution of a measured volume of inert gas (usually helium) when the patient 1s breathing
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into a spirometer system of known volume, These “static” lung volumes are not accorded
the same sigmficance as previously.

In asthma and bronchitis with varying degrees of pulmonary emphysema (chromic
obstructive respiratory disease) the total lung capacity 1s unaltered or slightly increased.
The lung volume at the end of quiet expiration (functional residual capacity) 1s increased
owing to impaired lung recoil, increased expiratory resistance and bronchiolar collapse or
narrowing. Owing to the same factors the fraction of the total capacity that can be expired
by maximal effort (vital capacity/total lung capacity) is greatly reduced and may be of
the order of 0 5 instead of 0-75. Thus the vital capacity is small and the residual lung
capacity large. However similar changes in the lung volumes may occur with increasing age
and with bronchial obstruction without parenchymal degeneration (pulmonary emphy-
sema) and therefore these changes are not a precise measure of the degree of permanent
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lung damage or of total lung function. In uncomplicated diffuse !ung ﬁbrgsis and m heart
disease, the residual capacity is normal and the total lung capacity and vital capacity are

reduced.
Ventilatory Capacity

The ventilatory efficiency of the lungs can be measured by the determination (?f the
volumes ventilated during maximum voluntary ven}xlatory effort over 1§ sec. (maximum
breathing capacity). This is a highly unphystological pmcydure and gives only a WId'cI
overall of many bined factors (patency of airways, compliance and rcc:;]n
of lung and chest wall, muscular cfficiency). The maximum expiratory vjeloclty.o!r nce
volume expired over a short period (0-75 sec ) can be measured by vanql;]s lz:w res;(si nam r:
circuits and electrical trming devices and these values correlate \v;ll l\‘vn the n;?ves m
breathing capacity. They are useful in so far as theu: perfgrmance is s o'ncr;T:n‘:; it
effort and is less dangerous in the presence of lung infection. The maximu
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capacity is reduced in any condition where there is increased airway resistance (asthma,
bronchitis, emphysema), decrease of lung recoil emphysema), decrease of fung compliance
(severe fibrosis, heart disease), gross chest or lung deformity (kyphoscoliosis, }horaco-
plasties), diaphragmatic or respiratory muscle weakness or paralysis (phrenic nerve
damage, neuromuscular disorders) or increased inertia of body tissues moved by respira-
tion (intrathoracic or abdomina! tumours or fluid including pr , extreme adif S
Although the maximum ventilatory eapacity 1s an important measurement of the efficiency
of the lungs as regards total ventilatory function, 1t does not in any way measure efliciency
of gas distibution or gas exchange.

Gas Distribution

The efficiency of distribution of the tidal air which passes the dead space to the alveoli
of the lungs 15 determined by many techniques. In the healthy normal subject the equality
of distribution of gases throughout the lungs 18 remarkable. It 1s considerably disturbed
by anaesthesia, any undue distortion or restriction of the chest wail, abnormal respiratory
behaviour (dehiberate changes of lung volumes or rhythm) and probably by violent exer-
cise. The rate of washing out of nitrogen from the alveoli during oxygen breathing in an
open circuit or the rate of mixing of helium or any inert gas in a closed circunt s largely
a function of distributional efficiency (correction 1s made for the rate and depth of breath-
ing and the volumes involved). The rapid senal analysis of the tidal air by near-instan-
taneous gas analysis with or without a previous breath of oxygen or an 1nert gas (helium)
also gives important information concerning gas distribution and equality of alveolar
ventilation. Nitrogen, helium, oxygen and carbon dioxide meters are used and the mass
spectrometer allows the simultaneous estimation of four or more gases. The reason this
serial technique can be effectively employed for this purpose is that 1f spatial distribution
is impaired then the less well ventilated alveol empty later in expiration. If carbon dioxide
and oxygen tensions are being measured, then the carbon dioxide tension will be higher
and the oxygen tension lower towards the end of expiration if gas distribution 15 faulty.

In patients with chronic obstructive respiratory disease there is a marked delay 1n the
rate of nitrogen wash-out during oxygen breathing, a delay m mixing of hehum i a closed
crrewt and marked changes in expired gas concentrations duning a single expiration. These
changes are, however, very variable with variable respiratory obstruction and cannot be
rehably used to measure the degree of permanent lung damage. An attack of asthma or
bronchitis, the breathing of an 1ritating gas or fog, or heavy smoking will also cause
considerable but reversibie alteration in the findings. In patients with lung fibrosis without
chronic obstructive respiratory disease the evidence of impaired gas dstribution 15 rarely
very marked.

Work of Breathing
In recent years the actual work of breathing has been given considerable attention

particufarly in relation to the causes of impaired ventilatory capacity and the sensation of
shortness of breath (dyspnoea). It has been shown that the intra-oesophageal pressure
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into a spirometer system of known volume. These *“static™ lung volumes are rot accorded
the same significance as previoush.

In asthma and bronchitis with vanying degrees of pulmonary emphysema (chronic
obstructive respiratory disease) the total lung capacity is unaltered or slightly increased.
The lung volume at the end of quiet expiration (functional residual capacity) is increased
owing to impaired lung recoil, inereased expiratory resistance and bronchiolar collapse or
narrowing. Owing to the same factors the fraction of the total capacity that can be expired
by maximal effort (vital capacity total lung capacity) is greatly reduced and may be of
the order of 0-3 instead of 0-75. Thus the vital capacity is small and the residual Iung
capacity large. However similar changes in the lung \ olumes may occur with increasing age
and with bronchial obstruction without parenchymal degeneration (pulmonary emphy-
sema) and therefore these changes are not a precise measure of the degree of permanent
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FrG. 10. Diagram to illustrate agreed standandized terminology of the sub-
dnvasion of lung volume (Pappenbermer)  All gas volumes to be corrected
to boudy temperature, pressure and saturated with water vapour {B T.R.3)

lung damage or of total lung function. In uncomplicated diffuse lung fibrosis and m heart
diszase, the residual capacity is normal and the total lung capacity and vital capacity are

reduced.
Ventilatory Capacity

The ventilatory efficiency of the lungs can be measured by the determination 91‘ the
yolumes ventilated during maximum voluntary ventilatory effort over 15 sec. (maximum
breathing capaciny). This 1s a highly unphysiological procedure and gives only a wide
overall measurement of many combined factors (patency gf:un\n)s: compliance 5md rte(};xl
of lung and chest wall, muscular tlﬁcit'nc_v). The maximum expiratory selocity or the
volume expired over a short period (0-75 sec.) can be measured by various low resistance
N iee e elagprical timing devices and these values correlate well with the maximum

.
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capacity is reduced 1n any condition where there is increased airway resistance (asthma,
bronchitis, emphysema), decrease of lung recoil (emphysema), decrease of lu.ngAcomphancc
(severe fibrosis, heart disease), gross chest or lung deformity (kyphoscoliosis, }homco-
plasties), diaphragmatic or respiratory muscle weakness or paralysis (phrenic nerve
damage, neuromuscular disorders) or mereased inertia of body tissues moved b}',l’esplr&h
tion (intrathoracic or abdominal tumours or fluid including pregnancy, extreme adiposity).
Although the maximum ventilatory capacity is an important measurement of the efficiency
of the lungs as regards total ventilatory function, 1t does not in any way measure efficiency
of gas distribution or gas exchange.

Gas Distribution

The efficiency of distribution of the tidal air which passes the dead space to the alveoli
of the lungs is determined by many techniques In the healthy normal subject the equality
of distribution of gases throughout the lungs 1s remarkable. It 1s considerably disturbed
by anaesthesta, any undue distortion or restriction of the chest wall, abnormal respiratory
behaviour {dehiberate changes of lung volumes ot rhythm) and probably by violent exer-
cise. The rate of washing out of nitrogen from the alveoli during oxygen breathing in an
open circunt or the rate of mixing of helium or any mert gas 1n a closed circut is Jargely
a function of distributional efficiency (correction 1s made for the rate and depth of breath-
ing and the volumes involved). The rapid serial analysis of the tidal air by near-instan-
taneous gas analysis with or without a previous breath of oxygen or an inert gas (helium)
also gives important information concerning gas distribution and equality of alveolar
ventilation. Nitrogen, hehum, oxygen and carbon dioxide meters are used and the mass
spectrometer allows the simultancous estimation of four or more gases. The reason this
serial technique can be effectively employed for this purpose is that if spatial distribution
is imparred then the less well ventilated alveoli empty later in expiration. If carbon dioxide
and oxygen tensions are being measured, then the carbon dioxide tension will be higher
and the oxygen tension lower towards the end of expiration 1if gas distribution 1s faulty.

In patients with chronic obstructive respiratory disease there is a marked delay 1 the
rate of nitrogen wash-out during oxygen breathing, a delay m mixing of hehum in a closed
ciremt and marked changes in expired gas concentrations during a single expiration, These
changes are, however, very vanable with vanable respiratory obstruction and cannot be
reliably used to measure the degree of permanent lung damage. An attack of asthma or
bronchitss, the breathing of an irntating gas or fog, or heavy smoking will also cause
considerable but reversible alteration in the findings. In patients with lung fibrosis without
chronic obstructive respiratory disease the evidence of impaired gas distribution is rarely
very marked.

Work of Breathing

In recent years the actual work of breathing has been given considerable attention
particularly in relation to the causes of impaired ventilatory capacity and the sensation of
shortness of breath (dyspnoea). It has been shown that the tra-oesophageal pressure
approximates closely to the general intra-thoracic and intrapleural pressures. A thin air-
filled rubber balloon 1s connected to a sensitive electromanometer by a thin plastic tube.
Theballoonand tubeare eastly swallowed and the intrathoracic pressures during respiration
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are obtained with little inconvenience to the subject. The pressure gradient between the
atmosphere and the pleural surface of the lungs can thus be studied with simultancous
measurement of the volumes passing 1 and out of the lung. The work performed in
stretching the lungs (“elastic work ) can be determined by measurmg the volume inspired
and the increase of pressure gradsent from the beginning to the end of inspiration when
there1s no arr flow  The pressure volume relationshtps can be easily plotted (almost hinear),
The added pressure gradient required to marntain air flow during inspiration and exprration
can then be precisely determined, and if these are related to the simultaneous volume
changes, then the work done in moving the gas through the air passages to the alveoli
(*viscous work™) can be calculated (see Fig 11),

The elastic work 15 greatly increased mn pattents with increased pulmonary vascular
pressures due to increased left atria) pressures (left ventricular failure, mitral stenosis).
This reduction in lung compliance combined with the increased volumes ventilated may
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Cause an enoTmous merease In respiratory work n heart disease  Because of thts increased
work by the fespiratory muscles, the resting oxygen uptake may be increased by over one-
third The lung compliance 15 also teduced tn severe pulmonary fibrosis or wfiltranons.
The smaller the amount of lung functioning, the more pressure change is needed to expand
it a unit volume This fact makes the accurate measurement of the lung comphance difficult
if there 1s varied or extenstve lung pathology. In emphysema the lung becomes increasingly
fess elastic and more comphant and thus the normal mean negativity of atrapleural
pressure may be largely lost However this 1s not aleays the case, as the venplauon ofa
decreasing fraction of the lung may demand increasing negative mtrathara‘clc prﬁssl']l'es
despite 3 fall in the compliance of umt volume of jung. Fu{lhc_r, there 1s ;z most always
increased airway resistance, and abnormal negative and positive intrapleural pressures are

genEratcd during inspiration and expiration to move gas through th'e air p.);gxgts. i

“The increase 1 viscous work 15 the most tnportant disturbance in lur;g lse:s(i}mmic
greatly increased in asthma and bronchitis with varying degrees of emphiysem:
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obstructive respiratory disease) The increased resistance to air-flow both on expiration
and inspiration is due to variable combinations of active bronchoconstriction (particularly
n asthma) of mucous secretion and mucosal oedema, Expiratory flow is far more delayed
than inspiratory flow. This is due to several factors. The elastic recoil of the lungs may be
farpely fost and thus rather inefficient and abnormatf expiratory muscufar effort must be
used. The positive pressures generated outside the lung are transmitted to the alveoli round
the bronchioles. As there is a sharp fall of pressure along the bronchiole the gradient
across its wall becomes excessive and complete or partial collapse will occur. This air-
trapping is one of the major features of chronic obstructive respiratory disease and it may
be critically precipitated by a quite small further increase of airway obstruction 1t is
likely that most of the so-called * bronchospasm™ described in chronic respiratory disease
15 of this nature and not of bronchomotor onigin. Patients with chronic bronchitis appear
(o have an extremely sensitive bronchial mucosa which b engorged 1n resp to
a wide vartety of relatively mild chemical or physical sumuli. These stimuli, such as the
breathing of fog or fumes contaiming irntating substances or even cold air, only affect
normal petsons 1f they are extreme. [t 1s possible that the normal person shows similar
mucosal reactions. The normal bronchial calibre and transbronchial pressure gradients
would allow such congestion without causing undue respiratory obstruction or air-trap-
ping. These considerations are, at present, the most feasible explanation of the expiratory
wheezing (so-called bronchospasm) n the patient with chronic bronchitis duning the
winter 1n foggy industrial areas, and his fack of definite allergic reactions. Resptratory
infections no doubt also play an important role.

The amount of respiratory work and the degree of negativity of trapleural pressure
have been carefully correlated with the sensation of dyspnoea. Although no precise rela-
tionship has been shown, almost all patients with dyspnoea have increased negative intra-

thoracic pressures on inspiration and are performing very considerably increased respir-
atory work.

Ventilation-perfusion Relationships

. 1t has already been emphasized that to allow adequate gas transfer there must be effi-
cient aur and blood distribution in the lungs. A number of methods of measuring the
efficiency of gas distribution have already been discussed The study of the distrbution of
the right ventricular output to the alveoli is, however, far more difficult. Histological and
post-mortem injection studies have not given us a great deal of information Radrological
studies of the regional changes of lung density due to blood flow or the regional pul-
monary distribution of radioactivity immediately after injecting or inhalmg radioactive
substances are also methods still lacking 1n precision,

The most frutful method of investigation has been the study of the gas tensions of
arterial blood, which is almost identical 1n most mnstances to the mixed pulmonary venous
blood Assuming, as yet, that there are no diffusional difficulties (transfer of gases between
alv29‘1u§ to c;\p'illary-) let us consider the vanous effects of poor correlation of the alveolar

. . nd carbon dioxide tensions



40 PULMONARY FUNCTION AND CIRCULATION

b {Amg well ventilated and poorly or non-perfused. High oxygen and low carbon diox-
1de tensions in both regional alveoli and regional pulmonary venous blood. Lung involved
will act as increased dead space. Amount of blood involved will be small or mil.

(¢) Lung poorly or non-ventilated and poorly or non-perfused. 1f change is proportional
there may be normal gas tensions in regional alveoli and regional venous blood. In effect
this constitutes almost non-functioning lung without any marked effect on dead space or
blood gas tensions.

(d) Lung poorly or non-ventilated and well perfused. Low oxygen and high carbon
dioxide tensions in both regional alveoli and regional pulmonary venous blood. It will
be seen that two important disturbances can be easily identified by the study of arterial
blood and expired gases.
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If ventilated alveoli lack perfusion (b) there will be an increase in the dead space; that
is, the amount of the tidal air not involved i gas exchange. Now normally the c{pired
Pco, is not less than two-thirds of the alveolar Peo, as the dead space, in which air is un-
changed 1s only one-third of the tidal volume For reasons given pclow, the artermlrblcod
Pco, 15 sed as a measure of alveolar Peo, and if the e)_(plrf:d Peo, is less than two-thn"ds of
the arterial Po, (increased dead space) then the perfusion in certain parts of the fung is not
commensurate with the ventilation.

If the ventilation of certain alveoli1s
pulmonary venous ar;\d arterial blood w

jons. Owing to the enormous capac |
‘t:cr;su;n" uaitlcﬁnngc in carbon dioxide content) and pos§1ble changes 1 this capacity
(a function of the buffering power), the level of the arterial blood oxygen tensions are
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studied to detect alveolar underventilation, The rapid changes of oxygen tension, with
small changes in oxygen content, in the upper ranges of the oxyhaemoglobin dissociation
curve makes the study of arterial blood oxygen tensions particularly suitable for this
purpose (see Fig. 13)

Assuming that there is complete equilibrium of oxygen between alveolus and capillary
(as is almost always the case when breathing air, see below) than any depression of arterial
oxygen tension below the alveolar oxygen tension 1s due to the perfusion of underventilated
alveolr. Thedetermination of the alveolar P, 1s therefore necessary. Ina normal subject the
alveolar ventilationand gas tensions are almost uniform throughout the lung and an expira-
tory gas sample taken after the dead space has becn washed out gives a reasonably repre-
sentative figure. As previously explained, this state of affairs 1s no longer true in a patient
with poor gas distribution as in chronic obstructive respiratory disease. The use of the
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arterial Pco, as a measure of alveolar Peo js an ingenious solution of this difficulty. Carbon
dioxide 1s a highly diffusable gas and equilibration of blaod and alveolar carbon dioxide is
assured  The final Pco, of blood leaving the lungs and entering the arteries gives an nte-
grated figure representative of all the alveolar Pcq, tensions of the lungs. Havinga precise
figure to describe the alveolar Peg, then the alveolar Py, can be determined by use of the
“alveolar equation™. This equation is a simple one and 1t is strongly recommended that
the reader makes an effort to understand it as it is an essential

ade t ¢ part of even an elementar:
ge of modern resp y function studies, Y
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If the yolume of gas entering and leaving the alveoli of the lungs is constant (V) then the
total respiratory quottent (RQ) can be stated in the following terms:

CO, produced
RQ==-220_"_~°
Q Q, taken up

_ Alveolar-nspired air Peg, gradient x ¥
~ Inspired air-alveolar P, gradientx ¥

_ Alveolar Pg,, L.
~ Inspired Py, - Alveolar P, (inspired Peo, = zet0)
or, Alveolar Pq, = Inspired Po,-%

However, unless the RQ 15 urty there is a change in the volume of gas under consideration
between 1ts entering and leaving the alveoli. As the absolute amount of mtrogen 1s un-
changed there will be a change in the fraction and tenston of mitrogen present wn the gas
phase. This will cause a corresponding change of the fraction and tenston of the other
gases (oxygen and carbon dioxide). The appropriate correction for this change 1n volume
1s a function therefore of the RQ and the fraction of mitrogen 1n inspired atr (0-79), thus

Alveolar P, = Inspired Po,—i'iegg—”m-mq +0-79 (1~RQ)]

This equation, however, assumes that the gas exchange in each and every alveolus 1s
representative of that in the whole lung or, in other words, that gas and blood distribution
are absolutely equal throughout the lung The calculated alveolar P, (sometimes called
1deal alveolar Py ) 15 that which would obtain with a perfect lung and the gas tenstons and
respiratory quotients actually observed. As oxygen equiltbration between alveolus and
capillary has, for good reasons, been assumed, then the arterial blood oxygen Py, should
be the same as the calculated alveolar P, We thus have an arbitrary measure of what the
arterial Pg, should be if blood and gas distribution were perfect Any reductton below this
figure (1deal alveolar-arterial 2o, gradient or A-A gradient) 1s 2 measure of the under-
ventilation of perfused alveoll. In a normal subject this A~A gradient is of the order of
5-8 mm. Hg and in a patient with severe emphysema it may be as high as 50 mm. Hg
‘Thus even the normal lung is not quite perfect 1n this respect.

These findings can be described in another way which allows an easier mental image
of the degree of disturbance It can be calculated (using blood oxygen content) what
percentage of the blood passing through the lungs would be perfectly oxygenatgd (to 1deal
alveolar Py, level) and what percentage would be unchanged to give the anenal‘l’o, and
oxygen content actually found. The percentage of unchanged b‘!ood is called the *percen-
tage venous admixture™. This 15 a convenient way of integrating all grades of imperfect
alveolar ventilation and blood oxygenation and can be considered as 3 functional shunt
in contrast to an anatorucal one. Even normal subjects may have up to about five per
cent venous admixture, which 1s probably due to some degree of alveolar underventilation
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and a little true anatomical venous admixture (bronchial and thebesian veins). Patients
with severe emphysema may have a venous admixture up to 50 per cent of the cardiac
output.

E)l'h:: analysis of arterial blood has been a great advance in respiratory physiology. The
great clinical significance of carbon dioxide retention was not realized until this technique
was used in clinical medicine. Arterial puncture if properly performed is neither pamful
nor dangerous. This country, with a strong bias to spirometric methods, has lagged
greatly behind in this field and there are still too many workers who wili resort to absurd
stratagems to avoud arterial puncture Owing to the characteristics of the oxyhaemoglobin
dissociation curve 1t is more accurate to measure oxygen tensions i the upper ranges and
saturations in the lower ranges. Lilienthal and Ruley (1954) therefore measure the arterial
blood gas tensions by bubble tonometry and analysis in a Roughton-Scholander syringe
This method, although 1t has many inherent and incurable errors, has been responsible
for most of the advances in this field. Its place is now being taken by two much more
accurate techniques The blood oxygen tension is measured by means of a platinum elec-
trode guarded by a diffusible membrane. The blood carbon dioxide tension is measured
by determining the pH of anaerobically separated plasma and of the same plasma after
equilibration with other known carbon dioxide tensions. This latter technique still requires
scrupulous care, particularly in the speed and temperature of plasma separation and also
very accurate pH determmnations,

Throughout ths section 1t has been assumed that during atr breathing the blood leaving
the alveolt is 1n almost complete oxygen equilibrium with the alveolar gas, that any depres-
sion of the arterial oxygen tension below the calculated alveolar figure 1s caused by
regional underventilation This assumption 1s largely true n the normal subject both at
rest and on exercise. It is also true in the vast majority of patients with lung disease at rest,
unless they are in severe respiratory failure with marked hypoventilation. This aspect will
be elaborated 1n the section on diffusion.

Findings in lung disease, In patients with chronic obstructive respiratory disease there
1s evidence of gross disturbances of blood and gas distribution. The dead space (normally
under 30 per cent) may be over 50 per cent. This means that a third of the gas normally
entering well-perfused alveoli passes to portions of lung where there is no effective perfu-
sion  Smilarly the percentage of venous admixture (functional shunt due to perfusion of
underventilated alveolr) may reach levels of up to almost S0 per cent of the cardiac output
In partrcular cases the increase of dead space and venous admixture do not go hand m
hand. Some pattents, particularly the less disabled, show a large dead space with little
venous admixture and arterial desaturatton Thts suggests that there 1s a regional reduc-

tion of alveolar perfusion without marked regional hypoventilation. In others, there may
be a considerable increase of venous admixture with only a shight increase m dead space.
This would suggest that regional alveolar hypoventilation 1s the predominant feature.
Most severe cases show constderable but vanable increases in both dead space and venous
admuxture. It has long been considered that chronic obstructive respiratory disease (loosely
called pulmonary emphysema) has many different types of anatomical and functional
disturbance and these findings would support this

Patients with diffuse pul y fibrosis (p koniosts uncompl d by massive
fibrosis, lung distention or obstructive disease) show relatively normal dead space and

P
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Ifthe volume of gas entering and leaving the alveoli of the lungs 1s constant (V)then the
total respiratory quotient (RQ) can be stated in the following terms:

CO, produced

RQ =
Q O, taken up

_ Alveolar-inspired air Peg, gradient x ¥
= Insprred atr-alveolar Po, gradient x V'

Alveolar Peo,

= [spired Po,~ Alveolar By, (nspired Peo, =2er0)

or, Alveolar Py, = Inspired Po,—ﬂm%‘:&

However, unless the RQ is unity there 1s a change in the volume of gas under consideration
between its entering and leaving the alveoli. As the absolute amount of nitrogen 1s un-
changed there will be a change 1n the fraction and tension of nitrogen present in the gas
phase. This will cause a corresponding change of the fraction and tension of the other
gases (oxygen and carbon dioxide). The appropriate correction for this change in volume
15 a function therefore of the RQ and the fraction of nitrogen m inspired air (0-79), thus

Alveolar Po, = Inspired PO,—%PL‘»(RQM 79 (1~RQ)}

This equation, however, assumes that the gas exchange 1n each and every alveolus 15
representative of that in the whole lung or, 1n other words, that gas and blood distribution
are absolutely equal throughout the lung. The calculated alveolar P, (sometimes called
1deal alveolar P, ) is that which would obtam with a perfect Jung and the gas tensions and
resprratory quotients actually observed. As oxygen equilibration between alveolus and
capillary has, for good reasons, been assumed, then the arterial blood oxygen Po, should
be the same as the calculated alveolar Po,. We thus have an arbitrary measure of what the
artertal Py, should be 1f blood and gas distribution were perfect. Any reduction below this
figure (1deal alveolar-artertal P, gradient or A~A gradient) 1s a measure of the under-
ventilation of perfused alveoli In a normal subject this A-A gradient js of the order of
5-8 mm. Hg and 1n a patient with severe emphysema 1t may be as high as 50 mm. Hg
Thus even the normal lung 1s not quite perfect in this respect.

These findings can be described in another way which allows an easier mental image
of the degree of disturbance. It can be calculated (using blood oxygen content) what
percentage of the blood passing through the lungs would be perfectly oxygenated (to 1deal
alveolar Pq, level) and what percentage would be unchanged to give the arterial Po, and
oxygen content actually found. The percentage of unchanged blood 1s called the “percen-
tage venous admixture”. This 1s a convenient way of integrating alt grades of imperfect
alveolar ventilation and blood oxygenation and can be considered as a functional shunt
in contrast to an anatomical one. Even normal subjects may have up to about five per

cent venous admixture, which is probably due to some degree of alveolar underventilation
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and a little true anatomical venous admixture (bronchial and thebesian vemns), Patients
with severe emphysema may have a venous admixture up to 50 per cent of the cardiac
output.

The analysis of arterial blood has been a great advance in respiratory physiology. The
great clinical significance of carbon dioxide retention was not realized until this technique
was used in clinical medicine. Arterial puncture if properly performed 1s neither painful
nor dangerous. This country, with a strong bias to spirometric methods, has lagged
greatly behind in this field and there are still too many workers who will resort to absurd
stratagems to avoid arterial puncture, Owing to the characteristics of the oxyhaemoglobin
dissociation curve it is more accurate to measure oxygen tensions in the upper ranges and
saturations in the lower ranges. Lilienthal and Riley (1954) therefore measure the artenial
blood gas tensions by bubble tonometry and analysis in a Roughton-Scholander syringe.
This method, although 1t has many inherent and incurable errors, has been responsible
for most of the advances in this field Its place 1s now being taken by two much more
accurate techniques. The blood oxygen tenston is measured by means of a platinum elec-
trode guarded by a diffusible membrane. The blood carbon dioxide tension 1s measured
by determining the pH of anaerobically separated plasma and of the same plasma after
equilibration with other known carbon dioxide tensions  This latter techmque stl requires
scrupulous care, particularly in the speed and temperature of plasma separation and also
very accurate pH determinations

Throughout this section it has been assumed that during air breathing the blood leaving
the alveoli 1s 1n almost complete oxygen equilibrium with the alveolar gas, that any depres-
sion of the arterial oxygen tension below the calculated alveolar figure 1s caused by
tegional underventilation. This assumption 1s largely true n the normal subsect both at
restand on exercise. It is also true in the vast majority of patients with lung disease at rest,
unless they are 1n severe respiratory failure with marked hypoventilation. This aspect will
be elaborated in the section on dilfusion

Findings in lung disease In patients with chronic obstructive respiratory disease there
15 evidence of gross disturbances of blood and gas distribution. The dead space (normally
under 30 per cent) may be over 50 per cent This means that a third of the gas normally
entering well-perfused alveol passes to portions of lung where there 1s no effective perfu-
sion - Simularly the percentage of venous admixture (functional shunt due to perfusion of
underventilated alveoli} may reach levels of up to almost 50 per cent of the cardiac output.
In particular cases the increase of dead space and venous admixture do not go hand
hand. Some patients, particularly the less disabled, show a large dead space with httle
venous admixture and arterial desaturation This suggests that there 15 a regional reduc-
tion of alveolar perfusion without marked regional hypoventilation In others, there may
be a considerable increase of venous admixture with only a slight increase in dead space.
This would suggest that regronal alveolar hypoventilation 1s the predominant feature.
Mos.t severe cases show considerable but vanable increases 1n both dead space and venous
admixture, It has long been considered that chronic obstructive respiratory disease (loosely

Zalledbpulmona‘ry emphysema) has many different types of anatomical and functional
ssturb- - -» * s . )

Pat uncomplicated by massive
fibrosis zly normal dead space and
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moderate increase of venous admixture, This accords with the slight arterial desaturation
found 1n these patients.

The Diffusing Capacity

The true diffusing capacity of the lungs is easy to define and impossible to measure
with complete preciston. t is the amount of gas (usually oxygen is considered) that crosses
the alveolar-capiliary membrane per unit gradient of oxygen tension in umt time. Thss
membrane 1s, 1 fact, a complex structure consisting of alveolar exudate, alvealar epithe-
hum, mnterstitial ussue and capillary endothelium, In the usual methods of measurement,
the impedance of the capillary blood plasma and red cell envelope and internal fluid to the
passage of oxygen are alsomncluded The accessibility of reduced haemoglobin (a function
of capullary blood volume, haematoerit and venous oxygen saturation) and the kinetics
of the oxyhaemoglobin reaction all have a further effect on the values obtained. If these
structures or factors are considered as seral impedances to the passage of oxygen from
alveolus to haemoglobin molecule and the final combination with the haemoglobin, then
the impedance of the true alveolo-capillary membrane 1s probably of the same order as
the impedance due to plasma, red cell envelope and the finnte rate of combmaton of
oxygen and haemoglobin. Thus ordinary methods measure an apparent diffusing capacity
which 15 about half the true diffusing capacity of the alveolar-capillary membrane Ina
normal subject (1-8 sq. m. B $.A.) the apparent diffusing capacity 1s of the order of 20
m! /mm. Hg/min. at rest (can be considerably higher, lower Itmit about 15), and increases
over fourfold on severe exercise. As the normal resting oxygen uptake 1s of the order of
250 ml./min., the mean oxygen tenston gradient between alveolus and haemoglobin is of
the order of 13 mm. Hg.

Measurement. As the diffusing capacity 15 most intimately related to the state of the
pulmonary circulation, it 1s worth briefly reviewing the methods of measurement.

Two-level oxygen method By consideration of the alveolar and blood oxygen tensions
and knowledge of the mean gradient (see below) in normal subjects, Lilienthal and Riley
(1954} showed on firm theoretical grounds that during air breathing the blood comes wto
almost complete oxygen equilibrium with the alveolus just over half-way through the
alveolar captliary (see Fig. 14). The small alveolar-arterial blood oxygen tension gradient
(up to 8 mm, Hg) in the normal subject 1s almost entirely due therefore to sight distr-

butional defects, that 1s the shght underventilation of some alveol! (about three per cent
venous admuxture) If the normal subject breathes a fower percentage of oxygen (12 per
cent) then a very different state of affairs obtains. Owing to the characteristics of the oxy-
haemoglobin dissociation curve there is now a very much smaller initial oxygen tension
gradient between alveolus and capiltary blood (25 mm. in contrast to 65 mm. when
breathing atr) and the diffusion of oxygen is therefore slower (see Figs. 13 and 14)‘ Further
the blood has a far greater capacity for oxygen (small rise of oxygen te{lsion_per unit volume
increase of oxygen content) at these low levels, and the oxygen tension rises more slowly
during 1ts passage through the capillary. Under these conditions therefore there is sm]l a
significant diffusion gradient between alveolus and capillary blqod at !he end of!ht}alveo ar
capillary. As the blood oxygen tension changes far less with unit chang’:S of OXY%SS
content at these levels of oxygenation, the small normal venous admixture (i Ye‘i}l;’;l;:z y

has no significant effect on depressing the oxygen tension of the blood leaving 85,
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Thus in air breathing the alveolar-arterial gradient (about 8 mm Hg) is almost all due
to distribution (venous admixture component) and a quite nunute amount due to the
diffusion gradient (membranc component) When breathing 12 per cent oxygen the
alveolar-arterial gradient (about 6 mm.) 1s almost all due to the end-capillary gradient
(membrane component) and a quite nsignificant amount due to distributional defects
(venous admixture component). If then the alveolar-arterial oxygen tension gradient is
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measured while breathing low oxygen mixtures, the diffusing capacity (apparent) can be
casly determined

I Oxygen uptake
Di =
iffusing capacity Mean alveolar-capillary O, tension gradient

The oxygen uptake 15 determined by spirometry, the alveolar oxygen tension by alveolar
Bas sampling or by the alveolar equation using the artenal P, and the mean capillary
Oxygen tenstons from the nitial (mixed venous blood Po) and final (artenal blood Pg,)
pulmonary capillary tensions ,

In patients with lung disease 1t cannot be assumed, as 1n normal subjects, that either
the venous admixture component or membrane component (final alveolo-capillary gra-
dient) of the alveolar-arterial oxygen tension gradient 1s neghgible at erther level of oxygen
breathing. The alveolar-artenial gradient 1s measured at two levels of inspired oxygen and

s Ny
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by use of grap}'ls and trial and error, the only mean alveolo-capillary gradient (and thus
dlﬂ“u;mg cagacny) and venous admixture values that will give the approprate alveolar~
arterial gradient (membrane plus venous admixture components) at each level of oxygen-
ation are determned. The solution 1n each case is unique. This 15 an elaborate technique
Tequinng considerable skill and special faciiiies. The levels of blood oxygenation have
to be such as to cause considerable changes in the order of the membrane and venous
admixture components of the A-A gradient, Further extreme hypoxia 1s to be avoided for
the patient’s safety and to ensure that there are not marked changes in ventilation and its
distributton (venous admixture) or in the cardiac output (diffusing capacity) However,
this method has been described in so far as 1t has greatly added to our knowledge of lung
physiology and has a new and exciting future with the development of the more precise
methods of blood-gas tenston measurements previously mentioned.

Carbon monoxide techmques. In view of all these difficulties 1t is not surprising that
workers turned once more to the early and apparently simple technique used many years
ago by Marie Krogh (1915) In this method the subject breathed very low concentrations
of carbon monoxide which 1s taken up by the haemoglobin with such aviduty that its tenston
mn the pulmonary capillary could be assumed to be zero. The patient’s lung volume was
determined and then he took one fairly large breath of a known carbon monoxide mixiure
The mitial alveolar carbon monoxide concentration could be calculated from the degree of
dilutton of the known inspired volume 1 the known Jung volume The breath was held for
a number of seconds and then an alveolar sample was obtained after deep exprration As
the fall in alveolar carbon monoxide concentration 1s exponential during the pertod of
breath holding, the mean alveolar concentration could be determined from the imtial and
final values. As the capillary carbon monoxide tension 1s zero this figure 1s also the mean
alveolar-capllary carbon monoxide gradient The amount of carbon monoxide a@sorbcd
over the period could also be calculated from the lung volume during breath holding and
the fall in alveolar concentration. The diffusing capactty for carbon monoxide was then
calculable. As the relattve diffusion coefficients of gases are a simple function of solubthity
and molecular weight, the diffusing capacity for oxygen 1s easily determined Changes in
diffusing capacity due to changes 1 lung circulation and lung volume dunng lung'expan—
sion and the transient apnoea have been shown to be unimportant in normal subjects

When this method 15 used to study patients with lung disease, certain difficulties arise
The 1itial alveolar carbor monoxide concentration is no longer untform throughout the
tung alveoli owing to poor gas distribution (unequal alveolar ventilation) and both the
deep insprration and alveolar gas sampling afterwards pose further problems. Hehum
15 used to measure, as 1t were, the effective ventiiated volume and resultant difution, b}n the
diffustng capacity will still contain 2 distributional element \\{hen this vaiue 1s used in the
caleulations A further difficulty 1s that the rate of combination of carbon monoxide and

lobi ges very derably with different oxygen tensions. A.lthough there
will be lower carban monoxide concentrations 1n poorly ventilated alveoli, the gas will
combine more rapidly with the haemoglobin than at norma'l or higher oxygen fensions
It is a nice example of scientific ingenuity that by studies at different levels ofoxyge;at!on
this apparent difficulty 15 now being used to differentiate the true mctml;;z::nc b'mz:::g
capacity fromthe apparent diffusing capacity, which s mfluenced by the rate of com

of gas with haemoglobin.

L
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The uptake of carbon monowide during steady breathing has also been measured
spirametrically and the alveolar tension of the gas determined by calculating the dead space
from the arterial and expired Peo, and applying this figure to the expired Poo  The results
of these techniques are afso affected by poor gas distribution,

Diffusing capacity and exercise. It has already been stated that the diffusing capacity
(apparent) increases with exercise. The precise causes of this rise are not fully known as
yet. At the commencement of exercise the diffusing capacity nises at almost the same rate
as the cardiac output and pulmonary blood flow 1t has been shown that the actual volume
of blood in the pulmonary capillaries rises from resting values of 80 ml to values of up to
170 ml. This increase in capillary blood volume will cause them to be distended and
thus the total surface area of the alveolar-capillary membrane will be increased. It 1s
probable that it also becomes thinner. Another possible mechanism which would sncrease
the diffusing capacity is the opening up of capillaries which are collapsed n the resting
state. This is considered to be a likely occurrence but is not yet proven. The time of the
transit through the pulmonary capillary has been estimated to be 0-75 sec. in the resting
state. 1f the total cross section of the pulmonary capillaries were unaltered, then with a
fivefold increase of cardiac output on severe exertion, the time of transit would falito 0-15
sec. This increased rate of passage would not effect the total amount of oxygen diffusing
into the circulating blood in unit time with increased velocsty, but a fall of pulmonary
venous and artenal saturation could occur if the velocity outstripped the diffusing capacity
with a resultant fali of body oxygen tensions However owtng to the increased capillary
volume and calibre, the increased capillary velocity 1s not exactly proportional to the
increase of cardiac output and the time of transit is thought to be of the order of 0-3-0-4
sec on maximal exertion.

Studies of the separate increases of the true diffusing capacity (alveolar-capillary
membrane) and the changes of accessibility of haemoglobin to oxygen (capillary blood
volume particularly) during considerable exercise show that the ncrease of the latter 1s
almost twice that of the former.

Diffusing capacity and lung disease. It 1s only in recent years that even approximate
estimations have been made of the diffusing capacity in vanious lung diseases. In chrome
respiratory obstructive disease {asthma or bronchitis with emphysema) of any severity the
diffusing capacity 15 reduced both at rest and on exeraise  In patients studied by the “two
levels of oxygenation” technique, the dead space, venous admixture and diffusing capacity
can all be measured simultancously. Increased dead space and venous admixture both
infer the presence of lung in which there 1s reduced or no gas exchange (ventilation or
poorly or non-perfused alveoli; perfusion of poorly or non-ventilated alveol)) One would
therefore expect the diffusing capacity (which 15 largely a measure of the size and nature of
the effective blood-gas interface) to be reduced m proportion to the sum of the venous
admixture and increased dead space. This has been found to be the case. If there 15 also
a reduction of capillary bed throughout the whole lung then the diffusing capacity should
be even lower than would be calculated by merely subtracting the fraction of diffusing
capacity lost by dead space and venous admixture effects. Although present techniques
are not yet accurate enough to be certai, there is a strong suggestion that the diffusing
capacity is shghtly less than the values obtained by this calculation

If there is variable and reversible mmpairment of regional lung ventilation caused by
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by use of gmp}}s and trial and error, the only mean alveolo-capillary gradient (and thus
diffusing capacity) and venous admixture values that will give the appropriate alveolar-
arterial gradient (membrane plus venous admixture components) at each level of oxygen-
ation are determimned. The solution in each case is unique. This is an elaborate techmque
requirtng considerable skill and special facilines The levels of blood oxygenation have
1o be such as to cause considerable changes in the order of the membrane and venous
admuxture components of the A~A gradient. Further extreme hypoxia is to be avotded for
the patient’s safety and to ensure that there are not marked changes 1 ventilation and its
distribution (venous admixture) or i the cardiac output (diffusing capacity). However,
this method has been described m so far as 1t has greatly added to our knowledge of lung
physiology and has a new and exciting future with the development of the more precise
methods of blood-gas tension measurements previously mentioned
Carbon monoxide techniques. In view of all these difficulties it 1s not surprising that
workers turned once more to the early and apparently simple technique used many years
ago by Marze Krogh (1915). In this method the subject breathed very low concentrations
of carbon monoxtde which 1s taken up by the haemoglobin with such avidity that 1ts tenston
1 the pulmonary capillary could be assumed to be zero. The patient’s lung volume was
determined and then he took one fairly large breath of a known carbon monoxide mixture.
The 1mtial alveolar carbon monoxide concentration could be calculated from the degree of
dilution of the known mspired volume in the known Jung volume The breath was held for
a number of seconds and then an alveolar sample was obtamned after deep expiration As
the fall 1n alveolar carbon monoxide concentration 1s exponential during the period of
breath holding, the mean alveolar concentration could be determned from the nmiat and
final values. As the capillary carbon monoxide tension 15 zero this figure 15 also the mean
alveolar-captllary carbon monoxide gradient. The amount of carbon monoxide absorbed
over the period could also be calculated from the Jung volume during breath holding and
the fall in alveolar concentration. The diffusing capacity for carbon monoxide was then
calculable, As the relative diffusion coeffictents of gases are a simple function of solubility
and molecular werght, the diffusing capacity for oxygen 15 easily determined Changes in
diffusing capacity due to changes m lung circulation and lung volume durmg lung expan-
ston and the transient apnoea have been shown to be unimportant in normal subjects
When this method is used to study patients with lung drsease, certain difficulties arise.
The imitial alveolar carbon monoxide concentration 1s no longer uniform throughout the
lung alveoli owing to poor gas distrtbution (unequal alveolar ventilation) and both the
deep wspreation and alveolar gas sampling afterwards pose further problems Helum
e o ws mo e mes dheaffandsa wanddnted volume and resultant difution, but the
element when this value 1s used in the
“combrnation of carbon monoxide and
haemoglobin changes very considerably with different oxygen tensions. Although there
will be lower carbon monoxide concentrations 1n poorly ventilated alveoli, the gas will
cambine more rapidly with the haemoglobin than at normal or higher oxygen tenstons.
It is a nice example of scientific ingenwity that by_studies at different levels of oxygenation
this apparent difficulty is now being used to differentiate the true membrane diffusing
capacity fromthe apparent diffusing capacity, which is influenced by the rate of combination

of gas with haemogiobm.
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control of blood circulation through the various parts of the lungs has not yet been dis-
cussed.

Despite an enormous amount of research this question has not yet been resolved.
Investigations in both animals and have so far yiclded many contradictory results
However, the following facts arc reasonably established. The pulmonary circulation has
pressor feceptors in great profusion, both in the arteries and veins. Afferent impulses have
been demonstrated in the vagus, synchronous with pulsatile changes in the pulmonary
circulation, and independent of systemic circulatory pressure changes. Under carefully
controlled experimental conditions in dogs, both vasoconstrictor and vasodilator responses
can be obtained by varying degrees of stimulation of both the sympathetic and vagal supply
of the lungs. Acetylcholine, when injected into the pulmonary circulation n sufficiently
small doses 1o avoid systemic responses, causcs a shight fall in the pulmonary vascular
resistance in both animals and humans. Ganglion-blocking agents appear to cause a fall
in pulmonary vascular resistance, particularly if 1t is already abnormally raised by other
experimental or pathological factors. This action 1s extremely variable and more work
needs to be done. Great care is needed to prevent the experimental conditions from alter-
ing the lung mechanics, blood volume or outflow pressures, or causing secondary eflects
on (h‘c systemic circulation. Thesc findings, at present, have little or no practical appltcation
in clinical medicine nor do they help our understanding of the distribution of pulmonary
blood flow in health and discase.

More definite evidence is available concerning the effect of reduced oxygen tensions
on the pulmonary blood distribution. If cither an animal or man breathes low tensions
of oxygen (1012 per cent), then there is a defimte rise in the pulmonary vascular resistance
The outflow pressure of the lungs remains unaltered and at is therefore considered that
there is a reduction of the calibre here in the pul y circul This response
appears to be quite independent of autonomic nerve supply and activity. Itis generally
considered to be due to vasoconstriction in the small pulmonary artenes (calibrel100-1000
#) which contain muscle in their walls, but this 1s far from certan  The arterioles feeding
the alveolar capillaries have thin walls without muscle and the local alveolar tenstons
cannot therefore act dircctly on the small muscled pulmonary arteries. There may be a
local axon reflex from alveolus to small pulmonary arteries capable of vasoconstriction,
but no chemoreceptors have been demonstrated in the alveoli erther functionally or mor-
phologically. As a fall in alveolar oxygen tension must cause a simular fall of tension 1n the
blood 1n the capillaries and venules downstream, it has inevitably been suggested that these
structures, despite the lack of a muscle coat, may be capable of active changes in calibre
Whlch. are initiated by local hypoxia. This has been investigated by a most unusual dog
experiment. The circulation through the lung was reversed so that the unsaturated blood
passed through the veins, was oxygenated in the alveoli and passed on to the pulmonary
artery. A change from air breathing to the breathing of low oxygen tensions still caused
anincrease in vascular resistance This would indicate that this increase 1s not due to low
OXygen tensions acting in the venules downstream, although an alveolar-venular axon
reflex 1s still a remote possibility. Further if there is an alveolar-pulmonary artery axon
reflex it 15 ¢ pletely ind Jent of the pul ry arterial blood oxygen tensions. A
local hypoxic action on the alveolar capillaries is still an important possibility. It is known

th‘"‘f"l’ﬂlarms can change thetr calibre independently of the perfusing pressure in a most
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varying degrees of airway obstruction, due to asthma or bronchtis, then the total effective
blood-gas mterface and diffusing capacity will fall, Tt will be obvious therefore that the
diffusing capacity will not have a fixed value in a particular person with this disease. Itis
for this reason that a single measurement of the diffusing capacity does not reliably assess
the permanent lung damage. Further, although the diffusing capacity is on the whole
lower 1n those patients with the severest disease and respiratory obstruction, 1t is not an
entirely reliable indication of the prognosts of the patient.

Patients with severe emphysema are unable to increase their diffusing capacity to any
marked degree on exercise. The development of a severe degree of arterial blood desatur-
ation on exercise is due to this imitation of diffusing capacity rather than a further decrease
of distributtonal efficiency.

In lung fibrosis (pneumokoniosis, scarring after tuberculosis or lung suppuration) the
diffusing capacity is not usually greatly impaired Unless there 1s added chronic resptr-
atory obstructive disease, gas and blood distribution remain fairly efficient and the volumes
of non-functioning lung are not as great as the X-ray picture suggests. The alveolar
capillaries and walls are relatively normal.

Lung diseases causing loss of function of large volumes of lung (massive lung suppura-
tion, extensive bronchiectass or cystic disease) or resection of lobes or a whole lung would
be expected to reduce the diffusing capacity 1n proportion to the amount of lung affected.
This is not entirely true as the increased blood flow through the remaining lung mcreases
the capillary volume, blood content and surface area, at least at rest and during moderate
exercise.

There are a number of diseases in which abnormal tissues occur in the alveolar wall
(sarcordosts, scleroderma, beryllium granuloma, asbestosts, Hamman-Rich syndrome,
unclassified granulomata and reticuloses). The diffusing capacity 1s marnly reduced
because of the increased impedance to the passage of oxygen through the alveolar walls.
However, many of these patients also suffer an actual reduction of blood-gas interface and
of diffusing capacity due to alveolar underventilation and interference with capillary
circulation (as judged by increased venous admixture and dead space). The stnking
correlation between the increase of dead space and venous admixture suggests, however,

that many of the alveoli causing venous admixture and dead space effects are the same
alveol: which are still ventilated and perfused but without any significant gas exchange
The dead space is almost always more increased than the degree of venous admixture and
this would suggest that capillary circulation may be more interfered with than alveolar
ventilation. These patients rarcly show marked artenal desaturation and cyanosis at rest,
except in the terminal stages. This is due to the normal large initial alve_olay-caplllelpl
oxygen tension gradient (60 mm. Hg) which is further increasefi by hyperve.nulauon. Asin
severe emphysema the limited diffusing capacity becomes strikingly manifest on exercise
when these patients become extremely cyanosed and distressed

Distribution of Blood Flow to the Lungs

-#+-~ right ventricular output to the lungs has b‘een con-
underventilated alveoli in both normal subjects and
as 1o whether there is any local, autonomic or central
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control of blood circulation through the various parts of the lungs has not yet been dis-
cussed.
Despite an cnormous amount of research this question has not yet been resolved.

h

Investigations in both animals and have so far yielded many contradictory results.
However, the following facts are rcasonably established. The pulmonary circulation has
pressor receptors in great profusion, both in the arteries and veins. Afferent impulses have
been demonstrated in the vagus, synchronous with pulsaule changes in the pulmonary
circulation, and independent of sy cteculatory pressure changes. Under carefully
confrolled experimental conditions in dogs. both vasoconstnictor and vasodilator responses
can be obtained by varying degrees of sumulation of both the sympathetic and vagal supply
of the lungs. Acetylcholine, when injected into the pulmonary circulation in sufficiently
small doses to avoid systemic responses, causes a shight fall in the pulmonary vascular
resi! in both animals and t Ganglion-blocking agents appear to cause 2 fall
in pul y vascular ¢, particularly «f 1t 1s already abnormally raised by other
expenimental or pathological factors, This action is extremely variable and more work
needs to be done. Great care 1s needed to prevent the experimental conditions from alter~
ing the lung mechanics, blood volume or outflow pressures, or causing secondary effects
on the systemic circulation These findings, at present, have little or no practical application
1n clinical medicine nor do they help our understanding of the distribution of pulmonary
blood flow in health and disease
More definite evidence 1s available concerning the effect of reduced oxygen tensions

on the pulmonary blood distribution  If either an animal or man breathes low tensions
of oxygen (10-12 per cent), then there is a defimite rise in the pulmonary vascular resistance.
The outflow pressure of the lungs remains unaltered and 1t 15 therefore considered that
there 15 a reduction of the calibre Sl:mCthre n the pulmonary circulation. This response
ar . . . e ! : . ) b v
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cannot therefore act directly on the smail muscled pulmonary arteries There may be a
local axon reflex from alveolus to small pulmonary arteries capable of vasoconstriction,
but no chemoreceptors have been demonstrated in the alveols either functionally or mor-
phologically As a fall in alveolar oxygen tension must cause a similar fall of tenston in the
blood i the capillaries and venules downstream, 1t has mevitably been suggested that these
structures, despite the lack of 2 muscle coat, may be capable of active changes 1 calibre
which are imtiated by local hypoxia. This has been investigated by a most unusual dog
expenment  The airculation through the lung was reversed so that the unsaturated blood
passed through the veins, was oxygenated in the alveoli and passed on to the pulmonary
artery A change fr>m air Bronthemm ¢a ¢ha hmaneto o 1 ) T .
an Imcrease 1N vas™ iir resistar

oxygen tensions ~ung in the . . ,
refiex 1s still a 7 aote possibility. Further if there 1s an alveolar-pulmonary artery axon
reflex 1t is completely independent of the pulmonary arterial blood oxygen tensions, A
local hypoxic ~ction on the alveolar capillaries is still an important possibility, Itis kn(;wn
that capillarics can change their calibre independently of the perfusing press;lre in a most
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extraordinary manner. The breathing of carbon monoxide without hypoxia causes a fall
m pulmonary vascular resistance and this 1s thought to be due to a loss of tone caused by
enzymatic poisoning in the capillary walls. 1t is conceivable that metabolic changes
induced by hypoxia might cause an increase in capillary tone These observations and
speculations serve to emphasize our very limited knowledge of pulmonary circulatory
physiology.

The reduction of regional blood flow by local alveolar hypoxia has been well established
1 antmals and humans. If a mawm bronchus 1s blocked or fed low oxygen tenstons then
the poor oxygenation of half the cardrac output causes a considerable fall of artertal blood
saturation Inanmmals (dogs) the artenial saturation becomes almost normal in about 10-20
mm. showing a dramatic reduction of the blood flow through the hypoxic Jung. In the
human this effect, although present, is not so marked or consistent.

There 15 no doubt that the reduction of blood fiow to poorly ventilated (hypoxic) lung
is advantageous providing there 1s adequate available oxygen and functioning lung else-
where However, under general hypoxic conditions or with widespread lung disease, such
a mechanism may be dangerous to the organism. There 1s evidence that there are central
mechanisms which override these local adjustments if the total organism is threatened by
dangerous hypoxia. The hypoxic increase m pul ry vascular r in dogs wilt
disappear 1f the arterial blood saturation falls below about 55 per cent,

‘With regard to the effect of high carbon dioxide tension on the general or locat putmon-
ary circulation, a number of experiments suggest that 1t has an action similar to but less
marked than hypoxia. Results however are conflicting and the mmportance of carbon
droxide 1n this role 1s dented by several weighty authorities. A definite correlation between
the level of arterial Py, and the degree of pulmonary hypertension has been shown in
chronic obstructive resprratory disease but these may merely be common findings late in
the disease and causally unrelated

Finally, there are the effects of mechanical changes n the lung on the local circulatton,
If a lung or lobe collapses then the circulation falls proportionately, Thus 1s thought to be
primarily due to mechancal obstruction of the circulation rather than to the fail in local
ventilation which, however, must also play a part. In an ingentous anmmal experiment
a lung was filled with oxygen and then blocked. Oxygen is rap:dly absorbed under these
condutions and the lung collapsed completely in 5 mm. The lung circulation fell paré passu
with the degree of collapse, again suggesting that the reduction of flow was mainty due to
mechamical causes

There is also evidence that if the compliance of a portion of lung decreases, the local
blood flow is also reduced. This may be partly due to a resultant reduction in ventila}ion
and alveolar oxygen tension. There are, however, expermental data that there is a
collapsing effect on the smal} pulmonary veins or venules under these conditions The
effect of increased negative pressure across the lung is of considerable interest, 1f airway
resistance 15 normal the alveolar pressures do not alter very greatly from atmosphertc

pressure. As negative intrathoracic pressures are transmitted smmediately 1o the whole
pulmonary circulation there must be some collapsing effect on tl}e nlveolarv vessels when
the endothoracic and endovascular pressures fall. In ngrm_al subjtgts there is a slight fali
of left ventricular output and pulse pressure on inspiration. This 15 more marked in
h increased negativity of intrapleural pressure. A markedly weakened puisc on

patients wit
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inspiration is described as pulsus paradoxus, a confusing term as it occurs toa leS§er degree
in normal subjects. Pulsus paradoxus (not due to pericardial constriction) is usually
attributed to an increase in the capacity of the pulmonary vascular bed on inspiration, It
could also be explained by a transient damming back of blood by increased alveolar vessel
resistance. Pulsus paradoxus1s very marked in conditions (asthma, acute bronchitis) where
there is greatly increased airway resistance. The laboured and delayed expiration empha-
sizes the phenomenon. In these patients there is considerable negativity of alveolar pres-
sure on inspiration owing to airway resistance and capillary compression is unlikely to be
marked. The pulsus paradovus effect may be largely due to a direct fall in aortic and arterial
pressures due to the extreme negative intrathoracic pressures occurnng on inspiration,
rather than actual changes 1n stroke volume.

Finally, let us consider the changes in regional lung circulation in lung disease. It1sa
matter of common observation that there is a great reduction in blood flow to diseased
areas of lung as the arterial saturation and venous admixture 1s frequently normal in
patients with quite severe local disease (bronchial blockage, Jobar pneumonia, bronchiec-
tasis, local distortion or overdistension, tuberculosts, collapse) In the case of collapse this
reduction may be largely t 1 and not . Inlobar p the reduc-
tion in flow may be partly related to the great decrease in compliance (see above) or in-
creased alveolar pressure as well as local hypoxia. In mfective conditions (tuberculosis,
bronchiectasis with local infections), endartentis and thrombosis must play an important
part. The exact role of the local hypoxic vasoconstriction is therefore exceedingly difficult
to assess under these varied conditions.

The maintenance of a large flow of blood through underventilated alveoli in chronic
obstructive respiratory disease has been demonstrated and described 1n the previous
section, It has already been suggested that there are limitations to the local correlation
of ventilation and perfuston when the condition 1s widespread, and that central mechan-
1sms may inhibit excessive local vasoconstriction A number of workers are now attempt-
ing to assess the magnitude of local vasoconstriction 1n underventilated alveoli in lung
disease by eliminating 1t with acetylcholine infusion and studying the resultant venous
admixture changes. The possible adverse effect of drugs given to combat * bronchospasm™

on regional vascular adaptations to local decrease of ventilation 1s another interesting
field of study.

Lung Blood Volumes

It has always been an attractive hypothesis that certain regions of the body circulation
act as reservoirs and contamn a considerable volume of blood which can be made rapidly
available elsewhere 1n circulatory emergencies such as haemorrhage, marked changes of
posture or exercise. If such reservors exist, then certam vessels containing considerable
volumes of blood must be able to rapsdly reduce their capacity under certain conditions
and increase their capacity once more when the emergency 1s over This would demand
extremely compliant vessel walls (large changes m volume with small change n endo-
vascular pressure) or a rapid change 1n the comphance 1tself due to vasometrtc action.
The former action 1s more likely 1n the venous system and the latter in the arterial system.

. Joseph Barcroft considered that blood reservoirs were contained in the abdomnal
circulation, particularly the spleen. Recent work has not confirmed this and it 1s now
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extraordinary manner., The breathing of carbon monoxide without hypoxia causes a fall
m pulmonary vascular resistance and this is thought to be due to a loss of tone caused by
enzymatic poisomng 1n the capillary walls. It is concevable that metabolic changes
induced by hypoxia might cause an increase in capillary tone. These observations and
speculations serve to emphasize our very limited knowledge of pulmonary circulatory
physiology

The reduction of regional blood flow by local alveolar hypoxia has been well established
tn animals and humans. If a mam bronchus is blocked or fed low oxygen tensions then
the poor oxygenation of half the cardiac output causes a considerable fall of arterial blood
saturation. Inanmimals (dogs) the arterial saturation becomes almost normal in about 10-20
mim. showmng a dramatic reduction of the blood flow through the hypoxic lung. In the
human this effect, although present, 1s not so marked or consistent.

There 1s no doubt that the reduction of blood flow to poorly ventilated (hypoxic) lung
1s advantageous providing there is adequate available oxygen and functioning lung else-
where However, under general hypoxic conditions or with widespread lung disease, such
a mechanism may be dangerous to the organism, There 15 evidence that there are central
mechanisms which override these local adjustments if the total orgamism 1s threatened by
dangerous hypoxia. The hypoxic increase 1 pulmonary vascular resistance 1n dogs will
disappear if the arterial blood saturation falls below about 55 per cent.

With regard to the effect of high carbon dioxide tension on the general or local pulmon-
ary circulation, a number of experiments suggest that it has an actton simlar to but less
marked than hypoxia Results however are conflicting and the importance of carbon
dioxide 1n this role is dented by several weighty authorities. A defimute correlation between
the level of arterial Peo, and the degree of pulmonary hypertension has been shown in
chronic obstructive respiratory disease but these may merely be common findings late in
the disease and causally unrelated N

Finally, there are the effects of mechanical changes in the lung on the local circulation.
If a lung or lobe collapses then the circulation falls proportionately. This 15 thought to be
prmarily due to mechanical obstruction of the circulation rather than to the fall inilocal
ventilation which, however, must also play a part. In an ingenious antmal experiment
a lung was filled with oxygen and then blocked. Oxygen is rapidly absorbed under these
conditions and the Jung collapsed completely 1n 5 min. The lung circulation fell pari passe
with the degree of collapse, again suggesting that the reduction of flow was mamly due to
mechanical causes.

Fhere is also evidence that if the compliance of a portion of lung decreases, the IO‘Cﬂ|
blood flow is also reduced. This may be partly due to a resultant reduction in ventilation
and alveolar oxygen tension, There are, however, expertmental data that ¥here 152
collapsing effect on the small pulmonary veins or venules under these conditions The
effect of increased negative pressure across the lung is of considerable interest 1f airway
resistance is normal the alveolar pressures do not alter very greatly from atmospheric
pressure. As negative intrathoracic pressures are transmitted immediately to the whole
pulmonary circulation there must be some collapsing effect on the alveolar vessels whcll‘ll
the endothoracic and endovascular pressures fall. In normal subjects there 1s 2 slight fa
of left ventricular output and pulse pressure on inspiration. This is more marked in
patients with increased negativity of intrapleural pressure. A markedly weahened pulse ont
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imspiration is described as pulsus paradoxus, a confusing term as it occurs to a lesser degree
in normal subjects. Pulsus paradoxus (not due to pericardial constriction) 1s usually
attributed to an increase in the capacity of the pulmonary vascular bed on inspiration. It
could also be explaned by a transient damming back of blood by increased alveolar vessel
resistance. Pulsus paradoxus is very marked in conditions (asthma, acute bronchitis) where
there is greatly increased airway resistance. The laboured and delayed expiration empha-
sizes the phenomenon. In these patients there is considerable negativity of alveolar pres-
sure on inspiration owing to awrway reststance and capillary compression is unlikely to be
marked The pulsus paradoxus effect may be largely due to a durect fall in aortic and artenial
“pressures due to the extreme negative intrathoracic pressures occurring on inspiration,
rather than actual changes in stroke volume,

Finally, let us consider the changes in regional lung circulation 1n lung disease. It is a
matter of common observation that there is a great reduction in blood flow to diseased
areas of lung as the arterial saturation and venous admuxture is frequently normal in
patients with quite severe local disease (bronchial blockage, lobar pneumonia, bronchiec-
tasis, Jocal distortion or di bereul Hap In the case of collapse this
reduction may be largely mechanical and not vasomotor. In lobar pneumonia the reduc-
tion 1n flow may be partly related to the great decrease in comphance (see above) or in-
creased alveolar pressure as well as local hypoxia. In infective conditions (tuberculosis,
bronchiectasis with local infections), endarteritis and thrombosis must play an important
part. The exact role of the local hypoxic vasoconstriction 1s therefore exceedingly difficult
to assess under these varied conditions

The maintenance of a large flow of blood through underventilated alveoli in chronic
obstructive respiratory disease has been demonstrated and described in the previous
section. It has already been suggested that there are limitations to the local correlation
of ventilation and perfusion when the conditron is widespread, and that central mechan-
1sms may 1nhibit excesstve local vasoconstriction A number of workers are now attempt-
g to assess the magnitude of local vasoconstriction m underventilated alveoli n lung
disease by eluminating it with acetylcholine infuston and studying the resultant venous
admuxture changes. The possible adverse effect of drugs given to combat * bronchospasm

on regional vascular adaptations to local decrease of ventilation is another interesting
field of study.

Lung Blood Volumes

It has always been an attractive hypothesis that certain regions of the body circulation
act as reservotrs and contain a considerable volume of blood which can be made rapidly
available elsewhere in circulatory emergencies such as haemorrhage, marked changes of
posture or exercise. If such reservoirs exist, then certain vessels containing considerable
volumes of blood must be able to rapidly reduce their capacity under certain conditions
and increase their capacity once more when the emergency is over, This would demand
extremely comphant vessel walls (large changes in volume with small change 1n endo-
vascular pressure) or a rapid change in the compliance itself due to vasometric action.
The former action 1s more likely in the venous system and the latter in the arterial system,

_ Joseph Barcroft considered that blood reservoirs were contained in the abdominal
circulation, particularly the spleen. Recent work has not confirmed this and it is now

Ve



52 PULMONARY FUNCTION AND CIRCULATION

considered that sudden demands for increased blood volumes in any part of the body are
met by a decrease of both arterial and venous capacity in the parts of the general circula-
tton not affected by the emergency. The lung circulation makes an equal but propartion-
ately larger contribution, Owing to the very slight arterial vasometricity and small and
relatively fixed capillary blood volume in the pulmonary circulation, it 1s considered
that the smaller pulmonary veins are probably the main site of blood volume variation
in the lungs.

Let us first consider the methods employed to determine the blood volumes and their
changes in the Jungs and chest
. Ifaknown amount of dye (or any tracer substance, i.e. radioactive material) is injected
into the bital ven, the ration of the dye can be followed in the brachial
artery after the blood concerned has passed through the whole chest circulation, The mean
dye concentration during the time the dye passes the samphling pomnt gives a measure of
bloed flow (cardiac output) as follows:

Amount of dye injected
Mean dye concn. x time to pass sampling point

Flow =

The volume of blood 1n the vessels between mjection and sampling point is determined

as follows”
Flow

Time of ciren. from myn. to sampling point

Volume =

For these equations to be valid the dye must be mixed equally throughout ail the blood
1n the system studied, and the mean circulation time must teuly represent the mean velocity
of all the blood 1n the system. The passage of the dye through a ventricle greatly helps
muxing, but these assumptions are not entirely valid.

Changes in blood volume 1n the lung can also be determined by changes in total and
functional residual capacity. If ths technique is combined with trunk and limb plethys-
mography some measure of the shifting of blood volumes in the circulation can be obtained

The volumes of vartous parts of the “chest” circulation can be determined by injecting
and sampling dye at many different poits (right atrium, pulmonary artery, left atrum,
aorta, etc.). Ventricular and atrial volumes are also measured by various stereoscopic
radiological technigues using radio-opaque mjections and cmé-radiography The blood
volume measured from superficial arm vemn fo brachial artery is termed the central or
thoracic blood volume It varies from 1-75 to 2-6 litres and 1s about one-third of the total
blood volume. It is estimated that the volume of blood in the systemic venous and arterial
system 1ncluded in this estimation 1s about 0-3 htres. Of the remaining b]ogd (1-45t0
2-3 litres) about three-quarters is in the Jung circulation and one-quarter 15 in the heart
chambers, Estimations of the mean volumes in the right and left heart by dye and
radioscopic techniques yielded figures of 550 and 130 mi. respmivg:ly. A “duect” dye
estimation of the volume of blood m the lungs during thoracotomy in three cases gave a

mean value of 1-76 lntres,
1 a subject lies down then about n
to the upper body. Three-quarters of this

600 ml. of blood are shifted from the lower extremities
blood is accommodated by the chest and it is
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4 that, apain, three-quarters of the increase in thoracic blood volume is in the
pulmonary circutation. No marked change in abdominal blood volume has been found.
There 1s a fall in the pulmonary bload volume, not only oa standing but also under condi-
tions causing systemic vasodilatation (amy! nitrite, heat, spinal or gencral anaesthesia),
after reduction of total circulating blood volume (haemorrhage) and during positive
pressure breathing.

Siostrand has carefully surveyed the quesuon of reservorr action during conditions
demanding 2 new distribution of blood (shock, exercise) and considered that the effects
of the thoracic “reserve” and of the reduction of the capacity of systemic beds by arterial
and venoconstriction are probably about equal.

For the reasons already mentioned the thoracic “reserve” blood is thought to be mainly
1n the smatter vems of the lung and not the farger vessels. The accessibiity of the thoracic
teserve blood to the left ventricle may allow a sharp nise of ventricular output in early
exercise before there is an mcreased return of blood to the heart. The residual ventricular
blood is very small (about 20 ml) and this could make little contribution under these
condittons.

The reader is warned that the accuracy of many of these volume determinations is still
in doubt and that the figures given are very approximate and are only to provide the reader
with some idea of the probable order of the volumes concerned.
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CHAPTER 4

THE NATURE OF PULMONARY HYPERTENSION

By JOHN GOODWIN

THE term pulmonary hypertension is commonly used to denote arterial hypertension, but
the 1mportance of pulmonary venous hypertension must not be forgotten, and there 1s
much to be said for qualifying pulmonary hypertension with the appropriate adjective,
artersal or venous.

As has been pointed out 1n Chapter 2, the study of the physiology of the pulmonary
circulation bristles with difficulties and differences of opmion Enormous gaps still exist
in the knowledge of basic mechanisms, and physiological measurements are difficult and
capricious.

Nevertheless, from the chnical standpoint much has been learned about the pulmonary
circulation 1n recent years, and while some assumptions are inevitable, the results of
chmical expertence based upon haemodynamic study permit a logical assessment of the
chnical disorders which affect the pulmonary circulation.

Pulmonary Arterial Hypertension

By definition, this exists when the pulmonary artery pressure exceeds the maximum
normal limit, defined by Wood (1956) as 30/15 mm. Hg, measured from the sternal angle,
the maximum normal mean pressure being 22 mm Hg

The principal factors which maintain pulmonary arterial pressure are the output of the
night ventricle, which determines the pulmonary flow, and the resistance to flow offered
by the pulmonary vascular bed. Other factors are certainly concerned also, such as pul-
monary blood volume, respiratory movements, and elasticity and inflation of the lungs.
Pulmonary artenal hypertension can occur when either or both the pulmonary flow and
the vascular resistance is increased, and may be classified as follows:

1. Hyperdynamc { Increased pulmonary flow
Low pulmonary resistance
1wl -

¥

2. Obstructive { o P Y1
Low pulmonary flow

a. Passive.

b. Vasoconstrictive.

¢, Obhterative

This dlassification is modified from that of Wood (1956). Fig. 15 shows the sites of
obstruction and the possible causes.

N
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Obstructive pulmonary hyperteasion

In its widest sense this term denotes hypertension resulting from a lesion which increases
resistance to flow and hinders blood from entering or leaving the pulmonary vascular bed.
It includes lestons of the left ventricle, left atrium, and pulmonary veins, capillaries and
arterioles The pul ry vascular resi: 15 thus elevated.

A. Passive pulmonary hypertension occurs when elevated pressures in the left side of the
heart are transmitted to the pulmonary artery, and therefore results from antecedent
pulmonary venous or postcapillary hypertension arising distal to the pulmonary capillary
bed It occurs in mitral stenosis, in tumours of the left atrium, and 1n left ventricular
failure, and will be discussed further under pulmonary venous hypertension.

B. Vasoconstrictive pulmonary hypertension denotes artenial hypertension due to
constriction of the arterioles from any cause. Good evidence that acute vasoconstriction
can occur was obtained by Gorlin er al. (1958), who noted a rise in pulmonary artery pres-
sure and fall 1n output n a patient with 1diopatnc pulmonary hypertension in whom a
stellate block was being attempted. It is now believed that there are a number of precipi-
tating factors, notably certain drugs, alterations 1n oxygen tension of the pulmonary
artersal blood, antecedent pulmonary venous hypertension, and prolonged and excessive
pulmonary blood flow 1n certain cases of congenital heart disease. It 1s probable also that
pulmonary arterial hypertension itself tends to provoke vasoconstriction, leading to a
vicious circle (*Reactive Hypertension”, Wood (1956)). The syndrome of primary or
1diopathic pulmonary hypertension may be an example of vasoconstriction from unknown
cause, but 1s perhaps better considered 1n the group of obliterative hypertension.

1 Hypoxia The recent studies of Harris et al (1956), have confirmed the generally
accepted view that hypoxia can cause pulmonary vasoconstriction (Chapter 2). In patients
with cor pulmonale the right ventricular systolic pressure varies inversely with the arterial
oxygen saturation, the former reaching high levels No relation between cardiac index and
night ventricular systolic pressure has been found, which would be expected if hypertension
were due to wcreased output (Mounsey ez al., 1952). The way in which hypoxia causes
vasoconstriction 1s uncertain, but a direct effect upon the arterioles of low oxygen tension
1n the pulmonary arterial blood is thought probable, although a reflex mechanism has
been postulated, and the eflects of hypoxia can certainly be very complex (Aviado ef al.,
1957) (Chapter 2) Results of the effect of sympathetic denervation of the lung on vaso-
constriction nduced by hypowa are conflicung, and the matter remains undectded.
Cournand (1957) has shown that eight to ten per cent oxygen gtven to one lung caused no
alteration in the partition of blood flow between the two lungs and no rise in pulmonary
arterral pressure. But when 12 per cent oxygen was given to both lungs, a considerable
rise 1n pressure occurred, which led him to postulate the presence of a local reflex producing
vasoconstriction and actuated by the low oxygen tension 1n the alveolar gases. Whatever
the mechamism of hypoxic vasoconstriction, its practical applications are of the greatest
mportance It explains why pulmonary heart fatlure can be precipitated so easily by lung
mfecﬁons which impair ventilation and respiratory exchange, and why oxygen 1s so mpor-
tant in treatment.

To regard pulmonary hypertension in chronic respiratory disease as merely the result
of vasoconstriction and increase in output would be to oversimplify a complicated problem,
Many factors such as unequal ventilation of different parts of the lung, shunting of
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Hyperdynamic pulmonary hypertension

This occurs where the pulmonary blood flow is greatly increased past the limit of
elasticaity of the puimonary vascular bed. It will be recalted that the normal pulmonary
vascular resistance 1s very low, and a considerable increase in flow, probably up to three
times the resting cardiac output, can be accommodated in the distensible and elastic
pulmonary vessels without a mse In pressure. For example, on exercise in the normal
person the pulmonary blood flow rises, and the resistance falls as the vessels dilate, and
therefore the pressure does not significantly increase. Brofman e al, (1957), have shown
that when the pulmonary artery is completely occluded the total circulation can be
accommodated 1n the other lung with a decrease 1n pul ry lar resistance But
when the it of elasticity 1s reached, a hinear relationship between pressure and flow
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appears, the system acting as a series of rimd tubes, each increment of ﬂgw adgxng a
similar increment of pressure. Generally, very large flows, greater thap 15 litres/min. are
necessary before the pressure rises. Such circumstances may be met in severe anaem;a,
multiple arteriovenous fistulae, Paget’s disease of bone, hyperthyroidism, cor pulmonale,
tic disease, and vitamun B deficiency
hep;fl:st ls; !he’se condrtions have i common an wcreased plasma volume! high cardiac
output and vasodilatation The pulmonary b}ood vessels are normal, but in some cases
such as cor pulmonale, an element of obstrucuge h{‘pgrte:sxon may be added, so that very
i monary artery pressure may be attained. R

hlg}’ll':fevgilgoilgry bloéyd ﬂowyii7 mereased In congenital heart fiiseas_e with left u; ngl;t
shunt. The small pulmanary blood yessels are often normally distensible and Znybli};g:a:
tension therefore solely hyperdynamic. But in many cases vasoconstrictive and o

tive changes existand aggravate the hypertension. These will be fully discussed in Chapter 9,
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Obstructive pulmonary hypertension

In its widest sense this term denotes hypertension resulting from a lesion which increases
resistance to flow and hinders blood from entering or leaving the puimonary vascular bed
1t includes lesions of the left ventricle, left atnum, and pulmonary veins, capillaries and
arterioles  The pul y vascular resi 15 thus el d.

A. Passive pulmonary hypertension occurs when elevated pressures in the left side of the
heart arc transmitted to the pulmonary artery, and therefore results from antecedent
pul TY VEnous or p pillary hypertension ansing distal to the pulmonary capillary
bed. It occurs in mutral stenosss, in tumours of the left atrium, and in left ventricular
faiture, and will be discussed further under putmonary venons hypertension

B. Vasoconstrictive pulmonary hypertension denotes arterial hypertension due to
constriction of the arterioles from any cause. Good evidence that acute vasoconstriction
can oceur was obtained by Gorlin et al, (1958), who noted a rise in pulmonary artery pres-
sure and fall 1n output n a patient with 1diopathic pulmonary hypertension 1n whom a
stellate block was bemng attempted 1t 1s now believed that there are a number of precipi-
tating factors, notably certamn drugs, alterations 1n oxygen tension of the pulmonary
arteral blood, antecedent pulmonary venous hypertension, and prolonged and excessive
pulmonary blood flow 1n certain cases of congenital heart disease. It 1s probable also that
pulmonary arterial hypertension itseif tends to provoke vasoconstriction, leading to a
victous circle (“Reactive Hypertension™, Wood (1956)) The syndrome of primary or
1diopathic pulmonary hypertension may be an example of vasoconstriction from unknown
cause, but 1s perhaps better considered 1n the group of obliterative hypertension

1 Hypoxia The recent studies of Harris ef al (1956), have confirmed the generally
accepted view that hypoxia can cause pulmonary vasoconstnction {Chapter 2), In patients
with cor pulmonale the right ventricular systolic pressure varies inversely with the arterial
oxygen saturation, the former reaching high levels. No relation between cardiac index and
right ventricular systolic pressure has been found, which would be expected 1f hypertension
were due to increased output (Mounsey ef af , 1952) The way in which hypoxia causes
vasoconstriction 1s uncertain, but a direct effect upon the artenoles of low oxygen tension
1n the pulmonary arterial blood 1s thought probable, although a reflex mechanism has
been postulated, and the effects of hypoxia can certamly be very complex (Aviado et al,
1957) (Chapter 2) Results of the effect of sympathetic denervation of the lung on vaso-
constriction induced by hypoxia are conflicung, and the matter remains undecided
Cournand (1957) has shown that eight to ten per cent oxygen given to one lung caused no
alteration 1n the partition of blood flow between the two lungs and no rise 1n pulmonary
arternal pressure  But when 12 per cent oxygen was given to both lungs, a considerable
rise 1n pressure occurred, which led him to postulate the presence of a local reflex producing
vasoconstriction and actuated by the low oxygen tension 1n the alveolar gases. Whatever
the mechanism of hypoxic vasoconstniction, its practical applications are of the greatest
mmportance. It explains why pulmonary heart fatlure can be precipitated so easily by lung
mfecglons which impair ventilation and respiratory exchange, and why oxygen 1s so impor-
tant in treatment.

To regard pulmonary hypertension 1n chronic respiratory disease as merely the result
of vasoconstriction and increase in output would be to oversimplify a complicated problem.,

Many factors such as unequal ventilation of different parts of the lung, shunting of
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Hyperdynamic pulmonary hypertension

This occurs where the pulmonary blood flow is greatly increased past the limit of
elastictty of the pulmonary vascular bed. It will be recalied that the normal pulmonary
vascular resistance is very low, and a considerable merease m flow, probably up to three
times the resting cardiac output, can be gocommodated in the distensible and elastic
pulmonary vessels without a rise 1 pressure. For example, on exercise in the normal
person the pulmonary blood flow rises, and the resistance falls as the vessels dilate, and
therefore the pressure does not significantly increase Brofman et af (1957), have shown
that when the pulmonary artery 1s completely occluded the total circulation can be
accommodated in the other lung with a decrease 1n pul, y 1 But
when the limit of elasticity 15 reached, a hmear relationship between pressure and flow
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appears, the system acting as a seres of rigid tubes, each mcrement of flow addwng a
stmular increment of pressure. Generally, very large Hlows, greater than 15 litres/mun. are
necessary before the pressure rises. Such circumstances may be met 1 severe anaemia,
multiple artertovenous fistulae, Paget’s disease of bone, hyperthyroidism, cor pulmonale,
e, and vitammn B deficiency X
hep;t[xgs;i lt;e‘a\;e’se conditions have in common an increased plasma volume, high cardiac
output and vasodilatation The pulmonary b}uod vessels are normal, but in sor;-:e cases
such as cor pulmonale, an element of obstrucn;e hlytperte;smn may be added, so that very
it nary artery pressure may be attatned, 3 .
hlgt’;‘}f: e;lsll:;ll;lrmyoblorgd ﬂowyxg mcreased wn congenital heart filseas_e with left u;: rxgeht
hunt The small pulmonary blood vessels are often normally dls!ensx.blc and any yper-
o solely hyperdynamic. But tn many cases vasoconstrictive and oblitera-

tenston me"f‘”eandaggmme:hehypenensfcm These will be fully discussed in Chapter 9.

tive changesexist
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of these drugs in an acute observation, but, as with drugs purporting to produce pul-
monary vasoconstriction, the way 1 which they act is confusing. Unless other effects,
such as heart rate, cardiac output and systemic blood pressure are ngidly controlled, false
deductions can be made. Further difficulties arise when the drug used has more than one
effect, such as adrenolytic, sympatholytic and local actions.

Reduction of pulmonary arterial pressure may be achieved in various ways—by a
reduction 1n cardiac output (by pooling of blood in the systemic vascular bed, decrease
of venous return, and reduced right ventricular stroke output); in certamn circumstances
by a reduction in systemic blood pressure, and by pulmonary vasodilatation When the
cardiac output falls, then the accompanyng fall m pulmonary arterial pressure must be
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regarded as passive, and secondary to this It follows that unless cardiac output 15 mea-
sured concurrently with pulmonary arterial pressure, no deductions whatever can be made
as to the mechanuism of pulmonary hypotension, should 1t occur. This difficulty is well
lustrated by the effects of ganglon blocking agents, espectally hexamethonum, wiuch
often lowers pulmonary arterral pressure, but which also frequently reduces systerc blood
pressure and cardiac output  The output has also been shown to fall without significant
reduction m systemic pressure. However, i a mmonty of subjects, pulmonary artery
pressure falls while cardiac output rises, without change 1n heart rate (Goodwin ef al.,
1958) (Fig 16). This finding provides strong presumptave, though not certain, evidence of
active pulmonary vasodilatatton, since the subjects studied had no evidence of imparred
left ventricular function and were not in left ventricular failure  Pulmonary hypertension
due to left ventricular failure also may be reduced by h honium, with cc

nise in cardiac output. The mechanism 1s probably release of systemic peripheral \"aso-
constriction, fall in systemic blood pressure, increase in left ventricular stroke volume,
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pquan{iry artertal blood through non-aerated areas of lung, uneven mixing of blood and
gases, dxm{smn block across the alveolo-capillary membrane, air trapping, carbon dioxide
retention, impaired bellows function of the lungs, impaired ventifation due o chest de-
formity, poor chest movement, and orgamc disease of the vessls may alt play a pars,
Mecliroy and Apthorp (1958) studied pulmonary function in patients with pulmonary
hypertension, but found no drrect relationship between the two, although pattents with
hypertension in general showed impairment of lung compliance and diffusing capacity,
Perhaps the postulate that hypoxia 1s the final common path is explanation enough, but
insufficient 1s known at the present time to be dogmatic on this point. These matters will
be discussed more fully in Chapters 11 and 12.

2 Pharmacology. The effect of drugs on the pulmonary circulation has already been
discussed 1n Chapter 2, but 1t 1s worth considering here the part which they may play in
producing, maintammng, or releasing pulmonary arteriolar vasoconstriction in pulmonary
hypertension Pressor drugs such as nor-adrenaline and phenylephrine have been said to
produce vasoconstriction in the pulmonary bed (Daley, 1957), but their effect on the pul-
monary circulation is not necessanily always the same as on the systennc, tn which the
normal resistance 1s eight times highes, owing to greater normal intrinsic tone in the syste-
muc arterioles. Histarune, a systemuc vasodilator, 1s believed to constrict the pulmonary
vessels, while the dihydrogenated alkaloids of ergot, which lower systemic peripheral
resistance by virtue of their adrenolytic and sympatholytic effects, have a direct pulmonary
vasoconstrictor action, The matter 15 comphicated further becanse drugs may augment
pulmonary artery pressure by mncreasing cardiac output or pulmonary venous pressure,
in additton to, or independent of, arteriolar vasoconstriction Thus nor-adrenaline has
been sald sometimes to raise pulmonary arterial pressure passively by raising pulmonary
venous pressure imtially, while 1-hydrazinophthalazine raises pulmonary arterial pressure
by increasing heart rate and cardiac output v

The effect of drugs in producing or mncreasing pulmonary hypertension to a dangerous
degree clinically is not thought to be great with the exception of Serotonin (Chapters 2
and 12), although 1-hydrazinophthalazine has potentially dangerous effects when severe
obstruction exists wn the left side of the heart, as in mutral stenosis (Ajtchison ez af., 1955).
It might be expected that pressor drugs such as ephedrine, adrenaline and sopropylnor-
adrenaline which are so frequently used to relieve wheezing, might cause pulmonary vaso-
constriction, which would be disadvantageous n mutral stenosts Personal experience with
1sopropylnoradrenaline given by mhalation during cardiac cathetertzation 1n patients with
mutral stenosis has not revealed any significant rise ;n pulmonary artery pressure. Tachy-
cardia and changes in cardiac output have been mimmal This indicates that, when given
by ighalation, no untoward pulmonary hypertensive effect xs.likely 10 oceur. However,
a warked tachycardia, which might be induced in sensitive subjects, would jncrease output
and pressure and would be undesirable  Alexander et al. (1958) did pot find any change
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with mitral valve disease, In animals with normal puimonary vasculature acute observa-
tions suggest that a rise 1n left atrial pressure can passively distend the pulmonary vessels
and increase blood flow (Chapter 8).

4. Excessive pulmonary arterial pressure and flow. Massive pulmonary blood flow due
to a left to right shunt in congemtal heart disease frequently causes hyperdynamic hyper-
tension, but 1n many cases the pulmonary vascular resistance is also raised, and this eleva-
tion 1s thought to be due to arteriolar vasoconstriction resulting from the increased flow
and pressure. Increased flow alone does not necessarily cause vasoconstriction, for a
normal pulmonary pressure and resistance may be found after many years of excesyve
pulmonary blood flow in some cases of atrial septal defect and of patent ductus arteriosus
(Chapter9) 1t is possible that conditions other than congemtal heart disease which cause
Tugh right ventricular output and pulmonary flow may act in the same way, but evidence 1s
lacking The problems of vasoconstrictive pulmonary hypertension in congenital heart
disease will be considered in detail in Chapter 9.

C. Obliterative pulmonary hypertension. This group comprises patients whose pul-
monary vascular bed has become obliterated by disease, and includes thrombo-embolism,
bilharzial disease, specific forms of arteritis (such as polyarteritis nodosa), strangulation
of the vascular bed by pulmonary fibrosis and emphysema, and many cases of *“ primary”
or idiopathic pulmonary hypertension, and of congenital heart disease with right to left
shunt (Eisenmenger Reaction) (Chapter 9). It 1s likely that the majority of cases of
obhterative hypertension are due to thrambo-embolism, specific forms of arteritis being
rare.

The elevated pul y arteriolar of organic arteriolar obstruction is not
accompanied by pulmonary venous hypertension But in certain types of congenital heart
disease progressive restriction of the pulmonary vascular bed follows vasoconstriction
(Chapter 9).

In obliterative hypertension the pulmonary resistance cannot be reduced by any
means, except perhaps reeanalization of thrombosed arterioles, and organic occlusive
disease can be demonstrated at autopsy. It is thus that the most simister and intractable
forms of pulmonary hypertension are found in this group

The contribution of bronchial-pul 'y artery a »ses to pulmonary hyperten-
sion is uncertain  Such communications are best seen in patients with pulmonary atresia,
when measurement of pulmonary artery pressure 1s not possible (Chapters 1 and 9).

The Important Distinction between Venous and Arterial Hypertension

Accurate clinical assessment of pulmonary hypertension requises a clear understanding
of the difference between the two major sites for obstructive pulmonary hypertension
The term **puimonary hypertenston™ 1s now too loose and should always be qualified by
the adjective venous or arterial. Absence of evidence of venous hypertension localizes the
site of the pulmonary vascular disorder to the arteriolar bed, and should exclude lesions
distal to it It must be remembered, however, that since preceding venous hypertension is
one of the common causes of arteriolar vasoconstriction, both venous and arsterial hyper-
tension of necessity often co-exist, as i mitral stenosis,
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reductf'on in left ventricular filitng pressure and pulmonary venous pressure, and hence
redugtwn in pulmonary arterial pressure. The action of digitalis on lowering pulmonary
arterial pressure in Jeft ventricular fallure may be ascribed to ncreased left ventricular
stroke volume with a resuitant rise in output This “passive” reduction m pulmonary
hypertenston 15 said to be accompanied by a reduction m pulmonary blood volume due
to a shift of blood to the systemic vascular bed. Direct “active ™ pulmonary vasodilatation
may perhaps occur in these circumstances, but definite evidence of this is lacking  Sarnofl”
et al. (1953) have shown in animals that the pulmonary vascular bed behaves passively, its
volume depending principally upon the volume of the systemic vascular bed, systemic
vasoconstriction causing a rise i pulmonary blood volume and in pulmonary vascular
pressures, while systemic vasodilatation has the reverse effect.
Good evidence of direct pulmonary arteriolar vasodilatation due to drugs is provided
by the work of Cournand and his colleagues (Harris et al., 1956), and Wood et a/. (1957),
with acetylcholine  The former showed n normal man that infusion of acetylcholine into
the pulmonary artery at a rate of 0-5 mgm. per min caused a shight fall in pulmonary
artery pressure, which was much greater when the pressure had been previously increased
by hypoxia, even when the hypoxia was mamntained. Thus fall was not secondary to reduc-
tion in pulmonary venous pressure The cardiac output, which had been mcreased by the
hypoxia, remained unchanged, or mcreased still further The implhcation, therefore, is
that acetylcholine produced vasodilatation in the lungs, the site bemng uncertan Wood
and his colleagues, studying patients with mitral is showed that acetylcholine pro-
duced a fall 1n pulmonary arterial pressure, with a rise tn pulmonary venous pressure.
Changes 1n systemic blood pressure were shight and usually in the direction of a ise The
cardiac output when measured showed a rise, no change, or a negligible fall. The associa-
tion of a rise 1n pulmonary venous pressure with a fall in pulmonary arterial pressure
offers strong evidence for drect active arteriolar dilatation  Furthermore, these results
support the concept of obstructive pulmonary arterial hypertension due 1o vasoconstric-
tion, and it 1s of interest that the fall of pressure was no greater when the initial pressute
was greatly elevated than when 1t was only moderately so, indicating the presence of
vasoconstriction of varying degrees of severity
3 Pulmonary venous hypertension. A raised pulmonary venous pressure 1s transmiited
back to the pulmonary artery, productng passtve pulmonary hypertension, for the mean
pulmonary artery pressure must be at least 10 mm Hg higher than the mean pulmonary
venous pressure in order to preserve the normal gradient Thus a mean left atnal {put-
monary venous) pressure of 20-30 mm Hg a mean pul ry arterial pressure
of 30-40 mm. Hg, which 1s above the normal maximum of 22 mm Hg (Wood, 1956)
Antecedent venous hypertension is now considered to precipitate arteniolar constriction,
which produces an elevated arteriolar resistance  Mitral stenosis 1s by far the commonest
cause of sustained left atrial and pulmonary venous hypertension, rarer causes bexqg left
atrial tumours, cor thatnatum, and stenosis of the pulmonary veins, Left ventricular
failure is the most frequent cause of less sustained left atrial hypertension vaden;e
obtained from studies 1n mutral valve disease and from oth;r sources suggests that the
i ble of active contraction and dilatation and are not mere passive
pulmonary veins are capa iol onstric-
dence for pulmonary venous hypertension causing arteriolar vasoc

es. The evi { s s s
:x‘:)t:\ has been mainly obtamed from haemodynamic and angiographic studies in patients
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present. Wade et al. (1956), however, found in mitral stenosis that the pulmonary arterial
pressure never fell without a preceding fall in left atrial pressure. This harmonizes well
with the concept of pulmonary arteriolar vasoconstriction being due to pulmonary venous
hypenenswn but leaves undecided the exact hanism of its production. These workers

lated a local reﬂex, infl ed by the ic nervous system. They cast further
doubt on the participation of the ic nervous system in the control of the pulmon-
ary vasculature when they failed to produce any fall in p lar resistance,
whatever the initial level, with the adrenergic blocking agen( hydcrgm (MacKinnon et al.,
1956).

Evidence for significant neurogenic control of the lung vessels in man is scanty, but can-
not be neglected. Experiments on perfused lungs of ammals, usually dogs, have been
beautifully executed and c:lrefully controlled by de Burgh Daly and his colleagues, and
well ized in the Sy on Pul y Circulation and Respiratory Function
in Dundee in 1956 (Daly, ]956) These experiments showed that both vasoconstrictor and
dilator fibres were present in the autonomic nerve supply of the lungs, and that most of
the constrictor fibres were sympathetic in origin with cell stations in the stellate and
muddle cervical ganglia, but with adrenergic postganglionic neurones. Accepting these
facts, it becomes necessary to know the site of acnon of the vasomotor nerve fibres, and
whether they have any appreciable fu 1 man 1n health and disease.

The site of action is still debatable. Daly (1956) states that vascular nerve impulses
may cause an intermittent and asynchronous constriction of pulmonary arterioles supply-
g individual parts of the lung, thus determining the number of localization of perfused
units. Intermuttent activity of alveolar capillaries and lobar bronch: has been postulated,
as has constriction of venules, which might serve as a control mechamsm for passively
dilating alveolar capillaries. If, as Daly suspected, some of the capillaries were constricted
m his lung perfusion experiments, then this would harmonize with the hypothesis that
stimulation of sympathetic nerves closes down pul 'y artery—pul y vein com-
municating channels or the larger alveolar capillares, causing a diminution of total Iung
flow or shunting of blood through a higher vascular resistance area of inactive or partially
constricted capillaries. Furthermore, Dawes (1958) has claimed the presence of both
pressure and volume receptors in the left atrium which might be concerned with arteriolar
constriction following pulmonary venous and left atrial hypertension Eliakim ez al. (1958)
have recently also suggested that receptors are present at the junction of the left atrium
with the pulmonary vein, for they noted a rise 1n pulmonary venous, arterial, nght ventri-
cular, and night atrial pressures, with no change or a fall in left atrial pressure and in

systemic blood pressure after intravenous infusion of 20 per cent saline 1n anaesthetized
dogs. Semler et al (1959) have failed to confirm this work, and have suggested that the
pressor effect of hypertonic saline 15 due to reversible agglutination of red cells 1n the
capillanes.

Evidence in favour of neurogenic vasoconstriction in pulmonary hypertenston in man
has been obtained to a limited extent from acute studies with drugs Thus Gilmore er al.
(1952) showed that h h d the red in pul y vascular
capacity due to vasoconstriction which normally occurs on assumung the upright position,
and deduccd from this that the pulmonary vessels must have a neurogemc vasoconstrictor

or h ium has no local vasodilator action in the doses used. Davies

5
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The Role of the Nervous System in Pulmonary Hypertension

Studies with ace}ylcholin? and hypoxia have shown that the pulmonary vessels have
the power to constrict and dilate actively. Whether or not this 15 achieved entirely inde-
pendently of the autonomic nervous system is a matter of controversy. The pulmonary
blood vessels are known to bp supplied by vasoconstrictor fibres through the sympathetic
nerves, the.ce]l stations lying in the stellate and middle cervical ganglia. The postganglionic
vasoconstrictor fibres are adrenergic, while there 15 some evidence that dilator fibres also
supply these vessels, even though the nerve endings to the pulmonary vessels are few and
hard to find It might be expected that the autonomic nervous system would play a
promunent part in pulmonary vasoconstriction, and might control the normal reactions
whereby vascular resistance varies with pulmonary blood flow and inflow pressure.
However, the evidence 1s far from clear cut  Cournand (Harnis ef af , 1956) has suggested
that hypoxic vasoconstriction 1n man occurs independently of the sympathetic nervous
system, for 1t is not abolished by sympathectomy.

Daley (1957), using dogs, found a direct correlation between the rise 1n pulmonary
artery pressure and fall in oxygen saturation of mixed venous blood, and believed the
vasoconstriction to be due to the direct effect of hypoxia rather than to a reflex mechanism.

Pulmonary hypertension was induced by causing experimental pulmonary embolism
in dogs with lycopodium spores by Daley (1957) and was uninfluenced by vagotomy and
anterior rhizotomy Furthermore, dogs on which a sympathectomy had previously been
performed showed a rise of pressure from 24/12 to 50/12 mm Hg after injection of the
spores, and their response did not differ from that in the ammal with an intact autonomic
nervous system. If these results can be applied to man, then the evidence would suggest
that embolic obstruction of the vascular bed 1s also uninfluenced by neurogenic mechan-
1sms

Lee et al. (1954) studied the systemuc arterial, net right atrial, pulmonary artenal, and
pulmonary capillary pressures simultaneously mn ten normal subjects performing the
Valsalva manceuvre. They found a marked rise 1n net pulmonary artenal pressure,
equivalent to the fise m net night atral pressure and pulmonary capillary pressure. The
rise 1n net pulmonary artetial pressure was not abolished by the previous mjection of a
ganglion blocking agent, tetracthylammonium chloride, as was the rise in systemic pressure,
and 1t was concluded that there was no evidence of neurogenic pulmonary vasoconstriction
These results conflicted with those of Greene and Bunnell (1950), who were able to abolish
the “overshoot™ in pulmonary arterial pressure with the same drug.

Other studies with ganglion blockmng agents have also produced conflicting results and
conclusions, due mamly to the confusion produced by effects on both the systemic and
pulmonary circulations Thus Sarnoff and Sarnoff (1952) belteve that the fall in pulmonary
artery pressure produced by these drugs 1s merely secon_dary 1o systemic vasodilatation and
displacement of blood from the lungs to the greater circulation,

Storstemn and Tveten (1954), in clinical studtes on patients with vartous types of pul-
monary hypertension, found that the fall in pulmonary artery and caprllary pressures was
of the same magnitude and order, and considered that the former was a passive confs;iz-
quence of the latter. This must be partly the case 1n patients with left v'emlncurlar 1tqsu s
ciency, but may not be so when mutral stenosis with normal left ventricular functton 1
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of diametrically opposed results from similar expertments by diﬂ"erem‘\.\orkers, and of
collateral evidence obtained by a variety of different indirect observations. Clearly no
dogmatic statement can be made with our present deficient knowledge of the pulmonary
circulation, a circulation which is unique in its property of accommodating a very large
blood flow at low resistance. From this it follows that the normal pulmonary vessel_s can
have little intrinsic tone. Few would argue that under experimental conditions in animals
the lung vessels have been shown to have a vasomotor mnnervation. .IL may well be that
under conditions of health, the neurogenic mechanism plays no part in pulmonary vaso-
constriction, and this would explain the negative results of Lee and his colleagues with th.e
Valsalva manceuvre n healthy persons. However, when the pulmonary circulation is
di: d and pul ry resistance elevated, then neurogenic influences may well be ca'lled
into play, and enough evidence has been quoted to suggest that this is likely 1n mitral
disease in which pulmonary venous hypertension stimulates reflex constriction of the
arteriolar bed. The failure of nerve section to prevent the pulmonary hypertension of
experimental pulmonary embolism is probably not a valid reason for discounting nervous
control, since the increased pulmonary resistance in this situation is presumably the result
of obliteration of the vascular bed, in which case sufficient vasodilatation to produce a
fall in pressure might not be possible It would be injudicious to speculate further on the
clinical 1mportance of neurogenic control of the pulmonary circulation. Many factors
are likely to be responsible for pulmonary hypertension, as has already been shown, and
future research may allocate to the nervous system a place of only minor importance.

At the present time the weight of informed opinion inchnes away from significant
neurogenic control. Time alone will show whether this atutude 1s correct.

Clinical Features of Pulmonary Hypertension
Pulmonary arterial hypertension

Hyperdynamic hypertension. When hypertension is due to lugh pulmonary blood flow
from increased cardiac output the patient may have few symptoms (other than some dysp-
noea on exertion) apart from those due to the condition which has produced the high rate
of flow Clinteal exammation reveals all the stigmata of the hyperdynamic circulation: full
volume, quick rising and bounding arteral pulse; raised jugular venous pressure with
normally balanced “a> and “v™ waves; and warm mosst vasodilated extremities. The
cardiac impulse is also hyperdynamic, and the heart may be enlarged. Pulmonary and
aortic ejection murmurs are audible, and the second heart sound 1s accentuated due to

ion of the pul ry component, and narrowly split, the spht increasing

normally on inspiration. Fig 17a shows the venous pulse in a patient with thyrotoxic

heart fatlure, and Fig, 17b the pulmonary ejection murmur and the accentuated pulmonary

galve closure in the same patient. Other physical signs will depend upon the underlying
1sease

‘When the 1ncreased pulmonary blood flow is due to a left-to-right shunt m congenital
heart disease, the signs of a high cardac output are absent, for the left ventricular output
is normal or reduced. The special signs in such cases will be described in full in Chapter 9.
. Following resolution of the disorder causing the high cardiac output, the signs of
increased pulmonary flow and pressure subside as the pulmonary artery pressure returns
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et al (1954) stud)fing patients with mtral stenosis, noted a marked fall in pulmonary
artery pressure, with no change or a r1se in cardiac output after hexamethonium. These
changes were unaccompanied by stgnificant alterations in systemic blood pressure or heart
rate, al}d these workers concluded that active pulmonary vasodilation had occurred and
that this was due to release of ncqrqgenically matntained vasomotor tone. Their results,
however, did not exclude the possibility of a small shift of blood from a rigid pulmonary
vascular bed into thg systemmc bed causing a fall in pulmonary artery pressure, but insuffi-
crent to effect cardiac output or systemic pressure. The counter argument that dis-
placement of small amounts of blood from the lungs would not be expected to produce a
profound fall in pulmonary arterial pressure might be applied to this suggestion. Support
for Davies and his colleagues came from Balchum er al. (1957) who showed a greater
decrease in pulmonary arteriolar than in total pulmonary or total peripheral resistances
after methonium 1 patients with mitral stenosis, which suggested release of pulmonary
arteriolar constrictron. They also considered that shifting of blood from the lesser to the
greater circulation was a factor n lowering pulmonary arteriolar resistance, However, 1t
must be remembered that calculations of resistances, which are dependent entirely upon
measurements of flow and pressure, may be fallacious n these circumstances, as shown by
Goodwin ¢t al, (1958), who noted that 1f the cardiac output fell more than the pulmonary
artery pressure after methonium, the calculated resistance actually rose. This result was
not, of course, due to vasoconstricion. These workers, however, reported a number of
cases in which the output rose and the puimonary artery pressure feli, in the absence of
significant changes 1n systemic blood pressure or heart rate (Fig. 16), and reiterated
the views of Davies et al. (1954) in favour of active vasodilatation by methomum They
surveyed the reported cases of mutral stenosis investigated with ganglion blocking agents,
adding thirty-two of their own, and pointed out that the effects of methontum were
variable and difficult to control and interpret in view of the systemic effects produced.
The effect on cardiac output was especially vaniable, about one-third of the total cases
showing a fall, a rise, or no change respectively. They quoted three cases from the hier-
ature 1n which the fall in pulmonary artery pressure was accompanied by a nise in cardiac
output and pulmonary venous pressure This response 1s similar to that obtained with
acetylcholine, and strongly suggests mhibition of vasoconstrictor arteriolar tone, which
must be neurogenically maintained 1f released by a ganghon blocking agent. The usual
respouse, however, in mitral stenosis, was a fall in pulmonary venous pressure, accompany-
mg a fall in arterial pressure, and favourmng the concept of arteriolar constrictton mttiated
by venous hypertension. It is possible that methoniure may block artenolar vasocon-
strictor impulses stmulated by receptors m the left atrium or pulmonary veins which are
sensitive to increased pressure. This will be further discussed m Chapter 8.

As has already been mentioned, Cournand and his colleagues, and Daley, fm‘lnd that
sympathectomy had no effect on the pulmonary hyp' ** - o oo
embolism respectively, Contradictory evidence has b
who reported clinical improvement after stellate bl R .
Furthermore, Aviado et al. (1957), working with dogs, claimed that pulmonary vasocan-
striction produced by hypoxia was dependent upon intact perivascular nerve fibres and
thoracic sympathetic nerves

1t will be seen from the foregoing that the evidence 13 indeed conflicting, both in respect
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to normal. Humerfelt ez o, (1958) have shown that the raised pulmonary arterial pressure
and flow in thyrotoxicosis fall when the patient becomes euthyroid. )
Obstructive hypertension. When the pulmonary v}\scular resistance is raised, the cardiac
output tends to fall, and in extreme cases the gutput is below normal, and tenfis to be fixed,
Ths produces a totally different clinical picture to that of hyperdynamic pulmonary
hypertenston. In the very severe case the symptoms are characteristic, and are best sllus-
trated by the condition of idiopathic pulmonaty hypertension, in which primary heart
discase is absent. The patient complains of extreme fatigue, especially on exertion;
dyspnoea 15 wsually present. Loss or disturbance of conselousness, espccxa.lly on or after
exertion, occurs, and iy referable to the mability of the cardiac oulpu.l 1o rise to meet the
demands of exercise; skeletal muscle vasodilatation occurs, the cardiac output falls, and
cerebral 1schaemia results, sometimes to the extent of epileptiform serzures  For the same

Tic 182 Raght atrial pulse (R A) 0 wdwpathue - - - -
pulmonary hypertension The atnal systolic R .

“a” wave exceeds the filfing pressure *v' .

wave

TR
. S v e
- R N ""\—’"\IJ_ =
. LT v e .
reasons, true angmal pam due to my dial isch may be pr d by exercise

even though the coronary arterses are themselves structurally normal.

The physical signs are charactenistic, The patient may be somewhat underweight, with
an anxious mien, and high colour over the malar regions The extremities are cold and
pale, and may be shghtly cyanosed. Clubbing, and cyanosis of the tongue and the nside
of the lips are absent unless there 1s a nght-to-left shunt present. The arterial pulse 1s small
while the jugular venous puise shows the characteristic tall, *a” wave, which often has a
charactenstic “flicking” quality, and can be easily made out preceding the carotid artery
pulsation The “a” wave is due to right atrial hypertrophy and hypertension and is most
prominent when the atnal and ventricular septa are closed, as 1n mitral valve disease, cor

i e, and 1diopathic pul y hypertension. The mean venous pressure 1s not
usually raised, unless heart falure is present, and the “a” wave therefore domunates the
*v" (Fig 18a). The normal “x” descent may disappear if tricuspid 1nc 3s oceurs
as a result of extreme right ventricular hypertension
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o, A W

ECG.

FIG 17a, Jugular phlebogram in thyrotoxic heart
failure Both the right atrial contraction wave

“a” and the filling wave,
and the x

(PHLEB = jugular phiebogram)

Fi6 17b Phonocardiogram 1n thyrotovic heart
fallure The pulmonary flow murmur m sys-
tole (SM) 15 welt seen, and the puimonary
valye closure sound (2 P) 1s accentuated
(L1CS = left intercostal space, Apex =
cardiac apxal impulse, A = aortic valve
closure )

**v™ are prominent,
and "y descents are normal
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The Prognosis of Pulmonary Hypertension
This depends mainly upon the underlying disease, and the state of the pulmonary
vascular bed. When hypertension 1s due solely to flow and vasoconstriction, the pulmonary
artery pressure may fall to normal Tevels when a left-to-right shunt has been removed, as

[ w RYP
b7

R RY
body outflaw

Rvp
gradient 1s much reduced vp = Right ventricular pressure as percentage

of left ventricular pressure  (Ventricular septal defect closed by Mr W P,

Cleland at Hammersouth Hospital ds tok; -]
e Ml BB, pampval dunng total cardo-pulmonry bypsss

m closure of a septal defect Reductton of pulmonary artery and right ventricular
pressures after closure of ventricular septal defect and infundibular resection 15 illustrated
by a Chl!d of five years with a pulmonary blood flow twice the systemuc flow (Fig 19).
The fall in pulmonary pressure after relief of diseases causing a high cardiac output, such
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The cardiac impulse 1s right ventricular in type, shown by a tapping or hfting pulsation
to the left of the Jower end of the sternum and in the epigastrum. The normal localized left
ventricular thrust is usuaily absent, and the diffuse right ventricular impulse may make
the heart appear deceptively quiet and small,

On auscultation, there is often a presystolic sound, due to right atrral hypertension,
best heard over the right ventricle and atrium. The first sound 1s followed by an early
systolic click and short ejection murmur due to blood entering the dilated pulmonary
artery under high pressure. The second heart sound 1s very narrowly split, and may
appear single, but the pulmonary component can usually be separated from the aortic by
deep mspiration, and is strikingly increased in ntensity. A faint high-pitched short early
diastolic murmur may be heard in the second and third left intercostal spaces if pulmonary
valve incompetence is present,

!
) !
AS € SM {
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PCG. J ) x'*
i e MS Bhamacct e ¢ o -
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2 . .t
‘( ponent increased (A = zorlic valve closure,
| P = pulmonary valve closure )
!
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{ o25Ee |

A pansystolic murmur, ncreasing on inspiration, at the tricuspid area 1s Present if
tricuspid 1ncompetence has occurred. Fig. 18b shows the phonocqrdiogram in severe
pulmonary hypertenston Signs of underlying heart disease, such as mitral stenosis, should
be looked for, although 1f the pulmonary resistance 1s really high, the left atnal flow may
be so restricted as to fail to produce the characteristic obstructive mitral murmurs and
sounds. This “silent” type of mitral stenosis will be discussed further in Chapter 8. .

1t will be realized that the foregoing description applies to extreme atterial hypertensiont
and that lesser degrees will show fewer signs. The atnial sound may be absent, the right
ventricle only slightly enlarged, and the pulmqnary closure. sound qu;mtely increased.
Only 1 severe cases are the signs of a low cardlgc output 9llmcally striking. -

The cardiogram shows varying degrees of l:xght ventricular, ar}d often' of. right fl]:l’;;l
hypertrophy, with sometimes a prolonged PR interval. The cardiographic signs will be
fu";l[}?:fu%e? i c‘hs:g:lesrgl.‘ pul y hypertension vary considerably according to the
cause and will be fully described in Chapter 5.
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stenosis the face 1s often moon shaped, while in severe pulmonary hypenension.it 18 gaunt

and with high colour in the cheek bones. The radiological appearances are discussed in

Chapter 5.
D

of severe pul ry hypertension from the Tetralogy of Fallot may be
difficult when cyanosis is slight, for in the Tetralogy, the aortic valve sound is well heard,
and the pulmonary frequently inaudible, while the systolic ejection murmur may be quite
soft, and end before the aortic sound, as a result of the overriding aorta and ventricular
septal defect. However, the “a” wave of the venous pulse is small, and the cardiogram
sometimes shows less florid right ventricular hypertrophy.

The signs of night atrial hypertrophy and hypertension, augmented jugular venous *a”
wave, atrial sound and large right atrum can result also from obstruction to right ventri-
cular inflow, best exemplified by tricuspid valve stenosis. The cardinal clinical differences
lie 1n the right ventricular impulse and last portion of the jugular venous pulse. In tricuspid
stenosis the right ventricle is quet and the left ventricle can easily be felt, while the “y”
descent of the jugular venous pulse is slow, indicating delayed night ventricular filling.
A tricuspid mid-diastolic murmur, which ereases in inspiration, 1s usually heard at the
tricuspid area. The second heart sound is normal unless pulmonary hypertension co-exists,
1n which case the right ventricle will be enlarged and the climcal diagnosis may have to rest
upon the character of the jugular venous pulse and the tricuspid murmur A systolic
murmur is often heard in tricuspid stenosis, especially when atrial fibrillation 1s present,
due to iated tricuspid p This murmur 1s maximal at the tncuspid area
and conducted up the sternum and towards the cardiac apex, and 1s fuill length, rather than
ejection, in type. Atrial fibrillation 1s probably more common in tricuspid stenosis than
m severe pulmonary hypertension, whatever the cause The cardiogram 1n dominant
tricuspid stenosis shows right atrial without right ventricular hypertrophy. Radiologically,
the only abnormality may be the large right atrium

Constrictive pericarditis may cause difficulty n climical differentiation, for the venous
pressure 1s raised and the “a” wave p but not ficantly overreaching the “v”.

v
The “x” and “y" descents are sharp. The venous pressure rises on ispiration. The right
ventricle 1s normal, the heart small and quiet, the second heart sound soft. The ejection
click is absent, and there 15 a well-marked third heart sound  Pulsus paradoxus, caleifica-
tion of the pericardium, and a cardiogram showing generalized low voltage and T wave
inversion make the distinction easier Fig 20 shows diagrammatically the differential
di is based on ltation and the jugular venous pulse.

2. Cardiac catheterization. Frequently, however, cardiac catheterization with measure-

ment of pulmonary vascular pressures and flows 15 necessary to confirm the diagnosis
[rm Attt St . f P N

between night ventricle and nght atnum as would occur with tricuspid stenosts,
For the correct mterpretal'lon of pulmonary hypertension, 1t 1s essential to relate
pulmonary pressure to flow It is necessary to calculate pulmonary vascular resistance, and

this may crudely be done by applying the formula: ;=R, where P=Mean arterial pressure,

F= Pulmonary flow in litres/min and R=Resistance. This gives an approximation of the
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as thyrotoxicosis, has already been quoted. Reduction of left atrial hypertension by
successful mitral valvotomy is followed by a further reduction in pulmonary vascular
resistance and arterial pressure (Chapter 8). It may therefore be said that when pulmonary
vasoconstriction or excessive flow can be relteved (usually by surgical means), then the
prognosis is good. When, however, the pulmonary vascular bed is obliterated, or the lung
parenchyma severely damaged, the prognosss ts grave. Thus, for example, when the
arteriolar bed is filted with minute embols, relentless pulmonary hypertension develops,
and is followed by progressive right ventricular failure and death in a few months, or at
the most, years. The same simster course occurs in cases of idiopathic pulmonary
hypertension n which extensive obliteration, rather than constriction, of the pulmonary
arteriolar bed has occurred (Chapter 12).

The prognosis mn patients with the E; ger Reaction (cc ital pulmonary hyper-
tension and right-to-left shunt) 1s better, and patients with ventricular septal defect or
patent ductus with right-to-left shunt may live unt:l middle age This 1s probably because
the defect acts as a **safety valve™ and prevents the pulmonary artery pressure from exceed-
ing the systemic, thus protecung the right ventricle somewhat, When the ventncular
septum and ductus are closed, the right ventricle 1s forced to work against an ntolerable
resistance, so that the pressure rises to well above systemic levels, with resultant right
ventricular failure. In patients with atrial septal defect, the Eisenmenger reaction occurs
late, and the prognosis 1s then usuaily poor (Chapter 9).

‘Whatever the cause, the gravity of the prognosis is directly related to the severrty of the
hypertension, but 1t s wise to regard appreciable pulmonary hypertension as a potentially
serious disease which should not be allowed to go untreated. There is no pulmonary
counterpart of bemgn systemic hypertension Furthermore, irreversible changes in the
pulmonary vessels may occur as a result of prolonged hyperdynamic and vasoconstrictive
hypertension, and the severe hypertension may be aggravated by secondary pulmonary
vascular obstruction,

The Diagnosis of Pulmonary Hypertension

1, Clinical. The diagnosis can be made at the bedside 1 many cases, especially the
more severe ones, and the clinical picture is an easy one to recognize. It must be stressed,
however, that most of the signs of pulmonary hypertension are in fact produced by right
ventricular and right atrial hypertension. Thus the enlarged right ventricle, right atnal
sound, augmented ““a* wave i the jugular venous pulse, small arterial pulse, and e}ectro-
cardiogram may be identical both in severe pulmonary stenosis with normal aortic root
and closed ventricular septum and in idiopathic pulmonary hypertension. In either case
the presence of digital c;ubbmg and central cyanosis may be the result of a right-to-left

t through a patent foramen orale. .
bhu'rll'htz diffcgrentiapl dragnosis can be made on the other auscultatory ﬁvndmgs In pulmon-
ary stenosis the short soft ejection murmur of pulmonary hypen;ns:qn is replaced.bya toud
long ejection murmur and thrill, and the second heart sound is widely sphit, with a vel;y
soft, sometimes inaudible, pulmonary valve component. The systohe murmur freguer;hg
passes through the aortic valve component amj runs up to the plu]m?nary, g;]v;lfnmy
impression of 2 diastolic murmur. The patients’ faces may give a clue, forin p



DIAGNOSIS 75

Total pulmonary _  Mean pulmonary artery pressure mm./Hg - umite
Vascular resistance Pulmonary blood flow 1n litres/min.

Mean pulmonary artery pressure minus mean
left pulmonary capillary “wedge” pressure = units
Puimonary blood flow 1n litres/mun.

Pulmonary arteriolar
resistance

These calculations of resistance are of course gross ovetsimplifications of a very compli-
cated situation (Chapter 2) The equation, while valid for a system of tubes of fixed
calibre, takes no account of variable flow in a highly complex vascular bed cqpable of
adapting itself rapidly to changes of flow and pressure over a wide range or of the influence
of pulmonary blood volume. However, this measurement will continue to be used untif
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Fic. 21 Contiuous pressute pulses from pulmonary artery (PA) and right
ventricle (RV) 1 severe pulmonary arterial hypertension ‘There 1s no
appreciable pressure gradient across the right ventricular outflow tract

better ones become available It should not be credited with a degree of accuracy which it
does not possess.

Calculated m this way, the normal pulmonary vascular resistance is around zero, the
maximum normal being 2 5 units. Five umts constitutes moderate and over ten units
extreme, obstructive hypertension It is implicit from the measurement that the higher
the resistance, the higher the pressure and the lower the flow. When hypertension is solely
hyperdynamic, the resistance is normal because both flow and pressure are high. Calcula-
tion of pufmonary and systemic flows in patients with intracardiac shunts will be discussed
in Chapter 9

3. Differential diagnosis. Having made a diagnosis of pulmonary hypertension at the
bedside by chnical ination aided by radiology and cardiography, it is necessary to
determine the cause. Hyperdynamic hypertension can usually be detected without
difficulty, especially 1f the combination of large arterial pulse and warm extremities with
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JUGULAR CARDIAL
VENOUS PULSE AN MRS
(LEFT STERNAL 80RDER)

PULMONARY i I
HYPERTENSION i 1’ e
(sEVERE) i
.
3
LoNE
PULMONARY
TENOSIS
GEVERE)

TRICUSPID
STENOSIS

L l gy Il I

1 3P

Fi6 20 Diagram of jugular venous pulsc and heart sounds and
murmurs 1n pure pulmonary stenosis, severe pulmonary art-
eral hypertension, tricuspid stenosis ahd cardiac constriction,
2ll in sinus thythm (Not to scale )

a = atral contraction
wave

x descents

v = atral filling wave
¥ = y descent

{see text)
A = atnal sound
¢ = click

M = gjection systolic murmur
1 = 1st heart sound
2 = 2nd heart sound
A = (aortic valve closure)
P = (pulmonary valve closure}
3 = 3rd heart sound
TMDM = tricuspid mid-drastohic murmur
TSM = tncuspid pansystolic murmur

total pulmonary vascular resistance. Pulmonary artertolar resistance may be calculated 1f
the pulmonary venous pressure is obtained indirectly by wedging the catheter in a small
‘ranch of the pulmonary artery, and subtracted from the mean artenal pressure (Chapter
8).



MANAGEMENT 77

Tt is thus apparent that the principal treatment of pulmonary hypertension 1s surgieal
and that the best results are o be expected in patients with vasoconstrictive and hyper-
dynamic hypertension, Surgery has little part to play 1 the relicf of obliterative hyper-
temston, as might be expected  In the Ersenmenger syndrome (Chapter 9), closure of the
septal defect or ductus 1s rarely beneficial, and may be fatal, for the safety valve has been
removed

When vasoconstricttve hypertension 15 due to chrome hypoxia resulting from fusg
disease, the pressure can be reduced if the arterial saturation can be increased (Mounsey
et al, 1952) Oxygen therapy, judiciously apphied (Chapters 10 and 11} may fower the
pressure, and antibiotics and bronchodilators are also of great importance, In chrome
hypoxic cor pulmonale, depression of thyroid function 1s said to produce some improve-
ment by reducing tissue axygen consumption and thus increasing the oxygen content of
mixed venous blood (Daley, 1957). Personal expersence, however, has been disappomnting.

When obliteration of the pulmonary vascular bed has resulted from thrombo-embolism,
then long-term or permanent anticoagulant therapy is rational treatment, and offers the
only prospect of improvement, or at least of preventing further thrombosis If the disease
can be diagnosed early, prot d anticoagulant t may be followed by resolution
of the pulmonary hypertension and 1s therefore of the first importance In patients with
obliteration or obstruction from other causes, anticoagulants have been given to prevent
theonset of thrombaosis which could be precipitated by stuggish blood flow through diseased
pulmonary vessels

Attempts to produce pulmonary vasodilatation by means of drugs have been disap~
pomting. Ganghon blocking agents and adrenergic bloching agents have been used with
hittle success. Although tolazoline often reduced the pulmonary artenolar resistance m
acute observations, hitile evidence is avimlable to ndicate that st s of value as fong-term
therapy. The same 15 true of hexamethonum  Dibenylene mjected mnto the pulmonary
artery of dogs abohishes the pressor effect of nor-adrenaline (Daley, 1957), but there 15 no
proof of its efficacy as a therapeutic agent It should in any case be avoided n subjects
with tendency to wheeze, since its adrenergic blocking properties may wmduce broncho-
spasm. Amnophytlin may be of some shight value, and has been shown to lower puimon-
ary arteriolar ressstance at cardiac catheterization It has the advantage of additional
cardiotanic and bronchodilator effects

Cortisone may be tried in patients with evidence of pulmonary artentss, but its effect
is unpredictable
<. §

ys or g} y has been pted but without notable success,
:mdlmlgg; case of wdiopathie pulmonary hypertension was stakingly meffective (Gorhn
efal, 3

There 1s thus little effective therapy for obliterative hypertension, and the chaiclan often
remamns mmpotent as the remorseless progress of the disease produces ncreasing right
ventneulor faddure  Then digitalis, and low salt diet, and dmretics are of value. It should
be clearly und d that such 15 merely ¢losing the stable door after the horse
has bok:cd and onty ayms at ing the ¢ 4 us of the disease, leaving the
disease itself unchanged.

At the present time, therefore, hyperdynamic and vasoconstnetive hypertension have
a good prospect of rehef by surgical means which remove the precipitating cause, if not
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a rused venous pressure js kept 1 mind as indicating a hyperdynamic circulatory state,
In many cases of severe obstructive hypertension, however, the cause may not readily be
apparent. It is vital therefore to decide whether the arterial hypertension 15 primary or
secondary to venous hypertension. Severe dyspnoea, especially paroxysmal, always
suggests venous hypertension, whereas tiredness, fainting and anginal pain suggest a high
arteriolar resistance. Signs of mutral valve obstruction, which may have to be diligently
sought, may answer this question, but the most helpful clinical indication of the presence
of venous hypertension 1s careful exammation of a good postero-anteror radiograph of
the chest (Chapter 5). It should be remembered that although mitral vaive disease 15 the
commonest cause of a mitral obstructive murmur enlargement of the left atrium and
pulmonary venous hypertension, other conditions such as left atrsal tumour can produce
the same picture (Chapter 8). Left ventricular fatlure due to systemic hypertension,
coronary artery disease, or aortic valve disease may also produce radiological signs of
pulmonary venous hypertenston (Chapter 5) However, these last conditions seldom
present a clinical picture which 1s dominated by the signs of pulmonary arterial hyperten-
ston

Fmal proof of pulmonary venous hypertension 1s obtamned by finding an elevated
pulmonary capiilary venous pressure, and this should always be sought, although often
hard to obtain when the small pulmonary arteries are markedly narrowed.

If evidence of pulmonary venous hypertension 1s lackmng then the obstruction hes
primarily 1 the artertolar bed, and the cause may be congenital heart disease (Exsen-
menger reaction), chronic lung disease, thrombo-embolism, pulmonary arteritis, or 1dio-
pathic pulmonary hyper The diag of the Ei reaction will be
considered in Chapter 9. Thrombo-embohe hypertension 1s suggested by a hustory of calf
vein thrombosis, or pulmonary mfarction and pleural pamn, but may be completely silent
Tests for auto-rmmunization and Collagen diseases may reveal evidence of a specific
pulmonary arteritis The diagnosis of chromic lung disease and cor pulmonale will be
considered in Chapters 10 and 12, and of idiopatiic pulmonary hypertension n Chapter 12

The cardiogram 1s not usually of value m distinguishung between different types of
precapiilary pulmonary hypertenston, but the presence of left atrial P waves 1s a valuable
guide to the presence of left atrial hypertension. Some form of nght bundle branch block
may suggest an atral septal defect, while in thrombo-embolic hypertension, T wave
mverston in right praecordal leads may be stnkmng {Chapter 7).

Radiologically, signs of bronchiectasis or pulmonary fibrosis may help to establish the
presence of underlying lung disease as the cause, or there may be evidence of a left-to-
right shunt ndicating congenital heart disease (Chapter 5)

The Management of Pulmanary Hypertension

= == -vhich

The essential basis of treatment of pulmonary hypertension 15 removai ?f the cause.
o o " ‘rten-

sion when a septal defect 1s closed surgicany (F1g. 1)
Relief of pulmonary venous hypertension by mitral valvotemy frequently leads to a fait
in arterial pressure and resistance and provides another striking example.
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delayed until irreversible changes have occurred. Obliterative hypertension is virtuaily
untreatable, except by anticoagulants, which may be combined with one or more vaso-
dilators in the hope that the progress of the disease may be halted.

REFERENCES

ArrcHISON, J. D, CRANsTON, W. O, and PRIesT, E. A, (1955) The eflects of I-hydrazinophthalazine on
the pulmonary circulation i mitral disease  Brut Heart J,, 17, 425,

ALEXANDER, J. K, Mist, J., DEnnis, E, W, and HERSHBERGER, R. L, (1958), Effects of Racemtc Epne-
phrine mhalation on cardiopulmonary function in normal man and in patients with chromie pul-
monary emphysema, Circnlation, 18, 235,

Aviano, D, M, Jr,, Ling, J. 8. and Scusior, C. F. (1957) Effects of anoxia on pulmonary circulation®
Reflex pulmonary vasoconstriction  Amer. J. Plysiol., 189, 253.

Batcuum, O. J, Gensint, G, and BLount, § G, Jr. (1957} The effect of Hexamethonum upon the
pulmonary vascular resistance 1n mitral stenosis. J. Lab. elin, Med., 50, 186.

BraUN, K., 1ZAK, G. and ROSENBERG, 3. Z. (1957). Pulmonary artertal pressure after Priscoline in mutral
stenosts. Brit Heart J., 19, 217

Brorman, B. L, CHARMs, B. L., Konn, P, M., ELDER, J., NEwMAN, R. and Rizika, M (1957) Unilateral

ulmonary artery occlusion in man. J thorae. Surg , 34, 206,

COURNAND, A (1957) Pulmonary circulation. 1ts control in man, with some remarks on methodology,
Scrence, 125, 1231

DaLEY, R (1957) The autonomic nervous system tn 1ts relation to some forms of heart and lung disease,
Brit. med J., ii, 249. .

Dary, L pe B, (1956). In *Pulmonary Ci and R y F P ’
Livingstone, Edmburgh, p. 1.

Daviss, L. G., Goonwm, J. F and Van LEUVEN, B. D. (1954)  The nature of pulmonary hypertenston in
tmitral stenosis  Brir. Heart J., 16, 440.

Dawes, G (1958) Pulmonary Circulation. Grune and Stratton, New York, p. 57,

EuakiM, M, ROSENBERG, S Z. and BRAUN, K. (1958). Effect of hypertontc saline on the pulmonary and

The effect of Hexamethonwum
ii, 898,
: Arentation and 1ts inhibition by

. . - toas . blocking agents in nuirat valve

Gorun, R , CLARE, F.B and Zuzxa, 1. 3. (1938)  kvidence of pulmenary vasoconistriction 1t man
Brit Heart J., 20, 346,

HawAGYL, D., Fetkar, B, Czirort, Z and Kovacs, G (1957) The effect of Serpasi! 1n pulmonary
. RS M TN O Y

J. E. and CoURNAND, A (1956). Influence of acctyl-

er normal and hypoxic conditions. Proc Soc. £xp.

o . " + «%  958) The airculation mn hyperthyrordism A cardiac
nt  Amer. Heart J., 56, 87.
. e o Y ' SCHAFER, E. P. (1954). The effect of the Valsalva

- e ont the systenuc and palmonary arterial pressure m man. Brit HeartJ, 16, 311
MAC!‘?“Q::J, L, Vlc&zni. C.H.F. and Wapr, E. G (1956) The effects of adrenergic blocking agents on
the pulmonary circulation in man. Brit. Heart J, 18, 442, i .
MclItroy, M. B and Apniors, G. H (1958). Pulmonacy function m pulmonary hypertension. Brif.
eart J , 20, 391,
"»-fez 1P D, Ritzsany, L W, Se

LVERSTONE, N. J., Briscoe, W. A and McLemore, G. A (1952).

mphysema DBrit HeartJ, 14, 153.
Resconaer v of y oederma 1. Cir

[T



RADIOLOGICAL ANATOMY 81

sigmificant alteration in the nomenclature or interpretation have been suggested and no
further important papers have appeared except for one by Herrnheiser (1951). This
author confirmed Lodge's observations and in some detail describes many normal varia-
tions of the segmental anatomy of the pulmonary arteries and veins in their arrangement
of supplying the various bronchopulmonary areas of the lung.

The study of post-mortem corrosion specimens has led Lodge and most other workers
to the Tusion that the radiological anatomy of the pulmonary arteres follows very
closcly the anatomy of the bronchual tree. The only important varsations are found in the
upper lobes where arterial branches may arise separately from the main upper lobe artery—
the so-called *tree-type™ of Herrnheiser, or where they arise from a common origin, the
“bush-type” (Fig. 22). Lodge added a third variety, a mixture of the tree and bush. The

¥ Q
A 4

Tree type Bush type
@ ®

Fic 22, Diagrammatic representation of the upper lobe arterial pattemns: (@) *Tree-type’”,
(b} **Bush-type™, (After Lodge.)

pulmoqary veins do not bear a close relationship to the bronchy, they tend to cross the
bronchi and pulmonary arteries at varying angles, and never run parallel to them.

A very detajled purely anatomical description of the vascular anatomy of the lung
can be found i Miller's monograph, “ The Lung” (1947), and in Boyden's book, Segmental
Anatomy of the Ling (1955).

Based on Lodge's descnpuon‘of the pulmonary vessels the following pattern with a

hat modified terminology is sug d which is 1n conformity with the bronchial
terminology.

The Main Pulmonary Arteries

Normally the greater part of the muddle segment of the left mediastinal border 15
formed by the main pl'nlmonary artery. The nght main pulmonary artery 1s longer than
the left and passes behind the superior vena cava It enters the lung anterior to the right
mamn bronchus and then immediately divides into the night upper lobe artery and the

intermediate artery which in turn gives off the branches for the middle and lower lobes.
3



CHAPTER 5

THE RADIOLOGY OF THE PULMONARY
CIRCULATION

By R. E STEINER

IN this chapger the radiological appearances of the heart and lungs, 1n so far as they are
conne d with the pul ry circulation, will be described and correlated with chimeal,
physiological and pathological data recorded 1n the other sections of the book,

Since the radiological interpretation of the pulmonary vessels largely depends on an
understanding of the normal and pathological radiological anatomy, it 1s intended m the
opening remarks to describe the radiological anatomy of the pulmonary arteries and
pulmonary veins

THE RADIOLOGICAL ANATOMY OF THE PULMONARY
ARTERIES AND VEINS

The advent of radiology at the turn of the century made a new method available for
the study of lung anatomy. For the first time 1t was possible to see the lung vessels topo-
graphically before dissection and to establish their relationship to the bronchi and the
various lung segments and sub-segments Numerous papers have been written both by
anatomists and radiologists in the past sixty years, referring to the radiological anatomy
of the pulmonary vessels and the bronchual tree. The first accurate and complete anatomi-
cal description of the bronchi, pulmonary arteries and veins in English dates back to
Ewart’s monograph 1n 1889 In 1922 the French radiologist Garcin was able to show that
the branching linear shadows seen on radiographs were 1n fact vascular and not due to
bronchial shadows.

The first radiological studies of the pulmonary vessels 1n the hving were not made
until 1931 when Momiz et al inyected a highly concentrated solution of sodium jodide into
the right atrium and were able to take films of the lungs as the contrast material outhned
the pul y vessels  Independently Forssman (1931) reported a very similar techmque
of examunation. Tomography, another method for the radrological study of lung structures
and particularly of pulmonary vessels, was described by Twining (1931). It was only 1
1936 that Herrnheiser referred for the first time to the homology of the vascular supply of
the right and left lungs and adopted a similar nomenclature for the vessels on both sides.
Herrnheiser’s fundamental work at that time laid the cornerstone of the study of the
radiological anatomy of the pulmonary vessels; the same author mn the following years
added many papers to the literature, enhancing our knowledge of the pulmonary c1rculf\-
tion. The first paper correlating the radiological y of the pul 'y vessels in
post-mortem injection studies with their appearance on plain mqlogmphs of the chest
in the normal and abnormal was presented by Lodge (1948). Since its publication no

0
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Right Upper Lobe Veins
(1) Apical.
(2) Anterior.
(3) Posterior.
(4) Medial.

The veins descend medially towards the mediastinum crossing the segmental upper
lobe arteries and the intermediate artery until they umite into one trunk which enters the
left atrium at the ostium of the superior pulmonary vein (Fig. 23).

Right Middle Lobe Artery
(1) Medial.
(2) Lateral.

Right Middle Lobe Veins
(1) Medial.
(2) Lateral.

Right Lower Lobe Arteries
(1) Apical.
(2) Retro-cardiac.
(3) Anterior basal.
(4) Lateral basal.
{5) Posterior basal.

Right Lower Lobe Veins
(1) Apical.
(2) Anterior basal
(3) Anterior axillo-basal.
(4) Posterior basal.
(5) Posterior-axillo-basal.

These five veins extend cranially and medially to unmite with the middle lobe veins
crossing the segmental arteries on their course and finally enter as a single vein the left
atrium at the ostium of the wnferior pulmonary vem (Fig. 23).

Arteries and Veins of the Left Lung

With few exceptions the anatomy of the pulmonary arteries and vemns on the left and
tight side 15 1denucal.

(1) Rught upper lobe is simlar to the left upper lobe, excluding the lingula.
(2) Right middle lobe is similar to the lingula of the left upper lobe.
(3) Right lower lobe 15 similar to the left lower lobe.

.Variatians may, however, occur n the apical segment supplied by the posterior
apical artery (Fig, 23).
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The left mamn pulmonary artery is very short and arches to the left towards the hilum of
the lung where it branches mto the upper and lower lobe arterses.

Right,

Apical
Anterlor
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A UPPER »B
= R [C postener
C&\: Q D Upper lobe veins
! MIDDLE LE  Lateral
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Lower lobe veins
Middle basal

Anterior basal
Posterior basal

Apical

Lingula
Intermediate

lobe veiy

atterns of the larger pulmonary
)

23 D of the p:
Fio arteries and vems, (Modtfied after Lodge

Right Upper Lobe Arteries
(1) Apical.
(2) Anterior.

(3) Posterior. )
Variations in size and origin of the three vessels are common and so are their number.

There may be more than the three basic vessels or less (Fig. 23).
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The Bronchial Arteries

The bronchial arteries are of such a small calibre that they are invisible on a straight
radiograph of the chest of normal subjects. Even by employing such methods as tomo-
graphy or angiography it is not possible to demonstrate these vessels. A comprehensive
description of the bronchial artery anatomy can be found in Miller’s monograph “The
Lung”. The normal radiographic anatomy on post-mortem injected lungs has been
studied by Cudkowicz and Armstrong (1951) The radiological appearances of the
bronchial arteries in pathological states will be discussed later.

The Pulmonary Lymphatics

The pulmonary lymphatics, like the bronchial arteries, are too small to be visible
radiographically in normal chest radiographs. For a comprehensive anatomical descrip-
tion of the pulmonary lymphatic system the reader is referred to Miller’s monograph “ The
Lung”. The app of the pul y lymph in pathological conditions wili
be discussed later.

RADIOLOGICAL TECHNIQUES FOR INVESTIGATION OF THE
PULMONARY CIRCULATION

The Plain Films of the Chest

Good radiography of the chest 1s essential for the study of the pulmonary vascular
pattern. A contrasty film is preferable to a soft radiograph The film must be just suffi-
ciently penetrated to outline the vascular markings behind the heart. Slight obliquity or
unequal compression of the soft parts against the cassette may obscure the hilar shadows
or produce haziness, thus diminishing contrast and blurring the finer lung vascular detail
Postero-antenor radiographs must be taken at six feet d 1o avoid fication and
radiographic factors should be so chosen as to give a short exposure time to dimimsh
blurring due to the patient’s movement or cardiac pulsation. The following factors are
considered satisfactory. 10-12 mAS at 65-75 kV. for a P.A. chest film, or alternatively a
high kV. technique working at 120-130 kV. and 1-2 mAS.

The standard postero-anterior film is most useful for companson of the vascular
pattern on the nght and left side of the chest, for the assessment of the main pulmonary
artery and its main branches and for the study of hilar shadows and the smaller peripheral
pulmonary vascular branches,

The technical derati d above apply also to the oblique and lateral
radiographs. These views are most useful for the d ration of the man pul y
artery and its main night and left branches as well as the hilar shadows. In these projec-
tions the main pulmonary artery is seen to anse from the nght ventnicle antenorly, cutves
upwards and backwards and divides into the right and left main branches at the same
level as the bronchial bifurcation. The left main pulmonary artery can be seen to divide
further into its main branches, whereas the right main pulmonary artery on the lateral

radiograph appears as an oval shadow just below the bifurcation of the bronch: and
anterior to the right main bronchus.
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Lodge has shown in studies of the plain chest radiograph that o large number
of pulmonary vessels can be accurately identified according to their various anatomical
patterns. Arteries are much more easily seen than the veins, except for the lower lobes
where the vemns are as readily seen. Pulmonary vems usually present a less dense
and clear-cut shadow, and as a rule, they appear to be thicker than the corresponding
arteries.

Vascular shadows diminish gradually in calibre in proportion to their distance from
the llum. The tributary vessels are always of smaller calibre than the primary vessel.

Fia 24 (a_and b), (a) Angographic demonstration of the normal pulmonary arteries (venous angio-
d ) A

of the normal pulmonary veins (venous angrocardiogram }

ows caused by blood vessels are erther straight or gently curved but in normal

f):?ignts never tortzous. They cast a moderately den§e shadow with well-defined eddgeS.
When seen end-on they appear either arcular or elliptical and are often closely re]ated to
the adjacent bronchus. This description of the normal vascular anatomy on plain ra 1;);
graphs of the chest 1s very similar to that seen on tomographic studies, and 1s even ‘mgrc
striking, on pulmonary angiograms (Figs. 24a and 24b). When tf)e puhlncn:\ry vessels
filled with contrast matenial they are outlined very sharply and distimct 3; tons of the

By whichever radiographic procedure the lung vessels are studied, the x;‘mta t1 L ine

thods make it impossible to analyse the small perspheral 'branch;s at the ex rem; e
iy hel 1t is only possible to assess satisfactonly the main arteries and veins and the
:’rfa;of‘ El:l:;g;l.ches to a level of about the fourth and fifth divisions.
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Pulmonary Angiography

The pulmonary vessels can be demonstrated radiologically by contrast studies and this
can be achieved in two ways:

(1) Venous angiocardiography.

(2) Selective puimonary arteriography.

"The first method 1s the one more frequently used, and the one originally described by
Moniz et al. (1931). This method was further developed by Robb and Steinberg (1938);
Chavez et al. (1947); Goodwin et al. (1952)

In 1949 Jonsson ef al. described a new technigue of selective angiocardiography n
which contrast material was injected through a cardiac catheter into the right atrium, into
the out-flow tract of the right ventricle, or into the main pulmonary artery. Their object
in injecting the contrast material into the pulmonary artery was not so much an attempt
1o outline the pulmonary vessels, but rather to obtain better concentration of contrast
material on the left side of the heart for the study of the left atrium, ventricle and aorta.
Once this new method had been established it was not long before the procedure was used
primarily for the study of the pulmonary vasculature. (Bolt et al. 1951). In the following
years the use of selective pulmonary arteriography was further extended and has now
become the method of choice for the radiological study of the pulmonary arteries and
veins, Steiner and Goodwin (1954); Doyle et al. (1957); Bolt et al. (1957); Arvidsson and
Odrman (1957

The technique of venous angiocardiography, when contrast material 1s injected through
a cannula into the antecubital vein or through a polythene catheter into the iliac or sub-
clavian vein, or more proximally into the superior inferior vena cava, is used to study the
pulmonary vasculature only if the selective method is impracticable. In very small child-
ren, where selective catheterization may be too difficult, or in adults where pulmonaryartery
catheterization has failed the original method of venous angiocardiography may have to be
resorted 1o and the injection made into the cava or right atrium. This method may also
be of some use in the investigation of lous pul y venous drai! and this will
be discussed later. The radiological details of venous angiocardiography will be briefly
descnibed,

Venous Angiocardiography

By this technique contrast matenial is injected as rapidly as possible either through a
Robb-Steinberg cannula into the antecubital vein, or alternatively through a polythene
catheter into a brachjal vein or superior vena cava, or through the inguinal ven into the
inferior vena cava The amount of contrast material injected is not more than 1-5 ml.
per kg. of body weight in children and 1-1-2 ml. per kg. of body weight in adults. Itis
essential that the contrast material is njected as rapidly as possible; for this purpose a
mechanical injection device should be used such as a Gidlund pump (1956) or Pattinson
Somerville pump (1958). With these devices it is possible to inject 20-30 ml contrast
matenial per sec. Since the procedure is aimed at d ation of the pul y vessels
the patient is examined in the antero-posterior position, The X-ray films must be of a size
large enough to cover both lung fields completely, fe. 15 1n. x 12 in. or 14 in. x 14 in,,
and an adequate number of films must be exposed at the appropriate time to cover the
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Fluoroscopy

In the study of the pulmonary vasculature fluoroscopy of the chest serves two main
purposes.

(1) To assess the main pulmonary artery size in the oblique and lateral projections and
also to ascertain the optimum position of the patient for the taking of the oblique radio-
graphs. A barmum swallow is helpful since the right main pulmonary artery lies close up
aganst the right main bronchus and the bronchus 1 turn lies n close proximity to the
oesophagus. The bartum-filled oesophagus will thus be impressed anteriorly and just
below the aortic arch by the right main bronchus and pulmonary artery. The degree of
this 1mpression varies with the size of the right main pulmonary artery.

(2) To assess pulmonary artery pulsation. This 1s best done by keeping the radio-
graphic beam to a very small size and coning down to an aperture of approxmately
1-2 cm?, centering on one of the main pulmonary artery branches at the nght lilum and
observing the vessel carefully. Intrinsic pulsation will be easily recogmzed if the vessel
exiubits density variations coincident with every heart beat and at the same time appears
to expand and contract. This can equally well be seen on a longitudinal section of the
artery or on end-on vessels. As will be discussed later, intrinsic pulsation should also be
looked for in the peripheral lung fields at the level of second- and third-order pulmonary
artery branches,

SPECIAL METHODS OF INVESTIGATION

Tomography

This can be done 1n the antero-posterior, lateral and oblique positions. This method
1s of great value 1n d rating major pul y arteries at any selected level within
the lung, in any given plane, and 1s a particularly valuable method for the study of the
hilar structures. Michelson and Salik (1959). R

Since a large number of tomographic sections are required to demonstrate the major
pulmonary vessels at various levels within the lung, and since a relatively large area of the
chest will be exposed to radiation, the use of a multi-section tomographic device 1s advis-
able. The multi-section technique causes considerably less radation to the patient than
single film tomography without undue loss of quality to the ndyvidual films.

In the antero-posterior projection the tomographic sections should be so arrarlged that
the middle cut lies at hilar level and the remaining films should cut at 1 cm. xnter\{afs
through the mediastinum and lungs above and below the hilum. When the'mulu-sectm.n
technique is used up to seven films can be exposed at once and a slab of tissue 7 cm. in
thickness can be thus analysed. The following radiographic factors are suggested for the
antero-posterior technique: 70 mAS., 85-87kV. The technique a'xdoptec! fmf the lateral and
oblique projections is very simmlar to that 1n the antero-posterior projection, except that
two-thirds of the film should be cut through the fung above the hilar fevel and only on:~
third of the films through the hilum and med.xastmurp, below the hilar leve!. ForA!Se

oblique and lateral projections the following radiographic factors are suggested: 70 mAS ,

98-100 kV.
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Positioning of the catheter must be controlled under careful fluoroscopy. The examina-
tion can be done under general anaesthesia, or heavy sedation; thelatteris perfectlyadequate
since the newer contrast materals are well tolerated by the patient

Since cardiac catheterization is usually carried out with the patient’s arm only shightly
abducted and since the injection of contrast material 15 usually done with the arm in
marked abduction 1t 15 essentinl to check the catheter position finally with the arm
abducted, and should an end-hole catheter be used adequate allowances must be made
for the possible whip-back during injection. For instance, if the main pulmonary artery
1s to be injected the catheter tip should lie halfway across the right main pulmonary
artery; it would then probably recoil into the mam pulmonary artery during injection.

Contrast Material

One of the most sutable contrast materials at present 1s 85 per cent Hypaque (3.5-di-
(acetylamino-)-2.4-6-trilodbenzoate) or any equivalent substance. The quantity to be
injected depends entirely on the patient’s wesght and on the injection site. If the injection
is made 1nto the main pulmonary artery 0-75 ml. per kg of body weight are used. if
the imjection is made into the right or left pulmonary arteries 0 5 ml. per kg of body
weight are adequate. For segmental injections the quantity must be further reduced to
about 0 25 ml. per kg of body weight; or 1if the catheter is in the wedged position, 3-4 ml.
of 85 per cent Hypaque ate perfectly satisfactory. As i venous angiocardiography, rapid
mection is very important with the exception of the catheter in the wedged position The
contrast materials are of rather igh viscosity and since a high speed of injection 1s
essential, preliminary preheating of contrast matenal before the inection is most
important. This will diminish viscosity and improve flow.

Radiographic Procedure
This is the same as for venous angiocardiography except for the following pomts:

(1) Exposure of films must be started just before the injection commences

(2) The area to be radiographed should be limited to the tnbutary field of the pul-
monary artery injected, 1. only the right lung will need to be X-rayed 1if the
injection is made into the right mamn artery.

(3) Oblique projection may be at times of great value and more useful than routine
AP, views, particularly when small segmental arferies are injected, and also for
the left lower lobe, to separate it from the heart shadow

THE RADIOLOGICAL APPEARANCES OF THE PULMONARY ARTERIES
AND VEINS IN PATHOLOGICAL CONDITIONS

A careful study of the radiological appearances of the lungs can frequently present
formation of the greatest value in the diagnosis and prognosis of disordered lung
fun.c\ion be it due to heart or pulmonary disease. It 1s possible to correlate the radso-
fogical appearances seen on chest radiographs, and more convincingly on angiographic
studies, with the haemodynamic findings, the clinical picture of the patient, and also with



88 THE RADIOLOGY OF THE PULMONARY CIRCULATION

pulmonary circulation and to outline the pulmonary artertes and veins. Although
manually operated cassette changers are adequate to produce the required number of
films and to cover the circulation, mechanical film changers such as the Schonander or
Elema umts are far superior. With these devices films can be exposed at a rate of up to
6-12 per sec. The exposure rate of four to six films per second for six to eight seconds is
adequate for practical purposes. Basic radiographic factors adults 120 kV., 8-10 mA ;
children 120 kV., 2-4 mA

If the injection 1s made into a peripheral vein exposure of films should not be started
until the end of the mjection If, however, the injection 1s made into the nferior vena
cava or superior vena cava the exposure should be started at the beginning of the myection.
If this scheme 1s followed the right cardiac chambers, the pulmonary vessels and also the
left atrium and ventricle will be outlined Usually the examination need be done 1n only
one plane In exceptional circumstances, however, lateral and oblique projections may
be required, 1n which case a bi-plane serial umit 1s of great help The indications for a bi-
plane examination will be referred to later in the text.

Selective Angiocardiography

By this method contrast material is injected into the pulmonary artery through a
cardiac catheter. When selective pulmonary arteriography 1s to follow immediately after
cardiac catheterization, 1t 1s preferable to use a cardiac catheter with side-holes rather than
the standard Cournand catheter with a single end-hole. The Lehman catheter, or its
modification with a blocked end-hole is most switable for this procedure. The use of the
side-hole catheter prevents whip-back during injectton. Thus injection of contrast material
at the wrong site 1s avoided and also damage to the endocardium of the heart or mtima of
the pulmonary artery by the jet of contrast. The catheter can be placed either in the
main pulmonary artery just above the pulmonary valves, or mto the night or left main
pulmonary artery. The largest bore catheter, such as a No. 8 or No. 9 Lehman catheter,
should be used to make fast injection possible.

If contrast material 15 injected mto the main pull y artery the v fature of both
lungs can be studied, alternatively, if the mjection is made into the right or left mamn
pulmonary artery only one lung can be examined. The catheter can also be advanced
further out into a main peripheral segmental branch of the pulmonary artery, thus obtamn-
ing a segmental opacification of the pulmonary vessels either o_f the whole lobe or lobar-
sub-segment. Injection of contrast material with the catheter in the wedge position 1n a
small peripheral artery should not be done under pressure since this may give nise fo
complications such as pulmonary oedema or infarction, Bolt ef al. (1957) and Loomus-
Bell et al. (1959). These authors have shown, however, that with careful slow fnanual
injection peripheral segmental arteriography with the catheter 1n the wedge position can
be done quite safely. Nevertheless, 1t is wise to proceed }vuh caution, particularly n
patients with pulmonary hypertension and pulmonary stenosis (McAfee, 1955). One case
of pulmonary oedema due to selective pulmonary angiography was reported by f%es!en.n‘:m

et al (1956) in a patient with pulmonary hypertension, probably of the 1dxopa§h1c varie 1{5
These authors attributed to oedema to a sensitivity reaction to the drug; intravenol
infusion of hydrocortisone produced a rapid recovery in this patient.
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EXTREME HIGH OUTPUT STATES

The radiological appearances of the lungs and in particular of the pulmonary vessels
are often quite normal in this group. Occasionally there may be evidence of some dilata~
tion of the main pulmonary artery and its main branches producing some fullness of the
hilar shadows. Rarely is there any sigmficant hyperaemia in the peripheral lung field. On
fluoroscopy vigorous pulsation of the heart and only slight intrinsic hilar pulsation of the
maim pulmonary arteries indicating a greatly increased blood flow and slightly elevated
pulmonary artery pressure can be noted.

There may be slight cardiac enlargement involving particularly the right ventricle and
this can fluctuate with vanations in the patient’s conditions—for example, improvement
1n the patient’s anaemia may cause a dilated heart to diminish in size and pulsation of the
pulmonary vessels to become less vigorous.

TORRENTIAL PULMONARY BLOOD FLOW DUE TO LEFT TO RIGHT
SHUNT WITHOUT INCREASED PULMONARY VASCULAR RESISTANCE

‘When pulmonary blood flow exceeds about three times the normal, i.e. 20-30 htres/
min , a rise in the pulmonary artery pressure often follows (see Chapters 4 and 9) and a
number of radiological features which are common to all conditions listed in this group,

s K DA abars S £ e o -

Fia . FiG. 25b. Same patient as Fig 25a  After opera-

tion closure of the atral septal defect

Dimuinution 10 sze of the main pulmonary

. artery and s mamn branches The smaller

. ) . peripheral artertes are of normal size; no
longer evidence of pulmonary hyperaemia.
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pathological studies. Since the pulmonary circulation is so closely related to hea
lung function it 15 important from a radiological point of view not only to stu
pulmonary appearances, but also the heart itself and to look upon both structure
single functioning unit, In the following discussion of the various disorders affecti
pulmonary circulation, mam emphasis will be placed on the radiological appearar
the lungs and at the same trme the heart will also be considered, but in less detail.

PULMONARY HYPERTENSION

On consideration of the classification of pulmonary hypertension discussed int Cha
it will be seen that on radiological grounds a very similar classification can be acc
One can thus recognize the pulmonary vascular pattern associated with:

(A) Pulmonary Arterial Hypertension

This can be further divided into.

(1} Hyperdynamic pulmonary hypertension due to increased pulmonary blood
(ii) Obstructive pulmonary hypertension due to increased pulmonary resistanc
decreased pulmonary blood flow.

(B) Pulmonary Venous Hypertension

This is often complicated by an increased pul y vascular resi gving r
a secondary pulmonary arterial hypertension (see Chapter 4).

RADIOLOGICAL APPEARANCES OF PULMONARY ARTERIAL
HYPERTENSION DUE TO INCREASED BLOOD FLOW

The Causes of Increased Blood Flow

(1) Extreme high output states.
{a) Anaemia.
(b) Pulmonary heart failure.
(¢) Thyrotoxtcosis.
(d) Arteriovenous fistula.
(e) Paget’s disease.
(/) Liver failure.
(2) Left 1o right intracardiac or aortic pulmonary shunt causing torrential pulmo
blood flow.
(a) Patent ductus arteriosus
() Aortic pulmonary septal defect.
(¢) Atrial septal defect.
¢\ Ventricular septal defect.
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inthe heart and lungs seen on the chest radiographs of patients in thus group are summarnized
in Table 2.

Assessment of the pulmonary venous pattern an chest radiographs in patients with
congenital heart disease and tarrential blood flow 1s not very satisfactory. Occasionally
anomalous pulmonary veins can be seen, they are not infrequently associated with atnal
septal defects. Anomalous pulmonary venous drainage will be discussed separately. In

phic studies of ital heart disease with increased blood flow Goodwin (1958)
and Steiner (1958) have been able to demonstrate generalized enlargement of the main
pulmonary arteries and the smaller peripheral branches with absence of significant venous
distenston

Congemtal cardiac anomalies associated with torrential pulmonary blood flow are
frequently complicated by an increased pulmonary vascular resistance giving rise to very
tugh pulmonary artery pressure; the mect and h dynamics of this li
are fully discussed in Chapters 4 and 9 and the pathological features d dm
Chapter 6.

THE RADIOLOGICAL FEATURES OF PULMONARY HYPERTENSION
DUE TO INCREASED RESISTANCE

As already stated, this group can be divided into*

(1} Condutions which are associated with mcreased pre-capitfary pul y
producing a radiological pattern of arteria} hypemnsxon,
@ Condnmns associated wnh mncreased post-capilfary r responstble for a
! 1 pattern of p y venous hypertension.

(A) Cavses of Pre-capillary Pulmonary Hypertension (Arterial Hypertension)
(a) Passive secondary to post-capillary hypertension
{1) Mutral stenosis,
{2) Left ventricular fariure.
(b) Vasoconstrictive
{1) Mutral stenosis.

(2) Congenttal heart disease (atrial septal defect, ventricular septal defect and patent
ductus arteriosus).
(3) Hypoxia (pulmonary heart disease).

(¢) Oblterative
(1) Chromic obliterative lung disease (extensive pulmonary fibrosis and parenchymal
lung destruction).

{2) Vanous types of attentrs (polyarteritis nodosa, lupus erythematosus, theumatic
artentss, scleroderma),
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will become evident. Considerable dilatation of the main pulmonary artery and its
branches will be noticed and this will produce a radiological picture of marked pulmonary
hyperaemia (Figs. 25a and 25b) (Campbell, 1951; Keats, ef al., 1956; Doyle et. af, 1957;
Steiner, 1958). The right ventricle is enlarged, but the degree of this may vary. On
fluoroscopy intrinsic pulsation can be observed in the large main pulmonary arteries and
even 1n the smaller and medwum-sized peripheral branches (Campbell, 1951; Goodwin

TABLE 2
INCREASED PULMONARY BLOOD FLOW
Mamn
Dragnosis Heart pulmonary | Peripheral arteries Pulmonary vetns
arteries
Patent ductus LA+ + Normal or + Normal ()
Arteriosus and LV.+
aortic pulmonary RV +
defect GfPS.orPHT.,
RV.++)
Ventricular septal LV + + Normal or + Normal (?)
defect LA.+
RV.+
OfPS.orP.HT,
RV.++4)
Atrial septal defect RV ++ ++ ++ Normal ()
RA.+
@Gf AV, canal,
LA.+ LV.+)
KEY
+ = shght to moderate ++ = marked
LA. = left atrum LV = left ventricle
RA = nghtatrum RV = nght ventricle
PS = pulmonary stenosis PHT = pulmonary hypertension

AV canal = atrioventricular canal

and Stemner, 1955). Individual variations may be noticed particularly in the size of the
main pulmonary arteries. Patients with atnal or ventricular s'eptal Adefect _have us.ual[)t’
the largest main pulmonary arteries. These are less promunent in patients with per]sxs;en
ductus arteriosus or aortic pulmonary gommumcaﬂgns The degree of intrinsic pu sa[;gn
and of pulmonary plethora varies considerably and is largely dependent on the size \,31 y :
shunt. Exceptions, however, do occur. Evans and Short (1958) xep?rted a casederable
defect of the aortic pulmonary septum who, on fluoroscopy, exhxl:ixteld go:lsxfeamres
pulmonary artery dilatation, but intrinstc pulsation was absent. The radologic:

| TR,



HYPERTENSION DUE TO INCREASED RESISTANCE 95

TaeLE 4

PRECAFILLARY RESISTANCE

Mam .
Duagnosis Heart pulmonary S”"zg,f:,'fﬂ“’ml Pulmonary veins
artery
Mitral stenosis LA.+ or ++ ++ Upper zones Upper zones
normal normal or +
Lower zones Lower zones
narrowed narrowed
Congenital heart
disease, “Eisen-
menger reaction™; .
Atual septal RV.++ 4+ Uniformly Normal
defect RA.+ narrowed
Ventsicular sep- | LV.+ ++ " »”»
tal defect LA+
RV ++
Patent ductus LV + + " »»
arteriosus LA+
RV +
Pulmonary heart RV.+ + Normal or con- Normal
disease, hypoxic R A normal stocted
and embolic
Various types of pul- R.V.+ + Constricted Normal
monary arteritis
Tdiopathic pulmonary | R V.+ + Constricted Normal
hypertension R A. normal
or +

CONGENITAL HEART DISEASE

(1) Atrial septal defect.

(2) Ventricular septal defect.
(3) Patent ductus arteriosus.
{4) Aorto-pulmonary defect.

The radiological pattern of the lung vessels due to mcreascd pulmonary blood flow in

this group has already been d

d before. As exp

d in Chapters 4 and 9, a faicly



94 THE RADIOLOGY OF THE PULMONARY CIRCULATION

(3) Embolic (packed pulmonary emboli, including malignant disease).

(4) Atherosclerosis with occlusion.

(5) Congemital heart disease (atrial septal defect, ventricular septal defect and patent
ductus arteriosus).

(B) The Causes of Post-capillary Pulmonary Hypertension (Venous Hypertension)

(a) Obstruction of the pulmonary venous flow at left ventricular, left atrial or pulmonary
venous level

(1) Mitral valve disease.

(2) Left atrial tumour or thrombus.
(3) Pulmonary venous thrombosis.
(4) Left ventricular failure.

(b) Constrictive pericarditis

The radiological features visible on chest radiographs i in patlents with a postcapillary
hypertension are listed in Table 3 and 1n patients with --p;--"""-— bewoctomefon oo Toble
Since the same conditions associated with pulm¢ .
groups of increased precapillary and postcapillary
pulmonary artenal and pulmonary venous hypertension may be present sxmultaneously.
To avoxd confusion and at the risk of slight repetition 1t 15 proposed to discuss separately
the radiological appearances of the vanious conditions histed.

TaBLE 3

POSTCAPILLARY RESISTANCE

Man
Small perspheral
Diagnosis Heart pulmonary arteries Pulmonary vems
artery
Mitral stenosts LA.+ or++ + Upper zones Upper zones
normal pormal or +
RV.+ or++ Lower zones Lower zones
narrowed narrowed
Left atrial thrombus LA.+ Normal Normal or + Normal or +
or tumour R.V.+ or +
Left ventricular LV.+ Normal Normal or + Normal or +
failure L.A.+ if faure or +
R.A.+ (occa- .\
sionally)
A
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SPECIAL FEATURES OF INDIVIDUAL CONDITIONS WITH A LARGE SHUNT
COMPLICATED BY A HIGH PULMONARY VASCULAR RESISTANCE

Patent Ductus Arteriosus

A separate rounded shadow is occasionally seen overlying the aortic arch, probably
produced by the ductus (Wood, 1958). The same author also mentions calcification which
may be visible radiographically in the ductus. Main pulmonary artery enlargement can be

ps

Fi6 27 (a and b) Retrograde aortogram
fateral projection  Baby aged 6 weeks
Ventricular septal defect complicated
by persisient ductus artenosus  The
ductus 1s clearly demonstrated

(@
+“—=Innominate
Ductus artery
arteriosus

Pulmonary
Aorta / " valve
i
/I/ Pulmonary artery

(L]

marked. The left main pulmonary artery is more frequently dilated than the nght; in
Wood's (1958) series of patients the right main pulmonary artery was dilated only in ten
per cent of cases.

The radiological demonstration of the ductus is best achieved by selective angiography.
If the flow in the duct is from the aorta to the pulmonary artery, dilution of contrast
material in the pull Y artery in the diastolic phase will be noticed on the angiographic
films early in the exammnation. On the later films re-opacification of the pulmonary artery
from the aorta is occasionally seen. If the flow is reversed, contrast material will be

noticed to outhine the aorta from the duct early on in the examination.
7
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high proportion of cases of pulmonary hypertension due to increased blood flow will be
compllcatgd by high precapillary resistance, producing a pattern of pulmonary arterial
hypertension  This 15 signified by marked dilatation of the main pulmonary artery and
its main branches and by considerable uniform narrowing of the smaller peripheral
vessels (Fig, 26) (Keats et al., 1956, Doyle et al., 1957; Wood, 1958; Evans and Short,
1958). The narrowing of the smaller peripheral pulmonary artery branches 1s very striking
and 1s responsible for the picture of marked peripheral pulmonary oligaemia which 1s in
direct contrast to the peripheral hyperaemia seen 1n the patient with big shunts and
torrential blood flow and no peripheral resistance. The appearances of the narrowed
peripheral vessels on plain X-ray films and angtocardiographic studies have been con-
firmed 1n post-mortem angiographic exammations by Evans and Short (1957) and by

Fic 26 5-ft, P A, chest film of a female patient
Atnal septal defect with greatly increased pre-
capullary pulmonary resistance  Gross dilata-
tion of the main pulmenary artery and its main
branches  Marked penipheral pulmonary
oligaemia

Harrison (1958). On fluoroscopy too, there 1s a difference between the torrential-flow
group and the high-resistance group. In the latter marked intrinsic pulsation of the mam
distended pulmonary arteries can be observed whereas the smaller peripheral vessels do
not show this, indicating a diminution of flow and higher peripheral resistances (Doyle
et al., 1957). Accurate correlation of the pulmonary artery pressures with assessment of
the main pulmonary artery size is not very satisfactory (Keats e? al, 19565 D'oyle etal,
1957), but marked constriction of the smaller peripheral vessels always indicates con-
siderable elevation of the pulmonary artery pressure and a hugh resistance. (Steiner, 1958).

The greatest enlargement of the main pulmonary arteries is seen 1n atrial septal defect aAnd
S = wamenr. . lewd Qhane 1080 Enlargement of cardiac

sse with a large flow (see
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PULMONARY HEART DISEASE

The actiological haemodynamic features of pulmonary hypertension in cor pulmonale
are discussed in Chapters 11 and 12. Wood (1952) classifies pulmonary heart disease as
acute, subacute or chronic. The acute and subacute types are usually due to massive pul-
monary embolism,

Of radiological importance is the chrome group. This can be obstructive, where small
pulmonary arteries and arterioles are blocked by repeated showers of embali, or due to
pulmonary arteritis or malignant disease; 1t can be hypoxic when pulmonary disease
mterferes with normal lung function. In this group are included conditions such as chronic
bronchitis and emphysema, pneumoconijosis, less commonly pulmonary tuberculosis,
various forms of pulmonary fibrosis, scleroderma and sarcowdosis. Severe deformity of the
thoracic cage due to marked kyphoscoliosis must also be considered

r——

Fic 28 AP tomogram nght lung Male patient
wnh_&uere puimonary em‘phys'ema The pul-

Hypoxic Pulmonary Heart Disease

In (h'e so-called hypoxic type of pulmonary heart disease two masm factors ate probably
resp‘onmble for the elevation of the pulmonary artery pressure and the subsequent
radiological changes:

[$)) Pulmonlary vasoconstriction due to hypoxia.

(2) The obliterative factor leading to strangulation of the pulmon:

(Wood 1058 I pu ary vascular bed

‘The pulmonary vascular pattern in this group is often overshadowed by the i

T pattern 1 8 underlyin,
fung paiholpgy. Cle’arly visible is dilatation of the mamn pulmonary arl:yry and ts rﬁaiﬁ
branches with pr of the hilar shadows. On fluoroscopy intrinsic pulsation can
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To outline the anatomy accurately angiography should be carried out in two planes
stmultaneously. There are instances when it will be necessary to establish the diagnosis
91‘ a patent arteriosus ductus without doubt. This is of particular importance in small
infants where a ductus complicates a ventricular septal defect and where definitive surgery
1s contemplated. In these cases retcograde aortography is the method of choice since
filling of the duct from the aorta can clearly be shown and at the same time the accurate
anatomy of the aortic arch will also be defined (Figs. 27a and b) (Cleland ef al., 1958).

Aorto-pulmonary Septal Defect

From a radiological point of view this defect is best diagnosed by retrograde aort-
ography when contrast medium will be seen to enter the pulmonary artery from the aorta
just above the aortic cusps. Since surgery may be considered 1n the treatment of some of
these patients, the angrographic method of examination is important, and shouid be
carried out 1n two planes to provide adequate anatomical information.

Ventricular Septal Defect

As already stated before, enlargement of the main pulmonary artery may be marked
and the left mam pulmonary artery is usually larger than the right. In Wood's (1958)
series only six per cent of cases showed sigmificant dilatation of the right main pulmonary
artery. Left-sided cardiac enlargement may help to distingmsh the ventricular septal
defect from the atrial septal defect where the right side is correspondingly dilated. In
ventricular septal defects and also atrial septal defects 1n infants, pulmonary lesions, such
as lobar or 1 atel is with rep d pul y infection are frequently seen

(Krabrenhoft and Evans, 1954)

Atrial Septal Defect

Not only is there considerable dilatation of the main pulmonary artery but also of its
main branches. In Wood’s (1958) series the right main pulmonary artery was grossly
dilated in 60 per cent of the cases. The aortic knuckle may appear small and over-
shadowed by the very distended pulmonary artery and 1ts left main branch The associa-
tion of a very large heart with pulmonary hypertension 1 a child should arouse the
suspicion of a common atrioventricular canal (see Chapter 7).

Acute pulmonary oedema or chromic interstitial puimonary oedema 1s very rare I
atrial septal defects, ventricular septal defects and ductus arteriosus so that the radio-
logical features of pulmonary oedema and the features of a raised pulmonary venous
pressure are seen only infrequently. Dexter, in 1956, was able to show that thg pulmopary
venous pressure mn 14 patients out of 60 with atrial septal defects was appreciably raised,
and concluded that mitral lesions might have been responsible for this. The.Lutembach_er
here mitral stenosis 1s more marked is an obvious caus;a fora ra;]sed left z;]trm}

nary venous pressure (Grainger, 1958). Basal septal lines in the periphera
?J]r?gl;ilgll;so ar;y a cbaractl:ristic radiolog.ical finding in patients WiT a raised pulmonan;y
venous pressure. This will be further discussed under the section *post capillary or pul-

monary venous hypertension”.

complex Wl
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PULMONARY HEART DISEASE

The aetiological haemodynamic features of pulmonary hypertension in cor pulmonale
are discussed in Chapters 11 and 12. Wood (1952) classifies pulmonary heart disease as
acute, subacute or chromc. The acute and subacute types are usually due to massive pul-
monary embolism.

Of radiological importance 1s the chronic group. This can be obstructive, where small
pulmonary arteries and arterioles are blocked by repeated showers of embol, or due to
pulmonary arteritis or malignant disease; it can be hypoxic when pulmonary disease
interferes with normal lung function. In thus group are included conditions such as chronic
bronchutis and h P niosis, less cc ly p y tuberculosis,
various forms of pulmonary fibrosis, scleroderma and sarcoidosis. Severe deformuty of the
thoracic cage due to marked kyphoscoliosis must also be considered.

Fic 28 AP tomogram night lung  Male patient
with severe pulmonary emphysema  The pul-
monary arterses are dilated and so 1s the nght
upper lobe artery. The upper lobe penpheral
arteries are of normal calibre but crowded
together lel-wne an_d. lower zone artefies

Hypoxic Pulmonary Heart Disease

In the so-called hypoxic type of pulmonary heart disease two main factors are probably
responsible for the clevation of the pulmonary artery pressure and the subsequent
radiological changes:

[$))] Pulmon§ry vasoconstriction due to hypoxia.

(2) The obliterative factor leading to strangulation of the pulmonary vascular bed

(Wood, 1958).

The pulmonary vascula}' pattern in this group 1s often overshadowed by the underlying
fung pathology. Clearly visible is dilatation of the man pulmonary artery and 1ts main
branches with prominence of the hilar shadows. On fluoroscopy intrinsic pulsation can
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be seen 1n the main pulmonary vessels. The smaller peripheral arteries, if distinguishable,
are either normal or shightly narrowed. When there is marked emphysema the smalle;
pulmonary arteries appear considerably narrowed, clongated and stretched; or they may
be completely absent where there is bullous emphysema (Fig. 28) (Lodge, 1948; Simon.

——

' L
2.
‘(’)‘*C'

Fi6 29b 6-ft PA chest film Same patient as
Fig 29a two weeks later after acute exacer-
bation  The heart shadow has decreased (n
size, also dimtnution 1n size of the mam pul-
monary artery and its mawn branches

FiG 29 6ft PA chest film, Middie-aged

1956). Variations in heart size are particularly noticeable 1n cor pulmonale, it may be of
normal size or 1t may appear relatively small as in emphysema when the diaphragm 1s low
1n position and the heart rotated anticlockwise. Alternatively, the right ventricle may be
markedly enlarged together with extensive dilatation of the main pulmonary arteries

This is most noticeable in an acute exacerbation of the disease. As the patient’s condition
mmproves and the pulmonary artery pressure drops to normal levels, regression m heart
and pulmonary artery size will be noted (Figs. 29a and b) (Mounsey et al , 1952) Another
valuable radiological sign is some degree of prominence of the vena cava and azygos vein,
which may be visible on the P.A. chest film along the right upper mediastinal border. The
azygos vein can be seen as an oval or round opacity just above the right hilum. These
signs have been described by Fleischner (1957) who also observed that the transverse
diameter of the azygos vein can be accurately measured and appears to fluctuate in size

concomitantly with the patient’s condition.

Obstructive Pulmonary Heart Disease
In this type of pulmonary heart disease, irrespective of its cause, di}agation of the main
pulmonary artery and its main branches can be very marked and this is associated with
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As in hypoxlc PUIMOIALY situcs w ., . . (
associated finding. Since the pulmonary artery pressure can be very 1igh s ws pe. s
pulsation is often marked and clearly visible in the main pulmonary arteries whereas 1n
the smaller peripheral vessels it is completely absent. Gross dilatation of one large
pulmonary -+-= ~ wninlohar artery, with segmental narmwmg of its peripheral branches

may be see ~t~~ie (Fioc 312 and b) Ball et
al., 1956). 1dary to
peripheral thrombosis, or is due 10 PLIALY Lnve.. such as

Fi1G. 30 6-ft PA chest film mddle-aged male
patient. Long history of thrombo-embolic
disease  Packed pulmonary embohi  Mamn
ulmonary artery and main branches are
dilated  Smaller penpheral branches relatively
narrow, lung fields cfear,

mitral stenosis, was the commonest single cause and occurred in six cases out of 53
1 “r1 8 Balloeaf (19561 In some cases calufcauon within the thrombus at the edge
==~ e n dance lingar opacny

. - » in this

. . + rywith
sudden cessauon O PUISALIVIL ub wid pus .n . ation is

absem over the distended artery it indicates funher spread of clot nto xhat secuon of the

=+ '~= to the appearances of the

B without infarction. Varia-
. T4 ot en ahich there

: A more

L SM.S. MEDICAL COLLEGE,
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be seen in the main pulmonary vessels. The smaller peripheral arteries, if distinguishable.
are either normal or slightly narrowed. When there is marked emphysema the smaller
pulmonary arteries appear considerably narrowed, elongated and stretched; or they may
be completely absent where there is bullous emphysema (Fig. 28) (Lodge, 1948; Simon.

FiG 29a 6t PA chest film Middle-aged Fi 29b 6ft. P A. chest film Same patient as
female patient, long history of bronchitss and Fig 29a two wecks later after acute exacer-
emphysema, pulmonary heart disease. The bation  The heart shadow has decreased
main pulmonary artery and its main branches size, also diminution 1n size of the mamn pul-
are dilated,, also right ventricular enlargement monary artery and its main branches

1956). Vanations in heart size are particularly noticeable 1 cor pulmonale, 1t may be of
normal size or it may appear relatively small as in emphysema when the diaphragm is low
in position and the heart rotated anticlockwise. Alternatively, the right ventricle may be
markedly enlarged together with extensive dilatation of the main pulmonary arteries
This is most noticeable in an acute exacerbation of the disease  As the patient’s condition
improves and the pulmonary artery pressure drops to normal levels, regression In heart
and pulmonary artery size will be noted (Figs. 292 and b) (Mounsey ef al., 1952). Another
valuable radiological sign is some degree of prominence of the vena cava and azygos vem,
which may be visible on the P.A. chest film along the right upper mediastinal border. The
azygos vein can be seen as an oval or round opacity just above the right hilum. These
signs have been described by Fleischner (1957) who also observed that the transverse
diameter of the azygos vein can be accurately measured and appears to fluctuate 1n size

concomitantly with the patient’s condition.

Obstructive Pulmonary Heart Disease
art disease, irrespective of 1ts cause, dilatation of the main

is type of pulmonary he t L 2
In this typ . branches can be very marked and this is associated with

pulmonary artery and its main
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Idiopathic Pulmonary Hypertension

This is a rare condition and occurs mainly in young women (Evans et a{., 1957).
Marked dilatation of the main pulmonary artery and its main branches with right ven-

FiG 32 6ft. PA chc&l film—middle-aged man

due to an infarct,

tricular enlargement will be noticed radiologically. Associated with ths there is con-
siderable narrowing of all smaller peripheral vessels producing a very convincing picture of

FIG 77 66 DA chocs 61 Vi s famantannt amb

monary artery markedly dilated, smaller
npheral vessels narrowed  Considerable
pulmonary olgacmia

-

peripheral pulmonafy oligaemia (Fig 33) (Steiner, 1958). On fluoroscopy intrinsic
pulsation of the main dilated vessels is very obvious whereas in the smaller peripheral
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lde‘tauled description of the radiological appearances of pulmonary infarction will follow
ater.

In some patients with peripheral embolic disease, recurrent showers of small emboli
may produce obstructive lesions in the smaller peripheral arteries (Fig. 30) (Davison ezal.,
1956). In some tropical countries, particularly Egypt, bilharzial eggs can reach the smaller
lung arteres, producing a similar obstructive lesion (Girgrs, 1952). This trend of events
will also produce a radiological picture of obstructive cor pulmonale very similar to the

FIG. 31a, 6-ft PA chest film Patient with Fic 31b Same patent as Fig 3la  Venous
thrombo-embolic pulmonary hypertension - ‘ e
Right ventricular pressure 85/4 mm Hg and
the cardiac output 3 3 L. min Thm;gbosni of

' - o Tt e e -oesiteo cbeenog glready

. . 1ng fields

Rarely pulmonary hypertension may complicate a collagen disease such as poly-

arteritis (Fig. 32) or possibly rheumatoid arteritis (Wade and Ball, 1957), scleroderma

(Evans, 1959), dermatomyositis (Caldwell and Aitchison, 1956) and Lupus erythematosus.

In this group too, in addition to the abnormal vascular pattern 9{ cor pu]m9nale, pul-

monary parenchymal lesions can be seen such as fine mottling in ponartFrlt|s due to

small infarcts or haemorrhages (Scadding, 1956), or there may be extenstve linear fibrosis
with widespread mottling as in Lupus erythematosus and scleroderma (Lodge, 1956).
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Idiopathic Pulmonary Hypertension

This is a rare condition and occurs mainly in young women (Evans et a{., 1957).
Marked dilatation of the main pulmonary artery and its main branches with right ven-

Fic 32 6-ft P.A, chest film—muddle-aged man
with Polyartenitis Nodosa  Main pulmonary
artery and main branches duated. Scattered
throughout the periphery of the left lung
muluple small shadows due to exudates, a
larger segmentat lesion m the right mud-zone
due to an ifarct

tricular enlargement will be noticed radiologically. Associated with this there is con-
siderable narrowing of all smaller peripheral vessels producing a very convincing picture of

F16.33 6-ft P A chestfilm Youngfemale patient

wi P y
Pulmonary artery pressure 110/40 mm Hg
Ce it

Shght nght ateial enlargement  Mamn pul-
monary artery markedly dilated, smatler
peripheral vessels narrowed  Considerable
pulmonary oligaemta

peripheral pulmonary oligaemia (Fig 33) (Steiner, 1958). On fluoroscopy intrinsic
pulsation of the main dilated vessels is very obvious whereas 1n the smaller peripheral
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branches it is completely 'absent. The radiological differentiation of idiopathic pulmonary
hypertension and the various forms of pulmonary arteritis due to collagen disease depend
largely on the absence of parenchymal shadows which are common in collagen disorders.

Methods of Radiclogical Investigation

In the study of pulmonary vasculature 1 pulmonary hypertension associated with cor
pulmonale, plain chest radiography is all that is required 1n most cases. If there 1s con-
siderable parenchymal disease obscuring pulmonary vessels, tomography will be of help
in outlining the pulmonary arteries more easily as well as in demonstrating the parenchymal
lesions If there is massive pulmonary artery thrombosis, venous angiography 1s the
method of choice to demonstrate the vascular block. Selective pulmonary arteriography
should not be used in these patients, since catheterization of the pulmonary artery with
subsequent contrast injection may dislodge blood clot and lead to further embolization.
In the collagen disorders, and particularly primary pulmonary hypertension, angio-
cardiography is dangerous.

PULMONARY INFARCTION

Pulmonary embolism without nfarction has been discussed before. Pulmonary
infarction can be present pathologically without the production of a shadow in the lungs
(Hampton and Castlemnan, 1940).

In only about two-thirds of patients with pulmonary infarction can one detect radio-
logical abnormalities 1n chest radiographs which are directly attributable to a pulmonary
infarct.

A large vartety of different shadows can appear at varying times after infarction and
1t is important to be farmiliar with these divergent patterns and to look for specific lesions
The radiological diagnosis can be difficult and at times impossible without clinical
correlation.

The Radiological Appearances which may be met with in
Pulmonary Infarction

(1) Consohdation.

(2) Shght loss of translucency (without well-defined borders).

(3) A linear shadow

(4) Triangular shadows (rare).

(5) Segmental collapse.

(6) Pulmonary scarring.

- ° oo crT ! -ry infarction

ity although

o . hidated area

frequentl 1es )at the edge of the lung under the panetal pleura or along the fissures

{Sg:;(g\ zmd Casﬂemar%, 1940; Fleischner, 1958). Thus in some projections the shadow

will appear dense, whereas in another projection it may only produce a faint op_am}\l){.

Multiple shadows are not infrequent; Shor.t (1951) records a 43 per cent incidence in his

series. Infarcts are more common in the right than in the left lung, the proportions are
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about two to one and more frequent at the bases than n the upper and mid-zones (Short,
1951). Linear shadows can appear during the stage of resolution and are probably due to
small areas of segmental atelectasis. Similarly more extensive pulmonary atelectasis
which 1s mamly basal can develop during the stage of resolution. Linear scars are not an
uncommon sequel to massive infarcts and appear as a dense linear network, or single
dense linear shadows in the area of the onginal lesion These scars are indistinguishable
from those produced by inflammatory processes such as lung abscesses or pneumontia.

Pleural effusion. Pleural effusions are a common occurrence, small collections can be
seen in about half the cases, they may be basal or interlobar. The effusions can persist for
long periods, even months, and after reabsorption of the fluid, pleural thickening or
pleural adhesions persist.

Fic 34 6ft PA chest film Male patient with
recent pulmonary mfarction. Both diaphrag-
matic domes elevated segmental areas of
consolidation at both bases due to infarcts
Small effusion at the left base

piaphragmaﬁc elevation. Diaphragmatic elevation on the side of the leston with
restricted movement on fluoroscopy was reported 1n 35 per cent of the cases (Short, 1951);
this was usually associated with lower lobe infarction  After resolution of the mf;rct thé
diaphragm returned to a normal position.

Time ‘. hip of i ion to i had Radiographic shadows can
appear within hours after pulmonary infarction, a small pleural reaction or slight clouding
of the lung may be the earliest sign, or there may be distension of 2 major pulmonary
artery branch leading towards the infarcted segment of the lung (Fleischner, 1958), which
may presentasan avascular area. These signs can then be followed by extensive pul;nonary
consolidation, draphragmatic elevation or massive effusions which may mask the pul-
monary mfar.cts. The rate of resolution is also vaniable, Hampton and Castleman (1940)
reported rapid clearing within two to four days On the other hand resolution of the
sll;e;{;;)w may be prolonged for weeks and even months (Scherf and Boyd, 1948; Short,
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Differential diagnosis. This can be difficult radiologtcally since the shadows produced
by pulmonary infarcts are so variable and are very similar to shadows produced by a
variety of other conditions.

1. Lobar preumonia. The differential diagnosis is largely a clinical one. Pneumonic
consolidation is usually more extensive than that seen by infarction. Diaphragmatic
elevation is more marked after infarction than pneumontc consolidation.

2. Pleural effusion. If the infarct is basal and 1n the costophrenic angle, the differentia-
tion from flwrd depends on the contour of the shadow; fluid presents with a concave upper
border whereas an infarct has an irregular, humped or more convex upper border (Short,
1951). A lateral or oblique film may be of help to localize the segmental area of
consohdation.

3. Pulmonary collapse. This does not occur in the early stage of infarction, but if the
other signs such as marked diaphragmatic elevation and pleural effusions are also present
1t will suggest infarction

MITRAL VALVE DISEASE

Specific lung lesions have been recogmzed for many years and have been associated
with disordered pulmonary function. In 1936 Parker and Weiss were able to demonstrate
pathological changes in the alveolar walls, in the small pulmonary arteries and arterioles
1n patients with severe mutral stenosis. The alveolar walls showed thickening of the base-
ment membrane and there appeared to be interstitial oedema of the interlobular septa.
The lumen of the pulmonary arterioles was narrowed by muscular hypertrophy frequently
associated with scarnng and occasionally atheroma. Similar changes have been reported
by Larrabee et al. (1949); Bayliss et al. (1950); Evans and Short (1957) and Harnison
(1958) The pathological detail is described in Chapter 6

Pulmonary arterial and venous hypertension is almost mvartably a complication of
severe mitral stenosis and for discussion of the clinical and physiological background of
the problem the reader is referred to Chapter 8.

The Radiological Appearance in the Lungs in Mitral Heart Disease

Three main lesions can be described.
(1) Changes n the pulmonary vascular pattern affecting the pulmonary arteries and

veins.
(2) Pulmonary oedema which can be either chromc and nterstitial or acute and

alveolar.
(3) Fine pulmonary nodulation due to haemosiderosis and coarser and very dense

nodulation due to pulmonary ossification.
The Radiological Appearances of the Pulmonary Vessels
in Mitral Disease

These can be divided into alterations of (I} the vascular p?ttem due to arterial
hypertension, and (2) the vascular pattern due to venous hypertension.
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The pulmonary arteries, Alterations in the radiological pulmonary vascular pattern in
mitral heart disease occurs due to a nise in the pulmonary arterial pressure secondary to
elevated pulmonary venous pressure. These vascular changes were first observed radio-
graphically by Goodwin et al, (1952) and by Actis-Dato et al (1952) The first observations
were made on angiographic studies of the pul ry artertes. Subsequently a large
number of papers have appeared 1n the literature confirming these observations {Steiner
and Goodwin, 1954; Bulow et al., 1955; Bolt et al., 1957) The angtographic appearances
were compared with those seen on chest radiographs by Davies et al. (1953), who found

FiG 352 6t PA chestfilm Patient with mutralstenosis,  Fig 35b Selective pulmonary ateriogram of the
m)rma! pu_ll"nomry' artery and pulmonary‘ cﬂp‘xllary left lung i a patient with mtral stenosis and

e msignificant pulmonary hypertension  Pul-
o . [N ' P ‘monary arteries are of normal calibre through-
. S, N out the lung.

a good correlation, as did Fleischner and Sagall (1955), Van Epps (1958) and Boyd
et al (1958) Although Biilow ez al. (1955) also found a good correlation, these authors
felt that the interpretation of the vascular changes on chest radiographs was at times
difficult.

When the pulmonary arterial pattern in patients with mitral stenosis 1s carefully studied
on chest radiographs, or even better on contrast studses such as pulmonary arteriograms,
it will be noted that in patients with a normal arterial pressurc the appearance of the
pulmonary vascular pattern 1s normal, The main pulmonary artery and ts mam branches
are not significantly enlarged and the smaller divisional arterial branches well out in the
peripheral lung fields divide equally and regularly and are of a calibre proportional to the
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larger branches from which they arise (Figs. 35a and 35b). Wi i i

pressure rises to a level of about 60-70 mm Hg very marke)d dil:&r;i;l:leo;y:ﬁgl;:la?:glll?-l
monary artery will be noted, whereas the smaller peripheral branches appear considerably
parrowed and attentuated; they may even appear truncated, rregular and tortuous, with
llltdeﬁnsd borders. These changes in the pulmonary artery size and contour occur 1’n the
third and fourth divisional branches beyond the hilum and are most marked the lower

Fig 36a 6-ft PA chest film Young female

patient with rmitral sterosis and severe pul-
monary hypertenston 115/60 mm Hg Main
pulmonary artery 1s considerably dtlated, as
well as main branches Peripheral upper lobe
artertes of normal calibre, peripheral upper
Jobe arteres of normal calibre, peripheral
mid-zone and lower lobe arteries narrowed
andirregular  “Abnormal Pulmonary Arterial
Pattern ™ Septal hines at both bases due to
nterstiial pulmonary oedema

FIG 36b Selective pulmonary arteriogram—fe-
male patient with severe pulmonary hyper-
tension  100/54 mm Hg Cardiac output
4 2 1/mm  Marked dilatation of mam left
pulmonary artery Vascular pattern of the
upper zone normal Considerable narrowing
of the smaller segmental artenies of the mid
and Jower zones

and mid zones whereas in the upper zones of the lungs the arterial vascular pattern js
normal (Figs 36a and b) (Doyle et al, 1957). These authors also discussed in therr paper
a possible mechamism for this discrepancy (see Chapter 8). The pulmonary venous
pressure and left atrial pressure in severe mitral stenoss 1s considerably raised. If the
hydrostatic pressure, which in the erect posture is higher at the base of the lupgs than at the
apices, 1s added to the already elevated venous pressure a critical level w1ll.b‘? r.eached-
This may excite arterial constriction 1n the lower mid zones of the fung, diminish pui-
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monary flow and prevent oedema The effect of this on the radiographic appearance of
pulmonary oedema will be discussed later.

Penpheral arterial constriction in mitral stenosis is therefore very different in distribu-
tion from that seen in congenital heart disease with high peripheral resistance. As men-
tioned before in the congenital group narrowing of the small peripheral arteries is uniform
throughout the lung, the selective arterial response not being involved since the venous
pressure 15 normal or only nsignificantly raised. No suggestions for the mechanism of
this generalized arterial constriction is offered by Doyle ef a/ (1957) but vanious pathologi-
cal explanations, such as persistence of a foetal anatomy of the pulmonary vascular tree
has been suggested (see Chapters 6, 9).

F16 37 Same patent as Fig 36a Venous phase
of selective pulmonary arteriogram ~ Left
upper lobe vems dilated. Lower lobe vemns
small and 1rregular

When the Pulmonary arterial pressure 1s only moderately elevated below 60 mm. of
mercury systolic, the vascular changes just described also occur but are less marked and
anly confined to the bases and therefore not so clearly distingishable on chest
radiographs.

Enlargement of the mamn pulmonary artery was originally described by Zdansky (1929,
1930) and put into perspective in mitral heart disease by Parkinson (1949). Accuraté
correlation of main pulmonary artery size and the pulmonary artery pressure is not
altogether satisfactory (Jacobson et al., 1957) A significantly elevated pulmonary arterial

—
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pressure, however, is usually associated with marked dilatation of the main pulmonary
allgtsery, whereas a normal pressure will be associated with no dilatation {Davies ¢t af,

3).

Radiographically it 1 impossible to distingwish arterial narrowing due to vasoconstric-
tion and narrowing due to secondary arterial disease such as atheroma or thrombosis (see
Chapter 6) The only significant sign of atheroma may be visible caleificatron which is
rare and when present will appear as linear calctfication along the vessel margin—similar
to that described before under pulmonary arterial thrombosis.

The arterial changes are by no means static. They will progress as mutral stenosis
increases 1n severty but regression to a normal pattern, even after successful valvatomy,
15 not very common (Goodwin et al., 1955; McAffee and Biondetti, 1957).

The vascular appearances offer a most valuable index 1n establishing radiologically the
level of the pulmonary arterial pressures as well as assessing the progress of the disease.

The radiological app e of the pul y veins. There 1s some difficulty is assessing
the puimonary venous pattern on chest radiography as already stated in the opening
section of this chapter In patients with a normal or only shghtly raised pulmonary venous
pressure, the appearance of the pulmonary veins on conventional chest films 15 usually
quite normal (Steinbach et al , 1955). These authors also observed that in some cases of
mitral stenosis the pulmonary veins appear constricted. Stmon (1958) described consider-
able venous dilatation of the upper lobe veins in tight mutral stenoss visible on chest
radiographs.

If the pulmonary venous pressure 1s markedly elevated, Stemner (1958) has shown on
selective angiographic studies that at pulmonary capillary pressure level from 35-40 mm.
Hg the upper lobe veins appear dilated whereas the lower lobe veins are either of normal
calibre or narrowed (Fig 37). At pressure levels between 15-25 mm Hg the upper lobe
veins appear dilated or normal 1n some cases, Whereas the lower and mid-zone veins are of
normal calibre In the normal pressure range the venous pattern 15 normal. Simtlar
observations 1n tight mitral stenosis with a high pulmonary venous pressure were reported

by Arvidsson and Odman (1957).

Pulmonary Oedema in Mitral Heart Disease

A detatled discussion of the radiological pattern n pulmonary oedema will follow
later 1n this chapter in a separate section. At this pomt the appearance of pulmonary
oedema only in relationship to mitral heart disease will be described

1. Acute pulmonary oedema. This complication can occur 1 mltrgl stenosts. Wood
(1954) reported it m eight per cent of his patients with sngmficant mltral. stenosis. The
radiological appearances of acute pulmonary oedema are described later (Figs. 38a and b)

2. Interstitial pulmonary oedema This type of pulmonary oedema is seen much more
frequently in mitral heart disease than acute pulmonary oedema and produces distinct
radiological signs ndicating a raised pulmonary venous pressure. uch

The most 1mportant signs are fine dense and well-defined interlobar septal lines \vr |]<1:
were first described by Kerley (1933) These septal lines are best scen at qle edgehor the
at the bases, but they can also extend into the mid-zones, ‘They vary in length from

Junes, ¢ and Reiner, 1954), Occasionally they are accompanied by longer

1-3 cm (Fleischne
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straight or shghtly curved dense tines which run from the periphery of the lung to the hila;
they too represent distended interlobular septa (Fig. 39).

. o s ' v vt 1-e 3 bya number of workers provided con-

+ of the lines 1s due to distension of the

\ly due to distended pulmonary lympha-

tics, although dilated lymphatics may be found within the septa (Fleischner and Reiner,

1954; Gough, 1955; Grainger and Hearn, 1955; Short, 1955, Grainger, 1958) Several

observers have also correlated the appearance of the septal lines with pulmonary venous

pressure levels and have all found a more or less cntical level of 20-25 mm Hg (pwlmonary

Fi 38a AP Ward Unit chest film of a muddle- Fic 38b Same patient one day later Oecdema has

aged woman with mutral stenosis  Acute cleared Pulmonary arterial changes 1 the

d hid: lungs indicating elevated pulmonary artery

pressure Perssst  Septal lines at the bases are
partly obscured by small transudates

ema
tion throughout the tight lung and some
consolidation at the left base

capullary pressure) below which septal lines are rarely seen (Carmichael et af, 1954;
Gramger and Hearn, 1955; Levin, 1955; Grammger, 1958),

Successful valvotomy or adequate medical treatment, when followed by a drop in the
pulmonary venous pressure to levels below 20 mm Hg will often lead to a disappearance of
nterstitial oedema and disappearance of septal lines (Grainger and Hearn, 1955); but even
after adequate therapy the septal lines may persist. This was shown by Fleischner and
Reiner (1954), who demonstrated extensive haemosidern accumulations within the septa
and thought it to be the cause of this persistence. Septal lines may often occur due to
interstitial pulmonary oedema 1n other conditions. For example their presence n some
cases of atrial septal defects has already been mentioned; their occurrence 1 left ventricular
farlure will be discussed later, Lymphatic obstruction can be another cause of the presence
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of septal lines as, for example, 1n mediastinal glandular enlargement due to malignar
dsease and associated lymphaugitis carcinomatasa or reticulosis. Septal lines ha
occasionally been present i pneumoconiosis (Gough, 1955)

Subserous accumulations of oedema fluid, which can extend into the interlobar fissure
may lead to pleural thickening, are yet another manifestation of chronsc interstittal p
monary oedema, This flud retention will give rise to a shght loss of translucency in th
affected areas of the lung and may be one of the causes for a general haziness of the lust
fields, particularly in the lower zones  Another cause for haziness 1s probably a widespreas

Fic 39 Localized views of the right nud and
lower zone of patient with mtral stenosts,
severe pulmonary arfertal and pulmonary

i lung, and is one of the
terlobular oedema extending into the more central areas Aof t}}e
::asons why nterpretation of the pulmonary vascular markings in the lower zones may be
difficult (Short, 1955; Bulow et al., 1955)

Synthesis of Radiological Signs of Pul y Arterial and
Venous Hypertension in Mitral Stenosis

Pulmonary arterial hypertension:
tery.
Enlargement of the mamn pulmonary ar
8; Norm%ll peripheral upper lobe arteries, constricte
mid-zone arteries.

d and narrowed lower lobe and
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Pulmonary venous hypertension:

(1) Normal or dilated upper lobe veins.'

(2) Normal or constricted lower lobe veins.

(3) Septal lines.

(4) Thickened interlobar fissures and haziness of the lower lung fields.

The Heart in Mitral Disease and the .
Radiological Signs of Pulmenary Hypertension

There 1s no positive correlation between left atrial size and l'he flegree‘of pulmonary
hypertension (Steiner and Goodwin, 1954) In tight mutral stenosis with a high pulmonary
artery pressure and vascular changes 1n the lung fields, a relatively small left atrium 1s

Fic 40 &t P A, chest film of patient with rutral
stenosis and moderate pulmonary hyperten-
ston, Fine miliary mottling due to haemo-
siderosts, particularly in the mid-zones.

usually seen; occasionally however, the atrium can be very large. Some degree of night
ventricular enlargement 1s always seen if there 1s significant pulmonary hypertension
The radiological signs of pul y venous hypertension are often present both in
mitral stenosts and mitral incompetence Radiological signs of severe pulmonary arterial
hypertension are seldom seen in predominant incompetence and suggest predominant
stenosts, Patients with predominant mitral stenosts and radiological signs of venous
hypertension preoperatively usually do well after successful valvotomy (Gramnger and
Hearn, 1955} No visible change in the radrological signs of pul 'y venous hyperten-
sion after valvotomy usually means an unsuccessful operation or haemosiderin deposits in
the septa. A change for the better after operation with gradual recurrence of radtological
signs later probably indicates re-stenosis of the valve.

In the presence of significant tricuspid insufficiency the pulmonary vascular changes
8
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due to high venous and artenal pressures can regress considerably, thus a relatively
normal appearance of the lung vascular pattern is not unusual in this situation.

Haemosiderosis. In extensive studies of pulmonary haemosiderosis, Scott ef al, (1947)
and Lendrum er al. (1950) came to the conclusion that haemosiderosss resulted from
multiple interpulmonary haemorrhages which occurred at varicose bronchopulmonary
capillary anastomoses which had ruptured into terminal bronchioles. These haemorrhages
later on led to an accumulation of haemosiderin within the lung.

Provided the aggregates of haemosiderin are large enough and fairly widespread the
radrological pattern of a fine diffuse nodulation can be seen on chest radiographs. The
general distribution of the nodules is fairly uniform but they appear more marked in the

FIG 41 6ft. PA. chest film of a patient with
mtral_stenosis  Dense nodules scattered
throughout the lung fields due to extensive
pulmonary ossification in the mid and lower
zones

A

mid-zones and lower zones than towards the apices (Fig. 40) Minor changes may be so
ndistinct that a definite diagnosis on the X-ray film cannot be made.

The incidence of radiologically recognizable haemostderosts 1n mitral heart disease
varies from 10-15 per cent (Goodwin et al., 1955) Haemosiderosis 1s usually associated
with some degree of pulmonary hypertension (Stemer et al, 1954, Goodwin ef al., 1955).
Wood, however, in 1954 could find no such a correlation. X

In the differential dizgnosis of haemosiderosis other pulmox]:ary cloqdltlons p;g;i;zulgf

i ch as miliary tuberculosis, some
e T B e asoction of an earged heart of
will be most probably due to haemo-
T o ' shadows appear on the radiograph
“f;y can either remain static or progress over the years, but they occasionally regress
iver, 1959). . .

(Eu;::nhl;l:)‘::ryo k:siﬁcnﬁon). The first description of a case of pulmonary 0?§1ﬁcat!or} 9::3nzd
appreciation of jts association with mitral v.alve disease was presented by Salinger llinin th;
Since then a number of case reports of this unusual manifestation hav&; ;Sr;pea:dmikd

Iterature (Grishman and Kane, 1945; Elkeles and Glynn, 1946; Kerley, ).
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review with a report of another seven cases was published by Whitaker et al. (1955) and
Fleming and Robinson (1957), who added another eight cases of their own and discussed
the actiology and pathology.

The ossified nadules are usuatly seen in the lawer and mid-zones of the lung in patients
with mitral heart disease (Fig. 41) They can appear within a relatively short periad—{
have seen them develop withina yearnone patient. There1s good evidence that they occur
in patients with tight mtral stenosis associated with efevation of the pulmonary venous
and pulmonary atrial pressures (Whtaker ef al,, 1955; Fleming and Robmson, 1957)
Pathologically the nodules are true lamellar bone and probably develop in areas of inter-
stial pulmonary oedema  Since haemosiderosts in some of the cases repotted was very
stight or absent, the suggestion by Lawson (1949) and Eliman and Gee (1951} that these
two conditions are causally related can no longer be accepted.

LEFT ATRIAL TUMOUR AND LEFT ATRIAL BALL VALVE THROMBUS

Tn these unusual condutions significant radiclogical findings will only be observed when
the thrombus or tumour mass 1s of sufficient size to obstruct the mitral valve orifice signs-
ficantly and thus produce a rise in the left atrial and 1n the pulmounary venous pressures,
1n left atrial tumours the appearances of the heart shadow (Steinberg et al., 1953) and also
to some extent the vascular appearances in the lungs (Steiner, 1958) are very similar to
those seen m mutral stenosis. The degree of the changes will depend largely on the severity
of the mmtral valve obstruction and the levels of the left atral and pulmonary venous
pressures. The radiological differentration between mitral stenosis and left atrial tumour
on a plain chest radiograph 1s imposstble and only with the aid of contrast studses, such as
angiocardiography, can a tumour or thrombus in the left atrium be demonstrated (Gold-
berg et al., 1952). A massive thrombus may calesfy and thus become vistble radiographic-
afly.

PULMONARY VENOUS OCCLUSION

Thts ts an exceedingly rare condition and when it occurs there will be radiological evi-
dence of a raised pulmonary venous pressure. In a case reported by Emslie-Smuth ef al.
{1955) the dstribution of mterstitial pu!monary oedema was restricted to the right lung

where the pul y veins were obli ibya t septum demon-
strated at post~monem \vhereas the putmonary ar(erml vascular changes were bilateral
due to a high peripherat p d with a patent ductus arteriosus.
Another case reported by Grainger (1958) was of a child wnh severc mtersmxal pulmonary
ogdema of generahzcd distribution At post tem of smalier
pulmonary vcms vere demonstrat:d associated thh marked ocdema of inteslobular
septa, & ded p y lymph and t} d and oed alveolar walls.

LEFT VENTRICULAR FAILURE
Left ventricular faiture srrespective of its underlying cause can be associated with a
distinctive radiologeal picture. Tmpartant causes of left ventricular fulure are: hyper-

tension, gortic valve disease and ischaermc heart disease  For the chncal background the
reader is referred to Chapters 13, 14.
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due to high venous and arterial pressures can regress considerably, thus a relatively
normal appearance of the lung vascular pattern is not unusual in ths situation.

Haemosiderosis. In extensive studies of pulmonary haemosiderosis, Scott ez al. (1947)
and 'Lend‘rum et al. (1950) came to the conclusion that haemosiderosis resulted from
multiple interpulmonary haemorrhages which occurred at varicose bronchopulmonary
capillary anastomoses which had ruptured into terminal bronchioles. These haemorrhages
later on led to an lation of h iderin within the lung.

Prov@ded the aggregates of haemosiderin are large enough and fairly widespread the
radological pattern of a fine diffuse nodulation can be seen on chest radiographs. The
general distribution of the nodules 1s fairly uniform but they appear more marked in the

Fic 41, 6-ft. PA chest film of a patient with
mtral stenosis  Dense nodules scattered
throughout the lung fields due to extenstve
pulmonary ossification mn the mud and lower
zores.

mid-zones and lower zones than towards the apices (Fig. 40) Minor changes may be so
indistinct that a definite diagnosis on the X-ray film cannot be made.

The ncidence of radiologically recogmzable haemostderosis 1n mtral heart disease
varies from 10-15 per cent (Goodwin ef al., 1955). Haemosiderosis 1s usually associated
with some degree of pulmonary hypertension (Steiner ef al., 1954; Goodwin et al., 1955)
Wood, however, in 1954 could find no such a correlation.

In the differential diagnosis of h derosis other pul ry conditions producing
a fine nodular pattern must be considered such as miliary tuberculosis, some forms of
pneumoconiosis and 1diopthic haemosiderosis. The association of an enlarged heart of
mitral configuration and miliary mottling of the lung will be most probably due to haemo-
siderosis. Once haemosiderosis has developed and shadows appear on the radiograph
they can either remain static or progress over the years, but they occastonally regress
(Ellman and Ohwer, 1959). o
Pulmonary ossification. The first description of a case of pulmonary ossification and
ion of its jon with mitral valve disease was presented by Salinger in 1932,

f case reports of this unusual manifestation have appeared in the
e i 1951). A detailed

appr
Since then a
]i;erature (Grishman and Kane, 1945; Elkeles and Glynn, 1946; Kerley,
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4. Enlargement of the main pulmonary arteries and puhnonary veins. As already men-
tioned, fullness of the hilar shadows due to vascular distension is frequently noted. On
the other hand the assessment of the penipheral vascular pattern in the lung fields 1s not
very satisfactory in Jeft ventricutar failure. Dilatation of the main lobar arteries and vens
can be seen but there does not appear to be any marked alteration in calibse of the smaller
vessels on the chest film, although theoretically narrowing of the lower lobe arteries could
well be present.

Lewis et al (1953) have reported an el d pul 'y artery p m p
with prolonged and severe left ventricular faxlure The levels of 1hz pulmcnary artery
pressure are not as high as in cases of tight mitral stenosis, nor does pulmonary hyperten-
sion persist for a prolonged time. These may be the reasons why peripheral pulmonary
vascular changes are not demonstrable radiclogically in patients with left vententar
failure. Some vascular hypestrophy of the smaller puimonary arteries bas been demons-
trated histologically in patients with left ventricular fature due to hypertension and aortic
valve disease by Smuh et al (1954). These pathologxcal findings further support the evi-
dence of an el y artery pressure in some cases of left ventricular failure.

The radiological s:gns desenbed are often quite transitory in left ventricular fafure
which 15 1 contradistinetion to mutral stenosss, where steady progression of the vascular
lesions is very common  Another point of distinction between the two conditions 1s the
frequent associaton of a infateral hydrothorax in left ventricular failure This is not
commaon in mitral stenosis where only a small transudate occurs which is often unilateral.
The degree of mterstitial pulmonary oedema also differs and is much less marked in left
ventnicular failure than 1n mitral stenosis.

The Heart in Left Ventricular Failore,

As to be expected left ventricular enlargement 1s the most strihing radiologscal sign in
left ventricutar faslure. 1t has been shown by Cobbs ef al, {1957) that the left atrium can
also enfarge and this can readily be demonstrated radiographically. Left atnal enlarge-
ment will occur when left ventricutar failure is marked or has been present on a number
of occassons; thus left atrial enlargement will be visible together with the pulmonary
manifestations of chronte interstitsal oedema

PULMONARY OEDEMA

(A) Intra-alveolar. (a} Acute, most commonly duc to teft ventricular farture in hyper-
tenston and in miteal stenosss. (b) Subacute, this 15 uncommon and occurs in left ventri
cular failure comphcated by ursemia, as in acute nephntis, polyarteritis nodosa, malignant
hypertension,

(B) futerstitial

The radiological features of acute and subacute oedema will be described 1n this section,
The exact mechanism of puimonary oedema is not fully understood. A number of different
factors playa pan for nstance, the lymph drainage of the lungs, putmonary capillary and

y hyd: ic p and the capillary permeability (Drinker, 1945; Cameron,
1948; Gmmger, 1938) One of the main factors for production of pulmonary ocdema due
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The radiological appearances can be considered from two aspects:

(1) Acute heart failure. This is associated with acute pulmonary oedema and will be
dealt with later 1n a separate section.

(2) Chronic left heart failure. This can present in a variety of ways, producing pulmo-
nary changes due to a raised pulmonary venous pressure,

The most striking radiological features in left heart failure of more gradual onset are:

L. Hilar clouding This was found by Short (1956) to be the most constant and fre-
Quent appearance. In a high proportion of his patients this authar noted fullness of the
hilar shadows with a loss of defimtion of individual vascular branches (Fig, 42). This

Fi6 42 6t P A chest film middle-aged female
patient left ventricular failure due to aortic
valve disease  Effusion at the left base The
main pulmonary artery 1s dilated and so are
s matn branches Septal knes at the bases
and also slight haziness 1n the right lower 2nd
mid-zones indicating intersutial palmonary
oedema

1

clouding may well be due to interstittal oedema of the connective tissue surrounding the
hilum {Granger, 1958).

2. Pleural transudates. They occur next in frequency are usuaily bilateral and basal but
can be umlateral, the left side being more frequently affected than the right (Bedford and
Lovibond, 1941).

3 Chronic wnterstitial pulmonary oedema. This 1s also a frequent finding, affecting
mainly the bases of the lungs, the appearances are very like those seen in mytral heart
disease (Fig. 42) The septal lines 1n left heart failure are less marked than n mitral heart
disease and since pleural transudates are so common they are frequently obscured bx the
effusion. Similatly subpleural co!lect|on§ or extra-alvef)lfxr ﬂE'd and lﬂger]obar eﬁ’usmni

Grainger, 1958).
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lobar fissures clear (Fig 43). On the lateral film the shadows occupy the central core of
the lung leaving a clear peripheral zone.

The mechanism of the central distribution of the oedema is not yet clearly understood.
One possible factor in mutral heart disease may be due to the basal artenial constriction
deviating the blood to the middle and upper zones of the lungs. ‘When, during an attack of
acute cardiac asthma the blood flow in the middle and upper zones 1s increased and the
pulmonary venous pressure rises, oedema will tend to appear in those areas of the lungs and
not at the bases (Doyle ez al , 1957).

The radiological shadows produced by acute pulmonary oedema can clear very rapidly,
often within hours of their appearance.

Vascular distension within the lungs however may persist. The clearance rate of the
oedema flmd depends largely on the type of exudate, the more albumi the fluid the
faster 1t will clear whereas fibrinous exudate may persist for a considerable time. Occasion-~
ally the changes may not resolve completely even within months or years, It has been
demonstrated at post-mortem studies that these residual shadows are due to orgamizing
intra-alveolar exudate (Doniach et al, 1954; Perry et al , 1957).

Uraemic Oedema of the Lungs

This unusual type of oedema occurning in left heart failure is usually associated with
considerable renal impairment and its radiological and pathological features were reviewed
by Domach (1947). This author felt that oedema was due to a huigh pulmonary venous and
capillary pressure and an alteration of capillary permeability due to ia. In i

2 o o I P

madnenn 4hn madinlantanl a3 o

. 2. D x ey wd
nunmal, the only symptom being dyspnoea. This discrepancy 1s probably due to a rather
solid rubbery consistency of the Jung, “Solid oedema™ and the associated fibrinous
exudate. Unilateral distribution of ““Solid oedema® 1s mentioned by Hodson (1950).

The mechamsm for the central distrtbution of acute pulmonary oedema, and partrcu-
larly of uraemic oedema, 1s still obscure It has been suggested by Herrnheser and Hinson
(1954) that there exists an anatomical and functional difference between the lung cortex,
or central core of the Jung, and the lung periphery, or medulla. In post-mortem angio-
graphic studies, these authors demonstrated a difference 1n the anatomtcal relationshup
between the smaller pulmonary arteries and artertoles and bronch 1n the peripheral lung
field, from that seen 1n the larger arteries and bronchi in the central core of the lung. Some
of the observations of Prichard e al. (1954) seem to agree with this anatomical difference.
These authors were able to demonstrate distinctive flow patterns m acute ammal experi-
ments, injecting contrast material into the main pulmonary artery The bulk of contrast
material appeared to be concentrated in the central core of the lung and only small amounts
reached the periphery. In addition the lung periphery became ischaemic after the injection,
with the 1schaemia extending to the lobar borders along the interlobar fissures It appears
therefore that some anatomical factors such as distribution and calibre of the smaller
pulmonary arteries and arterioles as well as varations in the blood flow may play 2 partin
the mechanism of the central distribution of pulmonary oedema.
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to left-sided heart failure 15 an elevation of the pulmonary venous pressure above the Jevel
of the plasma coloid osmotic pressure. That other factors also operate is obvious since
very high pulmonary venous pressures have been observed without the production of
pulmonary oedema (Drinker, 1945; Hayward, 1955). (For further clinical and haemo-
dynamic data readers are referred to Chapter 14.)

Acute Pulmonary Oedema

Since the patient is often too ill to be X-rayed in the department and only ward films
are available, an adequate radiological examnation is not always possible

In pulmonary oedema fluid accumulates 1 the alveolar spaces and produces a wide-
spread radiological pattern of ill-defined shadows which may be quite extensive and con-
fluent, simulating large areas of pulmonary consolidation with rather 1ll-defined borders.

Fic 43 4-ft chest film (Ward Umt) AP Patient
with hypertension and acute left ventricular
falure’ Consolidation of the central areas of
both lungs, so-called ““Bat’s Wing'* shadows
due to pulmonary cedema

Alternatively, the shadows may be finer and more discrete.with rather 1lI-§leﬁned borders
to the opacities. Both lungs are usually affected symmetrically b\n.the distnbution may
vary considerably with only one side affected, or there may be basal involvement or apical
mvolvement.
o c/ir;:?}:ern :ypc of radiological shadow due to the central distribution of the oedema flud
has been fully described by Domach (1947) Hodson (1950) and Jackson (195!) This
Jesion was first observed by Day, et al. (1929), and Coe and Otell (1932) 1t is agmg
referred to by Werkenthin (1939) and later discussed "3 more detaxl. ‘?y Nessafa;;
Riegler (1941), who coined the term “butterfly shadow”. Thﬁ cc\:ldltfon \}’:'a(s:1 ully
reviewed by Jackson (1951) who mentions the appearance of these “bat’s wing ls1 2 o¥; .
due to central oedema in patients wath mutral heart disease and cardrac ast m;.i The
salient feature of the “bat’s wing shadow” on 2 postero-anteror chest rad{ografp ms the
mmetrical distribution of a confluent non-homogencous opacity extendmgd to) the
;{lum into the central lung fields leaving the periphery as well as the areas bordering
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arteries on the chest radiograph, the degree of intrinsic h}lar pulsation, which 15 more
marked in pulmonary hypertension than pulmonary stenosis, ‘and some of the peripheral
vascular appearances described before, will help to differentiate thesev conditions. Dif-
ferential diagnosis from the Tetralogy of Fallot, or pulmonary stenosis assoctated with
septal defects and right to left shunt, on radiological grounds,(can be difficult. A nght-
sided aortic arch denies a closed septum. Angiocardiography is the method of chorce to
establish the diagnosts in most cases,

Pulmonary infundibular stenosis

Post-stenotic dilatation of the main pulmonary artery 1s absent and there 15 no visible
pulsation on fluoroscopy. The appearances of the smaller peripheral pulmonary arieries

FIG 44 6ft PA chest film Young female
patient. Congemtal pulmonary stenosis The
matn pulmonary artery 1s prominent due to
p t dilatation, the bran-
ches are relatively small, marked pulmonary
oligaemta

are very similar to those seen 1n valvular stenosis  If valvular stenosis is also present the
appearances are indistinguishable from pure infundibular stenosis. A bronchial pulmonary
vascular pattern 1s rarely seen 1n either form of pulmonary stenosis.

The Heart in Pulmonary Stenosis

Rught ventnicular enlargement is an early sign of marked pulmonary stenosis and best
seen on oblique and lateral chest films, Occastonally there may be nght atrial enlarge-
ment and on fluoroscopy very vigorous pulsatton can be noted over the right venticle

Following successful valvotomy some improvement in the degree of pulmonary
oligaemia may be noticed; this is not easy to assess on either films or fluoroscopy. Reduc-
tion of the heart size may be considerable (Campbell and Brock, 1955).

Angiocardiography. This procedure can be of considerable help in defining the right
ventricular outflow tract, the pulmonary valve and infundibular narrowing if present,
The examination can be of value in the pre-operative assessment of the heart but 1s less

luable for the of the pul y vascular appearances,
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CONSTRICTIVE PERICARDITIS

A small mam pulmonary artery with small peripheral branches and oligaemic lung
fields are common findings in constrictive pericarditis. Although the pulmonary venous
pressure 1s often elevated, radiological signs of this, such as septal lines are not present.

The heart shadow 1s either of normal size or even small Pericardial caleification is
often seen, and on fluoroscopy there 15 dimimshed cardiac pulsation.

CONGENITAL HEART DISEASE

The radiological appearances of pulmonary vascular patterns in congenital abnormali-
ties of the heart with increased pulmonary blood flow, due to a left to right shunt, and
lestons with pulmonary hypertension and a right to left shunt have already been discussed
1n the section on pulmonary hypertension

In this section congerutal abnormalities of the heart associated with obstruction to the
pulmonary blood flow, and conditions where anatomical arrangements of the main pul-
monary blood vessels are abnormal, will be described (for their clinical and haemodynamic
assessment, see Chapter 9)

Pulmonary Stenosis with Intact Ventricular Septum

This can esther be valvular or infundibular, or mixed. Pure valvular stenosis 1s the
commonest variety, mfundibular 1s less common and the mixed type is rare

Valvular pulmonary stenosis

Marked prominence of the main pulmonary artery is the most strtking feature on chest
radiographs with occastonal shight dilatation of the right and left, or both, main branches.
1t has been shown by Holmann (1954) and Robicsek (1955) that post-stenotic dilatation of
the pulmonary artery 1s largely due to turbulent blood flow distal to the stenosts damaging
the elastic elements of the vascular wall. The degree of post-stenotic dilatation can vary
considerably from case to case, for instance 1n mild pulmonary stenosis the radiologcal
appearances can be normal. In the post-stenotic dilated section of thg main pulmonary
artery considerable mntrinsic pulsation can be seen on fluoroscopy; this is absent mn the
main arteries at the hilum and beyond 1n the peripheral lung fields .

In contrast to the appearances of the man pulmonary arteries the smaller peripheral
branches are thin and narrow, producing a picture of generalized pulmonary oligaenna
(Fig. 44); or, 1if the stenosis 1s shight, they may be normal. The periph‘eral vascul‘ar changes
are very variable and depend largely on the degree of P ry 15
difficult to estimate on standard chest X-ray, and even more so on ﬂuoms{:cp){. By the use
of contrast studies of the arterial tree vascular narrowing and under-filling is more con-

strated. .
mel;:%ﬁ;::?;iagnosu. Post-stenotic dilatation of the {nain pulmonary arsenes with
ipheral pul ligaemia due to pul y stenosis must be differentiated from
pere it imilar radiological appearance of the lung vascular pattern, as for

tions with a si T . A
:;2:;1?:%2: Eisenmenger group. Absent, or only slight, dilatation of the main pulmonary
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Angiocardography. Angiocardiography 15 of particular value in outhning the outflow
pathways of both ventricles, the overriding aosta, and in the demonstration of the type of
pulmonary valvular stenosis, as well as the appearances of the pulmonary arteries distal
to it (Fig. 45} 1Its main value lies in the establishment of a correct anatomical diagnosis
and n the differentiation of the Tetralogy from other cyanotic congenital heart lesions.
Selective angiocardiography with right ventricular injection 1s the method of choice 1.
the Tetralogy. With this method a clear demonstration of the right ventneniar outflow
track and xts relationship to the pulmonary artery and aorta will be demonstrated as well as
the posttion and size of the ventricular septal defect and the type of pulmonary
stenosis.

Appearances after operation. Successful valvotomy may improve the pulmonary
blood flow sufficiently to produce a recognizable change in the pul y vascular filling.

Fi6 45 Venous angocardiogram  Young gul,
Tetralogy of Fallot Dextro-posed aorta fills

outlined

ARCZ a Blatock operation some increase in the pulmonary vascular filling may also be
noted.

U ulateral nb hing is another radiological feature which may follow on Blalock’s
operanjon; 'n was first reported l’ay It’.ent (1953) and again by Campbell (1958), and is due
to the P of an 1 coll: 1 lation to the arm, folfowing

the division of the subcfavian artery,

Transposition of the Great Vessels

In this congenitat abnormality the puimonary artery anses from the left ventricle and
the aorta from the nght. Intracardiac shunis at atrial or ventricular levels or a patent
ductus are always associated, see Chapter 9. The position of the pulmonary artery and
aorta relative to the left ventricle varies considerably and this may give rise to some
difficulties at interpretation on routine chest fitms. When the aorta arises to the left it
will form the left mediastinal border and will be very prominent, (Goodwin ef al. 1949).
‘When the pulmonary artery arises centrally, it will not be clearly visible, and may be ;naskcd
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Peripheral Pulmonary Artery Stenosis

Localized constriction of the major branches of the pulmonary arteries, probably due
to congenital bands or strictures, is an unusual form of pulmonary stenosis, and has been
described by Arvidsson ef al. (1955) and Gyllenswird ez al. (1957). In some cases pul-
monary hypertension proximal to the constriction sites have been reported (Falkenbach
et al , 1959). Right ventricular enlargement may be considerable and the main pulmonary
arteries are dilated proximal to the constriction. A definitive diagnosis can only be made
by pulmonary arteriography

Fallot’s Tetralogy

The radiological appearances of the heart and lungs in the Tetralogy are as vanable as
the chinical features, In the mild form of the anomaly, with only a slight override of the
aprta and mild pul 1y st the radiological appearances of the heart and lungs
can be quite normal  On the other hand, in the severe form with gross overrding of the
aorta and hypoplastic right ventricular outflow tract, marked right-sided cardiac enlarge-
ment, and marked peripheral pulmonary oligaerma will be seen on chest radiographs.
Since in approximately 60 per cent of cases of the Tetralogy pulmonary stenosts 1s in-
fundibular, post-stenotic dilatation of the main pulmonary arteries is not very common
and a conclave left upper cardiac border is a usual finding. This, together with right
ventricular diatation, produces the characteristic *boot-shaped” appearance of the
heart,

If valvular stenosis 1s present the main pulmonary artery and its left main branch can
be considerably dilated, but not the right maimn branch, Considerable variations in size
and shape of the main pulmonary arteries have been recorded on angiocardiographic
studies by Pattinson and Emanuel (1957). These authors report that in one-third of the
cases there was unequal division of the main branches, the left main pulmonary artery
bemng larger than the night These authors have also concluded that mequality m size of
the pulmonary arteries did not appear to affect the filling of the smaller peripheral pul-
monary artery branches. The degree if peripheral pulmonary oligaema 1s largely depen-
dent upon the severity of the pulmonary stenosis.

Gross abnormalities of the pulmonary arteries distal to the pulmonary valve can occur,
for instance, there may be absence of the left main pulmonary artery (Fig. 45), prob-
ably the most common variety. Other findings, such as extreme hypoplasia of both mawmn
branches of the pulmonary artery, or one main branch, have also been reported  Emanuel
and Pattinson (1956) reviewed the radiological appearances of an absent left main pulhmona

ary artery and also considered the aetgclogy of this abnormality. When this condition 1s
present post-stenotic dilatation of the right main pulmonary artery can occur and a marked
discrepancy of the pulmonary vascular pattern of the two sides will be noted on chest
films. A normal, or slightly attenuated vascular pattern will be vxslb‘le 1n the right lung
whereas jn the left lung adbronchiczlﬂ1 pulmonary vascular pattern wilf be seen, the ap-
which will be discussed later.
pea;?r:;t:,;: gs\::\;re hypoplasia of theipulmonary arteries m addition to the zgtg‘e);zuateg
pulmonary vascular shadows, a bronchial pulmonary vascular pattern may be visible, ans

this shou!d be very carefully Jooked for.
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aorta, above the hilum and to run into the lung field in an anatomical position different
from normal pulmonary arteries (Goodwin et al. 1953). It may be difficult to differentiate,
a large bronchial artery of this type from a pulmonary artery ansing from a truncus
arteriosus or from the aorta.

Fic 46 6ft.P.A chestfilm Youngboy. Fallot's

OTHER ABNORMALITIES OF THE PULMONARY ARTERIES
Congenital Absence of Pulmonary Artery

In these cases the normal vascular pattern will be replaced by a bronchial pulmonary
vascular pattern, three such cases have been described by Wyman (1954) In one of these
patients there was no associated cardiac anomaly; the other two had extensive congenital
cardiac abnormalities. One case of congenital absence of the right main pulmonary artery
was described by Madoff et al. (1952). These authors were able to demonstrate a bronchial
supply to the lung by angiocardiography

Pulmonary Agenesis

This can be total affecting the whole lung, or it may be partial with absence of a lobe
or lobar segment. On the chest film no pulmonary vessels will be visible in the affected
areas.

Pulmonary Sequestration

In this anomaly of a lung segment there are usually associated cystic changes and no
communication with normal bronchi, The sequestrated segment derives its blood supply
not from the pulmonary artery but from an aberrant vessel arising from the thoracic
aorta. The great surgical importance of this abnormal vascular supply has been stressed
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by the aorta (Astley and Parsons, 1952), Irrespective of the position of the main pulmon-
ary artery the hilar shadows appear full there is marked pulmonary plethora and intrinsic
pulmonary pulsation will be noticed on fluoroscopy.

Transposition of the great vessels can be complicated by pulmonary stenosis (Cleland
et al, 1957) or the Eisenmenger reaction, see Chapter 9. In these cases the pulmonary
vascular pattern will be very different from that described above since the Jung fields will
be oligaemc. The pulmonary arteries are difficuit to identify—they may appear small and
attentuated or they may not be visible at all, or only one side may be seen There 1s often
considerable stipphing around the ilar shadows, strongly suggestive of enlarged bronchial
arteries. The heart shadow and mediastinum may present an unusual appearance with
considerable right atral and right ventricular enlargement and widening of the upper
mediastinum, due to the anomalous posttion of the aorta and pulmonary artery

Special investigations. Angrocardiography 1s the most useful method 1n the mvyestiga-
tion of transposition of the great vessels. In the uncomplicated group the relationship of
the pulmonary artery and the aorta relative to the right and left ventricles will be clearly
shown and so will be the appearance of the large vessels in the mediastinum In the lateral
projection, the aorta will be seen to arise in front of the pulmonary artery, and m the
antero-posterior projection the aorta may lie to the left, forming the left upper meduastinal
border (Goodwin et al., 1949) or the pulmonary artery may lte centrally (Astley and Par-
sons, 1952) more or less overlying the aortic root

In cases where transposition 1s complicated by pulmonary stenosts the main pulmonary
artery may not be demonstrated, this does not exclude 1ts presence, however, as has been
shown by Cleland er al, (1957). In some of therr patients the pulmonary artery was not
wistble on routne chest film or on angiocardiograms but 1t was present at operation In
the differential diagnosis angocardiography will help to distinguish transposition from
other conditions of cyanotic congenital heart disease and in particular transposttion with
pulmonary stenosis from the Tetralogy of Fallot, tricuspid atresta and persistent truncus
artertosus (Cleland et al., 1957).

BRONCHIAL PULMONARY ARTERY CIRCULATION

Normal bronchial arteries are too small to be visible on chest radiographs In a number
of congental cardiac and pulmonary artery anomalies the vascular supply to the lung 15
either predomnantly, or entirely, dependent upon the bronchial circulation. In those
cases the bronchral arteries can enlarge to a size so that they will produce a definite
radiographic shadow

A bronchral blood supply to the lung can be seen in the severe Tetralogy of Fallot,
pulmonary atresta, tricuspid atresia, persistent truncus arteriosus and marked hypoplasia
of pulmonary artertes. o .

The radological appearances of bronchial arteries in congemtal heart disease were
Aaceribed by Taussig (1947) and Campbell and Gardener (1950). _Thfare 1sa ret!zer coarsz‘:

2 fine lace-work pattern, probably proguitd Ly luc uhis vivisiin iy v
?};g §6) Occasionally a very large dilated bronchial artery can be seen to arise from the
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Aneurysms of the pulmonary artery are rare, they usually affect the main pulmonary
artery, or one of the major branches. The dilated main pulmonary artery segment will be
more localized than in generalized idiopathic dilatation; nevertheless the differentiation
of the two conditions on the chest films may not always be possible and tomography or
angiocardiography may have to be used, to establish the dragnosis.

ANOMALOUS PULMONARY VENOUS DRAINAGE

A lous pul y venous drai can be partial or total.
Partial anomalous pulmonary venous drainage is fairly common and often associated
with another congenital cardiac abnormality, particularly atral septal defects.

FiG. 47 6-ft. P A, chest film of a boy. Atnal septal
defect complicated by total anomalous pul-
monary  venous drawnage “figure-of-eight™
mediastinal shadow

Anomalous pulmonary veins from the right lung commonly drain into the superior
vena cava or the right atnum, only one or both main veins may be affected. When one or
both left pul y veins drain lously, they usually do so by way of a left superior
vena cava or the coronary sinus  Anomalous pulmonary venous drainage from the right
lung, usually occurs without anomalous drainage from the left, whereas anomalous drain-
age from the left lung is often associated with a right-sided anomaly.

Total \ pulm y venous drainage is When it occurs, all
pu]mqnary vemns may drain into a common pulmonary vein and into a persistent’ left
superior vena cava (Whitak == 1080 A— oot w0 e Tttt r for
survival of the patient (for

The radiological appear site

and origin of the anomalous veins and their effect on the re-circulation of blood thr::ugh
the right side of the heart and lungs. A single anomalous vein will rarely have an effect on
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by Bruwer et al (1950), who pointed out that a number of patients had died at operation
following haemorrhage from this abnormal vessel, thus stressing the need for an accurate
diagnosts.

Special Methods of Investigation

Tomography can be most useful to demonstrate absence of a normal pulmonary artery
pattern and also to outline large bronchial vessels. Angiocardiography is the method of
choice to demonstrate absence of pulmonary arteries and to define bronchsal vessels,
particularly the smaller branches within the lung, and the Jarger branches as they anse
from the aorta, or common trunk (Goodwin et al., 1953; Davidson, 1956).

HYPOPLASIA OF THE MAIN PULMONARY ARTERY OR OF
LOBAR PULMONARY ARTERIES

In the syndrome associated with abnormal transradiancy of one lung (Macleod, 1954)
a number of factors can be responsible for the underlying pathology; (1) Vascular abnorm-
alies, due to hypoplasia of the pulmonary artery; (2) Parenchymal pathology, such as
emphysema; (3) Bronchial pathology, /e check valve mechanisms producing bronchial
obstruction on expiration, as, for example, inhaled foreign bodtes or bronchial adenoma.

The appearance of the lungs on chest radiographs is the same, irrespective of the cause
The affected lung or theaffected lobe will appear hypertranslucent and on fluoroscopy there
may be mediastinal shift away from the affected side on exprration (Chapter 11). The lung
vascular markings will be diminished and straightened and the arteries appear narrowed.
On the chest film it 15 not possible to differentiate between true hypoplasta of the pulmonary
artery and apparent narrowing due to diminishing blood flow. Although angtography will
demonstrate artenal narrowing it does not help to differentiate between 1diopathic hypo-
plasta and secondary hypoplasia due to diminished flow. Only correlation of lung function
studies with anatomical findings on chest films or angiocardiograms will provide a satis-
factory diagnosis (Belcher and Pattinson, 1957; Belcher et al , 1959).

IDIOPATHIC DILATATION OF THE PULMONARY ARTERY
AND ANEURYSMS OF THE PULMONARY ARTERY

Idiopathic dilatation of the pulmonary artery is uncommon; it must be differentiated
from secondary dilatation, The causes of secondary dilata{ion of the pulmonaty artery
have already been discussed in previous sections, re. the Eisenmenger syndromwe, mutral

etc,
Stenl\c:lsxl;'cr degrees of pulmonary artery dilatation may be phystological s, for mstance, in
pregnancy, or occasionally in adolescence, or it may be associated with a high cardiac
s thyrotoxicosts .
cutpAl;tas lx]'fx?eathe g{iagnosis 15 obvious when the radiologtcal picturq is correlated with the

o $4 oedeemeis Red'een Tothere s any doubt, or if a very large pulmon-

\ography may outline the pulmonary artery
but to make certain angiocardiography or
he most useful diagnostic procedure {Goetz

YLig vaveseg

pulmonary arteriography should be used as
and Nellen, 1953).
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defects in the contrast column due to streaming of blood at the site of insertion of the
aberrant pulmonary vein in the superior vena cava and right atrium. Anglographic
d ration of individual put y veins 1s niot too satisfactory, except when the
injection is made selectively by catheter into the vein from the right atrum or from the
superior vena cava. When the pulmonary attery is selectively injected and the veins fill
they may be seen to drain into the superior vena cava or into the nghit atrium, .

By cardiac cathetenization 1t is often possible to enter an anomalous pulmonary vein
from the right atrium or superior vena cava and 1o establish the dwagnosis (Fig. 48).

PULMONARY ARTERIO-VENOUS FISTULA

The first clinical diagnosis of pulmonary arterio-venous fistula was made by Smath and
Horton (1939) It was soon realized that patients with arterio-venous fistula had also
and mucosal i or teleang confirmung the hereditary nature
of the disease. An extensive review of the literature and clinical data was presented by
Sloan and Cooley (1953} and Le Roux (1959)
The clinical diagnosis of arterio-venous fistula can be confirmed by radiologeal
methods of mvestigation.

Radiological Appearances

The most constant finding 1n arterio-venous fistula of the lung 15 the presence of an
anomalous shadow in the penpheral Jung field. Lesions are frequently muitiple, they
vary 1 stze and shape from very small densities to large oval or round masses which may
be multifocular. These shadows can occur in any segment or subsegment of the lung and
may be concealed behind the heart shadow or lie close up to, or against the mediastinum,
thus n addition to the postero-anterior film lateral and oblique projections are required.
The peripheral shadow 1s often connected to the hilum by farge vascular shadows repre-
senting afferent pulmonary artenies and efferent pulmonary vems These dilated vessels
are better seen on the oblique and lateral films where they can be accurately localized to
the fistula and the hifar shadow. The hilum may be markedly enlarged; calcification is
rarely visible in the fistula  The arterio-venous fistula can also recetve part of its blood
supply from the thoracic wall with the production of an unusual vascular shadow 1 the
peripheral lung field close to the chest wall (Prutzmann and Flick, 1954).

Fluoroscopy. Intrinsic pulsation can sometimes be seen 1n the afferent vessels or the
arterio-venous fistula itself. On respiration the shadow produced by the fistuia can be seen
to change 1ts size This can be further enhanced by the Vaisalva manceuvre which will
decrease the size of \he fistula, whereas the Muller manceuvre will mncrease 1t The normal
change m size of the heart shadow with respiration and mduction of the Valsalva man-
aeuvre and the Mitdler manceuvre may be enhanced in the presence of a fistula.

Tomography. This is a most valuable method of ion smce 1t can demonstrate
§hc vascular supply 10 the fistula very clearly (Lindgren, 1946) (Fig 49) This is of great
importance in the diff t di is since 1t may an arter hous fistula

from other conditions producing similar peripheral shadows on the chest radwgraph.
Peripheral tumours or well circumseribed Jocahzed inflammatory lesions will not be
9
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the heart shadow but since they are often associated with atrial septal defects or other
congemital cardtac anomaltes, the appearance of the heart can be abnormal and will
depend upon the latter. If more than one vein drains into the right atrium, the augmented
left to right shunt will further unbalance the lesser circulation, and affect the contour
changes of the heart already produced by the intracardiac shunt. Thus nght atrial and
right ventricular enlargement can be marked associated with pulmonary hyperaemia.
Even in the absence of an assoctated septal defect extensive anomalous dramage can
mmic the radiological appearance of a septal defect.

Vascular changes An aberrant pulmonary vein may be visible on chest radiographs
as 1t dramns into the superior vena cava The vemns may produce comma-shaped or thick

Fig 48 4-ft A P film of a boy with atnal septal
defect Anomalous pulmonary venous drain-
age Cardiac cathefer has entered the nght
upper lobe vein from the right atrium

vascular shadows close to the cardiac border and very often runnmg parailel with 1t
(Snellen and Albers, 1952; Bruwer, 1953; Sepulveda ef al.., 1955). Wher} the left and
accasionally also the right pulmonary vein drams intoa persnstent{left superior vena cava,
this vessel together with the left innommate vein and a dilated right superior vena cava
will produce an abnormal superior mediastinal shadow somewhat like a n.r]g mn appea{antc,e;
(Fig. 47). This ring shadow together with the he.::rt shadow forms the “figure-of-eigh y
appearance of the medastinium, ongmally described by Snellen and Albers (l?jS?) ztl}rlll
Gardner and Oram (1953) on ﬁuorascoEy pulsz[xtx(lng,jg)an occastonally be noticed in this
ulmonary venous rmg (Hickte et al., . 5

ano;ilg:ls :l:zctlwdr a},' investigation, Tomography can be of valu.e by dzmox;stratmcg ,z;r:
aberrant vein more clearly and separatng it from other medastinal and htlar vascul

Struzcxt:;cscgs;tdexcokgerg}:}llzs\gv):;s used by Sepulveda ez al. (1955) in the investigation of their

cases. Using venous angiocardiography these authors were able to demonstrate filling
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counected to the hilum by large feeding vessels; whereas the peripheral shadow may be
very sumilar to that seen 1n a fistula,

Angiography is the most satisfactory method for diagnosis. {Sloan and Cooley, 1953;
Weiss and Gasul, 1954; Steinberg and McClenahan, 1955). Since the fistulae are often
multiple both Jung fields must be completely covered by the examination and large films
are therefore necessaty (14 1n. x 4 in.) when angiographic studies are carried out.  Small
arterio-venous fistulae may not be vistble on the straight film but in the anglogram they are

Fic 49 AP tomogram left muid-zone Large
lobutated peripheral pulmonary shadow con-
nected by a vascolar pedicle to the hilum,
arterio-venous fistula and its vascular supply.

pearly always demonstrated (Steinberg and McClenahan, 1953), In additon to clear dem-
onstration of the vascular supply, the fistula itself will be outhned as a dense shadow
when filled with contrast medium,
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mild and limited in its extent. 1t may affect the pulmonary arteries down to the pruxin.ml
parts of the segmental branches but rarely beyond this, and it takes a form that is signifi-
cantly different from the ordinary atheroma of the systemic circulation. Pulmonary
atheroma so-called consists of isolated round, or oval, cream-coloured plaques that are
scarcely elevated above the surrounding intima. Histologtcally there is an aCcumu.]atlon
in the tima of foamy phagocytes filled with cholesterol esters and enme§hed 1n a minimal
quantity of fine collagen fibres. This lesion cotresponds with the superficial fatty streaking
seen in the aortas of young people but in the pulmonary circulation 1t does not progress
to more severe grades m the absence of severe hypertenston In mild grades of hyper-
tension this so-called atheroma becomes more extensive, though rarely confluent, and

Fic 50 Post-mortem angiogram from a normal

spreads further down the segmental arteries. It retains its histological structure and bemng
only flat thin plaque does not encroach on the lumen, The other change that 1s seen 1n
the pulmonary arteries 1n mild hypertension 1s an increase mn the muscular fibres of the
media. This occurs n the elastic and muscular arteries and probably in the arterioles, but
in practice, hypertrophy of this degree is extremely difficult to detect and 1ts occurrence
has been denied by O'Neal et al. (1955). The absolute thickness of the media naturally
depends on the size of the artery in question, whilst the thickness relative to the diameter
of the vessel depends on the degree of arterial tonus persisting after death and this
turn is variable. In practice 1t is possible to measure pulmonary arteries of elastic or
muscular type if they have been artificially dustended, preferably with some wjection mass,
after death, and such measurements can be compared with those found in arteries of the
same calibre and from the same part of the lung in normal controls. Using this technique
1t is possible to demonstrate the presence of muscular hypertrophy in the media of both



CHAPTER 6

PATHOLOGY

By C. V. HARRISON

THE pulmonary vasculature 1s involved to some degree in neatly all diseases of the lung,
but the vascular lesions that are clinically important are those associated with the pressure
changes in the pulmonary circulation. It will, therefore, be convenient to consider the
vascular pathology in relation to pressure changes rather than according to the morph-
ology of the lestons In the other chapters the morlxd physiology of the pulmonary
vasculature 15 discussed 1n relation to 1ts chinical effects; 1n the present chapter therefore
stress will be laid mainly on the structural changes that cause or are caused by alterations
of function.

VASCULAR CHANGES IN PULMONARY HYPERTENSION

The vascular lesions that accompany pulmonary hypertenston are not umform but
vary according to the pathogenesis and according to the severity of the hypertension.
The following aetiological types of pulmonary hypertension are assoctated with different
vascular changes.

Passive

Hyperkinetic

Orgamc vascular obstruction
Increased vascular tonus
Mixtures of the above

Passive Pulmonary Hypertension

In this group hypertenston 1s the result of any change that impedes the venous outflow
from the lungs, and therefore includes persistent left ventricular failure, mitral stenosis of
incompetence, thrombosts m pulmonary veins or Jeft atrium, congemtal anomalies of
venous drainage and left atrial myxoma. In its pure form passtve pulmonary hypertension
1s only of mild degree but with severe impedance of pulmonary venous outflow a secondary
arterial constriction 1s excited and can lead to very high pressures n the major pulmonary

eries.
art In the less severe forms of passive pulmonary hypertension the changes in the vascuta-
ture are remarkably slight, so much so that they are difficult to detect by ordinary routine
methods of examination and special t “ iq are ry for .the d of

3 et dacna A
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tween zones is accentuated, probably due to the relative increase in the muscular com-
ponent, so that a difference between zones s perceptible in about three-quarters pf the
cases. At this level dilatation becomes uncommon in the upper zone and rare in the
lower. Below the level where muscular arteries begin, that is at abgut 1 mm. diameter 1n
the normal lung, there is usually a decreased visualization of arteries, particularly in the
lower zones so that the background filling in angiographs is diminished. All these changes
jn fact correspond with those d rable angiographically during life but can be seen
in greater detail. The histological counterpart of these lesions is mainly medial hyper-
trophy. In elastic arteries the medial muscle hypertrophies and at the same time the
elastic fibres thicken. The final picture is an artery with coarse and irregular elastic fibres
separated by unduly thick bands of muscle. This change extends down to the commence-
ment of the suscular arteries. In the latter the response to hypertension is muscular

Fi6 52. Radiograph of the middle lobe from the
case 1 Fig 51 showing the uniform narrow-
1ng of the mediume-sized arteries

hypertrophy. In both elastic and muscular arteries the degree of hypertrophy 1n severe
mitral stenosis is of the order of two to five times normal and tends to be slightly greater
in elastic arteries. In spite of individual varation from one artery to another the lower
zone arteries are more hypertrophied than the upper zone by differences of about one
and a half times (Fig. 53) Arterioles normally have a muscular media at their origin
from the small muscular arteries, but soon lose this and consist of an elastic lamina and
an intima. In mitral stenosis the muscular media spreads down the arteriole so that it
comes to resemble 2 muscular artery only on a smaller scale Two other lesions are seen
1 the smallest elastic artenies, the muscular arteries and the arterioles: these are intimal
fibrosis and medial necrosis. Concentric thickening of the intima by fibrous tissue is
frequently seen and it often appears to reduce the lumen to nothing This appearance is
an artefact due to muscular contraction bemng made permanent by histological fixation:
there is much less narrowing 1n tissues fixed by artenial perfusion The relationship of this
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elastic and muscular arteries 1 mild degrees of pulmonary hypertension such as that
occurnng in persistent left ventricular failure. In arterioles muscle is only present in their
proximal parts and hypertrophy is not usually detectable unless hypertension has been
relatively severe. On the venous side a similar hypertrophy occurs but 1s even more
difficult to detect because, whereas arteries have clearly defined internal and external
elastic laminae enclosing the muscle, verns have no clearly defined external lamuna.

Mitral valve disease

With increasing obstruction to venous outflow pulmonary hypertenston ceases to be
purely passive 1n the sense of a transmitted back pressure, an increased tonus in the
pulmonary artenal system 1s now excited. This 1s clearly demonstrable in cases of tight

Fic 51 Post-mortem angiogram from a case of

narrowed

mutral stenosis and severe cases of mitral incompetence. This medial muscular contraction
persists after death and can be demonstrated 1n post-mortem angrographs and can be
abolished by perfusion with sodium fluonde. As in angiograms taken during lnje, it 1s
seen that the arterial tonus causes contractron of the arteres 1 a zonal masner; h‘;lose
arteries supplying the lower zones of the lungs have a shlgn.lﬁcanﬂy greater comract{on: an
those to the upper zones. It should be noted that }he distribution 1s related to the direction,
upwards and downwards, and not to the anatom!cal lobes or segments. The pqst—m%rlgrln
angiographic appearances in a typical case of mitral stenosis are as follows (F.xgs‘dS ,The’
52). The main and the right and left pulmonary arteries are uﬁually shghtly dllatg ‘es he
segmental arteries in the upper zone are usually of normal size but may s,omenm o
ilated; they are very rarely narrowed. The segmental arteries to the.lo“er zones
diatecs 1 contracted and may sometimes be dilated but there is 2 difference between
0 -thards of the cases. In the branches of the segmental
this trend towards a difference be-

either normal andmay
er and Jower zones in about tws . :
‘alftgnes down to about the end of the elastic arteries,
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tween zones is accentuated, probably due to the relative increase in the muscular com-
ponent, so that a difference between zones is perceptible in about three-quarters of the
cases At this Jevel dilatation becomes uncommon in the upper zone and rare in the
lower. Below the level where muscular arteries begin, that 1s at about 1 mm. diameter in
the normal lung, there is usually a decreased visualization of artertes, particularly in the
lower zones so that the background filling in angiographs 1s dimimshed. All these changes
1 fact correspond with those demonstrable angiographically during life but can be seen
in greater detail, The histological counterpart of these lesions 1s mainly medial hyper-
trophy. In elastic arteries the medial muscle hypertrophies and at the same time the
elastic fibres thicken. The final picture is an artery with coarse and irregular elastic fibres
separated by unduly thick bands of muscle. This change extends down to the commence-
ment of the muscular arteries. In the latter the response to hypertension 1s muscular

Fic 52 Radiograph of the middle lobe from the
case 1n Fig 51 showmng the umiform narrow-
ing of the medium-sized arteries

hypertrophy In both elastic and muscular arteries the degree of hypertrophy 1n severe
mutral stenosts 1s of the order of two to five times normal and tends to be shightly greater
1n elastic arteries  In spite of individual vartation from one artery to another the lower
zone arteries are more hypertrophied than the upper zone by differences of about one
and a half times (Fig 53) Arterioles normally have a muscular media at therr origin
from the small muscutar arteries, but soon lose this and consist of an elastic lamina and
an mtima In mutral stenosis the muscular media spreads down the arteriole so that 1t
comes to resemble 2 muscular artery only on a smaller scale Two other lesions are seen
in the smallest elastic arteries, the muscular arteries and the arterioles these are intimal
fibrosis and medial necrosis. Concentric thickenmg of the intima by fibrous tissue is
frequently seen and 1t often appears to reduce the lumen to nothing This appearance is
an artefact due to muscular contraction being made permanent by histological fixation:
there 15 much less narrowig in tissues fixed by arterial perfusion The relattonship of this
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fibrous intimal thickening to passive hypertension is uncertain because a mild degree
occurs as a normal age change and because 1ts occurrence is irregular. Thomas ef al. (1956)
found that this type of mtimal sclerosts was associated with thrombo-embohsm and
suggested that 1t results from this rather than hypertension with which it 1s less constantly
associated  We certainly confirm the association of intimal fibrosis with other evidence of
thrombo-embolism and agree with Thomas er al,, but 1t is worth noting also that i
severe hypertension due to ventricular septal defect intimal fibrosis of this type 1s almost
universal 1n small artertes and 1t 1s therefore possible that in some cases of severe pul-
monary hypertension due to mutral stenosts intimal fibrosis may be a response to
hypertension.
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3 Differenttal muscular hypertrophy in mutral stenosts, same case as Fig

Fl:'ncsry <mlthcr left 1s from the apex of the upper lobe [ mm from the pleura and shows un}:y
slight hypertrophy, the artery on the right is from the base of this lower lobe 15 mm from the

pleura and shows gross hypertrophy (both x 110)

Necrosis of the wall of small pulmonary artertes with a consequent cellular response
to the necrosis 1s a not infrequent finding 1n severe cases of passive pulmonary ll)lypgrtjfln'
sion. These lesions were onigmally thought to be forms of rhe}xmanc anemg ut Satc
(1956) has shown that they do not correlate with theumnatic activity and they ohc?lrlrsm .
with severe hypertension, not only that due to nytra) stenosts. The exact mec! aMedm)
uncertain but the evidence suggests that necrosis may fonow‘ intense spasm.sentinl -
necrosis also occurs in infarcts and 1n the}r immediate vicimty, it is therefpr; zsas il
know the exact site of origin of the section before one can offer any opinio S O bt
nature of any arterial necrosis or Il'ltm:fﬂ lﬁbros;s. d!ngfact we are of the opi

ositively musleadin,
Ao e o I]I:e lu;g c:rrtlez:ise changyes. There is again medial mgscular hyper-

The veins also e eatn Jowt ¢ (Fig. 54). There is also an increase in the
trophy and this teo is greater in the Jower zon g. 54).
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surrounding connective tissue but whether this 1s a response to venous hypertension or a

P to chronic lymphatic di ion and oedema is uncertain In veins of micro-
scopic size, especially those within the secondary lobule, there is a curious type of intimal
thickerang. This takes the form of a layer of rather hyaline looking collagen with few
nuclei and no elastic fibrils (Fig. 54). ‘Thos change 15 common and occurs inall parts of the
lung but does not affect all the veins.

The changes so far described are seen 1n cases of mutral stenosis, some of them only in
cases with severe pulmonary hypertension. The question naturally arises, whether such
changes occur in other forms of passive pulmonary hypertenston. The answer 1s that the
lesions in question are common to any type of passive pulmonary hypertension but that
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FIG 54 Venoush

ypertrophy 1n mitral stenosss, same case as Fig 51 These two sections of veins have been
cut from the apex and base of the lung 1n the same positions as the arteries m Fig 53 The lower lobe
\(l‘c’-or: ‘g:%l)) shows much greater hypertrophy 1t also shows a structureless, fibrous, 1ntimal thickeming

since some of them only occur with the more severe grades of hypertension they are rarely
seen apart from mutral stenosis

The changes so far described can be regarded as direct consequences of passive pul-
monary hypertension. There are other changes that are common complications and may
be clinically important. Of these the two most important are atheroma and thrombosis
and gmbohsm. It was stated earlier that pulmonary atheroma 1s ordinarily of mild type
and js comparable with superficial fatty streaking rather than with true atheroma.” In
cases of severe mitral stenosis this 1s no longer true and atheroma of the same severity
and type as t}m seen in the coronary or other systemic arteries may be found This type
of atheroma is thick enough to encroach serously upon the lumen of medium-sized elastic
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arteries and in angiograms 1t produces an irregular beaded outline (Figs. 55 and 56)
Such obstructive atheroma occurs 1n about one-third of fatal cases of mitral stenos:s and
in our experience has been strictly imited to the lower zones. ‘The actual lesion n the
artery does not differ in any material way from the corresponding lesions in the systemic
carculation and does not therefore need any detailed description. In practice there are
infimte grades of severity between fatty streaking—so-called atheroma—and this severe
type and m makmng this somewhat arbitrary distinction into two types we have taken as
our criterion the presence or absence of any perceptible degree of narrowing in the angio-
gram. In many cases histological sections show evidence of the incorporation of thrombus
mto the atheromatous lesions. This ranses the whole problem of the part played by

Fic 55 Post-mortem angiogram from a case of
severe mutral stenosis  The Jower zone
arteries are narrowed, but in addition tney
show points of extra narrowing due to ather-

N oma, particularly 1 the posterior basal
segment

thrombosis 1n the genesis of atheroma which 1s not a proper subject for present Consl‘;iefs-
tion. Itis however fair to say that in the pulmonar}f cireutation there 1s ample evtl :;ael
for the tncorporation of thrombus into obstructive lesions (Fig 57) and there 1s a stal :15 the
association In our experience between the presence of obstructive ather(})lma 312 oma
presence of manifest thrombo-embolic lesions  Furthermore, we have noted t ~at? te’;wsns
15 significantly more severe i the sense of causing obstruction in cases of mitra hses that
than 1n cases of hyperkinetic pulmonapi hypertension, Th1§ observation m;gmmunly
some factor other than hypertension is mvolvgd and since mitral stcnosglels factor that
associated with a dimimshed flow this factor might be thrombosis. The De thtere are total
s of importance in mitral stenosis 15 thrombo-embolism, In our exps enench infarcts
;nenal occlusions demonstrated by angiography na half of all cases and{( Zrt'e'?t::t:ases is
10 three-quarters of these. This d of mahe
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so very high that it is improbable that they are all ordinary emboli even 1f a!l poss:b!e
allowance is made for the lability of bed-ridden patients to venous throm‘?usls. Or}e is
therefore forced to the concluston that a signtficant proportion of the a{tenal occlusions
are the result of Jocal thrombosss. The distnbution of arterial occlusions in mitral stenosts
1s the same as the distribution of emboli. In a personal seres of 132 arter{al occlusions
from 29 Tungs 100 were in the basal arterses of the lower lobe and in the middie lobe {or
Imgula) The remaming 32 being in the upper lobe .and apex of Jower lobe. In the same
lungs there were 50 infarcts, or infarct scars, 42 being mn the Ab::sal segments and middle
{obe and eight in the upper lobe and apex of lower lobe. This distubution 1s essent_zally
similar to that of occlusive atheroma and may indicate the lability for thrombosis to

occur over atheromatous lesions. A stmilar distribution 1s however seen 1n undoubted
emboli and Short (1951) 1n an unselected senes of cases of pulmonary embolism found
the lestons 1n the lower zones in five-sixths of cases In some of the cases mentioned above
1t was possible by d to d ate both embolus and prop d thrombus
whilst in others there was evidence for the thrombus having occurred locally, There seems
to be little doubt that both embolism and local thrombosis occur, what remains uncertain
15 their relative proportions. Whatever may be the onigin of pulmonary infarcts in mitral
stenosis, they have an 1ll effect for the patient, especially 1f they induce pleural effusion.
In every case with persistent pleural effusion it was possible to demonstrate old infarction
in the underlying lung implying that the infarction, usually major or multiple, was the
cause of the effusion. Since a pleural effusion mvolves pulmonary collapse it necessarily
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mvolves a decreased blood flow through the part of the lung that is collapsed. In the
presence of nght ventricular strain this addstional obstruction to pulmonary blood flow
may well be a serious matter.

Effects of mitral stenosis on the lung parenchyma
Three effects need mention, passive congestion, Kerley’s lines and ossification.
Passive venous congestion doubtless occurs 1n the lungs in cases of passive pulmonary
hypertension yet the appearances of the lungs at autopsy may not reflect this as clearly as
one expects. The reason s that the lungs at autopsy tend to reflect the mode of dying
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r than the events preceding death. The classical preture of mtcnse.ly eng?rged
;:{‘tl}elzlar walls with bulgir?g capillaries described by Parker and Weiss (1936) is pracuca]lily
only seen 1n patients who die in acute pulmonary oedema. 1In these cases there 18 u‘suahy
a curious distribution of the congestion and cedema whereby they OCcur.mamly int el:
central and upper parts of the lung leaving the basal segments and especxglly}h{a dista
half of the middle lobe free or only mildly affected (Figs. 58 and 59) This dlsm:unon
corresponds to that of the hilar or central pulmonary oedema seen in X-rays during

ffe, i i be engorged with blood
i ho die 1n congestive cardiac failure the lungs may be engorged w1
tIn P?euiynf:;vengorgement is shght, especially if cardiac faxlu_re has been vxgorously
?:atr:; A more constant finding is siderosis. This can be found in some degree in every
i N
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s 3

case of mitral stenosis with pulmonary hypertension. In general, hacm uSiS.,

with the severity of the mitral stenosis and 1s seen most strikingly in cases with severe
y hypertension. A lly, the deposits of .haemosu!erm are scanere'd

trhroughout the lung in a series of foci usually 2-3 mm. in diameter. The distribution is

even through different parts In severe cases these foci may be numerous and large enough

to cast shadows on an X-ray film and produce a fine snow-Storm appearance. Micro-

scopically the foct consist of groups of adjacent air spaces filled with pulmonary phagocytes

FiG. 58 Zomal congestion  Left Jung of a patient with
mutral stenosis and severe pulmonary hypertension,
who died 1n acute pulmonary oedema  The congestion
15 confined to the central and upper zones

packed with h idenin granules, lled heart-failure cells In rare cases iron prgment
may encrust on the surface of pulmonary elastc fibres, apparently rendering them rigid
and bnttle The peculiar focal distribution of pulmonary siderosis has given rise to

p 101 as to its path is. All workers are agreed that the haemosiderin comes
from the breakdown of spilt blood. Some have suggested that this pecuhar distnbution
1s due to haemorrhage occurring at or near the foci themselves and have postulated
bleeding from bronchopul y vascular (Lendrum er al., 1950). Against
this it has been pointed out that just such focal accumulations of phagocytes will occur

as part of the normal clearing t of the lungs—that pul y phagocytes always
10
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collect into such foci when they have picked up particulate matter from alveoli. From
experimental evidence in ammals and from the observation of dust phagocytosis in man
it appears that there is no need to postulate bleeding near the sites of subsequent stderosis
because such focal accumulations will follow quite diffuse bleeding.

The undoubted fact that focal collections of phagocytes will always follow diffuse
phagocytosis does not of course disprove the existence of communications between the
pulmonary and bronchial cireulanons. In mitral stenosis it has been suggested that
pulmonary-systemic communications on the venous side could relieve the pulmonary
venous pressure by diverting blood to the systemic veins. The ordinary bronchial veins
drain into pulmonary veins, but Gilroy et al. (1952) have shown that the plevro-hlar
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Fic 59 Zonalcongeston Upper (Jeff) and Jower (right) zones of the Jung of 2 man of 22 with nutral stenosis who
died 1n acute pulmonary cedema Congestton 1s seen only in the upper zone (both x42).

bronchial vetns do drain into systemic vemns and could decompress the pulmonary veins
in cases of pulmonary venous congestion. They further claim that 1hesg pleuro-hilar veins
are unduly engorged n cases of mitral stenosis seen at thoracotomy, implying that such
compression does occur.

o Seppm] Jines. The exact basis of the thin straight lines of opacity described by Kerley
has been the subject of speculation and controversy but there now appears to be adequate
evidence that they are caused by the opacity of interlobular fissures that happen to hehgn
alignment with the plane of the X-rays in a chest film, Normally such fissures are tqg t 12
to throw a shadow but in conditions of severe venous back pressure they becf:mg wil 'eneis
sufficiently to be visible in contrast with the aerated lung on either Sfde, This WIdemtn}:g ;

due to two changes. The one 1s distension of the lymphm.lc vessels within them, }tzhe o ; vees,
and probably the greater, 1s oedema of the loose connective tissue of the septah t emsiclel e
(Fig. 60). Obviously there are septa between all the lobules and many of them wi
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widened but only a limted number, and in practice those near the periphery, will happen
to lie in a plane where they can cast a shadow.

Pulmonary ossification. In a minority of cases of severe mitral stenosis foci of bone are
found in the lung. Usually these are scanty but in occasional cases they are numerous and
give characteristic X-ray shadows. Usually they are about 3-5 mm. diameter. Histo-
Jogically they consist of well-formed, usually lamellar bone, and occupy a group of adjacent
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air spaces which they fill so exactly that they must have been formed in situ. Unfortunately
no one has reported observing the early stages of such a formation. Pulmonary ossification
of this type is relatively rare. It occurs chiefly in males, can occur in any part of the lung
and occurs only when both pulmonary venous and arterial pressures are raised, fe. 1n
passive pulmonary hypertension (Heath and Edwards, 1959). Fleming and Robinson
(1957) have suggested that the ossification follows subclinical pulmonary oedema but 5o
far there 1s a singular lack of factual evidence regarding the origin of these lesions. We
believe that pulmonary ossification is relatively much commoner than is generally beleved.
In a personal series of 40 cases of mitral stenosis bone was found by X-rays and confirmed
mucroscopicaily in eight (20 per cent) but 1n only one of these were the lesions numerous
enough to have been recognizable during life.

It should perhaps be made clear that pulmonary ossification in mitral stenosts 1s quite
distinct from the rare condition of microlithiasis alveolaris pulmonum.

HYPERKINETIC PULMONARY HYPERTENSION

Under this heading are grouped the cases in which blood reaches the pulmonary arteries
m erther an excessive volume or with an excessive force  The first occurs typically in atrial
septal defect with left to right shunt. The second occurs when there are communications
at ventricular or at aorto-pulmonary level. In atral septal defect there 1s usuaily an
excessive flow but the pulmonary vascular resistance is low—at least for a time—and
consequently there need not be any very significant pulmonary hypertension. On the
other hand if there 1s communication of major degree at ventricular or at aorto-pulmonary
Jevel the systolic force of the left ventricle will be transmutted to the pulmonary artery,
always provided that the communication is large enough and that in ventricular septal
defect the lungs are not protected by a coincident pul y is. If the pulmonary
artery 1s exposed to the left ventricular force a high vascular resistance is mevitable 1f the
cardiac output 15 to be reasonably divided between the pulmonary and systemic circula-
tions: a low pulmonary resistance would permit too great a proportion to pass to the
pulmonary circulatton with consequent starving of the systemic circulation. Edwards
(1957), who has particularly stressed the importance of the pul y vascular resi:
refers to lngh resistance and low resistance types of hyperkinetic hypertension. Pulmonary
vascular resistance depends parily on the total vascular capacity of the lungs but
practice this is so great that the right ventricular output has to reach very h;gh{ values
(over 16 litres/min.) before the capacity of the vasculature of itself offers serious resistance.
The more tmportant mechanism tn pulmonary vascular resistance s the tonic contrac-
tion of the pulmonary arterial system, particularly the lar arteries. In uncompt d
cases of hyperktnetic pulmonary hypertension the vascular resistance, whether high or fow,
15 provided by muscular fonus and the arteries yndergo muscular hypertrophy in response
to their increased load. This state of affairs Edwards has described as one of high resist-
ance with hagh reserve, implyng that the hypertrophied pulmonary arteries are capable of
relaxation Such a state only persists. for a limited time, a time that appears 1o deper}d
on the height of the pulmonary arterial pressure. fkfter this secondary changes oc]cux: in
the pulmonary vasculature in the form of intimal thickening and actuzal luminal occlusion
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dimintct bl

to such an extent that relaxation of vascular 18 d or even imp 3
This 15 the high resistance—low reserve state. The effects of hyperkinetic pulmonary
hypertension on the pulmonary vasculature are very much the same whatever the under-
lymng lesion but they are affected to some degree by the ﬂmjv, the age of onset and the
hesght of the pulmonary blood pressure. For this reason 1t will be convenient to consider
separately the lesions in atrial septal defect, ventricular septal defect and aorto-pulmonary
communications.

Atrial Septal Defects
Many patients with atrial septal defects do not have pulmonary l}ypertensxon; m any
case hypertension does not occur for many years and usually not until t}le third or fouyth
decades and some patients never develop 1t. In patients who die without developing

Fic 61 Atnal septal defect Post-mortem angio-
gram from a woman of 45 The larger
arteries are greatly dilated, the small pert-
pheral branches are narrowed and scarcely
wnsible

pulmonary hypertension the main pulmonary arteries and the larger elastic arteries usually
show simple dilatation. Artenes of microscopic dimenstons, however, do not show any
recognizable hypertrophy or other lesion (Heath and Whitaker, 1957). With the onset
of hypertension the first response 1s hypertrophy of the muscular media 1n the arterioles
and small muscular artertes. This is 2 reversible change and the pulmonary vascular
resistance js still labile and is reversible on closing the septal defect With more severe
grades of pulmonary hypertension or if it persists for longer periods the pulmonary
vascular resistance becomes fixed and structural changes occur 1n the vasculature so that
with operative closure of the defect a return to normal is no longer possible. It will be
easiest to describe the findmngs 1n a typical case of atrial septal defect comng to autopsy
In the typical case the main pulmonary artery and 1ts right and left branches are
enormously dilated, the diameters being about twice normal or even greater. The same 15
true of the segmental arteries and therr first or second divisions but distal to this there 1s a
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rapid reduction 1n the exc;ssive size so that at the end of the elastic arteries the lumina are
approximately normal (Fig. 61).‘ This is at the level where the arteries have a lumen of
about 1 mm. and in straight arteries lies about 10~15 mm. from the pleura. This dilatation

FiG 62 Sections of the posterior basal branches of the pulmonary artenes from
cases of ventrnicular septal defect (upper) and atrial septal defect (fower). The
former shows regular parallel elastic laminae, the latter shows rregular
elastic laminae (elastic stain, both x 95)
is similar in all zones. In the muscular arteries there is a reduction in lumina so that in
ngs the background is poorly filled. On dissection the dilated
ture atheroma, but the latter 1s not usually severe and virtually
he Iumen. Within these dilated, atheromatous arteries, local

angiograms of injected Tus
elastic arteries show prema
never encroaches visibly on t
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thromabosis may occur, usually between the entry of the pulmonary artery into the lung
and its break up into lobar and segmental branches. The !h!cknes% of'!he man pujmonary
artery and its branches varies. Ordmarily it is hypertrophied but with what amounts to
aneurysmal dilatation the right and left pulmonary arteries are usnally thinned down to
about normal thickness and even less. Distally, in segmental pulmonary arteries there is
hypertrophy of both muscular and efastic elements so that the artery wall is twice or thrice
normal thickness in spite of difatanion. It has recently been observed (Heath et al., 1959)
that the elastic fibfe pattern of the pulmonary artery differs in congenital and acquired
pulmonary hypertension. In foetal life the aorta and pulmonary artery are sjmilar, having
evenly spaced, parallel, layers of elastic tissue, In the aorta this pattern coptmues through-
out life, but in the pulmonary artery after birth involution occurs, the elastic tissue becomes

wregular, and the laminae have breaks in their continmty. If, owing to congenital beart
disease, the pulmonary artery pressure fails to fail after birth, the pulmonary artery fails
to involute and retains its foetal, aorta-like elastic pattern. If, however, hypertrophy occurs
after involution has taken place the hypertrophied artery develops thickened but seregular
bands of elastic tissue. Thus, 1n atrial septal defect, and i all forms of acquired pulmonary
hypertension, the pulmonary arteries have irregular elastic tissue, whilst in ventrseular
septal defect and other conditions with pulmonary hypertension from buth the putmonary
arteries resemble the aorta in structure (Fig. 62). We have confirmed these observations
and noted that they extend down the length of the elastic arteries. In the muscular arteries
there is true muscular hypertrophy and this extends down 1o involve the proximal parts of
the arterioles. In these muscular vessels 1t is common to find various obstructive intimal
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lesions. The latter are focal and irregular but are more numerous in cases with greater
hypertension and in fact Heath has found a direct correlation between the grades of arterial
damage and the height of the pulmonary blood pressure. Three basic lesions are seen,
The simplest is a concentric intimal proliferation of fibrous tissue with few or many elastic
fibres leading to virtual obliteration of the lumen even when it has been distended by
perfusion after death. The second 1s the presence of a cellular proliferative mass containing
multiple very small channels lymg within a small artery or in an artertole just distal to its
origin from a parent branch and usvally with partral or complete destruction of the
originally surrounding med1al wall—a lesion that resembles a renal glomerulus (Fig 63)
The third lesion 1s a “blown out™ arteriole with a grossly dilated lumen and a thin wall
running a torteous course from an origin from one of the cellular lesions and ending 1n
pulmonary capillaries. The combination of concentric intimal fibrosis and these curious
complexes obstructs the blood flow and produces a very high and irreversible pulmonary
vascular resistance; high resistance~low reserve type of leston of Edwards There has
been much speculation as to the nature and origm of these complex lesions and whilst
their mode of origin is still uncertain it 1s certain from serial section reconstructions that
they are not bronchopulmonary or arteriovenous anastomoses as was originally suggested,
but lie wholly within the pulmonary arterial system (Wagenvoort, 1959). The relationshtp
between the glomerulus-like body and the dilated arterioles 1s not constant The sequence
described above 1s in our experience the commonest but either can occur alone and some-
times the dilated arteriole arises proximal to the glomerulus-hke body and has been
described as an *‘anastomosis”. Two other lesions may be seen, thrombosis of small
muscular arteries and necrosis of the walls of small arteries. The former 1s fairly common
1n severe cases, the latter 1s rare

Venous changes are slight, some intimal fibrosis may be seen in small radicles in most
severe cases, presumably 1 response to the high flow because there 1s no passive
hypertension.

The lung parenchyma does not show any constant change as it does in passive hyper-
tension. Siderosis 1s normally absent but has been recorded Other changes such as
fibrosis are the results of comcidental infarction.

Ventricular Septal Defects

The essential leston 1n ventricular septal defect is a direct communication between the
left ventricle and the pulmonary artery whereby the latter is subjected to the full force of
the Ieft ventricular pressure. Clearly the extent to which 1t 1s so exposed depends on the
size of the communicatron and Edwards (1957) has shown that it 1s the size anq not the
position of the defect that mattess. If the defect is small 1n relation to the aortic orifice
there will be a shunt of blood from the left ventricle to the pulmonary artery but there
will not be any significant pulmonary hypertension, If the defect 15 large, that 15 near the
size of the aortic onifice, then there will be fu!l communication bez}ween the two circula-
tions. Clearly if there is to be a rgasonable division of the Cerulz}tlons and an adqqu?te
flow through the systemuc circulation the p ! 'y vascular 1 must be snlr;.l a}:
1o the systemic vascular resistance, Sv:xch a state of amurs‘xs normally prescn;q at xrit’
when the pulmonary arteries are as thick as the corresponding systemic ones. Normaity




VENTRICULAR SEPTAL DEFECTS 153

the pulmonary arterial tree involutes during the first few months of extra-uterine life but
with a major ventricular septal defect no such mnvolution can occur and the pulmonary
arteries remain as thick and muscular as systemic arteries. 1t may be added.m _paren.th_esxs
that 1n some children the pul y vasculature appears to fail ta retain its original
musculature and resistance and the children die of heart failure from excessive left to right
shunting early in Iife. In the majority of cases the hypertrophied pulmonary vasculature
exerts a sufficient resistance to produce a reasonably balanced circulation At first the
effect on the pulmonary vasculature is purely one of hypertrophy, or perhaps more cor-
rectly lack of normal atrophy. At this stage the main pulmonary arteries and their major
divisions show muscular and elastic hypertrophy, being as thick as the corresponding
systemic arteries, furthermore the elastic tissue in them lies in regular paraflel lamellae

FiG 64 Small muscular artery in ventricular septal defect  The mediais greatly
hypertrophied  The internal elastic lamina 1s wninkled and the lumen
15 reduced by fibro-clastic thickening of the intima (elastic stain x 200)
separated by regular layers of muscle and giving a pattern exactly like that of the aorta.
The muscular arteries show muscufar hypertrophy to a thickness comparable with normal
systemic arteries. The arterioles show a spread of muscle distally so that they have
muscular walls down to a stze much smaler than normal  The veins and fung parenchyma
are normal. At this stage the reaction is physiological and reversible. The pulmonary
vascular resistance can be lowered by drugs and after successful cardiac repair the pul-
maonary artery pressure and pulmonary vascular resistance falls (Heath ez al., 19585). How
tong this reversible state Jasts depends on vanious factors, but it is probably only for a few
years that the pulmonary circulation can withstand systemuc blood pressures, After this
the smaller muscular arteries develop fibroblastic intimal thickeming with reduction of the
fumen This appears to fix permanently the contracted state of the artery because we have
noted that even after artificial distention the elasuc lamina surrounding this intimal
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thick'enmg 1s wrinkled (Fig. 64). This intimal fibrosis 1s patchy along the length of the
arteries so that a histological section showing limited numbers of affected arterses gives a
false impresston of the true degree of vascular obstruction, Medial necrosis is not infre-
qupr}! and 1s agan local and patchy and the healing of such necrotic foci is the probable
origin of patches of arterial wall where collagen has replaced muscle and elastic tissue
(Fig. 65). Beside .these there are glomerulus-like bodies and blown-out dilated arterioles
cfte{l forming angiomatous masses. In the larger elastic arteries there is uniform dilatation
but in our experience 1t 1s of limited degree and significantly less than that seen in atrial

FIG 65 Ventricular sepfal defect Muscular artery showing destructton of the
tedia around rmost of the cireumference, dilatation and mtimal fibrosis
A small branch shows mtimal fibrosis (elastic statn x 100}

septal defects. With the narrowing of the majority of the muscular arteries, angiograms
give a characteristic picture of slightly dilated elastic arteries suddenly narrowing down and
feaving an underfilled periphery (Fig. 66} Besides this dilatation there 1s premature
development of atheroma and a tendency to thrombosis. By this time the pulmonary
vascular resistance 1s very lugh and fixed. Betweent the pure muscular hypertrophy of the
early stages and this gross degree of organic narrowing there are obviously mtermediate
degrees of damage. Heath and Edwards (1958) bave described six grades from simple
N s as meiiemea Aameama Thau haoa kase nhla #n naccalata these morphological

' -e operation and its

Patent Ductus Arteriosus
The effects of persistent patency in the ductus depend upon the freedom of co_mmunica—
tion between the two arteres. If the ductus is long or narrow there is a left to rfght shym
but no sigatficant transnussion of pressure. If it is short and wide there will be increasing
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transmission of pressure. In so far as left ventricular pressure 15 transmutted to the pul-
monary artery the effects of a patent ductus are essentially hke those of a ventricular septal
defect and produce similar lesions 1n the vasculature. There appears to be a tendency to
localization of atheromatous lesions 1n the pulmonary artery close to the ductus and
dissecting aneurysm of the pulmonary artery has been recorded (Whitaker ef al, 1955),
but in other respects there is no essential difference between the effects of a patent ductus
and those of a ventricular septal defect, except that in general those of a ductus develop
later.
Other Congenital Cardiovascular Malformations

It would be impossible to list all the possible malformations and their effects on the

pulmonary circulation nor 1s it necessary to try. As a generalization it may be said that

lungs were injected simultanecusly )

three egfems can oceur; left to right shunting, transmission of pressure from lefi to right
and 9hgaenua of the pulmonary circulation The effects of the first two have been
described and the effects of pul y ol ia will be ¢ d 1n a later section.

PULMONARY HYPERTENSION DUE TO ORGANIC VASCULAR
OBSTRUCTION
Qbstruction of the pulmonary vascular territory may occur from occlusions within the
lumina of the vessels, from lesions of their walls or from loss of lung substance. The
pulmonary vascular tree may be obstructed by emboli of all types or by thrombosis in situ,
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Pulmenary Embolism

Pulmonary embolism due to impacted thrombus may conveniently be divided into
four types, massive, multiple, incidental and multiple minute, Massive pulmonary
embaolism implies the sudden occluston of the major past of the pulmonary circulation by
the ympaction of 2 mass of embolus. Usually the latter comes from the major lower Kmb
veins and impacts at the bifurcation of the pulmonary artery 1 the form of a coiled-up
mass Sometimes the mass breaks up and passes into the right and left pulmonary arteries.
In any case the majority of the pulmonary cireulation is cut off and death follows rapidly.
There is no infarction and the lungs show no characteristic change. The right heart at
autopsy is dilated and tends to bulge m the conus, this 1s however not reliable and may be
absent 1f autopsy is not performed soon after death.

pulmonal
areries due to 2
emboli  Sectron of a small artery showing such an obstruction, unorganized
thrombus 1s stilf vissble (x 150)

pulmonary

Fi16 67 Multtple minute pulmonary emboli  Woman of 27 who died of an ap-
parent hyps The

Multiple pulmonary embolism 15 a state where, over a perioq of hours or days, embolt
of smaller size impact in segmental pulrmonary artenes or their branches; often at the
divisions of the segmental arteries. Sufficient emboli impact to cbstruct the mayorty of
the circulation and death results from acute right ventricular failure. The importance of
recognzing this group is that, unless the segmental pulmonary artenes and ghexr fn:t
dwisions ace deliberately dissected, the presence of a fatal number qf empolx ».vm not be

pulmonary embol! are those found on routine dissection of the

ized, Incidental (
;Eucl?ngg;zary arteries mn small numbers and not apparently contributing to death in any
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major way. It is not always possible to tell whether these are emboli or locally formed
thrombi and there is reason to believe that some at least are the latter.

Finally, there is a small group of cases which present as apparent examples of primary
pulmonary hypertension At autopsy no embol or thrombi can be recognized by macro-
scopic dissection but on histological section many small arteries, often about 1 mm.
dameter, are wholly or partially occluded by fibrous intimal thickenings that are irregular
in distribution and often divide the lumen into two or more channels. Organizing fibrin
can often be found and there is httle doubt that the obstructions are produced by the
organization of thrombus (Fig. 67). What 1s not certain is whether the thrombus was
transported as embolus or whether 1t was locally formed as a result of damage to the
vessel wall and perhaps other factors. The assumption of embolism is based on the exact
resemblance between the lesions 1n these cases and lesions found in cases of undoubted
repeated embolism. The belief is also supported by the ease with which such lesions can
be reproduced by showers of small emboli in animals. It is, however, fair to point out that
such evidence does not amount to proof and the true pathogenesis of these cases remains
uncertain. They are of academie rather than practical importance because of therr ranty;
we have had three such cases among some eight thousand autopsies and a limited number
of similar cases have been reported in the literature (Belt, 1939; Castleman and Bland,
1946).

Incidence. The incid of pul, y embolism is difficult to assess. The following
figures are denived from the records of the Department of Pathology at the Postgraduate
Medrcal School for the decade from January, 1948, to January, 1958. 1t 1s probable that
they are a fair sample since rather simular figures have been published from other sources
(Parker and Smith, 1958)

Total autopsies . . . 4,075
Cases of pulmonary embolism . - . 169
Incidence . . . . . 4-2%
T pes of emboli

Massive . . . 47% of emboli 2% of autopsies
Multiple . . . 36% 5 1 5% of autopsies
Incidental . 7% % »

169 cases of pulmonary embolism
Cancer (without operation) . 51 (30%)
Surgery within one month . 43 (26%)
Other non-cardiac diseases . . . . . 44 (26%)
Heart disease . . . . . 31 (18%)

These figures suggest that surgical operations account for only about a quarter of cases
and that immobiltzation in bed and the detlity caused by the underlying disease accounts
for the other three-quarters If these fiures are broken down according to the type of
embolus found the following figures are obtained.
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169 cases of pulmonary embolism
Massive  Multiple  Incidental
4

Cancer without operation . . 2 15 12
Surgery within one month . . 28 12 4
Other non-cardiac disease . 17 18 7
Heart disease . . . . 9 16 6

These figures suggest that malignant disease is accompanied by a high incidence of alt
types of embolist, surgery (including a single obstetric case) is followed mainly by major
embolism, whilst cardrac disease accounts for a disproportionately high propottion of
small emboli. The latter figures are liable to two inaccuracies. In a hmited series of cardiac
cases investigated m detail by angiography the incidence of mcidental and multiple emboalt
was much higher than the above total figures, suggesting that in routine autopstes small
nerdental embols are often overlooked. It further suggests that a proportion of the cases
of so-called minor embolism are m fact cases of local thrombosis occurring 1n dseased
artertes with a disordered circulation. The probable truth of the latter finding 1s suggested
by the fact that a high proportion of “‘emboli” in mutral stenosis occur in artterics of one
particular size

Site of embolism. Short (1951) found that five-sixths of emboli involved the lower
zones and Parker and Smth (1958) also found a high mncidence in the lower lobes and
also that the right lung was more often affected than the left. Simular results have been
obtained with experimental embolism in anmmals and there 1s good evidence to suggest
that the site of impaction of embolt is governed largely by the direction of flow of the
axial stream jn the main pulmonary arteries, i

Effects of embolhsm. In the absence of heart fallure emboli rarely cause infarction.
Even in the presence of heart fallure, emboly are far more numerous than infarcts, From
our own findings infarcts are commoner 1n cases of nitral stenosis than in cases of heart
failure from any other cause The reason for this 1s that normaily infarction 1s prevented
by a collateral blood flow from bronchial arteries to pulmonary capillaries. A rse of

pulmonary venous pressure tends to resist such a flow and so prevents the establishment
of an adequate collateral circulation (Licbow er af, 1959) Smnce the highest pulmonary
venous pressures occur in mitral stenosis, infarction will be most likely to occur this
dusease. It s worth noting that pulmonary infarcts are not quite ike other infarcts. In
other tissues an infarct always mvolves necrosis of the tissue, in the lung there is always
haemorrhage into the alveol due to 1schaemic damage to the alveolar capillariest but there
15 not always total necrosts of the alveolar wall, As a consequence, the results of infarction
are nat umform. If there has been full necrosis of tissue there 1s a chps cf:ﬁbrous scarring

area.

Non-thrombotic types of pulmonary i

‘Air embolism. This 1s mainly of interest in forensic pathology, though the 3’°553b'1'ty
of its occurrence cannot ever be neglected. Simpson (1942) encountered 56 cases in en
years® forensic work and ten of these occurred during operations and fouf during preumo
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thorax or thoracotomy. He points out that whilst it may take a few hundred mullilitres
of air to kill a healthy adult much smaller quantities may prove fatal n a severely ill
patient and he estimates that as httle as 15 ml. may suffice in some cases. . .

Fat embolism. Thus is a common occurrence but a rare fatality. Rare thats, in patients
who are not seriously injured. Robb-Smith (1941) found that among traumatic deaths
coming to autopsy there were 70 with fractures outside the skull and of these 30 had gross
fat embolism and in 21 1t was probably a significant factor causing death. With the
improved treatment of traumatic shock 1t is likely that fat embolism may assume greater
importance In the majority of cases death is not directly due to acute right heart failure,
from which the patient usually recovers, but from embolism of the small cerebral arteries
with death in coma.

Bone marrow embolism. This 15 a recent finding of purely forensic importance. In
major fractures particles of bone marrow are driven into the circulation and embolize
small pulmonary arteries. Mason (1958) has found such embolism in 40 per cent of air-
craft fatalities. The incidence 1s significantly lower than that of fat embolism but the
embolism occurs with extreme rapidity and 1s of value in determining whether injuries
occurred before or after death. Marrow embolism is of no chimcal significance because
the embol: pass through the circulation and can be found 1 pulmonary veins within two
to four hours

Liquor amnii. This can cause fatal pulmonary embolism. This was shown by Steiner
and Lushbaugh 1n 1941 and up to 1956 there were 64 cases recorded. It 1s a probable
mechanism of death in some cases of obstetric shock. It occurs in cases where very severe
uterine contractions occur behind an impacted foetal head and force liquor amnii into the
maternal circulation. According to Tuiler (1957) it may be a cause of afibrinogenaerma
by the release of a thromboplastin-like sub from the pl mto the circulation
and the formation of intravascular fibrin thrombi which embolized small vessels through-

out the body.

Tumour embolism. This is of course a regular occurrence 1n the majonty of malignant
tumours and is probably the usual route of spread of pulmonary metastases. In a very
small proportion of cases the involvement of the pulmonary vasculature 1s sufficient to
cause significant obstruction and give rise to signs and symptoms of cor pulmonale and
even death (Bagshawe and Brooks, 1959). Such cases of embolic obstruction by tumour
are extremely rare but there is a somewhat less rare form in which cancer cells permeate
the lungs via the lymphatics producing the condition of so-called lymphangitts carcino-
matosa. The tumour cells having formed cuffs around the pulmonary arteries invade
them and cause thrombosis. Morgan (1949) has suggested that 1n some at least of these
cases the spread to the lungs was really embolic and that the tumour cells invaded through
the wall of the small peripheral artertes and entered the lymphatics 1n which they were
able to spread widely throughout the lungs. It 1s interesting to note that 1n three-quarters
of the cases of lymphangitis carcinomatosa the primary is in the stomach (Morgan).
‘Whatever 1s the route of spread the vascular obstruction is mainly due to the thrombosts
that accompanies the tumour spread. So much is this so that 1t 1s wise to search any case
of widespread pul 'y vascular thrombosis 1n order to exclude tumour as a cause,

Parasitic pulmonary embolism. The only form that 1s of clinical significance is that
caused by the Schistosoma haematobium. In Egypt where schistosormasis is extremely
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common, Shaw and Ghareeb (1938) found that 33 per cent of those infested had pulmonary
lesions due to embolism by ova. The latter pierce the walls of the small muscular pul-
monary arteries and migrate into the adjacent connective tissue and in doing so cause a
fibrous obliteration of the arteriole. In very severe infestations (two per cent of all infesta-
tions) the number of arterioles obliterated was sufficient to cause fatal right heart failure,
similar infestation occurs m Puerto Rico and due to recent immugration these parasitic
pulmonary lestons are now being seen in the U.S.A.

Pulmonary thrombosis. Thrombosis secondary to mitral disease and to hyperkinetic
pulmonary hypertension have already been discussed under their approprate headings.
There remains a small group of cases 1n which major pulmonary thrombosis occurs apart
from any apparent cause. Most of these are really cases of pulmonary embolism with
secondary overlying thrombosis The distinction is not easy but can usually bc made by
careful dissection The embolus impacts 1n a coiled or twisted form but does not occlude
enough of the circulation to cause death  The embolus soon shrinks, partly relieving the
circulation, but 1t forms a base on which secondary thrombus readily deposits. In so doing
the thrombus smooths out the irregular, coiled outhnes of the original embolus  Mean-
while organization from below fixes the thrombus to the arterial wall In our experience
careful dissection 15 more useful than histology for recogmzing embolt with secondary
thrombosis  Histological examination is of value m recogmizing the presence of arterial
disease on which local thrombosts can be mmitiated and the regular lanunations n which
[ocal thrombi are buidt up In spite of all care, however, 1t 15 not always possthle to be
sure of the origin of such lesions though we believe that the majority are originally embolic.

OBSTRUCTION TO THE PULMONARY CIRCULATION BY
CHANGES IN THE ARTERIAL WALLS

The most common and important example of this group 1s the mumal prohferation
that occurs 1n small arteries and especially 1n arterioles in response to severe hypertension.
These have already been discussed. In addition there are primary diseases of the walls of
pulmonary arteries  Of the diseases that affect the systemic arteries most do not affect the
pulmonary circulation  Buerger’s disease and giant cell arterstis are virtually unknown
1n the pulmonary circulation. Syphilis may affect the lung 1n the form of gummata or m

alba of congenital cases but 1n both of these syphiliie arteritis 1s mcidental
to the local lesions and not of significance n ntself. Polyarteritis nodosa on the other hand
does affect the pulmonary circulation and so does scleroderma.

Polyarteritis Nodosa

Before describing pulmonary involvement 1n this disease it 1s well to point out that the
presence of fibrinoid necrosis even with an acute cellular infiltration 1n occasional pul-
monary artenies does not Justify a dlagn}Jsxs of pOIyaner{txs nodosa. In states ‘of seyer?
pulmonary hypertension and mn the .nexghbourhocd of infarcts, particularly in mitra
stenosis, it is not uncommon to find single arteries, usuglly of the smaller mus;u]ar type,
with fibrinoid necrosis of their walls and a secondary inflammatory cellular mﬁh;atxo(r{l
but usually without a cellular intimal proliferation ‘These lesions are quite isolated an
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are not associated with generalized arteritis nor do the patients show any of the signs of
generalized disease. In true polyartentis nodosa the pulmonary circulation 15 unaffected
1m the majority of cases. When 1t 1s affected the disease tends to follow a different clmrcal
pattern (Rose and Spencer, 1957) In such cases the disease commences with a chronic
respiratory illness and often with a chronte granulomatous and ulcerative lesion of the
nose or ear. After a vanable pertod more generalized symptoms anse and a blood
eosmophilia is often found Death may occur from renal failure or other secondary
effects At autopsy the smaller muscular pulmonary arteries are involved and are often
surrounded by a granulomatous nfiltration, eosmnophilic mfiltration 1s common and
similar granulomatous lestons are found 1 other organs. Many of the patients fall into
the group described by Wegener (1939) and generally known as Wegener’s granulomatosis
Although mvolvement of the pulmonary arteries by polyarteritis 1s the defining character
of this group 1t 1s fair to point out that only a limited number of pulmonary arteries need
be involved The disease 1s dominated at first by signs of pulmonary nfection, later by
signs of systemic 1ilness but there are never clinical signs or symptoms to indicate that the
pulmonary vasculature is nvolved and pulmonary hypertension does not occur

The other systemic disease that may mnvolve the pulmonary vasculature 1s scleroderma
or systemic sclerosis In this disease the lungs are involved in most cases (Piper and
Helwig, 1955) The usual lesion 1s interstittal fibrosis of alveolar walls with bronchiolar
dilatation and the formation of clusters of small cysts, one of the forms of so-called
honeycomb lung Such fibrous sclerosts naturally interferes with the pulmonary vascula-
ture by destroying vast numbers of small arteries and artertoles In addition, however,
the pulmonary vessels themselves may be tnvolved, apparently mainly the arterioles and
smallest arterses. These develop a hyalne, acellular intimal thickening that produces
luminal narrowing. To what extent these two processes, pulmonary fibrosis and vascular
sclerosis, are severally or jointly responsible for the pulmonary hypertenston that not
nfrequently occurs 1s difficult to decade  We have, however, studied one case in whom
there was evidence of pulmonary hypertension whose lungs were free from fibrosis but
showed hyaline thichening of pulmonary arterioles.

PULMONARY HYPERTENSION DUE TO VASCULAR OBSTRUCTION
BY LESIONS OF THE LUNG PARENCHYMA

Under this heading there are two groups of lesions, those characterized by pulmonary
fibrosis and those characterized by emphysema

Pulmonary Fibrosis

In this group the most important s pneumocontosis, comprising silicosts, asbestosts
and coal-mmners’ lung

In stlicosis the fibrous nodules or confluent areas of fibrosis are assoctated with fibrous
endarteritis of the pulmonary artertes lying within them and often destructton of the media
as well. So much 15 this so that over extenstve areas of lung 1t 1s often difficult to find
pulmonary arteries except by staining for elastic tssue, when the collapsed elastic laminae
can be recognized. If, as so often happens, stlicosss 1s complicated by tuberculosts the

11
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degree of vascular obliteration is still further increased. Quite apart from any pulmonary
hypertension that may be induced by failure of gaseous exchange, the total vascular
territory obliterated by fibrosis may be sufficient to cause simple obstructive pulmonary
hypertension with cor pulmonale. Essentially the same 1s true of asbestosis, although the
type and distribution of the fibrosis is different.

Miners’ pneumoconiosis takes two forms. The simple, uncomplicated lesions consist
of an accumulation of coal dust around the respiratory bronchioles with localized lung
destruction giving a picture of centrilobular emphysema. In this form of the disease the
pulmonary arteries are not much involved and the effect of the lesions on the pulmonary
circulation is simply the effect of the accompanying emphysema. So far as the pulmonary
circulation is concerned, the far more important lesion is complicated pncumocontosis
or progressive massive fibrosts. In this disease large rounded foci of lung tissue, several
centimetres in diameter, undergo dense fibrosis with the incarceration of masses of coal
dust producing round, black lesions, often of extreme hardness. There 1s now good
circumstantial evidence to indicate that progressive massive fibrosis (P.M.F ) 15 due to
an altered form of chronic tuberculosis occurring in a dust-laden lung: a condition
analogous to that seen mn silico-tuberculosis. In practice, miners affected with this condi-
tion ordinarily die of cor pulmonale and Wells (1954) has shown by angiographic studies
that the anatomical basis for this 18 a widespread fibrous obliteration of pulmonary
vasculature similar to that seen 1n silicosis. Apart from pneumoconiosis, it 1s unusual for
any form of pulmonary fibrosis to lead to sufficient vascular obliteration to produce
pulmonary hypertension.

Emphysema

The usual effect of emphysema is to produce cor pulmonale, but there is very httle
evidence to suggest that the mechanism is one of vascular obstruction, The physiologtcal
effects of emphysema are dealt with elsewhere, it suffices here to discuss the structural
changes. In angiographs of emphysematous lungs the larger arteries are if anythmg a
little dilated and the smaller artenies can be traced down to quite fine branches without
any apparent loss of vascular terntory. What loss there 1s lies 1n the territory of the
arterioles and alveolar capillaries and in the latter there 1s an undoubted loss Nevertheless
it is questionable whether this affects the vascular capacity sufficiently for obstruction to
play a significant part in the production of hypertension. There is not as a rule any
significant disease in the arteries or arterioles leading to emphysematous areas and
injected specimens well-filled arterioles can be seen traversing empty spaces.

PULMONARY HYPERTENSION DUE TO VASCULAR CONSTRICTION

Pulmonary artenal constriction occurs as a secondary event in passive pu‘lmonm'y1
hypertenston if it is of more than mild degree and 1t 1s the dominant mechantsm in mutra
stenosis. Similarly in hyperkinetic pulmonary hypertension the mcre'ased pulmonary

lar rest is due to d tonus at Jeast at first. Finally, increased
pulmonary vascular tonus 1s excited by hypoxia and locally by pulmonary collapstc‘;
The problem arises, does increased pulmonary vascular tonus occur as a primary event !

1f so, such cases would constitute true examples of idiopathic pulmonary hypertension.
s
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Obviously such a diagnosis can only be ined if all the known causes of pulmonary
hypertension can be excluded. Such an exclusion can only ‘e presumptive during life and
needs preat care at autopsy. When the more obvious causes have been excluded the
problem remains whether the mdividual case could have been due to showers of minute
embol occludmg sufficient vessels to cause orgamc obstruction. It has been shown
experimentally (Harrison, 1948) that this is possible and that such emboli become incor-
yporated mto the arterial wall to produce Jesions greatly resembling natural arterial disease.
In man there are numerous recorded cases (Castleman and Bland, 1946) of fatal cos
pulmonale apparently due to such micro-embolism. Naturally this possibility has to be
excluded in every case and since the arterial lesions so produced resemble those of hyper-
tensive arterial disease it 1s posstble to regard virtually every case with any intimal thicken-
mg as due to healed embolism, and some workers seriously question whether idiopathic
pulmonary hypertension exists as a real entity. Cases could presymably be accepted if they
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branches are greatly narrowed

had all the clinical and physiological signs in life and if at autopsy the only finding was
pure hypertrophy of the pulmonary artenial tree. In practice, by the time death occurs the
affected arteries show serious intimal lesions and in fact 1t is always a matter of interpreta-
tion whether any given case can be accepted as idiopathic or not. We would suggest that in
trying to assess what sort of mtimal changes can be accepted as resulting from a hypo-
thetical wdiopathic pulmonary hypertension one might take for comparison those changes
that are scen in cases of ventricular septal defect or patent ductus. In these two conditions
the pulmonary vasculature 1s 1n a state of tonic constrictton, exerting a high vascular
fesistance.and the resultant pulmonary artenal pressure 1s of the same order as that
recorded in cases of p ptive idiopathic pul 'y hypertension. There is no valid
reason for doubting that 1n cases of ventricular septal defect the arterial changes are the
tesult of the hypertension, and that this hypertension is the result of the vascular resistance
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degree of vascular obliteration is still further increased. Quite apart from any pulmonary
hypertension that may be induced by failure of gaseous exchange, the total vascular
territory obliterated by fibrosis may be sufficient to cause simple obstructive pulmonary
hypertenston with cor pulmonale. Essentially the same is true of asbestosis, although the
type and distribution of the fibrosis is different.

Miners’ pneumoconiosis takes two forms. The simple, uncomplicated lesions consist
of an aqcumulation of coal dust around the respiratory bronchioles with localized lung
destruction giving a picture of centrilobular emphysema. In this form of the disease the
pulmonary arteres are not much involved and the effect of the lesions on the pulmonary
circulation is simply the effect of the accompanying emphysema. So far as the pulmonary
circulation is concerned, the far more important lesion is complicated pneumoconiosis
or progressive massive fibrosis. In this disease large rounded foci of lung tissue, several
centimetres 1n diameter, undergo dense fibrosis with the incarceration of masses of coal
dust producing round, black lesions, often of extreme hardness. There is now good
circumstantial evidence to indicate that progressive massive fibrosis (P.M.F ) is due to
an altered form of chromic tuberculosis occurring in a dust-laden lung- a condition
analogous to that seen in silico-tuberculosis. In practice, miners affected with this condi-
tion ordmnarily die of cor pulmonale and Wells (1954) has shown by angtographic studies
that the anatomucal basis for this is a widespread fibrous obliteration of pulmonary
vasculature similar to that seen 1n silicosis. Apart from pneumocontosis, it 1s unusual fot
any form of pulmonary fibrosis to lead to sufficient vascular obliteration to produce
pulmonary hypertension.

Emphysema

The usual effect of emphysema 1s to produce cor pulmonale, but there 15 very l{ttle
evidence to suggest that the mechanism is one of vascular obstruction. The physlok’glcal
effects of emphysema are dealt with elsewhere, it suffices here to discuss the structural
changes. In angiographs of emphysematous lungs the larger arteries are if anything a
little dilated and the smaller arteries can be traced down to guite fine branches without
any apparent loss of vascular terntory. What loss there is lies in the territory of the
arterioles and alveolar capillaries and in the latter there 1s an undoubted loss. Nevertheless
it is questionable whether this affects the vascular capacity sufficiently for obstruction to
play a significant part in the production of hypertension. There is not as a rule any
significant disease 1n the arteries or arterioles leading to emphysematous areas and in
injected specimens well-filled arterioles can be seen traversing empty spaces.

PULMONARY HYPERTENSION DUE TO VASCULAR CONSTRICTION

Pulmonary arterial constriction occurs as a sccondary event in passtve pulmonary
hypertension if it is of more than nuld degree and it is the qommam mechanism in mitral
stenosis. Smmilarly hyperknetic pulmonary hypertension the mcrez}SCd p\}\munary
vascular resistance is due to increased vascular tonus at least at first. Finally, increased
pulmonary vascular tonus is excited by hypoxia and locally by pulmonary collapseq.
The problem arises, does increased pulmonary vascular tonus occur as a primary event?
If so, such cases would constitute true examples of 1dtopathic pulmonary hypertension.
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intense loca) spasm. A constant finding 15 the presence of fibrous or sometimes fibro-
elastic intimal thickening leading to narrowmng or even obliteration of the lumen. In
many vessels this 1s concentric and anafagous to the change seen in small arteries i severe
systemic hypertension. In other cases, the thickening is eccentric angi appears to result
from the organization of minute foci of thrombosis. Serial section studies show that these
iesions are often focal along the length of the artery. The glomerulus-like structores
described in hyperkinetic pulmonary hypertenston are also scen. Pulmonary capillaties,
veins and fung parenchyma show no constant or significant lesions. Tt will be seen that the
changes described above are very similar to those seen in hyperkimetic pulmonary hyper-
tension due to ventricular septal defect with the exception of the pattern of elastic hyper-
trophy. This 15 not surprising because we believe that 1 many ways the vascular response
1s stmilar in these two conditions

VASCULAR CHANGES IN PULMONARY OLIGAEMIA

The structural effects on the pulmonary vasculature of the different forms of pulmonary
stenosts depend upon the pressure and flow in the pulmonary arteries rather than on the
particular combination of anatomical lesions responsible. Thus in the Tetralogy of Failot
1t 15 possible to have the ventricular septal defect and over-nding aorta combined with a
relatively mild puimonary stenosis so that the net effect 15 pulmonary hypentension. In
such cases the pulmonary vasculature shows the usual response to hypertension. In other
cases the puimonary arterial pressure and flow may be within normal limits and cause no
changes in the arterial structure, The effect 1n most cases of the Tetralogy of Fallot and 1n
all cases of 1solated pul y steniosis is a diminished pressure and flow in the pulmonary
artersal system. If the pulmonary stenosis ts vaivular, post-stenotic dilatation of the main
pulmonary arteries is usual, 1f the stenosis 15 nfundibular no such dilatation is seen.
Beyond the maim pulronary artery there 1s no dilatation seen in Wife and radographs
usually show translucent ohgaemic lung fields. This must be due to a Jack of filling
pressure because anatomically there is no dimmution in the size of the intrinsic pulmonary
artenies  In fact, we have noted that such lungs, when injected at autopsy. tend to have
stight arterial dilatation at the level of both the elastic and muscular arteries. This may be
artef: 1 due to overd of thm-walled arteries but we have noted a similar
apparent enlargement in histolopcal sections of d lungs It is certainly safe to
say that there 1s fo narrowing in the elastic ot larger muscular arteries. Structurably there
appears to be some thinning of the media of these vessels but since the estimation of medial
thickness 15 so difficult 1t 1s not possible to make any definite stateraent on this point. In
the case of the main pulmonary artery, it 1s possible to make reliable measurements and
here 1t has been shown that 1n pulmonary hypotension the wall is half to two-thirds of
normal thickness and the elastic tissuc 18 atrophic. In some cases of pulmonary stenosts
?sculiar focal vascular obstructions ase seen. These were ongmally described by Rich in
PR N . . :

A9 nendd anm oo e sLn

there 55 gross dilatation of adjacent vessels producing a cluster of wregular thin-walled
channels that resemble a cavernous angioma. Rich showed that these lesions were due to
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excited by tomcally contracted arteries and arterioles against the outflow from the com-
bined ventricles It seems logical to assume that if similar vascular constriction occurred
as a primary event it might produce similar artertal and arteriolar lesions These are the
reasons that we consider justify us m accepting a certain limited number of cases as
examples of idiopathic pulmonary hypertension (Wade and Ball, 1957). Because of these
difficulties 1 dectding what cases are acceptable as examples of idiopathic pulmonary
hypertension 1t follows that a description of the pathological findings must be to a large
extent based on personal opinton, Macroscopscally the lungs are free from congestion and
oedema and the only change visible is likely to be premature atheroma of the mam pul-
monary arteries. Angiograms usually show dilatation of mild degree in the arteries down
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Fi6 69 Tdiopathic pulmonary hypertension Same case as Fig 63 A
muscular pulmonary artery shows marked hypertrophy, the adjacent
arteriole shows fibrous mtimat thickening (elastic stain x 225)

to about the level of segmental arteries. The latter and their branches are likely to be about
normal-sized. Beyond the elastic arteries there 1s a striking lack of filling due to narrowg
and occlusion of muscular artenies so that the angiogram has a bare, emply, appearance
(Fig 68) .
Histologically the elastic arteries may show premature atheroma but since most of the
patients are young women this 1s not a striking or constant change. There is hypertrophy
in elastic arteries and we have observed the acquired type of elastic type, of hyperplasia
described by Heath et al. (1958b) The striking and constant changes occur in the muscular
arteries and the arterioles. The former show muscular hypertrophy (Fig. 69), }he latter,
which normally have muscle only at their origins, become muscular to a more distal Ievi‘l.
n muscular arteries focal medual scarring wn}h loss of muscle and elasm; may be fou'n !
This probably results from focal necrosis that is not mfrequently seen apd is strictly ]Iu}me
to small lengths of artery. The origin of the necrosis is unknown but it might result from
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enter the bronchial arteries and flows in sufficient volume to leak out of the cut ends of
the bronchial arteries and necessitate tymng off. Such enlarged bronchual artertes may have
a diameter of about 1-2 mm. The main site of anastomosis between pulmonary and
bronchial systems is via very thick-walled arteries (“sperrarterien™) at the level of the
distal cartilaginous bronchi (Verloop, 1948). Further anastomoses occur between bron-
chial arteries running in the subpleural layer and the dsstal pulmonary arteries.

With complete failure of development of the pulmonary arteries, the bronchial arteries
take over the circulation in the lungs. We have had the opportunity of studying one such
Behind Trachec
Behind Qesophogu:

In front of
Oesophagus

FiG 71. Pulmonary atresia Tracing of a post-mortem angtogram The
HEER TR o \ ‘ [T T
[ oy . e

case 1n a child of 14 with tricuspid atresia and a minute pulmonary artery with a blind
proxmmal end. The whole pulmonary cirenlation was supphed by greatly enfarged bron-
chial arteries, the anatomy of which js shown in Fig. 71.
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local thrombosis, that they occurred at ages from mfancy up to adult life and were present
1n 19 out of a series of 21 fatal cases of the Tetralogy of Fallot. He postulated that they
were due to a combination of slow flow and polycythaemia and postulated that they were
liable to vitiate the expected benefits of cardiac surgery. Rich’s findings have since been
confirmed, and extended. Heath er al. (1958) have confirmed that these lestons depend on
a low pulmonary blood flow and a polycythaemia irrespective of whether the cause is a
Tetralogy of Fallot or anisolated pulmonary stenosis They found them to be less frequent
in children under ten years although this conflicts with Rich who found 16 of his 19
positive cases in children of less than ten years. Whether these lesions are chmnically
significant depends on their number. Since each lesion represents an obstruction at a

Fic 70 Pulmonary stenosis  Small pulmonary artery showing or-
ganized thrombosis with multiple new channels (elastic statn
x 225)

penpheral level sufficient could produce organic vascular obstruction but clearly at this
level in pulmonary vasculature the number of such lesions would have to be very greal.
In fact these obstructive lestons can be extremely numerous and when allowance 15 made
for the fact that a single focus 1n the length of an artery 1s sufficient to cause an impediment
to its flow, the number visible in a random section will be far fewer than the number of
arteries actually obstructed In fact there is evidence that these minu!q thrombotic lesions
are clinically important and that disappointing results after surgical intervention can be
i o them. . .
a“nle”lilttlfitiix:ﬁnuuon of pulmonary artery blood ﬂoxy the flow via the bronc_hml arteries
increases and these vessels enlarge. This ‘enlargement is not enough to be’obVIOLllS to even
apparent on routine anatomxca} dissection. It does become apparent lf; the ung;are
imjected via the pulmonary arteries. Ordinarily masses mjected mnto thf. pul m;nurys:dg?s'
do not enter the bronchial system. In cases of pulmonary stenosis, however, the ma:



CHAPTER 7

ELECTROCARDIOGRAPHY
B JOHN GOODWIN

THE electrocardiogram is affected by disorders of the pulmonary circulation winch
produce changes 1n atrial and ventricular function, especially those of the nght ventricle.

Before considering electrocardiographic abnormalities due to lesions of the pulmonary
crreulation it 1s necessary to give a brief and simphfied description of the normal cardio-
gram and its genes:s.

The normal cardrogram reflects the balance of electrical forces acting on the atria and
ventricles during the period of contraction, during which time the muscle becomes de-
polarized. At any given moment, the sum of all the forces has magmitude and direction
and 15 known as the vector There 1s a vector for atrial depolanzation (P vector), for
ventricular depolarization (QRS vector) and for repolanzation (T vector) The projection
of each vector upon the honzontal and fronta! planes can be recorded as a loop by
vectorcardiograph:c techniques

As the normal left ventricular wall 1s three times as thick as the right, the left ventricle
dominates the night ventricle in the normal cardiogram.

The normal vectorcardiogram 1s ortentated to the left, inferiorly and posteriorly. In
the horizontal projection the normal QRS loop has a small initial deflectton antertorly to
the night, and this 1s followed by the remainder of the loop, which 1s inscribed in a counter
clockwise direction to the left and shightly posteriorly. The left ventricle dominates the
vector forces, and this results in small positive deflections over the night praecordium and
large posttive deflections over the left praecordium The former are the result princtpally
of right, and the latter of left ventrrcular, forces

In the frontal plane the normal QRS loop s inscribed downward and to the left The
angle which the mean vector makes with the hortzontal 1s known as the cardiac axis

The conventional scalar cardiogram records the projection of the vector loop on the
frontal and horizontal planes

The normal cardiac axis lies between 0 and 90 degrees. all three imb leads showing
domunant R waves Shght or moderate degrees of axis deviation to left or night are
compatible with normality, The unipolar imb leads reflect the projection of the vector
from the centre of the heart on a direct line to the lead concerned, whereas the brpolar
standard leads reflect the projection of the vector merely in the axis of that lead Umpolar
Ileags therefore give a truer idea of the balance of forces at any one pornt than do brpolar

eads
The normal aduit cardiogram 1s shown 1n Fig 72, mounted with the praecordial leads,
{representing the horizontal vector), in the centre, and the imb leads. (representing the
frontal vector), arranged around (Wood, 1956) Lead V4R. placed to the right of the
(169,



168 PATHOLOGY

Giroy, J C., MARCHAND, P, and WiLsoN, V H. (1952). The role of bronchial veins in mitral stenosis
Lancet, §i, 957

Harrison, C. V {194€)  Experimental pulmonary arteriosclerosts, J Path Bact , 60, 289

HeaTH, D and WHITARER, W. (1957) The small pulmonary blood vessels 1n atrial septal defect Brit
Heart J, 19, 327

Heatd, D and Lpwarps, J, E (1958). The pathology of hypertensive pulmonary vascular disease
Curculation, 18, 533

Heaty, D and Eowarps, J. E (1959). Histological changes in the lung m diseases associated with
pulmonary venous hypertension Brit J. Tuberc, 53,8

Heaty, D, Du Suane, J W, Woon, E H and Epwarps, J E, (1958a) The aetiology of pulmonary
thrombosts in cyanolic congerutal heart disease with pulmonary stenosis  Thorax, 13, 213

Heaty, D, Hetmiorz, F, Burctiwy, H B, DU Suane, § W, Kirkuin, J W. and Epwarps, J E
(1958b) Relation between structural changes in the smafl pulmonary arteries and the immediate
reversibility of pul y hypertension foll g closure of and atrial septal defects.
Circulation, 18, 1167

Heats, D, Woopn, E H, Du SHANE, ] W and EDWARDs, J. E. (1959) The structure of the pulmonary
trunk at different ages and mn cases of pulmonary hypertension and pulmonary stenosis J Path.
Bact , 77, 443

LenpRUM, A C, ScotT, L. D W and PARK, S D S (1950) Pulmonary changes due to cardiac discase
with special reference to haemosiderosts  Quarr S Med., 19, 249,

Liegow, A A, HaLes, M R and BLoover, W E (1959) The relation of bronchual to pulmonary vascular
tree In Pulmonary Circulation, ed Wright, R A and Veith, 1 Grune & Stratton, New York and
London, p 79.

Mason, J K (1958) Pulmonary bone marrow embolism tn accdent reconstruction  Jownt Commuttee
on Aviatuon Pathology 3rd Scientific Session.,

MorGAN, A D (1949) The pathol: of sub: cor le in diffuse of the lungs
J Path, Bacr, 61,75

O'NeaL, R M, THOMAS, W A and HarTrOFT, P M (1955) The media of small muscular pulmonary
arteriés in mutral stenosis Arch Path , 60, 267

PARKER, B M and Smrrit, J R (1958) Pulmonary embolism and infarction  Amer J Med , 24, 402,

PARkeR, F and WEsss, S, (1936) The nature and significance of the structural changes wn the lungs 1n
mutral stenosis _Amer J. Path, 12, 573

Preer, W N and HELwic, E. B (1955) Progressive systemmc sclerosis. Arch Derm Siph. (C/ fucago
72,

RicH, A. R. (1948) A hitherto unrecognized tendency to the dp y
vascular obstruction 1n patients with congeruital pulmonary stenosis (Tetralogy of Falloyy Bull
Johns Hoph Hosp , 82, 38%

Ross-SmiTH, A H T.(1941) Pulmonary fat embolism Laacet, 240, 135

Rosg, G A and SpeNcer, H (1957) Polyartentis nodosa  Quart J Med , 26, 43

Suaw, A F B and GHAREEH: AL A (I93‘8) The' h of y m Egypt

nlas Caeoami

) " Arch
b Amer
. . e . nonary
e ’ tenl. Paeh AY 38T
s . emta, and disseminated fibrin thrombosis

N . n1astomoses with the arteria pulmonals 10
- ! = mmmtem aalen au aerq gnat, ABasel), 5, |
y hypertension  Quart J Med , 26, 83
! . G i} mut besond des
, 102,36
~workers’ pneumaconiosis J, £fath Bact,, 68, 573
Patent ductus arteriosus with pulmonary hyper-




RIGHT VENTRICULAR HYPERTROPHY 171

pulmonale (Mounsey et al., 1952), or in congemtal heart disease with left to right shunt,
notably atrial septal defect. Cabrera and Monroy (1952) have divided the patterns of
ventricular hypertrophy nto “systolic overload ™ and *“diastolic overload"". The former
refers to situations, such as lone pulmonary stenosis, in which the ventricle 1s working
against resistance alone (pressure work), and 1s typified by tall R waves, and often inverted
T waves over the right praecordium. The latter indicates a ventricle which is dilated, as
well as hypertrophied, owing to a left to right shunt and jncreased pulmonary blood flow.
In ths type, right bundie branch block, partial or complete, may not be accompanied by
dominant right praecordial R waves

The distinction 15 a useful one, and often helps to suggest the diagnosis from the
cardiogram.

3.

AN [ e uth
X TG L PIEEm
Fic 73 Gross nght ventricular, and night atrial, hypertrophy Female
26 years

The P wave reflects atnal electrical forces, and when tall and peaked, suggests right
atrial enlargement or rotation (Fig. 73). The upper limut of normal height for adults is
2'5 mm. but the shape of the P wave is often a guide in borderhne cases  When left atnal
enlargement 1s present the P wave broadens, and becomes notched  When enlargement of
both atria is present, the first peak of the P wave dominates the second Sometimes the
PR interval 1s prolonged.

The Influence of Age upon the Cardiogram

In foetal Iife the right ventricle dominates the left, as a result of the extreme pulmonary
vascular resistance (Chapter 9), In infancy this situation persists while the pulmonary
resistance falls to normal, and whtle the right ventricle gradually involutes to the stage at
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sternum in a position analogous to that of V4 to the left of the sternum, is an important
additional lead 1n the detection of right ventricular hypertrophy, and should be used
routimely (Camenini et al., 1956). Lead VR is normally a totally negative lead and a
dommant positive deflection indicates right ventricular hypertrophy if certain forms of
cardiac nfarction and cardiac aneurysm are excluded.

Right Ventricular Hypertrophy

Signs of right ventricular hypertrophy will appear when the right ventricle enlarges
suffictently to disturb the normal ventricular balance, so that the QRS vector loop is
rotated to the night In addition the loop 1s rotated antertorly and inferiorly in mild

L.f,J_J_*f;_‘\.f\_l-;:

Fi6 72 Normal adult cardiogram Male aged 31 years

degrees, anteriorly and superiorly in moderate degrees, and posterorly and superiotly in
severe degrees, of right ventricular hypertrophy (Grishman et al., 1953)

This rotation results in the appearance of dormant R waves 1n right praecordial leads,

a strongly vertical heart position (right axis deviation), a deep S wave in lead V5 ang] often

a dominant R wave n lead VR (Sokolow and Lyon, 1949; Myers et al., 1948) (Fig 73).

There is often a q wave preceding the large R wave 1n right praecordial leads in extreme

right ventricular hypertrophy. Its onigin is not known, but it may be due to nterference

Lt et immtnl aatrintinn feam loft ta rioht (Fowler of 2l 19521, or to normal

‘ . . . . + -dial Jeads.

. in a plane

allei to that of the lead (Camerin: et al , 1956} .
parln many cases of right ventricular enlargement, some form of right bundle branch
block is present. This may arise secondarily to extreme hypenr?phy, when the secondary
R wave towers above the initial  wave. But often 1t is seen in the early stages of cor
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Delay in the intrinsicoid deflection, due to prolonged activation time, is usually
present 1n right praecordial leads in pathological right ventricular hypertrophy but has
not proved of value n diagnosis.

The electrical axis of the heart is usually strongly deviated to the right, and may be of
value in diagnosis. An abnormal degree of might axis deviation was found mn 55 per cent
of Hollman’s cases of pathological right ventricular hypertrophy The P wave should not
normally exceed 3 mm. in height in lead 11 in children (Table 5)

ace 4y

vi v
k.
A I
- -t “t’ e

FiG 74 Leads VI, VS and VR 1 normal children from 3 weeks to 1M years (From Hollman,
(1958) Brir Hear1J',20,129 Reproduced by courtesy of the Editor, Brtish Heart Journal )

Ziegler (1956) has shown that the T waves are normally positive i night praccordial
leads only during the first 24 hours of hfc, He considers that the presence of positive T
waves jn these leads after the first 24 hours may suggest pathologrcal right ventricular
hypertrophy, especially if there 1s evidence of left hypertrophy and 1f the amplitude of R
n V1 equals or exceeds S0 per cent of the total amplitude tn that lead

The Contribution of Cardiography to Assessment of the Pulmonary
Coreulation

The cardiogram reflects enlargem: n* of \h= night ventricle and atrium, whether acute
or chrenic, and 1n general will not pure 1aformation as to the cause. For example, the
cardiogram of pulmonary stenost- ar « pui™nnary hypertenston of severe degree may be



172 ELECTROCARDIOGRAPHY

which the normal relation to the Jeft ventricle 15 reached As would be expected, the
cardiogram at birth shows marked right ventricular dominance, and this gradhally
regresses, until the normal adult ventricular balance 1s reached at about 13 years of age,

The criteria for the diagnosss of pathological degrees of right ventricular hypertrophy
in infancy and childhood have been Iaid down by Hollman (1958). These criteria are of
the greatest importance for the differential diagnosts of pathological from physiological
hypertrophy m the early days of life (Fig. 74) (Table 5)

TaBLe §

CRITERIA FOR THE DIAGNOSIS OF RIGHT VENTRICULAR HYPERTROPHY FROM ONE MONTH TO FIFTEEN
YEARS OF AGE
(1) Presence of a ¢ wave in V.
(2) Onset of intrinsicotd deflection n V1 delayed to 6 04 sec or more in the absence of nght bundle
branch block
{3) R/Sor R/Qina VR of gver | 0
(4) P wave of 3 mm_or more 1 lead II, or 2 S mm. or more mn any other lead
(5} Efectrical avis of over +120°
(6} R/S 1 V1 and V5 as below,

1-3 months 4-11 mopths 1-2 years 3-5 years 6-15 1ems
RIS VI 70 45 25 20 1 5 or more
R/S Vs (] 07 (] a9 0@ 9or kesy

From Hollman (1958},

The most difficult diagnostic period is under one year, and Hollman has stressed the value
of lead V5 since there 15 ittie overlap between the normal and abnormal R/S ratios in this
lead. In the normal infant the R/S rat1o in V5 15 always 06 or more, whereas pathological
right ventricular hypertrophy almost invaniably produces a ratio of less than this in mnfants,
including those under three months of age In lead V1 there 1s definite overlap betwcen
the phystological and pathological under the age of three months. It 1s important to
consider more than one lead and the diagnosis can best be made from a combined study
of leads V1, V5 and VR. No information 1s available on the value of V4R m infancy

The presence of 2 q wave 1n V1 indrcates pathologtcal hypertrophy in infants over the uge
of one month (Table 5).

Lead VR has been shown to be of importance in the dragnoss of pathological degrees
of night ventricular hypertrophy in clhildhood. A dominant R in VR was found in 83 per
cent of a personal series of 36 cases of right ventricular hypertrophy due to congenital
heart disease 1n children between the ages of 3 to 14 years. The dormnant R wave i VR
was never seen in normal children at ths age, and was of particular value i pathological
cases in which the r wave was not dominant 1n VI Absence of a dominant R VR,
however, does not exclude pathological right ventricular hypertrophy (Goodwin, 1952)

Lead YR also is of value in infants dowa to the age of one month, as shown by Hollman
Under the age of one month this lead shows a dominant R wave and differential chagnosis
of phystologcal from pathological hypertrophy may be virtually impossible mn the first
four weeks of life, except perhaps from the R/S ratio in lead V5 (Fig. 74). X

The cardiogram changes rapidly in the first weeks of life, and s‘enal tracings at \\:eekly
\ntervals are of great value m dragnosis, for in abnormal cases the signs of right ventricular
hypertrophy become more, instead of less, obvious and diagnosis may be possible after the

age of eight 1o ten weeks.



INFLUENCE OF AGE ON THE CARDIOGRAM 173

Delay in the intrinsicord deflection, due to prolonged activation time, 1s usually
present 1n right praecordial leads in pathological right ventricular hypertrophy but has
not proved of value w dragnosis.

The electrical axis of the heart is usually strongly deviated to the right, and may be of
value 1n diagnosis, An abnormal degree of rght axis deviation was found m 55 per cent
of Hollman's cases of pathological right ventricular hypertrophy The P wave shoutd not
normally exceed 3 mm. m height 1 lead IT 1 children (Table 5)

2

s
5

Fig 74 Leads VI, V5 and VR in normal children from 3 weeks to 14 years. (From Hollman,
(1958) Brir HearrJ, 20,129 Reproduced by courtesy of the Editor, Brussh Heart Journal )

Ziegler (1956) has shown that the T waves are normally posttve m right praecordial
leads only durtng the first 24 hours of life He considers that the presence of positive T
waves in these leads after the first 24 hours may suggest pathological right ventricular
%‘}'Peﬂmphy, especially 1f there 15 evidence of left hypertrophy and if the amplitude of R
in V1 equals or exceeds 50 per cent of the total amplitude n that lead

The Contribution of Cardiography to A t of the Pul ¥
Circulation
The cardiogram reflects enlargement of the nght ventricle and atrium, whether acute

or chronic, and in general will not give information as to the cause. For example, the
cardiogram of pulmonary stenosts and pulmonary hypertenston of severe degree may be
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identical, because the medium by which they produce cardiographic changes (enlargement
of the right ventricle) is common to both.

Nevertheless, vanous individual cardiac lesions have characteristic cardiograms, and
the diagnosis may often be suggested by the type or degree of right ventricular hypertrophy
present, and by certam associated abnormalities,
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Before considenng the cardiogram in individual disorders, a method of grading the
severity of right ventricular hypertrophy from the ventricular complex of the cardiogram
will be discussed (Goodwin and Abdin, 1959).
The grades are as follows:
1. Dominant R wave in lead V4R or domina'nt Sin YS
g:zz:; 2. Dominant R wave in V4R and V1 or dominant R in
Sin V5or Rin VR.

.V4R, with dominant
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{a) RfS ratio in V4R or V1, and night ventncular systofic pressure (Correla-
tion coefficient = 076 )

(&) R/Sratio n VAR or V1 and total pulmonary vascular resistance, (Correla-
tion coefficient = 0 46)

() RIS ratio vs and nght ventncular systolic pressure  (Correlation
cocicient = —0

(«h R/S ratio 1n vs znd total pulmonary vascular resistance  (Correlation
coeflicient 55)

L o - -

175



176 ELECTROCARDIOGRAPHY

Grade 3. Domunant R in VAR, V1 and VR, with dominant S in V5.

Grade 4 Dominant or monophastc R in V4R of 10 mm, or more, with or without qR
pattern, dominant R in V1; domimant S in V5; with or without dominant
R VR, and T inversion in right praecordial leads.

This system of grading covers most cases, but some will inevitably fail to fall clearly
nto a grade, in view of the number of variable signs mvolved A dominant S wave 1n V5
without a dominant R 1n V4R or V1 has been shown to mask an old anterior infarction
(Goodwin, 1958), but may also occur with lone right ventricular hypertrophy. P waves
indicating right atrial enlargement contribute a valuable indrrect sign of night ventricular

hypertrophy, but usually only when other signs are present, and is therefore not included
n the grading system,
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Fic 76 Cardiographic grade of nght ventricular hypertrophy and (4) right ventricular systolic pressure, and ( 8)
total pulmonary vascular resistance Each dot represents one case.

©

Haemedynamic and pathological factors. Cosby er al (1952, 1953) compared right
ventricular pressure, flow and work, with the cardiographic evidence of night ventricular
hypertrophy, and noted a positive correlation This was also shown by Goodwin and
Abdin (1959). Fig 75 shows the relationship of signs of right ventricular hypertrophy m
V4R and V5 to total pul y vascular r (TPR) and right ventricular systolic
pressure (RVSP) respectively, in various disorders causing right ventricular hyper!rophy
There ts a posttive correlation with a dommant R wave in V4R and with a dominant (Si
wave 1n V5 with both TPR and RVSP  Total pulmonary vascular reststance 15 calculates
by dividing the mean pulmonary artery pressure by the cardiac output, the maximum nor;
mal being regarded as four units A positive trend 1s also found between the severity of
right ventricular hypertrophy and the RVSP and TPR (Figs 76 and 77). ined by the

These comparisons show that the cardiograph:c changes are largely determined by e
load 1mposed on the nght ventricle by obstruction ‘f flow at the outﬂ(_)'w lr[actn;)rsfr?m
monary arteriolar fevel, They do not take account of “*diastolic overload™ patterns,
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cases with bundle branch block were deliberately excluded from the series in view of the
difficulty of assessing associated right ventricular hypertmphy.

There is also an assoctation between nght ventricular hypertrophy assessed cardio-
graphically, and the rano of thickness of right and left ventricles (RV/LY ratwo). In 28

FIG 172 Simijac severe

ot e degrees of right ventrionlg, hypertrophy in four patients with different disorders

T Tight ventricylar pressures (RVSp) (PDA = patent ductus arteriosyus ’
cases there Was a significant coreelation between the R/S ratio 1n V4R and the RV/LV
thickness ratio (Goodwin ang Abdin, 1959),
Therefore, as would be expected, the anatomical degree of hypertrophy which 15 the
consequence of the right ventricular hypertension also correlates with the cardiogeam
These associations may onl.y be expected 10 reman vahd ip the absence of bundle
branch block, definte lefy ventricular hypertrophy, or erher myocardial disease
The Cardiogram at high Altitudes

M it

alitte. . .
tension and positiona] changes
1z



178 ELECTROCARDIOGRAPHY

Grade RV+

Fic 77b grades of right with total pulmonary resist-
ance 1n five pattents with mutral stenosis (TPR = totat pulmonary vascular resistance )

THE CARDIOGRAM IN SPECIFIC CARDIOPULMONARY DISORDERS
1. Congenital Heart Disease

Conditions with increased pulmonary blood flow

Atrial septal defect. Right bundle branch block 1s present 1n some form in the majority
of cases, but is often *‘incomplete™, with an rSt’ complex n right praecordial leads, (with
normal QRS duration), and an S wave 1n V5, The presence of large secondary R waves or
Q waves tn VAR and Vi suggests Tight ventncular hypertrophy m addition, and may
indicate either pulmonary stenosis, or severe pulmonary hypertension. There is usually

right axis deviation (Fig. 78).
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Fi6 78. Atrial septal defect: (a) without ncreased pulmonary vascular resistance, (5) with raised
pulmonary vascular fesistance and reversed shunt (Eisenmenger Reacton)
Note the complete night bundle branch block tn both, and the tali R wases 1n right leads
with q wave indicating severe night y 1 (B}
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Gvade RV+

Fi6 77b Increasing grades of right ventricular hypertrophy with increasing total pulmonary resist-
ance i five patients with mutral stenosts  (TPR = tofal pulmonary vascular resistance )

THE CARDIOGRAM IN SPECIFIC CARDIOPULMONARY DISORDERS
1. Congenital Heart Disease

Conditions with increased pulmonary blood flow

Atrial septal defect. Right bundle branch block is present in some form in the majority
of cases, but is often **incomplete™, with an rSt’ complex in right praecordual leads, (with
normal QRS duration), and an § wave in V5. The presence of large secondary R waves or
Q waves in V4R and V1 suggests right ventricular hypertrophy in addition, and may
indicate either pulmonary stenosis, or severe pulmonary hypertension. There 15 usually
right axis deviation (Fig. 78).
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with a tacge left to right shunt (diastolic overload of the left ventricle). Some evidence 9('
right ventricular hypertrophy 15 usually present, while atrial hypertrophy may be seen in
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Fig 80 Ventricular septal defect.

{a} With large left to nght shunt and fow pulmonary resistance.
Note ed T waves, g wayes and fall R waves mn left prae-
cordul leads.

(b With hlfh pulmanary anenolar renistance (9 umts), and
smaller fefs 10 nght shunt. Ngl‘ermarked nght veniricular

eft

phy with d

some cases. When pulmonary hypertension is appreciable, marked right ventricular
hypertrophy is seen, and incomplete night bundie branch block may occur. 1t might be
anticipated that in the presence of dominant feft hypertrophy the puimonary flow would be
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The bundle branch block pattern is thought to be due to the dilatation of the right
ventricle which occurs as a result of the left to right shunt.

Walker ef al. (1956) have suggested that the rSr’ patterns in right praecordial leads
represents selective hypertrophy of the basal portion of the right ventricle secondary to
its mcreased stroke volume. The complication of pulmonary hypertension causes hyper-
trophy of the free wall of the right ventricle and produces a dominant R wave, This
concept 1s sumular to that of systolic and diastolic overload, introduced by Cabrera and
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Fic 79 Ostum primum atnial septal defect, atnoventricular canal. Note right bundle branch
block, g waves i left praecordial leads, left axis deviation, long PR mterval and right
atrial enlargement

Monroy (1952). The QRS vector loop 1s rotated clockwise, to the right, inferiorly and
anteriorly (Burch and De Pasquale, 1959)

‘When an atrial septal defect is of the ostium primum type, with partial or total atrio-
ventricular canal, the cardiogram presents charactenistic features which are of great value
in diagnosis  Right bundle branch block, plete or i plete, is combined with left
axis deviation and a prolonged PR interval (Fig. 79) The QRS loop is rotated anticlock-
wise, to the left, superiorly and posteriorly (Burch and De Pasquale, 1959). Severe pulmon-
ary hypertension 1s often present, and this may be reflected 1n tall dominant R waves 11
right praecordial leads .

Ventricular septal defect. In small defects, the cardiogram may be normal. With larger
ones, there is usually some evidence of left ventricular enlargement, shown by tall R
waves over the left praccordium, prominent Q waves and pomted tall T waves Deep Q
waves and sharply pointed T waves are more common when the pulmonary vasfula;
resistance 1s less than seven units (Bentall et al., 1959). This pattern is usually associate
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Transposition of the great vessels. Severe right ventricular hypertrophy rs usually
present, and there are generally no special features, except in corrected transposition when
a deep q wave 1s seen in right praccordial leads, with a g wave in leads 1 and VF, and an
R/S pattern in left praccordial leads. There may be complete or pastial atrioventricular
block (Fig. 83c).

Conditions with reduced pulmenary blood flow

Tetralogy of Fallot, The Tetralogy of Fallot usuaily produces moderate or severe
(grades three to four) degrees of hypertrophy, but in a mnority of cases only grade two
15 present. T wave inversion in right praecordial leads wiich often occurs in severe lone
pulmonary stenosis, is seldom seen. In some cases, @ dommant R wave is absent in VAR
and V1, and the evidence consists only of a deep S in V5, a dommant R t VR, or extreme
right axis deviation. Right atnal P waves are rarely present, and nght bundle branch
block does not occur (Fig 82a),

Lone pulmonary stenosis with normal aortic root, The severity of the stenosis determines
the severity of the cardiogram. When the right ventncular systoho pressure exceeds
TQ emae Tie e dm 85 v <o mbms mlos Tema o AL TR Ly L et 2 0 Yialleads.

suggest-
. rsian s a
useful sign of diastolic hypertension 1n the right ventricle, although Cabrera and Monroy
(1952) regard T inversion as part of the systolic overload pattern. Certawiy, T inversion
ifp d 1s a valuable sign of dang night ventricular overload, and indicates
that the pulmonary stenosis requires surgicat rehef T wave inversion 1s sometimes
variable, and inverted T waves may temporanly become positive. The signficance of this
1s uncertain, but fability of the T wave might suggest a small area of myocardial necrosis
resulting from reduced coronary artery flow due to a low cardiac output. When the night
ventricular systolic pressure 1s around 100 mm Hg, T inversion is not usvally found, and
the cardiogram resembies that found in the Tetralogy. This 1s understandable, for the
night ventricular systolic pressure 1 the Tetralogy seldom if ever exceeds the left, and
clinical right ventricular congestive failure rarely occurs.

When pressures are between 50 and 100 mm. Hg, the cardiogram shows milder grades
of right ventricular hypertrophy. Sometimes deceptively minor grades occur with severe
stenosis, and the cardiogram should not be used to mfer that stenosis is shight, aithough
conversely a grade four cardiogram guarantees severe stenosis  Rught atnal P waves
similarly indicate severe stenosss, but are often absent,

Rarer conditions with reduced puimonary blood flow (Tricuspid atrenia, Sigle ventricle;
Ebstew’s syndrome) These three conditions will be mentioned because the cardjogram
has certain charactetistic features which are helpful in diagnosis

In tricuspid atresia the cardiogram 1s aghly suggestive, since 1t shows left axis devia-
tion, complete lack of any nght ventricular hypertrophy, with normat or excesswe left
ventricular domnance, in a patient with a nght to feft shunt, Right atnal P waves may
oceur, and these, combined with evidence of left ventnicular hypertrophy. shoutd always
arouse the suspicion that the right ventricle 15 nonfunctional or hypoplastic (Fag. 83a).

Smgle ventncle may be associated with a left to right shunt and ncreased pulmonary
blood flow. More frequently, a single ventricle 15 associated with hypoplasia of the right
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higher and the pulmonary resistance lower than when the right ventricle dominates the
left, but there 15 not necessanly any strict relationship between cardiographic and haemo-
dynamuc events. Indeed, the R/S ratio in lead V1 may decrease as the resistance increases:
the opposite of what would be expected This paradoxical finding may have been due to
the associated left ventricular enlargement. Nor does the cardiogram necessarily help to
predict whether a good fall in right ventricular pressure will occur after closure of the
defect (Cleland et al,, 1958).

Nevertheless, in general the presence of left ventricular hypertrophy is likely to be
associated with a large left to right shunt, and low pulmonary vascular resistance.

Fic 81 “Eisenmenger’ type patent ductus arteniosus with high pulmonary vascular
resistance and reversed shunt The deep S waves 1n right praecordial leads suggest
some left ventricular hypertrophy m addition to the great hypertrophy of the right
ventricle

Conversely, the presence of pure right hypertrophy has a smster connotation and
suggests that considerable pulmonary vascular disease 1s present, unless there is pulmon-
ary stenosss. Fig. 80a shows the cardiogram of a boy with a ventricular septal defect,
normal pulmonary artery pressure, and pulmonary blood flow of three times the systemic
flow. Fig 80b shows the cardiogram of a patient whose right ventricular pressure failed to
fall after closure of the defect and who died after operation® there 15 marked nght

tricular hypertrophy
venl‘a(ent duzrus anIe)riosus. When the ductus is small the cardiogram 1s normal, or shows
modest left ventricular hypertrophy. Any signs of nght ventricular enlargement Sugges;
either appreciable pulmonary hypertension or pulmona.ry stenosis. In cases }Vlth Teverse
flow from birth, there is moderate or severe right ventricular hypertrophy (Fig 81)- "

In infancy, of course, the cardiogram usgally shows right ventricular hypertrop: .‘t’-
unless the ductus is very large, when some evidence of left hypertrophy may be present.
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of night ventricular preponderance and five showed right axis deviation In the other cases
there were deep negative deflections in leads I and III, with night ventricular hypertrophy.

Fic 83(a) Tricuspid atressa  Note left ventricular hypertrophy (Tall R 10 VL and deep S 1n VR)
and left axis devtation.

[y

Fic 83 (5) Single ventridle with transposition of pulmonary artery and aorta and pulmonary
enosis  Note right ventricular hypertrophy and left aus deviation

In transposition with p}xlmonary stenosis and with single ventricle, there may be right
ventricular hypertrophy with left axis deviation (Cleland et al., 1957) (Fig 83b).
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ventricular outflow tract, or transposition of the great vessels, with underfilled lungs
Campbell et al. (1953), reported six cases of single ventricle with pulmonary stenosis and

it
S T

B e ! ents 1 te the more severe right ventricular
tenosts with closed ventricular septum  Note ghe m

® g;‘gx‘r\:ﬁ; ;amcularly in V1 and the nght atrial P waves,

sia. They analysed 78 cases reported m the literature and showed

1 atre: P 1
one wilh pulmennyy t in just over half. Of their seven cases, all showed evidence

that {ransposition was presen



MITRAL VALVE DISEASE 187
2, Acquired Heart Disease

Mitral valve disease, Left atrial enlargement 15 shown by a broad, notched P wave i
many cases and is a useful gnde to appreciable left atrial hypertension. Atriat fibrillation
oceurs in 50 per cent of cases  Augmented and pointed right atrial P waves are seen when
pulmonary hypertensian is extreme, but 1f present m the absence of any appreciable right
vemssicular hypertrophy suggest tricuspid stenosts,

The veptncular balance is frequently nosmal, even in the presence of tght mitral
stenosis. Fig 84 shows the valve size at operation and the grade of right ventricular hyper-
trophy in a serses of patients with mitral stenosts. 1t will be seen that the majority have a
narmat balance or only grade one hypertrophy. The R/S ratio correlates posttively m
V4R and negatively i VS with the height of the right ventniculat systolic pressure and the

e

o $ 2 3 4
CARDIOGRAPEK, CRADE OF RICKT VEMTRICULAR KYPERTROPKY
Fio 84 Valve stz¢ at operation and cardiographic grade of rght ventricular

hypertrophy n patients with mitral stenoss Eath dot represents one
patent

total pulmonary vaseular resistance (Fig. 75), white the grade of right ventricular hyper-
trophy shows a stmilar trend (Figs. 76 and 77)  There 1s also a positive correlation between
the cardiographuc degree of right ventricular hypertrophy and the ratio of right to left
ventricular thickness (Goodwin and Abdin, 1959).

Thus the cardiogram is of most value in indicating severe pulmonary hypertension, and
therefore, usually, extreme metral stenosis. A grade three cardiogram guarantees a hugh
vascufar resistance (TPR around ten units) and, while not ing mutral g
associsted with extreme stenosis, rules out the possitahty of free insuffimency and makes
dominant incompetence unhkely A normal ventricular batance sn no way deales tight
stenosis. The presence of a left atrial P wave is of great value in dagnosing left atrial
hypertension from any cause, but does not of course necessarily ndicate maitral valve
disease, 1t is of most help  assisting in the diagnosis of obscure cases of pulmonary
arterial hypertension by indicating the presence of left atsial hypertension (Fig 85)

In pure, or domi miteal D left ventricular hypertrophy, usually
associated with some night, is present, but the left hypertrophy is domnant. Sucha pattern
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Thus the cardiogram may not be of great diagnostic value, but if other than extreme
nght axis deviation is present, combined with right ventricular hypertrophy, single
ventricle may be suspected. Frank left axis deviation with right ventricular hypertrophy
and very high voltage in limb leads may be valuable clues.

In Ebsten’s syndrome, complete right bundle branch block, without right ventricular
hypertrophy, 1s present in the majority of cases The diagnosis may be suggested if there

NN
vr“f”[f
i

x VF

FiG 83 {¢) Corrected transposition of pulmonary artery and aorta Note Jeft axis deviation,
QrS pattern 1n V1 1S 1n V5 with long PR interval (0 22jsec) (Leads V3 and V5 § sensitivity )

are also right atnal P waves (Goodwin et al., 1953) Left bundle branch block is occasion-
ally seen (Medd et al., 1954).

‘The Eisenmenger syndrome
As now defined (Wood, 1958) this consists of pulmonary hypertension with reversed
central (right to left) shunt. The shunt may be at atral, ventricular, or pulmonary artery

fovel (Chapter 9 - * ** ventricular

sptal defect
arked right
i i ially patent
i r dominance. In some Other 1ypes Ol BISCHICNEEL SyIIULONLL, Lopd
‘(ﬁxl?t:::u\lw’;‘ith reversed shunt, the signs of right ventricular dominance are shght, and Q
waves may be seen in left praecordial leads (Wood, 1958).
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(1951) also noted increase in the S wave in lead V6 in patieats with nght ventricular
hypertrophy due to pneumoconiosis.

Fic 87 Regresnon of night veptricutar hypertrophy. Before, (A4), and after, (), mitral valvotomy
8T and T wave changes n (B) are the result of dintabs and the cardictomy }

Left atrial P waves are never seen mn cor pulmonale, unless it 1s complicated by left
sided cardhac disease.

Fia. 88 Right praccordial T mversion and deep § wave in V5 in thrombuo-embolic
putmonary hypertension

Mounsey et al (1952) compared the right ventricular pressure with the cardiogram
in cor pulmonate and showed that the signs of right ventricular hypertrophy ncreased
with the pressure. They considered a persistent rst’ pattern i lead VI 10 be presumptive,
but not certain, evidence of right ventricular hypertrophy, and demonstrated that the
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excludes appreciable mitral stenosis unless there 1s some cause other than mitral incompe-
tence, such as aortic valve disease or systemic hypertension.

Coronary embolism is considered rare, but is perhaps less uncommon in mitral disease
than 1s usually thought. The cardiogram suggests cardiac infarction, usually anterior, and
may cause confusion with acute right ventricular enlargement or pulmonary embolism
Fig. 86 shows the cardiogram from a patient before and after a coronary embolism. The
first tracing shows the normal cardiogram with sinus rhythm. Some months later she

FiG.85 Lelt atrial P wave in severe mutral stenosts
(lead V5),

suffered an attack of palpitations, followed by crushing substernal pain, The cardiogram
at this time showed atnial fibrillation and T wave inverston in leads V2 to 7 and n the
standard leads. At mitral valvotomy in November 1958, a myocardal scar was seen in the
septal region.
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FiG 86 Praecordial leads (a) before, and (b) after coronary emboltsm 1n mitral stenosis
The second tracing shows atrial fibnllation and T wave mversion with ST elevation

indicating anterior myocardial necrosis

‘When, after successful valvotomy, the pul y lar resistance falls, the cardur
gram shows a reduction 1n the degree of right ventricular hypertrophy if this was appreci-
able before operation, and 1s thus often a useful guide to improvement (Goodwin ef al.,
1955) (Fig. 87).

Pulmonary heart disease. In this condition the cardiogram is very variable. Many cases
show little or no evidence of night ventricular hypertrophy, even though 1t is present at
autopsy. A greater proportion of cases of pulmonary heart disease than of mitcal stenosis
show moderate or severe (grade two or three) hypertrophy. Predominantly positive
deflections in the ventricular complexes in l’_ighl praecordral leads are frequently abserllt.
a dominant R in VR is often present  This k ion 1s suggestive of cor p

and there is considerable right axis deviation. The
osis (Goodwin and Abdin, 1959). Thomas

and
especially if right atrial P waves occur,
deep S in V515 more common than 1n mitral sten:
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do not usually show low voltage and nverted or flat T waves, although some forms of
cardiomyopathy may be an exception.

ACUTE RIGHT VENTRICULAR HYPERTENSION AND ENLARGEMENT

Acute right ventricular embarrassment may occur in pulmonary embolism, 1n the
exacerbations of bronchitis i patients with cor pulmonale, and in acute heart failure 1n
mutral stenosis.

In pulmonary embolism the cardiogram does not show any appreciable change unless
the right ventricle is considerably embarrassed. The most characteristic changes occur 1n
the frontal QRS vector, which 1s rotated to the right, producing nght axis deviation, with a
charactersstic pattern 1n the standard leads consisting of a promunent § wave 1n lead I
and Q wave 1 lead 111, The ST segment 15 1s0-electric, and the T waves upright in lead I
and mverted m lead III. The deep S m I, with iso-electric ST segment and upright T wave
has been termed the *step-ladder” pattern. Lead VF 1s usually normal, but may show an
mverted T wave Lead VR sometimes has a dommant R wave Rught atrial P waves are
not uncommon and reflect right atrial strain,

The praecordial leads reflect the clockwise rotation of the horizontal vector, for there
15 often a promnent, or deep S wave m V5. T wave inversion may occur from VI to VS5,
or more often as far as V3. Woed (1941) pointed out the importance of T wave inverston
1n lead CR1 1n which the T wave is normaily upright, and this 1s a valuable lead to record if
pulmonary embolism 15 suspected A dominant R wave may appear mn lead V4R or V1,
and partial night bundle branch block 1s not uncommon. Complete right bundle branch
block occasionally occurs as the sole cardiographic sign of pulmonary embohsm, and 15
then transient

The pattern 1n the mb leads has some features 1n common with posterior cardiac
wnfarction, but there are important differences The ST segment 1s never elevated mn
pulmonary embolism because there is no current of mjury, and the Q wave present
Jead 111 15 not reflected 1n lead 11, as m postenor infarction  Since there 1s no current of
mjury there 1s no reciprocal depression of the ST segment inlead I, in pulmonary embolism.
nor does VF show the Q wave of posterior infarction

The tall T waves seen frequently 1n the praccordal leads in posterior infarction are
not present tn pulmonary embolism, while the deep S wave 1n V5 1n pulmonary embolism
15 not seen in posterior 1nfarction (Fig 90)

The rapid resolution of the cardiographic changes and the return to a normal pattern 1s
an important feature of pulmonary embol and seral card at short intervals are
of great value. Acute right ventricular stress due to other causes tends to produce a sumlar
picture to pulmonary embolism, but the changes 1n the limb leads are not usually so
characternstic,

The reversibility of the signs of night ventricular enlargement 1s well shown n patients
with chronic cor pulmonale or mitral stenosis, 1n whom signs of right ventricular hyper-
trophy may develop and regress in a matter of weeks Ths is especially true 1n V4R
which the R wave may become domunant during an attack of heart failure, and decrease to
normal size on recovery (Camermi ef al , 1956).

Thos suggests that hypertrophy of the ventricular wall 1s not the major cause of




190 ELECTROCARDIOGRAPHY

small secondary “r” wave grew until it dominated the QRS complex, as the right ventri-
cular pressure rose.

Atrial fibrillation 1s unusual 1n cor pulmonale without left ventricular disease and
should suggest the presence of another lesion (such as ischaemic heart disease) or an
altern:_allve cause for right ventricular hypertrophy.

Primary, or lone, pulmonary hypertension. Severe cases show extreme degrees of nght
ventricular hypertrophy, and often T wave inversion 1 right praecordzal leads, even
though the right ventricular systolic pressure does not exceed 100 mm. Hg. There are two
possible reasons for this  First, the cardiac output may be very low as a result of great
obstruction to flow through the pulmonary arteriolar bed, so that the right ventricular

Fro 89 Constrictive pericarditis  Note low voltage QRS and T waves and left atrial P waves
(Tachycardia 1s absent in this case)

systolic pressure is not greatly elevated. Second, the increase in load on the right ventnqlc
may be rapidly progressive {perhaps only over a matter of months), and cause rapid
enlargement and dilatation of the right ventricle, which 1s previously unprepared for such
an onslaught.

‘When pulmonary hypertension 1s due to thrombo-embolism, the cardiogram may show
T wave inversion 1n praecordial leads, as far as V5, with a deep S wave in this lead. This
pattern may be helpful in suggesting the diagnosis (Fig. 88). But cases of pulmonary
thrombo-embolism involving the major branches of the pulmonary arteries often have
dommnant R waves 1n right praecordial leads in addition (Ball et af, 1956)

Constrictive pericarditis. The salient features are low voltage, tachycardta (atrial
fibrillation 1n 30 per cent), and flat or jnverted T waves. Signs suggesting some pght
ventricular hypertrophy may be seen. Left atnal P waves are not uncommonly associated
and are an important pointer to the diagnosis, for other cases of left atrial hypertension



RIGHT VENTRICULAR HYPERTROFPHY 193

However, other factors may also be important, such as the duration of the hypertrophy,
myocardial disease, and enlargement of the left ventricle (Goodwin and Abdin, 1959). In
the congenital group, the pathological right ventricular hypertrophy 1s added to the phy-
siological, so that often the left ventricle is never dominant, By contrast, in acquired
hypertrophy, the left ventricle is dominant for many years before the right ventricle en-
larges, so that hypertrophy has to be considerable before the normal left ventricular
dominance 1s overcome.

In acquired cases, however, rapid increases in right ventricular work may produce a
more severe cardiographic change than in cases with gradual increase in right ventnicular
load. This may be due to dilatation and failure of the right ventricle,
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The contribution of myocardial disease is difficult to assess, but conditions such as
coronary embolism may modify the signs of ight ventricular hypertrophy, while 1schaemic
heart disease or other lesions may enlarge the left ventricle and thus dirminish the signs of
right ventricular enlargement,

Undoubtedly, one of the main factors i reducing the signs of right ventricular hyper-
trophy in acquired disease 1s associated left ventricular hypertrophy. But nusleadingly
unimpressive signs of right hypertrophy may occur with a high pulmonary resistance 1n
the absence of left ventricular enlargement, especially mn mitral stenosis (Goodwin and
Abdm, 1959).

COMBINED VENTRICULAR HYPERTROPHY

Signs of enlargement of both ventricles are found in only about 30 per cent of cases
(Pagnoni and Goodwin, 1952). The remaining 70 per cent show either a normal balance,
or pure night or left hypertrophy. The signs of combined hypertrophy are as follows:

13
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domunant R waves in night praecordial leads. It seems much more probable that both
hypertrophy and dilatation, singly or in combination, rotate the horizontal QRS vector
to the right and anteriorly, so that tall R waves appear in right praecordial leads and deep
S waves 1n left praecordial leads, The fact that lead V4R, which 15 actually further from
the nght ventricle than V1, shows signs of right ventricular hypertrophy carlier than V1,
harmonizes with this view (Camerini et al., 1956). It must be remembered that it is the
balance of forces acting on both ventricles which determines the form of the QRS com-
plex. This 1s illustrated by a patient with mutral stenosis, in whom the R wave in V4R
doubled 1n voltage after the development of right bundle branch block, and reverted toits
previous voltage on resolution of the block. The branch block occurred during cardiac
catheterization and could not be ascribed to any temporary acute right ventricular dilata-
tion [t 15 suggested that the presence of the block so altered the balance of forces that

Fic 90 Pulmonary embolism Note rsr’ pattern in CR1 and charactenistic changes m
standard leads

stronger positive vector forces were directed to VAR - Camernt et al., (1956} have suggested
that the alteration of the vector loop 1n the horizontal plane 1s due to a combimnation of
factors including alteration of the relative positions of the ventricles, the relative mag-
mitude of their electrical forces, and the direction of spread of the impulse

1n view of the varability of the signs of right ventricular hypertrophy, 1t 1s important
(especially 1 acquired heart disease) to base deduction of the degree 'of chronic right
ventricular hypertrophy only upon a cardiogram recorded when the clinical status of the
patent 1s optimal.

RIGHT VENTRICULAR HYPERTROPHY IN ACQUIRED AND CONGENITAL
DISEASE

i i hy are much more

eneral, the cardiographic signs of night ventricular hypertrophy
gl?egin congenital than acquired heart disease (Fig 91). Ths is largely du.c 1o the hugher
:?;ht ventricular pressures and greater right ventricular muscle thickness in the former.
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VENTRICULAR HYPERTROPHY AND CARDIAC INFARCYION

When oné or both ventricles are enlarged. the changes in the chest leads may mask
anterior infarction and old anterior infarcts may present cardiographically merely as
an 1S pattern in V5 {Goodwin, 1958). Rotation of the horizontal QRS vector loop ta the
right by right ventricular hypertrophy may abolish the antero-lateral negative vectar
forces of infarction and replace the Q wave by a small r wave in V5. Another reason
for the rS pattern 1n VS in mnfarction is the growth of the r wave with healing (Fig. 93)

Whatever the cause, ventricular hypertrophy may mask anterior infarction effectively
and thus be very misleadi fed infarction is unusual when the heart is strongly
vertical or when nght atnial P waves are present, and these points provide useful gmidance
1w interpretation,

Fig, ™ ™ te o« f

Vi VS V8 vz

Conversely, pure right ventricular hypertrophy may closely simulate anterior infarction
with q waves i right praccordial leads, presumably due to bizarre rotation of the hori-
zonta! vector loop (Fig 94).
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1. Signs of left hypertrophy with a dommnant § wave in V5, and/or a vertical position
of the heart (Fig. 92).

2. S1gns of left hypertrophy with a dominant R in VR.

3. Signs of right hypertrophy with deep S waves (dominating the R waves) in
nght praecordial leads, dominant S wave in V5, and horizontal position of the
heart.

(Pagnoni and Goodwin, 1952; Goodwin, 1958).
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The last combination, in which dominant S waves are present in both right and left
praecordial leads, with or without a dominant R in VR, may of course be produced by
right ventnicular hypertrophy alone, but is always suggestive of additional left ventricular
enlargement. In such cases the left ventricular hypertrophy has probably neutralized the
R waves 1n right praecordial leads.

FIG, 92, amb ;o s smim o $ou b mcmneat € s
of - -

i howing in (8) 1S pattern developing from QS and arS patterns
Fi. 93, Healing of cardac gty wave tmversion has crsappeared



CHAPTER §
MITRAL VALVE AND LEFT ATRIAL DISEASE
BY JOHN GOODWIN

MITRAL STENOSIS

Haemodynamics. In all forms of mutral valve discase except free mcompetence,
obstruction to left ventrcular mflow is present and has pronounced effects upon the lesser
arculation  As a result of the obsiruction, the left atnal p 1ises, and p
venous Dypertenston ensues. The cardiac output 15 xmuaﬂy normal and ihns helps to
mamtawn the high left atrial pressure  As has been mentioned 1n Chapter 4, the pulmonary

arterial pressure Tises passively 1 order to mantam the normal gradient across the
capillary bed. Foll g thus, ch develop in the pub ry vems and artenoles, the
latter cansmg a further \ncrement 1 pulmonary artery pressure. Thus in severe mutral
stenosss three forms of pulmonary Rypertension are present: venous hyperiension;
“passive™, and *active” arterial hypertenston

When murai stenosis is of shight or moderate degree, the vafve ortfice is quite large
enough (around 2-5 sq cm ) to allow an adequate blood flow without a nse in left atnial
and pulmonary vascular pressures. But when the valve ss smaller, the left atnal pressure
rises properhionately to the seventy of the stenosss, and may reach a level of 20-25 mm Hg
above the sternal angle at rest  An adequate output can only be obtained at the expense of
such high left atnal and pulmonary venous pressures At this stage of the disease, acute
pulmonary cederna may oceur if the pulmonary venous pressure nises suddenly to a yet
hugher level. The collowd osmotic pressure of the plasma 1s then exceeded, and fimd
transudes from the capiliaties mto the alveoh. Exercise, excitement, fever, pregnancy, may
all cause acute pulmonary oedema m nutral stenosis, The common factor 1 probably
tachycardia, which reduces the time avaitable For ventricular filling, and elevates further
the left atrial pressure. In pregnancy, the increased blood volume and cardiac output are

of mayor 1mportance i predisposing to pulmonary oedema

As the pulmonary venous pressure nises, the pulmonary artery pressure follows in a

hnear fashion as long as the left atnal pressure 15 below approximately 26-25 mm Hg.
When this figure 15 exceeded there 15 a sharp rise 10 artenial pressure, quite beyond that
wiuch would be due to a mere passive mcrease (Holling, 1952; Lewss ez af., 1952). This

“actie™ arterial hypertension, and 15 due to reduction 1n the lumen of the artersoles,

wﬂh consequent increase in arteriofar resist The d m artenal
pressure with high levels of pulmonary capiilary “wedge'” (md:rect left atrraly pressure is
shown w Fig 95 1n a senes of patients with mutral valve disease. The problems of the
wereased anenolar rcsnslancc in mxtral stenosys will now be discussed.
“Active p * The in arteriolar reststance which is the
basis of this form of pulmonary hypertension might be due esther to vasoconstriction, or
223
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pulmonary artery pressure and mixed venous oxygen saturation. Thus undue desaturation
of mixed venous blood reaching the pulmonary arterioles mught possibly bring about
vasoconstriction, )

Davies ef af. (1953}, Balchum et al. (1957) and Goodwin et of. (1958} claimed that
pul y wu could be produced w mitral sleposis with hexamethonium,
suggesting release of neurogenicall intained ic\xcr\. Their results have been
discussed and 1 ustrated in Chapter 4. The demonstration of a direct relationship between
the inttial level of the putmonary artery pressure and the extent of the fall induced by
hexamethonium s also in harmony with vasoconstriction, and the same relattonship was
found by Braun ef al. (1957) with Priscoline. .

The most striking of riction has been ob 1 by Wood (1958)
using acetylchohine. He found that this drug produced a fall 1o pulmonary vascular
resistance and a nise in left atrral pressure in fourteen of sixteen patients with mitral
stenosss. But the findings of Sdetholm and Werko (1959) of a reduction of arterial
oxygen saturation after acetylcholine suggest that other factors may be implicated.

There is therefore strong evidence for pulmonary arterial vasoconstriction m mitral
dhsease, and consideration must now be given to pathologieal and radiologeal studses.

Larrabee et af {1949} described intimal fibrosis and necrotizmg changes in the artenoles
and thought that these might be the canse of the merease 1 resistance  There 1s no doubt
that such changes may be present, for Baylss et al. (1950) showed them i two of their
pauents, and Harrison reported local areas of atheromatous intimal thickening in thirteen
of thurty cases (Doyle ef ol , 1957). But these changes were all of a localized nature and
involved too few arteries to infl the ntly. They are aimost certainly
due to the effects of a high pressure on the pulmonary vascular tree and may be secondaty
to thrombo-embolism.

A more generalized abnormality of the pulmonary vessels would be required to elevate
resistance and thus was found wn angiographue studies {Goodwin et af., 1952; Davies ef al.,
1953 and Doyle et af, 1957) These findsngs bave been fully described i Chapter 5. To
recapitulate briefly, reduction in the lumen of the muscular arteries to the lower lobes was
constantly found m patients with moderate or severe pulmonary hypertension  The upper
lobe artenes were always normal, or even enlarged Post-mortem angiography by Pro-
fessor C V. Harrison confirms these findings {Chapter 6), the changes bemg if anything
more marked. The narrowing was smooth and regular, and histological studies showed
medhal hyperirophy 1n the small muscular artertes, which was always greater m the lower
than tn the upper zones. The intima was normal, except in the few scattered areas already
mentioned 1 Chapter 6, Post-mortem perfusion with fluorrde mereased the caltbre of the
arterses, mdicating release of constriction which had persisted after death.

Dollery and West (1960) working at the Postgraduate Medical School have obtained
further evidence of reduced blood flow to the lower zones in mitral steaosts from studies
with carbon dioxide fabelled with radioactive oxygen (CU0,) When the gases are
shaled there 15 a more rapid clearance from the upper than the lawer zones, indicating
greater flow to the farmer. Sunddar studies in normal subjects have shown exastly the
reverse (Fig, 96).

These results are i hacmony with the other evidence for pulmonary vasoconstnction
in mueal disease,
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to organic occlustve changes in the arterioles, or to both, The available evidence strongly
indicates that vasoconstriction s the prime cause. [n 1948, Hickam and Cargill showed
that exercise produced a marked increase in pulmonary artery pressure but a much less
impressive rise 1n output, in contrast to the normal response of a rise in output but litile
of 1o 11s¢ n pressure. In the normal subject the pulmonary vascular ressstance falls on
effort, but in the mitral patient 1t rises. The rise in resistance on effort cannot be due to an
mcrease in mitral obstruction and must be due to the increase in left atrial pressure already
mentioned, and to narrowing of the arterioles. A fixed obstruction in the arteriolar bed
due to organic narrowing of the vessels would also tend to produce a rise 1n pressure with
fittle or no rise in output, but Bayliss ez al. (1950) confirmed the observations of Hickam
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and Cargill, and showed that the pulmonary arterial pressure can increase wixh. heart
failure and decrease with recovery, suggesting a reversible proccssvdue to vasoconstriction.

Further evidence for vasoconstriction comes from acute studies with drugs and other
agml::lsc.Gl'egcr et al. (1953) showed that inhalation of pure oxygen reduced the pu!mcr}alr])t'
resistance in ten of thirteen patients with mitral stenosis, and suggested that hypoxia mlgl n
be a factor in maintaining pulmonary hypertension. Yuer al. (1956) 1;epuned the res_;l}] s
of breathing a low concentration of oxygen in 24 patients with mitral stenosis.

1 i rose and sub! ly fell during recovery, again suggesting

n by hypoxia and subsequent release by increasc in oxygen
956) showed that there was an inverse relationship between

P Ty f a
stimulation of vasoconstrictio
tension. Holling and Venner (1
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pulmonary artery pressure and mixed venous oxygen ion. Thus undued s i
of mixed venous blood reaching the pulmonary arterioles might possibly bring about
vasoconstriction.

Davies ef al (1954), Balchum et al. {1957) and Goodwin ef al. (1958) claimed that
pulmonaty hlatation could be produced in mutral stenosis with honium,
suggesting release of neurogenically maintained vasoconstriction. Their results have been
discussed and iliustrated in Chapter 4. The demonstration of a direct relationship between
the imitral level of the pulmonary artery pressure and the extent of the fall induced by
hexamethonium is also in harmony with vasoconstriction, and the same relationship was
found by Braun et ol. (1957) with Priscofine.

The most stuking evidence of vasoconstricion has been obtained by Wood (1958)
using acetylcholine. He found that this drug produced a fall in pulmonary vascular
resistance and a rise in left atrial pressure m fourteen of sixteen patients with muteal
stenosis, But the findings of Soderholm and Werkd (1959) of a reduction of arterial
oxygen saturation after acetylcholine suggest that other factors may be smplicated.

There is therefore strong evidence for pul y arterial wciion i mitral
disease, and consideration must now be given to pathological and radiological studies.

Larrabee ¢ al. (1949) described intumal fibrosis and necrotizing changes in the arterioles
and thought that these might be the cause of the inerease i resistance  There 1s no doubt
that such changes may be present, for Bayhss et af (1950) showed them m two of ther
patients, and Harrison reported local areas of ather ntimal thick 2 1o thirteen
of thirty cases {Doyle et al., 1957) But these changes were all of 2 localized nature and
involved too few arterses to influence the resistance significantly. They are almost certainly
due 1o the effects of a high pressure on the pulmonary vascular tree and may be secondary
to thrombo-embolism.

A more generalized abnormality of the pulmonary vessels would be required to elevate
resistance and this was found i hic studies (Goodwin et al., 1952, Davies ez al,,
1953 and Doyle ez al., 1957). These findings have been fully descnibed 1 Chapter 5. To
recapitulate brieBly, reduction in the lumen of the muscnlar arteries to the lower lobes was
constantly found i patients with moderate o severe pulmonary hypertension. The upper
lobe artenies were always normal, or even enlarged. Post-mortem angiography by Pro-
fessor C. V. Harrisen confirms these findings {Chapter 6), the changes bemng if anything
more marked The narrowing was smooth and regular, and histological studies showed
medial hypertrophy in the small muscular arteries, which was always greater i the lower
than in the upper zones The mtima was normal, except in the few scattered areas already
mentiened in Chapter 6. Post-mortem perfusion with fluoride inereased the calibre of the
arterses, mdicating release of constriction which had persisted after death.

Dellery and West (1960) working at the Postpraduate Medical School have obtained
further evidence of reduced blood flow to the lower zones 1n mitral stenosis from studies
}vxlh carbon dioxide labelled with radioactive oxygen (C¥0,) When the gases are
inhaled thete 13 4 more rapid clearance from the upper than the lower zones, wndicating
greater flow to the former. Simslar studies in normal subyects have shown exactly the

reverse {Fig. 96)

These results are m harmony with the other evid
in mutral disease.

for pul. v iction
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to organic occlusive changes in the arterioles, or to both, The available evidence strongly
indicates that vasoconstriction is the prime cause. In 1948, Hickam and Cargill showed
that exercise produced a marked increase in pulmonary artery pressure but a much less
impressive rise 1 output, in contrast to the normal response of a rise in output but little
or no rise in pressure. In the normal subject the pulmonary vascular reststance falls on
effort, but in the mitral patient 1t rises. The rise in resistance on effort cannot be due to an
merease in mitral obstruction and must be due to the increase 1n left atrial pressure already
mentioned, and to narrowing of the arterioles. A fixed obstruction in the arteriolar bed
due to organic narrowing of the vessels would also tend to produce a rise in pressure with
little or no nise in output, but Bayhss e al. (1950) confirmed the observations of Hickam
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and Cargill, and showed that the pulmonary arterial pressure can increase with heart

failure and decrease with recovery, suggesting a reversible process due to vasoconstriction
Further evidence for vasoconstriction comes from acute studies with drugs and other
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tobe vetns, and by the angiographic demonstration of venous as well as artensal constriction,
confined to the lower lobes (Simon, 1958; Goodwn, 1958) (Chapters 5 and €) Fig. 97
shows this concept diagrammatically.

The exact fashion in which the arteries respond to the stimulus of venous hypertension
is not known, but a reflex pathway may be involved Wade er al (1956) have postulated a
“Jocal” reflex, uninfiuenced by the autonomic nervous systens, while Dawes (1959) beheves
that both pressure and velume receptors are present in the left atnum, although 1t s
not certain whether these have any direct associatson with the pulmonary crreulation
Ehakum et al. (1958) claimed that receptors are present at the junction of left atrium and
pulmonary veins, but doubt has been cast upon this suggestion (Semler ez al., 1959).

LEFT ATRIAL PRESSURE APPRECIABLY
RAISED

TR

LBV (841
L PV = L AP + HYDROSTATIC INCREMERT

VENOUS PRESSURE EXCEEDS "CRITICAL LEVEL

CONSTRICTION OF ARTERIES AT LOWER AND
HID~TONES ONLY

Fra 97 Concept of pulmonary venous and arterial changes o mutzat stenosis

L P V. = pulmonary vems to Jower zones
LAP = left atnial pressure
PV = pulmonary veins ta upper zones

Our own work with h b that the nervous system 15
probably mvolved in the reaction, but the exact pathway is unknown {Chapier 4). More-
over, other factors are probably implicated Local hypoxia may sumulate venous and
arterial constuction, either by a direct action upon the vessels or via a nevrogenic mechan-
wm. The stiffness and inelasionty of the lungs demonstrated by Marshall er af (1954)
may predispase to local hypoxia, but it must be noted that arterial desaturation s not a
feature of mitral stenosts, although the mixed venous saturation 1s often unduly fow, as a
sesult of the low cardiac output and increased oxygen extraction by the tissues

While there is abundant evidence that in mitral valve disease the pulmonary vascular
seaistance Fises with the left atnal and pulmonary venous pressure, work m cats has shown
that icreasing left atrial pressure to 15 cm. salne d d put y vascular resi
and increased pulmonary blood velume, suggesting that the wncrease 1n left atrial pressure
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The cause of the vasoconstriction, the factors which precipitate it, and the reasons for
the localization of the arterial changes, will now be discussed.

The consistent fashion 1 which arteriolar constriction follows high Jevels of left atrial
pressure suggests a connection between the two. Lasser and Loewe (1954), working with
experimental mitral stenosis 1n dogs, showed that the pulmonary artery and left atrial
pressures rose in linear fashion, until the latter reached 30-40 mm. Hg, after which the
increase in the arterial pressure was proportionately greater than in the venous. This
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finding agrees with the catheterization studies in man already quoted and suggests t:d;
left atrial hypertenston precipitates pulmonary artery and arteriolar cons_mcuon, an mle
supported by the contention of Wade ef al. (1956) that when hexamethonium Io\'lz_crs e
pulmonary artery pressure in mitral stenosts, there 15 always a preceding fall in left atr

pressure.
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d by the finding of muscular hypertrophy in the lower
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Furst, an increase in the thickness of the capillary wall, alveolar basement membrane, and
interstitial tissue which resists the passage of fluid through them into the alveoli (Hayward,
1955). Fluid, however, does pass into the interstitial tissue, and is partially removed by the
Iympathatics which then become engorged. Second, Gilroy et al. (1952) pointed out that
the true bronchial veins drain into the pulmonary veins and suggested that the raised
pulmonary venous pressure would thus be transferred to the bronchial veins, leading to
interstitial but not intra-alveolar, pulmonary oedema. They drew attention to the fact that
the pleuro-hilar (extra-pulmonary) bronchial veins (which drain nto the azygos, hemia-
2zygos, and intercostal veins) communicated freely with the pulmonary veins, and were
dilated and varicose in mitral stenosis. This suggested a safety valve for relieving extreme
pulmonary venous hypertension and preventing acute pulmonary oedema.

Thirdly, in some cases of mitral stenosis the pulmonary venous pressure 1s surprisingly
low and the pulmonary resistance unimpressive as a result of a very low cardiac output.
The Jow output 1s associated with considerable cardiac enlargement and a myocardial
fault has been postulated.

Fourthly, Wood suggested that the pulmonary artertolar constriction already des-

cribed exerts a protective effort by imposing a barrier to the development of a very high
pul y venous p and pul y oedema  This may be so when the arteriolar
resistance is extreme as a result of a most intense degree of arteniolar constriction. Such
patients have the symptoms principally of fatigue, as a result of a low cardiac output, and
may readily develop right ventricular failure (MacKinnon ef al., 1956). The very high
arteriolar resistance may damp left atrial flow to such an extent that the classical murmur
may be minimal, the radiological signs of pul y venous hypertension only shight and
the left atrium musleadingly small. But such cases are the exception rather than the rule,
and pulmonary oedema can certamly occur in subjects with evidence of arteriolar vaso-
constriction However, the narrowing in the basal vessels diverts acute massive oedema
1o the ceniral part of the lung, and in this sense might be regarded as locally protective.
Furthermore, 1f arteriolar constriction were of such importance in restricting Ieft atrial
pressure, patients might be expected to develop pul y oedema after receiving drugs
such as acetylcholine which produces arteriolar vasodilation, which 1s not the case. Holling
and Venner (1956) in an intensive study of the circulatory changes in mutral stenosis,
inclined to the view that if the increased arteriolar resistance * protects™ the capillaries at
all, this protection fails easily, since the pulmonary capillary pressure always rises ap-
preciably on exercise. But they noted no evidence of increased fluid in the lungs after
exercise in their patients. The capillanies are certainly subjected to an increased pressure
on exercise, and the fact that this does not invariably cause pulmonary oedema 1s due to
factors other than a restrictive effect of the increased pulmonary arteriolar resistance.

In the author’s view arteriolar constriction is the least important nfluence which
protects against pulmonary oedema, the most important being the chronic changes 1n the
wall§ of capillaries and alveolt resulting from long-standing pulmonary venous hyper-
tension.

As would be expected, pulmonary oedema usually develops most readily when the
valve 15 critically stenosed, but this is not always the case. It may occur in patients with

larger valves in Tesponse to an overactive right ventricle, extreme tachycardia, and salt and
flwid retention, as in pregnancy.
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passively distended the pulmonary vessels, thus increasing flow and reducing resistance
(Carlill and Duke, 1956). The circumstances of these observations are very different from
those obtamed in mitral disease, for 1n the latter there is chronic left atrial hypertension,
pulmonary venous constriction and an abnormal pulmonary vascular bed. However, it is
worth considering the possibility that pulmonary venoconstriction may be a more m-
portant factor than left atrial hypertension in causing artertolar constriction, which might
not then occur if an acute increase in left atrial pressure was unaccompanied by veno-
constriction.

Pul Y Oed in Mitral St

As has already been mentioned, patients with mutral stenosis are at risk from pul-
monary oedema, living as many of them do, with a left atrial pressure on the threshold of
the colloid osomotic pressure of the plasma Tachycardia produces even greater left atrial
hypertension.

The characteristic distribution of acute pulmonary oedema is in the central core of
the lung, spreading bilaterally from the hilum like a fan. It spares the extreme apices and
the bases. Since acute oedema represents a massive form of pulmonary transudation it
might be expected to involve principally the lower lobes. In the lower lobes the veins are
narrowed, and although the pressure 1s high, changes have occurred in the alveolar walls
which tend to resist transudation. In the mid-zones, however, there is less hypertrophy of
the medal coats of veins, and transudation can therefore occur the more readily

It has been suggested that acute massive oedema is diverted from the bases of the lungs
to the mid-zones because of the locally protective influence of the venous and arterial
constriction at the bases (Doyle er al, 1957) The mmportance of gravity in determming
the site of pulmonary oedema is probably appreciable, and 1s shown by a personal case,
a woman with mutral stenosis, who developed unilateral pulmonary oedema after sleeping
on her right side. The radiograph showed masstve oedema involving principally the night
lung, and clearing rapidly with treatment (Chapter 5, Figs 38a and b) .

The persistently raised left atnial and pulmonary venous pressures in mitral stenosis
cause progressive transudation from the capillaries This transudation 1s most marked at

the bases and produces the characteristic radiological features described in Chapter 5.
It may be regarded as a low grade form of chronic pulmonary oedema in contrast to the
acute massive type already mentioned.

There are thus two types of pulmonary oedema in mutral stenosis; chronic, occurring
at the bases; and acute, diverted to the central core of the lungs by the narrowmng of the
basal vessels It is of mterest in this connection to quote Drinker’s (1954) view {ha! al-
though 1ncreased capillary pressure does increase the tissue flurd in thg lungs, this flud
rapidly enters the lymphatics, and conventional pulmonary oedema is not seen until
iymph stasis occurs. “Something more than increased capillary pressure is necessary 10
cause oedema ™ (Drinker, 1954) . .

1t is perhaps surprising that all patients with serious mutral disease do not develop
massive oedema, for their pulmonary venous pressure s often at or near the colloid osmotic

essure of the plasma, and certamly rises above it during effort. There must therefore

gr me protective or compensatory mechanism to prevent pu[monary oedema occu'mﬂg
f;;?lemlr)". According to Wood (1956) there are four such possible protective mechanisms.
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The Lungs in Mitral Stenosis

Haemoswderosis, when severe, is associated with leathery, stiff lungs, which mflate with
difficulty and may be commented upon by the surgeon at valvotomy. It does not correlate
with any other particular finding, except haemoptysis, which 15 almost invanable. At-
tempts have been made to correlate the histological changes in the lungs with the clinical
severity of mitral stenosis and the results of mitral valvotomy, but without much success.
Goyette et al. (1954) studied matenial from lingular biopsies obtained at thoracotomy for
mmal stencsxs Thcy ncted capiflary dilatation, thickening of the capillary basement

in 1 tissue, and pericapillary oedema. The pulmonary
yessels showed intimal thickening, medial hypertrophy and scarring, these changes being
more common tn older patients wuh severe disease and m those with radiological evidence
of haemosiderosts, and i i y vascular It was not possible to
predict which patients would do well after val y from the pic changes, but
usually the results were less good m the patients with the most marked changes.

1t is, of course, questionable whether the hingula 1s representative of the whole lung,
and this may well not be so in view of the different distribution of vascular changes noted
by Doyle er al. (1957) (Chapters 5 and 6).

The Influence of Valve Size upon the Pulmonary Circulation

The degree of puimonary arterial hypertension vates roughly in proportion with the
severity of the stenosis, and although a cntically small valve may on occasions be as-
sociated with only moderate hypertension severe hypertension guarantees a very narrow
valve, unfess appreciable mcompetence 1s present,

The feft atnal p 3 1y by wedging the cardiac catheter in a small
branch of the pulmonary artery (pulmonary capiflary venous pressure) is always elevated,
except in mild cases, and is the best evidence of the degree of mitral obstruction Usinga
reference point 5 em. blow the sternal angle, the maximum normal mean left atrtal pres-
sure 5s around 10 mm Hg. In severe cases the pressure may reach 20-30 mm Hg, and nise

still further on exercise. The pu y arteriolar may be derived from the
equation”
Mean pulmonary arterial pressure minus Mean put y capiflary venous pressure

Cardhac output (tees/min.}
The resistance is normally about one unit, but i1 critical mutral stenosis is often about

four to five units, being around fen umis in a mnority of severe cases. The followsng
examples may be quoted.

MPAP(I6)~ MPCYP(20) - 4 uni
CO (4 htres/min ) = 4 units
pulmonary artenolar resistance

o R=

where R

MPAP = mean pulmonary arterial pressure (mm. Hg)
MPCVP = mean pulmonary capiflary venous pressure (mm, Hp
co = cardiac output (1./mm.)

2) r=2z 32 = 12 units
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Pulmonary Function in Mitral Stenosis

The chronic vascular abnormalities in the lungs produce impairment of lung function.
Marshall et al (1954) studred respiratory function in patients with mitral stenosis at rest
and on exercise. They found that the work of breathing was increased slightly at rest and
that on exercise the work required to ventilate the lungs was two or three times greater
than 1 normal subjects This increased work on effort was due mainly to an mncrease in
elastic resistance, which they considered to be the result of nigid congested lungs. The
dyspnoea of which patients complain 1s probably the result of the increased work of
breathing, and upon the increase in respiratory rate which follows the increase in elastic
resistance of the lungs,

This increase 1n lung stiffness is presumably due to the effects of chromc interstitial
oedema, increase in thickness of alveolar and capillary walls, and possibly some ntra-
alveolar oedema It is not apparently due to an elevated pulmonary blood volume, for
Kopelman and Lee (1951), found that this was only very slightly increased.

Garbagni et al. (1958) found an increased residual lung volume 1n mitral disease which
they attributed to reduced pulmonary elasticity, due to the factors mentioned above The
hypertensive pulmonary arterial tree mght provide a nigid framework for the lung, for
Mcllroy and Apthorp (1958) noted that patients with pulmonary hypertension from any
cause tended to show a varable reduction in lung compliance, diffusing capacity, and
ventilation equivalent, with a shght nise in inspiratory resistance. They considered that
there was no direct relationship between pulmonary hypertension and impairment of
respiratory function, the latter being usually caused by other factors whichaccompaned
pulmonary hypertension, such as interstitial transudation, disease of the parenchyma of the
lung, and occlusive changes m the pulmonary vascular bed Increase in airway reststance
may also impair respiratory function in mitral stenosts, for wheezing, with tenacious, often
infected, sputum 1s common, and may be accompanied by swelling of the bronchial
mucosa.

West e? al. (1953) studied respiratory function mn relation to dyspnoea n 21 patients
with mitral disease. Three of these had additional pulmonary disease, while the remaining
18 had cardiac disease only and were not in heart failure. In the second group, there was no
abnormality 1n lung volume, maximum breathing capacity was shghtly reduced, and pul-
monary ventilation shghtly increased. This hyperventilation was considered to, be phy-
siological 1n type since the arteral Peo, was often low at rest and after exercise. The
cause of hyperventilation was not apparent, but it might have been due to increased
activity of Teceptors sensitive to changes 1n tension in the pulmonary vessels or in thF Iung.
Oxygen consurnption was normal at rest, but less than normal on exercise mn the minority

of the eighteen patients. By contrast the three patients with additional pulmonary disease

__________ £amt mm bnnbe

mus i the ettort of breatmng anu cause
scles due to low cardiac output mught also increase : I
:iny‘;pnoea. This view is supported by the frequent complaint of fatigue and lassitude 1n

patients with severe mitral stenosis
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The cardiac output can afford some guide to the severity of stenosis, as Gorlin and
Gorlin’s figures show. In the absence of myocardial disease, a low fixed output indcates
severe stenosis and considerable pulmonary vascular disorder. The low output is largely
the result of a low mixed venous oxygen saturation due to high tissue extraction of oxygen.
Holhng and Venner {1956) showed that in patients with the greatest disabiity, the greatest
changes occurred in mixed venous blood axygen saturation and pulmonary artery pressure,
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there bemg an inverse relationship between the two. Swmce a high pulmonary astery

Fig. 98, inwhich the mean pulmanaryartenial pressure 1s plotted aganst the cardiac output
n seventy-seven patients with mitrat stenosis. In the majority the output is low and tends
to vary inversely with the pressure, as would be expected. The restncuve effect of pul-
monaty hypertension upon output is well jMustrated, while two cases are of especiat
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Thg second example 1ilustrates the increase in pressure gradient between arterioles and
capillaries which resulis from extreme vasoconstriction of the artertoles.
Gorlin and Gorlin (1951) devised a formula for predicting the valve size in mitral
stenosis from haemodynamuc data.
Mya = _MVE
3T vopC=3%
where MVA = mitral valve area in cm?®
MVF = mtral valve flow ¢ ¢ per diastolic sec. =
Cardiac output (c.c./min.)
Diastolic filling period (sec. per min.)
“PC” = pulmonary capillary mean pressure mm. Hg
5 = assumed left ventricular diastolic pressure mm. Hg
31 = empirical constant

It will be seen that two assumptions are necessary in this formula, but despite this it gives
a good rough approximation to valve size as measured by the surgeon at thoracotomy.
Lewis et al. (1952) showed that with a normal valve area of 4 0 cm? a normal valve flow
of 150 m! per diastolic sec could be accomplished with a fow (normal) head of pressure
in the left atrium, As the valve area became progressively smaller the left atnal pressure
rose, and the flow dimimished, so that at a valve area of 1 cm? the left atrial pressure
necessary to maintain a normal flow must be around 25 mm Hg. They found that a posi-
tive correlation between the cardiac index (cardiac output 1n litres/min per sq m of body
surface) and the mitral valve area, the former bemng 2 5 or less when the valve area was
less than 1 cm® They found an inverse correlation between pul y arteriolar r ce
and valve area, showing that the smaller the valve the higher the resistance. The same
relationship held for pulmonary arteriolar resistance and cardiac index. Therefore, 1t 15
clear that the smaller the valve the hugher the venous pressure and the arteriolar resistance,
and the lower the output. Both obstruction at the mitral valve and the artertolar vaso-
constriction contribute to restriction of cardiac output. A valve area of around 1 0 cm?
appears to be ighly cnitical on the production of severe haemodynamic disturbance
It is not necessaty routinely to employ the Gorlin formula to predict valve size from
haemodynamic data, for substantial elevations of pulmonary artery and pulmonary
capillary pressure guarantee a small valve orifice, providing important incompetence 1s
not associated. Thus a mean pulmonary artery pressure of around 40 mm Hg, mean
venous pressure of about 20, and resistance of four to six umts indicates a valve area of
1 or less than 1 cm?, while a mean pulmonary artery pressure of 10-15 mm. Hg, mean
venous pressure of 10~15 mm Hg and normal resistance indicates a larger valve, probably
2.3 cm®. From the aspect of treatment, patients with valve areas of 1-5 cm* or less,

al relief, those with valves 1 8-2 cm? are in the borderline group and lho;e
s can be

require surgic
with valves larger than 2 cm? are not 1n need of valvotomy The same figure:

related to valve drameter as measured by the surgeon at operation. Exceptions may
occasionally be made n the Jast group, when valvotomy may be m.dlcated to Qreve]rlll
recurrent systemmc emboli. Such emboli usually occur with ug}'n stenosis, but occasionally
complicate less severe obstruction, and may be the only disabilty.
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and left atrium, Al three abnormalities are the direct result of obstruction 1o left ventri-
cular inflow. The slow “y* descent is the result of delay in ventricular fillmg, while the
pressure gradient reflects the efforts of the Jeft atrium to force blood through the narrowed
valve As would be expected, the hugher the left atrial pressure and the mitral gradient,
the tighter the stenosis. The rate of *y™ descent 15 of course mversely related to the
severity of the stenosis  Fig 992 shows the pulmonary capaliary venous pulse, and Fig. 100
the mitral valve gradient, in matral stenosis
When atrial fibrillation is present the “a” wave disappears, and the
large, Fig 101a,
The form of the left atrial pulse may give mformation regarding the presence or degree
of mitral regurgitation, though simple inspection may be very falactous. The presence of
2 large “v'" wave is to both and p Wynan ef af. (1952)

wyn

wave 1s often
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Fig 10]0 Simultancous Jeft atrisl and left ventn- o ‘mam‘ Imw [wlmmm !mm"* I mm
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the form of the stenotic pulse, and noted that with atnial fibnilation the atrial pressure
rose abruptly with the onset of ventricular contraction, and that thus was not necessanly
due to a regurgitant jet of blood through the valve

The duastohe component of the left atrial pulse 15 more stgmificant however In 1955
Qwen and Wood mtroduced a formula for relating the rate of descent of the “y* slope
to the hesght of tpe “v* wave, the Ry/v Ratio (Ry=rate of 'y descent ) Study of a
number of left atrial pressure pulses showed that the hesght of the v wave was propor-
tional to the rate of **y ™ descent under all circumstances  The ratio 1s obtamed by measur-
g the rate of ™y descent i mm. Hg per sec, and dviding this by the height of v,
In severe mutral stenosis the ratio 1s between 0-6 and one  In the absence of any significant
obstruction as m pure mutral mcompetence, left ventricular failure, or constrictive peni-
carditis, the ratio hes between two and six  Borderhine cases with some stenosts and
marked mcompetence, or with mild stenosis only, have ratios w the regron of 1 6,
Appreaiable, but not extreme, stenosts hes a vatio between fand | 5 The rauo does not
necessarily detect the p of mutral i e, but merely ind; the

14 "
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interest since they show a very low output (about two litres per minute) with a normal
pulmonary artery pressure. In these patients severe myocardial damage may be postulated,
although 1t must be remembered that if the flow 15 extremely low, the pressure will be
damped also, so that the calculated resistance may not be raised. In cases witha low output
and low pressures the suspicion of myocardial damage may be difficult to substantiate,
but would be strengthened by the presence of undue cardiac enlargement or certain
cardiographic changes (Chapter 7).

The Pulmonary Capillary Venous and Left Atrial Pressure Pulses

1f the cardiac catheter 1s firmly wedged in a small peripheral branch of the pulmonary
artery, a pressure pulse is obtained which reflects that of the left atrjum (Hellems et al.,
1948). The pulse 1s of venous type, and 1s 1dentical with that of the left atrtum, as shown
by Epps and Adler (1953) who compared diately consecutive pul y “wedged”

Fic 99 Pulmonary capillary venous pulse (PCP) 1n severe mitral
stenosis m simus rhythm
Mean = 17 mm. Hg y = 13mm Hg

a = 20 mm Hg
v=20mm Hg

Ry/vrato =09
capillary venous pulses and left atrial pulses (obtained by puncturing the left atrym
through a bronchoscope) .

The normal left atrial pulse shows a small “a” wave preceding ventricular systole, 2
sharp “x" descent, and v wave, due to atnal filling, of about the same height as the
2™ wave, occurring in ventricular diastole, The *y*" descent following the y” wave IS
short and sharp. The mean pressure is around 5 mm. Hg normally, but is increased to
ten if flow is high. . .

In mutral stenosis, the mean pressure is elevated, and the “a” wave dommqnt, some-
times startlingly so, although *v” is also increased in amplitude. The two other important

abnormalities are the slow “‘y” descent and the dastolic gradient between left ventricle
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that a true venous rather than a damped pulmonary artery pulse has been recorded,
This should be done by timing the pulse waves with a synchronously recorded electro-
cardiographic trace (Figs. 99 and 101a). Therc s, of course, some delay in the pulmonary
capillary venous pulse, all pressure waves showing a delay of 0-02-0-08/sec. when timed
against corresponding waves from the left atrium (Epps and Adler, 1953).

Numerous direct studies of the left atrial pressure pulse have been made by puncturing
the left atrium either via a bronchoscope, or via the paravertebral route (Bjorek et al.,
1953). The latter route may be hazardous, while bronchoscopic puncture may be difficult
if the left atrium is small. Morrow ef al. (1957) have correlated the direct left atrial pulse
obtained by the former route with the state of the mitral valve at operation in 53 patients.
They considered that the Ry/v ratio afforded the best method of distinguishing incom-
petence from dominant stenosis.

The ratio Mean left atrial pressure

was also useful, But, when tachycardia was present, the duration of the “y* descent was
shortened, tending to give a spuriously high figure. Morrow ef al. (1957) noted that
diastasis, the period immeduately after the trough of the *y™ descent, was always absent
in dominant stenosis, the shallow “y” descent merging imperceptibly into the horizontal
before the onset of the next “a” wave. They concluded that the severity of mitral in-
competence in association with dominant stenoss could not be determined with certainty
by any method of analysis of the left atrial pulse.

Left Heart Catheterization in Mitral Disease

Dickens ef al. (1957) reported the results of simultaneous right and left heart catheter-
ization in mutral disease. A polythene catheter was passed into the left atrium through a
needle by the paravertebral route, and advanced into the left ventricle. In this way the
gradient across the mitral valve was obtaned, as well as the left atrial pressure, Pul-
monary artery pressure and cardiac output were obtained by the standard technique for
the right side of the heart.

Right heart catheterization combined with catheterization of the left atrium and left
ventricle enable more extensive and precise haemodynamic measurements 1o be made
than 18 possible by right heart catheterization alone. Left heart catheterization permits
dye dilution curves to be recorded from the left atrum when dye is injected into the left
ventricle, to assess the degree of incompetence (Woodward er af., 1957; Marshall and
Wood, 1958). The added complexity and risks of these manceuvres have yet to be shown
to add significantly morc useful diagnostic information than a thorough clinical, radio-
logical and cardiographic assessment, supported by data obtained from right heart
E;:;};cs()crimiion, and from dye dilution curves by the method of Korner and Shillingford

. Records taken at thoracotomy show a ventricular filling pressure gradient across the
n:ulrﬂl valve, which tends to be reduced when atrial fibrillation is present (Fig. 100). The
simultaneous measurement of mitral valve flow and gradient should provide a better index
of the degree of obstruction than the Gorlin formula or measurement of pulmonary
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or absence of significant obstruction. It js only applicable when the pressure is signifi-
cantly elevated, and interpretation may be difficult when there is sinus tachycardia or
a very farge left atrium. Careful measurement from the peak of the “v” wave to the end
gf the *y” descent, immediately before the beginning of the “a™ wave of the next cycle
is requ)red. and this is sometimes difficult in under-damped tracings. A technically faultless
pulse tracing is therefore necessary for this measurement, and this is not always readily

Fia. 101a, Pulmonary capilary venous pressure (PCP) in severe mitral stenosts 10 atrial
fibeittation Mean = 22 mm. Hg
v = 28 mm. Hg
7 mm. Hg

y =1
Ry/v ratio = 0 65

obtainable, especially 1n cases with considerable narrowing of the small pulmonary
arteries so that the catheter 1s difficult to wedge. The effects of respiration, which may be
marked, must not be allowed to interfere with the tracing, and the tracing should be made

go

see memMan in efDEDY and

HIERES

held 1n full inspiration. Constderable swings in pressure pccu!
evere stenosis, and this may be due to the inelasticity of
cic pressure transients to be transmitted to the vaseular

with the patient’s breath held
with respiration in patients with

i Ilows 1ntrathoral
g;lungs which - *=-+-—r swing gives some indication of the severity of the
{ it the catheter has been correctly wedged can be
Sotai -ement in pressure which occurs on slowly with-
Z‘:z::;ilng thf: catheter into the pulmonary actery (Fig. 101b). It is very important to ensure
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TaBLE 6

GRADE OF DYSPNOEA AND GRADE OF PULMONARY HYPERTENSION IN 73 PATIENYS SUBMITIED TO
MITRAL VALVOTOMY

Grade of dyspnoea) Number of patients
Radiological grade
of pulmonary
hpertension 1 1 1 m W
0 (normal) . 2 9 5 0
1 (moderate) . o 14 15 ]
U (severe) . . [} 6 20 2
x2=7-30

From Goodwin ef al (1955)

siderosis. ptysis due 1o pul y infarction occurs most ly in cases with
an extremely high vascular resistance and low output, or heart farlure. It is usually
embalic 1n onigin from calf or pelvic vein thrombi. Thrombosis may arnse in sifu, in the
pulmonary artery (Ball ez al., 1956) Sy ic embolism, due to dislodg of thrombus
from the left atrium, occurs 1n 10-20 per cent of ali cases; 1t is often recurrent and cleatly
related to atrial fibrillation.

Paroxysmal atrial fibrillation is not uncommon, giving rise to unpleasant attacks of
palpitations, and when suddenly established at a rapid rate, may lead to acute heart
farlure. It 1s probable that many systemic emboli occur very shortly after the onset of
atrial fibrillation, fresh clot being easily dislodged and carried into the circulation.
Probably such clot either becomes rapidly organized and firmly adherent to the atrial
wall, or 15 detached shortly after 1ts formation

It 15 worth noting that atrial fibrillation is often late in onset 1n patients with severe
pulmonary hypertension, perhaps because the left atrium is commonly only slightly
enlarged. Conversely, fibrillation 1s invariable when the atrium 1s very large.

Anginal pain occurs in some patients, and has been thought to result from painful
stimul arising 1n stretched hypertensive pulmonary arteries. This is certainly not the case.
The pam 1s due to cardiac 1schaemia resulting from a low cardiac output, from previous
coronary embolism (see Chapter 7), or from associated coronary artery disease,

Physical signs. 1n severe stenosis the appearance is characteristic, with pinched, blue
facies and malar flush. When the output 1s low, the extremities are cold, blue, and the
arterial pulse small In most cases, however, the pulse 1s unremarkable. The Jjugular
venous pressure is frequently normal, but 1n hypertensive cases shows a dominant “a”
wave. The “y™ descent is sharp unless tricuspid stenosss is also present. When atrial
fibrillation has occurred there is a small systolic {cv) wave, which becomes much larger
if tricusnd insufficiency occurs, The cardiac impulse is dominated by the right ventricle,
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vascular pressures, since the latter are influenced by the pulmonary blood flow and
arteriolar resistance, and the indirect left atrial pressure measurement does not always
accurately reflect the degree of mitral obstruction,

. Although direct estimation of mitral valve gradient and flow provides useful additional
information, it is rarely necessary except in particularly difficult cases. Furthermore, left
heart catheterization is not without risk,

The Clinical Syndrome of Mitral Stenosis

Symptoms. The cardinal symptoms are dyspnoea, *bronchitis”, and haemoptysis,
and all are related to the degree of pulmonary venous hypertension and the presence of
pulmonary congestion. Fatigue is common, and results from a reduced cardiac output.

Dyspnoea, principally on exertion, 1s due to rigid and inelastic lungs, and tends to be
progressive as the effects of chronic venous hypertension on the lungs increase  Attacks
of paroxysmal dyspnoea sometimes amounting to pulmonary oedema, are not uncommon,
and are usually precipitated by any stress which causes undue tachycardia, especially
emotion and exercise. Paroxysmal dyspnoea 1s also seen in pregnancy, when the increased
demands on the circulation, and salt retention, are added hazards. Attacks of paroxysmal
orthopnoea occurring when the patient slips down flat in bed while asleep, may be trouble-
some. The degree of dyspnoea on exertion is roughly proportional to the severity of the
mitral obstruction (Goodwin et al, 1955), provided that other factors such as anaemia,
nfective endocarditis, pulmonary nfection, and uncontrolled atrial fibnllation are ex-
cluded The severity of the dyspnoea 1s also proportional to the degree of pulmonary
artersal hypertension, although the appearance of dyspnoea s delayed in some cases n
which the arteriolar resistance is extreme.

Holling and Venner (1956) noted a closer direct relation between pulmonary artery
pressure and dyspnoea than between pulmonary capillary venous pressure and dyspnoea,
perhaps because the increased arteriolar resistance provides a more rigid framework for
the lungs, which require more work to ventlate them. These findings are supported by
personal expertence, for Goodwin ef al (1955) also found a direct relationship between the
degree of dyspnoea and the degree of pulmonary arterial hypertenston (Table 6)

Attacks of *“bronchitis” with wheezing and infected sputum are common and are
probably related to reduced resistance to infection of the congested lungs. There is usually
no impairment of blood gas exchange. Pulmonary congestion 1s always an important
factor in promoting such attacks for they usually cease after successful valvotomy with
reduction 1 left atnal pressure,

Haemoptysis, according to Wood (1956), may be of several types: sudden profuse
haemorrhage, blood streaked or viscid infected sputum; blood stained frothy sputum
associated with pulmonary oedema; and small frank haemoptysis due to pulmonary in-
farction. The first type (pulmonary apoplexy) is thought to be due to rupture of a smal}
intrapulmonary bronchial vein, or vaticose bmnchopulmon;xry anastomotic vessel. It m}:)
be severe and repeated and give rise to considerable anaemia m a mimnority of cases. T) l;

rhage is perhaps more common early. cases, for after many years ol
high venous pressure, the vessel walls thicken and resist rupture so that
Jess likely. Repeated haemoptyses are often associated with haemo-

type of haemor
subjection to a
haemoptysis becomes
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become equal. In mild cases the murmur is short, and ends as soon as the pressures
equalize.

4 Thus the severity of the stenosis can be gauged by the intensr!.y_of the first hc:ntt sound,
by the length of the diastolic murmur, and sometimes by t'he position of the opening snap
(Fig. 102). Indirect auscultatory signs of mutral stenosis consist of alterations in the
second heart sound, and of certain added sounds.

When substantial pulmonary hypertension is present, the pulmonary component of
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F16 102. Phonocardiogram in severe mitral stenosis- (a) m sinus rhythm, (5) 1 atrial fibrillation
1 = 1st heart sound

A = aortic valve closure
2 = 2nd heart “‘"‘d{P = pulmonary valve closure

PSM = presystolic murmur
MDM = mid-diastolic murmur
OS = opening snap
PA = pulmonary artery area
MF = medm frequency
Apex = apical cardiac impulse

the second heart sound is accentuated and the sphit narrow. In extreme cases, with marked
enlargement of the main pulmonary artery, an early systolic click may be heard, and
sometimes a faint short high-pitched early dastohc murmur is present over the pulmonary
artery, signifying pul y valvular This murmur may sometimes be
differentiated from an aortic incompetent murmur by its accentuation on inspiration.
When night atrial hypertension is considerable a fourth heart sound may be heard over the
night ventricle: it arises, of course, from the right and not from the left, atrium.

A third heart sound 1s sometimes heard in miteal disease. When present at the apex,
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which produces a diffuse sternal lift; the left ventricular thrust is absent except in mild
cases or those associated with appreciable incompetence, aortic valve disease, or systemic
hypertension. In some cases a drastolic thrill may be felt at the apex.

Auscultation is of the greatest importance in assessing the type and severity of mitral
valve disease. The important signs of mitral obstruction are the accentuated and delayed
first heart sound, the opening click or snap of the mitral valve, and the rumbling pre-
systoltc and mud-diastolic murmurs.

The first sound 1s accentuated because the late diastolic atrio-ventricular pressure
gradient holds the mitral cusps wide open until the end of diastole, so that when the
ventricle contracts they meet sharply together. The first sound is delayed slightly because
the left ventricle spends the first 0-01 sec. of systole raising 1ts pressure to atral level.
‘When atrial fibrillation 1s present the delay 1s inverselyrelated to the length of the preceding
cycle (Messer et al., 1951).

The opening snap, as its name implies, 15 related to the opening of the mutral valve.
It is usually constdered to be due to the aortic cusp being propelled into the left ventricle
under the thrust of the raised left atrial pressure (Wood, 1956), but its presence n cases
with calcified immobile cusps has led to the suggestion that the sound is made by the entire
valve as it moves deep into the left ventricle (Leatham, 1958). This view would harmonize
with the observation that the snap is dull and soft when the valve 1s rigid, and loud and
clear when pliable. It occurs at the summut of the *“v** wave of the venous pulse, and is
heard with maximal intensity internal to the apex and down the left sternal border, being
loudest in expiration. It can thus be differentiated from the pulmonary component of the
second heart sound which is most obvious in inspiration (Leatham, 1958) .

The presence of an opening snap 1s vital to the diagnosis of mitral obstruction If it
is absent, some doubt may be cast upon the diagnosis, but care must be taken to ensure
that a very early snap due to severe stenosis has not been missed. An exception to this rule
15 said to be the presence of aortic incompetence when the regurgitant jet may mterfere
with the forward movement of the outer cusp (Weod, 1956)

The relation of the opening snap to the second heart sound has some value as a gwde
to the seventy of the obstruction The earlier 1s the snap the tighter 15 the stenosis (Wells,
1954), because the mterval between aortic valve closure and the snap 1s mnversely propor-
tional to the height of the left atrial pressure (Messer ef al., 1951). The snap is usually
0-03 to 0-14/sec. (average 0-07) after aortic valve closure (Mounsey, 1953). However,
factors other than left atrial pressure influence the timing of the snap, which tends to be
late if aortic pressure is high and earlier if it 15 low (Julian and Davies, 1957). Leatham
(1958) considered that the factors involved were too numerous to aliow serious use of:!hc
timing of the snap as an index of the severity of the stenosis. In .the a.uthor’s view it 1s
principally of value when taken 1n conjunction with the other physical signs. .

The diastolic murmur follows the opening snap, and is low pitched and rumbling n
character. It is due to blood flowing through the obstructed valve during‘alnal systole.
When sinus thythm is present, there is presystolic accentuation due' to active atrial can-
traction, and the murmur has a crescendo quahty. When atral fibrillation has occurred,
the presystolic crescendo 1s abcli§hed, Ieaving the mid-diastolic rumble. The length oft;:e
murmur is of great importance, in severe cases b'emg full length and extending ulla to lcne'
first heart sound of the next cycle, for the diastolic pressures sn atrium and ventricle nev
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become equal. In mild cases the murmur is short, and ends as soon as the pressures
equalize.

4 Thus the severity of the stenosis can be gauged by the intensit‘y_uf the first hear.t sound,
by the length of the diastolic murmur, and sometimes by t'he position of the opening snap
(Fig. 102). Indirect auscultatory signs of mitral stenosis consist of alterations in the
second heart sound, and of certain added sounds.

When substantial pulmonary hypertension is present, the pulmonary component of
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Fia 102 Phonocardiogram in severe mutral stenosis: (a) 1 sinus rhythm, (5) 1n atnal fibrillation
= 1st heart sound
_ A = aortic valve closure
2 = 2nd heart 5°“"d{P = pulmonary valve closure
PSM = presystolic murmur
MDM = mid-diastolic murmur
OS = openng snap
PA = pulmonary artery area
MF = medwm frequency
Apex = apical cardiac impulse

the second heart sound 1s accentuated and the split narrow. In extreme cases, with marked
enlargement of the main pulmonary artery, an early systolic click may be heard, and
sometimes a faint short high-pitched early diastolic murmur is present over the pulmonary
artery, signifying pulmonary valvular incompetence. This murmur may sometimes be
differentiated from an aortic incompetent murmur by its accentuation on inspiration,
When right atrial hypertension is considerable a fourth heart sound may be heard over the
right ventricle: 1t anses, of course, from the right and not from the left, atrium.

A thurd heart sound is sometimes heard in mitral disease. When present at the apex,
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which produces a diffuse sternal lift; the left ventricular thrust js absent except in mild
cases or tl.mse associated with appreciable incompetence, aortic valve disease, or systemic
hypertension. In some cases a diastolic thrill may be felt at the apex.

Auspultatlon 1s of the greatest importance 1n assessing the type and severity of mitral
valve disease. The important signs of mitral obstruction are the accentuated and delayed
first heart sound, the opening chick or snap of the mitral valve, and the rumbling pre-
systolic and md-diastolic murmurs.

The first sound is accentuated because the late diastolic atrio-ventricular pressure
gradlf:nt holds the mutral cusps wide open until the end of diastole, so that when the
ventricle contracts they meet sharply together. The first sound 1s delayed shghtly because
the left ventricle spends the first 0-01 sec. of systole raising 1ts pressure to atrial level
‘When atrial fibrillation is present the delay1s inverselyrelated to the length of the preceding
cycle (Messer et al., 1951)

The opening snap, as 1ts name imphes, is related to the opening of the mitral valve.
Tt is usually considered to be due to the aortic cusp being propelled into the left ventricle
under the thrust of the raised left atrial pressure (Wood, 1956), but its presence m cases
with calcified immobile cusps has led to the suggestion that the sound 1s made by the entire
valve as it moves deep into the left ventricle (Leatham, 1958). This view would harmonize
with the observation that the snap is dull and soft when the valve is rigid, and loud and
clear when pliable It occurs at the summut of the *“v” wave of the venous pulse, and 15
heard with maximal intensity internal to the apex and down the left sternal border, being
loudest in expration. It can thus be differentiated from the pulmonary component of the
second heart sound which is most obvious in inspiratton (Leatham, 1958).

The presence of an opening snap is vital to the diagnosis of mitral obstructron. If it
1s absent, some doubt may be cast upon the diagnosis, but care must be taken to ensure
that a very early snap due to severe stenosis has not been missed. An exception to this rule
15 said to be the presence of aortic incompetence when the regurgitant jet may nterfere
with the forward movement of the outer cusp (Wood, 1956).

The relation of the opening snap to the second heart sound has some value as a gwde
to the severity of the obstruction. The earlier is the snap the tighter is the stenosis (Wells,
1954), because the interval between aortic valve closure and the snap is inversely propor-
tional to the height of the left atrial pressure (Messer et al., 1951). The snap is usually
0-03 to 0-14/sec. (average 0-07) after aortic valve closure (Mounsey, 1953). However,
factors other than left atrial pressure influence the timing of the snap, which tends to be
1ate if aortic pressure is ugh and earlier if it is low (Juhan and Davies, 1957). Leatham
(1958) considered that the factors involved were too numerous to allow serious use of. the
timing of the snap as an index of the severity of the stenosis. In }he author’s view it 1s
principally of value when taken 1n conjunction with the other physical signs. .

The diastolic murmur follows the opening snap, and 1s low pitched and rumbling
character. It is due to blood flowing through the obstructed valve during'alnal .systolc‘
When sinus thythm is present, there 1s presystolic accentuation due to active atrial con-
traction, and the murmur has a crescendo quality, When atrial fibrillation has occurred,
the presystclic crescendo is abolished, leaving the rfud-dmstolxc rumble. The.length of the
smurmur 1s of great importance, in severe cases being full ler!gth and extending up to the
first heart sound of the next cycle, for the diastolic pressures in atrum and ventricle never
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Radiological features include lack of pulsation of the affected man branch, persistent
plewral effusion, and occastonatly caleification in the pulmonary artery (Chapter 5.
Aortic stenosis and incompetence are the most frequently associated valve lesions, and
apart from producing additional murmurs, canse enlargement of the feft ventricle. Tn-
cuspid stenosis, if severe, damps out the typical right ventricular impulse and may permit
the left ventrcle 1o be felt. The tncuspid stenotic murmur resembles the mitral, but in-
creases markedly on inspi : it may be conducted to the apex, however The presence
of tricuspid stenosis should be suspected when {he jugular venous pulse shows an *a” wave
which 15 out of proportion to the degree of right ventricular enlargerent and intensity of
pulmonary valve closure; the “y’”" descent 15, of course, sfow. Tricuspid mcompetence is
common m the presence of atrial fibrilfation, but an explanation for its occurrence must
always be sought. 1t is usually the result of severe pulmonary hypertension and failure of
the night ventricle, but may oceur from general myocardial insufficiency. or i assocration
with tricuspid stenosis, Study of the venous pulse 1n tnicuspid stenosis before and after
the onset of fibrilation, and of the pathological anatomy of the stenosed tricuspid valve,
suggests that tricuspid stenosis 15 almost mvariably assocrated with incompetence, which
becomes greater when active atrial contraction ceases (Goodwin, et al,, 1957; Holiman,
1957) The “y" descent is slow when tricuspid 1ncompetence 15 due to stenosis but rapd
when due to other causes The pansystolic murmur of tricuspid incompetence, heard at
the tncuspid area, and increasing m ingpiratson, is usualty present
Occlusive thrombs in the left atrium may be sessile or peduncujated, When sessile,
they merely increase the degree of left atrial obstruction. They are much commoner
with atrial fibrillation than with staus rhythm, and multiple emboli may complicate the
meture  The thrombus may show patchy caloification which 15 visible radiologreally. The
madence of occlusive atnal thrombs s difficult 10 establish, but Wallach ef af. (1953)
estimate the overall incidence at between two and thirteen per cent, basmng their figures on
four series coltected from the Wteratare
Ball-vatve thrombus may be suspected in the p of variable y signs of
mutral stenosis which change with position; attacks of syncope; showers of systemic
emboli; and cardiac pan. All these events may, of course, ocenr with severe mutral
stenosis alone, but their co-existence in the same patient should always arouse the suspicion
of mass thrombus (Evans and Benson, 1948). The occurrence of syncope and the disap-
pearance of the murmur m certan postures may be attributed to the tumour swinging on
1ts pedicle to block the mitral valve. Wallach et af (1953) consider that death is usually
caused by progressive obstruction to left ventricutar inflow, which may occur from ob-
struction to the valve by the mass, which fills the left atrium almost enticely, or by spread of
the thrombus to occlude the puimonary veins. These iwo mechanisms are probably often
associated.
Although the diagnosis may be suspected clinically, 1t is difficult to prove, the hacmo-
dynamics bemng identical with those of mitral valve disease.
A good venous angiogram, of pulmonary arteriogram, to outline the left atrium is
d to make the ¢ which is confirmed by finding a substantial fithing defect.
Diagnosis 1s smportant, for removal of the thrombus may be hfesaving. This may not be
possible without open cardiotomy with some form of assisted crreulation, so that explor-
atory thoracotomy on a mere suspicion 15 not adequate, ’
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it probably anses from the left ventricle, and results from rapid filling. This, of course,
denues appreciable mitral obstruction, and usually suggests the presence of substantial
mcompetence or left ventricular failure from some associated disorder. The third sound
may be distinguished from the opening snap by 1ts dull quality and localization to the apex.
It occurs later than the snap, comnciding with the end of the *“y* descent of the venous
pulse. A nght ventricular third heart sound may be heard in the presence of tight stenosis
when right ventricular failure is present.

Modifications in the typical clinical picture of mitral stenosis The classical signs may
be modified for the following reasons:

1. The presence of mutral incompetence,
2. Calcification of the mitral valve,

3. Pulmonary vascular disorder,

4. Associated valve lesions,

5. Qcclusive thrombus in the left atrium.

The presence of associated mutral incompetence damps the intensity of the first heart
sound, and produces a pan-systohic murmur at the apex, radiating to the axilla, and
diminishing on mspiration. The left ventricle is enlarged if the incompetence is appreciable.
When 1ncompetence dominates stenosis a third heart sound is present, and the mud-
diastolic murmur short. The arterial pulse is jerky in character and small in volume The
mcompetent murmur can be distinguished from that due to tricuspid incompetence, for
the latter is maximal at the tricuspid area and increases on mspiration.

Heavy calcification of the matral valve 1s usually associated with some incompetence,
though not mnvanably so It damps the first heart sound and opening snap It may be
suspected clinically, but radiology 1s required for confirmation (Chapter 5)

Pulmonary vascular disorder is most frequently manifested by an extreme degree of
pulmonary artenial hypertension When this occurs the right ventricle may be very large
and the left ventricle rotated around towards the left axilla When left atrial inflow 15
restricted by extreme arteriolar constriction, the first sound may be soft, the snap quiet
and the diastolic murmur virtually maudible. This so-called “silent™ type of mutral
stenosis can be most misleading, and resemble 1diopathuc pulmonary hypertenston, for
the signs of pulmenary hypertension (Chapter 4) dominate the clinical picture. However,
the diastolic murmur can usually be brought out by exercise, and heard with the patient
lying on the left side, while the X-ray may reveal tell-tale evidence of pulmonary venous
hypertension (Chapter 5)

Thrombosts of the major pulmonary artertes 15 an infrequent but important complica-
tion of mutral stenosis 1ndeed, mutral stenosis 15 one of the commonest causes'of the
syndrome (Ball ef al., 1956) Thrombosis 15 usually the result of repeated peripheral
emboli, and is often accompamed by occlusion of small pulmgnary vessels also A
certain proportion of cases are thought to anse m siw, on the basis of atherosclerosis in
the pulmonary artery, aided by dilatation of the main branches, low cardiac output, and
high pulmonary pressure. The effect of major thrombi is to cause progresstve and refen:
less right ventricular failure, sometimes punctuated by episodes of syncope, fever,eCa[:d
haemoptysis due to pulmonar}f wnfarction. It ;h(l)uld be s;.xspecttifcd twhe:}]]ex\:‘x'“l;liggwm
progressive deterioration and right ventricular farlure assail a patient wi .

R
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Radological features include lack of pulsation of the affected main branch, persistent
pleural effusion, and occasionally calcification in the pulmonary artery (Chapter 5).

Aortic stenosis and incompetence are the most frequently associated valve lesions, and
apart from producing additional murmurs, cause enlargement of the left ventricle. Tri-
cuspid stenosts, if severe, damps out the typical right ventricular impulse and may permit
the left ventricle to be felt. The tricuspid stenotic murmur resembles the mitral, but in-
creases markedly on inspiration: it may be conducted to the apex, however The presence
of tricuspid stenosis should be suspected when the jugular venous pulse shows an “a” wave
which is out of proportion to the degree of right ventricular enlargement and intensity of
pulmonary valve closure: the “y™ descent 1s, of course, slow. Tricuspid iIncompetence 1s
common in the presence of atnal fibrillation, but an explanation for 1ts occurrence must
always be sought. It is usually the result of severe pulmonary hypertension and failure of
the night ventricle, but may occur from general myocardial insufficiency, or in association
with tricuspid stenosis  Study of the venous pulse in tricuspid stenosis before and after
the onset of fibrillation, and of the pathological anatomy of the stenosed tricuspid valve,
suggests that tricuspid stenosis 15 almost invariably associated with incompetence, which
becomes greater when active atral contraction ceases (Goodwin, et al., 1957; Hollman,
1957) The “y" descent is slow when tricuspid i p is dueto but rapid
when due to other causes The pansystolic murmur of tricuspid incompetence, heard at
the tnicuspid area, and increasing in inspiration, is usually present.

Occlusive thrombr in the left atrlum may be sessile or pedunculated When sessile,
they merely increase the degree of left atrial obstruction. They are much commoner
with atrial fibrillation than with sinus rhythm, and multiple emboli may complicate the
picture. The thrombus may show patchy calerfication which is visible radiologically The
mcidence of occlustve atrial thrombi 1s difficult to establish, but Wallach et al. (1953)
estimate the overall incidence at between two and thirteen per cent, basing their figures on
four series collected from the hiterature

Ball-valve thrombus may be suspected 1n the presence of vanable auscultatory signs of
mitral stenosis which change with position; attacks of syncope; showers of systemic
emboli; and cardiac pain. All these events may, of course, occur with severe mitral
stenosts alone, but their co-existence in the same patient should always arouse the suspicion
of mass thrombus (Evans and Benson, 1948). The occurrence of syncope and the disap-
pearance of the murmur in certain postures may be attributed to the tumour swinging on
1ts pedicle to block the mutral valve. Wallach et al. (1953) consider that death s usually
caused by progressive obstruction to left ventricular inflow, which may occur from ob-
struction to the valve by the mass, which fills the left atrium almost entirely, or by spread of
the thrombus to occlude the pulmonary veins These two mechanisms are probably often
assoctated

Although the diagnosis may be suspected clinically, 1t 15 difficult to prove, the haemo-
dynamics being 1dentical with those of mutral valve disease

A good venous angiogram, or pulmonary arteriogram, to outhne the left atrum 1s
required to make the diagnoss, which 1s confirmed by finding a substantial filling defect.
Duagnosis 1s important, for removal of the thrombus may be hfesaving This may not be
possible without open cardiotomy with some form of assisted circulation, 5o that explor-
atory thoracotomy on a mere suspicion 1s not adequate
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Myxoma of the left atrium produces a similar picture, and will be discussed later
this chapter,

Clinical Assessment of the severity of mitral stenosis. The haemodynamic correlatit
have already been discussed. Certan clinical pornts require further mention, as they
sist bedside assessment of the severity of the mitral disease. The degree of dyspnoea
exertion correlates positively with the degree of stenosis, provided that appreciable mit
incompetence is absent, (Table 7). The radiological degree of pulmonary hypertens
also correlates positively with the severity of the stenosis (Goodwin ez al., 1955)

TasLe 7

GRADE OF DYSPNOEA AND VALVE SIZE IN 75 PATIENTS SUBMITTED
TO MITRAL VALVOTOMY

Grade of dyspnoea/Number of pﬂll?rl’:‘_]
Valve
orifice size
I I m v
>2cm, 1 0 [ [
1:5-2¢em i 0 3 Q
1-1 Scm. 1 17 7 3
tem o 12 30 0
X2 =6-50 ‘

The radiological assessment of pulmonary hypertension has been fully discussed 1n Chapt
5 and will not be further considered here  The radiological appearances 'Correla(elrclth\
better with the systolic pulmonary artery pressure, than with the arteriolar resistant
(Table 8).

TABLE 8

CATHETER GRADE OF PULMONARY HYPERTENSION AND RADIOLOGICAL
GRADE OF PULMONARY HYPERTENSION IN 37 PATIENTS

Catheter grade of pulmonary hypertension/
Number of patents

Radiological grade
o

4
Jiypertension o 1 1]

0 (normal) 1 s o
I (moderate) 1 n 3
0 1 15

H (severe)
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The radiologteal changes may be more valuable guide to pulmonary vascular disease than
a single measurement of pulmonary artery pressure, whach is influenced by cardrac output
and other factors. The pulmonary resistance is not, of course, a direct measurement, but
a derivation from two variables,

In practice the severity of the stenosis can be gauged at the bedside from the history,
the auscultatory findings at the mutral area, the clinical signs of pulmonary hypertension,
and the radiological evidence of venous and arterial hypertenston, The cardiogram 1s of
limited value (Chapter 7). In most cases cardiac catheterization 1s therefore not required.
The foregoing remarks on chimcal assessment of sevenity apply to pure or dominant sten-
osis, with Little or no incompetence. The presence of significant incompetence modifies
the haemodynamic and clinical picture, and upsets the correlations from the standpoint of
assessment of valve size: it will be discussed later.

Effects of mitral valvotomy. Mitral valvotomy is capable of exerting a profound effect
upon the haemod, in mitral stenosis, and especially upon the pulmonary circulation.
In successful cases in which a good valve split (3-4 cm diameter) has been obtained, there
15 a fall in mutral valve gradient, 1n left atrial pressure, pulmonary artery pressure, and

y vascular r and a nise in cardiac output. The immediate results of
valvotomy have been studied at thoracotomy by Zoob et al. (1958) They found that if the
split was 1-5 cm. or more there was an appreciable fall in left atrial pressure and an in-
crease in left ventricular systolic pressure, suggesting a rise in output. When incompetence
was also present, the valvotomy reduced the left atrial pressure 1n only half the cases. The
effect on pulmonary artery pressure was vanable, but there was usually a fall proportional
to that in left atrial pressure when the latter was considerable But when the nitial left
atrial pressure was lower the fall in pulmonary artery pressure was less marked They
considered that there was no diate fall in pul ry vascular Goodale
et al. (1955), however, in studies made six months to one year after valvotomy, noted a
striking fall 1n arteriolar resistance which was proportional to the mutial level. Presum-
ably, therefore, the arteriolar vasoconstriction takes time to wear off, as would be expected
from the hypertrophied media of the pulmonary arterioles.

Donald ef al (1957) studied 28 patients before and from 17 to 51 months after, valvo-
tomy. In the great majority the pulmonary artery and pulmonary capillary pressures fell,
and the pulmonary ventilation at rest and on exercise was greatly reduced. The resting
oxygen uptake was also reduced, probably as a result of the diminished work of breathing
achieved by relief of pulmonary venous and arteral hypertension. Although the work of
the right ventricle was usually diminished after operation, the resting cardiac output was re-
duced, a finding which1s notin sympathy with the other changesand 1s not readily exphcable,

There 1s little doubt, however, that successful valvotomy is followed by return towards
normal of the haemodynamic abnormalities, and reduction 1t symptoms  The auscul-
tatory signs also dimrmnish, but only 1f the surgeon achieves a valve diameter of 3—4 cm.
Cardiographic signs of right ventricular hypertrophy regress, as do the radiological signs
of pulmonary venous, and to a much Jesser extent of artenal, hypertension {Goodwin
et al., 1955) (Chapter 5).

Unfortunately, re-stenosis may occur (Belcher, 1960), especially if the valvotomy was
a poor one. Haemodynamic abnormalties then recur, and a second valvotomy may be
necessary (Wilcken, 1960).
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The fall in pulmonary venous pressure and in pulmonary arteriolar resistance which
occurs in the first year after successful valvotomy 1s of course excellent evidence that
arteriolar vasoconstriction is precipitated by a raised left atrial pressure,

MITRAL INCOMPETENCE

Sertous mutral incompetence reflects graver valvular damage than simple stenosis,
and thus it 1s common to find rigidity, subvalvular stenosts, and calcification 1n association.
Some degree of mitral stenosis 15 usually present, and may be quite severe, the valve being
so disorganized as to consist merely of a fixed, narrow, rigid orifice which cannot open
or close fully.

In some cases almost pure mutral incompetence exists, and this is usually due to
shrivelling of one cusp, which fails to meet the other cusp, and so allows free regurgutation.

F1a, 103. Pulmonary capillary venous pulse (PCP)
10 mutral incompetence
v = 26 mm. Hg

Ry/vrato =1 6
(El shows atnal 1 )

Actual stretching of the mitral valve ring is not common in chronic theumatic mutral
disease. . .
Haemodynamics. When there is little obstruction to left venmcula; inflow, the ven-
tricle fills rapidly because of the high pressure obtaining in the left atrium caused by the
regurgitant jet from the previous cycle The left atrium 1 therefore dilated, a'nd the left
ventricular stroke volume increased because of the additional burden of maintaining a
normal forward output through the aortic vqlve in addition to t.hc regurgitant jet. The
left atrial pressure 1s very hugh during ventricular sys‘ol;, especially m the early phase
(Wynnetal., 1952). It falls rapidly to ventricular level mn diastole so {hat the mean pressurc
is lower than in matral stenosis, The “y"‘ descent of the venous pl'llse is sharp in the fxbsencg
of obstruction to left ventricular filling and the Ry/v ratio js above I'5 (Owen an

ig. 103). L .
wog/?;;rlszg]sl)a(:ég\Voot)i (1958) have recently contrasted the findings in pure incompetence
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and pure stenosis In the former they found a high peaked “v* wave, absent *‘x” descent,
and rapid “y” descent. The presystolic mitral valve gradient was absent. In combined
stenosis and incompetence, the gradient was less than in pure stenosis. The “v™" wave
was smaller, and the *“y* descent slower, than in pure incompetence.

The degree of pulmonary arterial hypertension s usually less than in mutral stenosts,

1

because of the lower mean
' PRSI

Y VENnous | The p of severe arterial
- wmanng tha ~cacanca of annraciable stenosis
with pure in-
. - . . ' . ' *+ to occur than

1n stenoss, for a reduced diastolic period produces less increase in left atnial pressure.
Clinical features. In mitral incompetence, when stenosis is mild or absent, the symp-
toms are usually far less urgent than n severe mutral stenosis, dyspnoea being less,

! 5M 2 3 MDM

-—s\,——vm ‘v
Co T T

Fio 104 Phonocardiogram 1 severe mtral incompetence.

1 = Ist heart sound Apex = apical cardiac impulse

2 nd heart sound MF = medium frequency

3 = 3rd heart sound SM = pansystolic murmur
MDM = md-dastolic murmur

pulmonary oedema unusual, and systemic embolism infrequent Tiredness has been
stressed as a feature, but 1s probably of no great diagnostic sigmificance

The clinical signs include a small, jerky artertal pulse, hyperdynamic left ventricular
impulse, with only shght right ventnicular enlargement, and the characteristic pansystolic
murmur at the apex, conducted to the axilla, and decreasing on inspiration. The murmur
also diminishes when the peripheral resistance 1s reduced by mhalation of amy! mitrite
(Barlow and Shillingford, 1958). The first heart sound is soft, and there 1s usually a short,
faint mid-dsastolic murmur and a third heart sound (Fig. 104) Severe mutral incompetence
1s freq y p d by tricusprd i P

'The cardiogram shows left, rather than night, ventricular hypertrophy, and the left
atrium 15 frequently very large. Atrial fibrillation 1s common, but not nvariable except
in very severe cases (Chapter 7)
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The of bined mitral stenosis and i pet When appreciabl
mitral stenosis co-exists, the assessment of the dominant lesion or the amount of in-
competence may be difficult. Assessment is best made by 2 combined clinical and haemo-
dynamic study, supplemented by the use of dye dilution techniques. Clinically, the pre-
sence of a long mid-diastolic murmur, and signs of considerable pulmonary hypertension
are good pointers to the presence of appreciable mitral stenosis  Significant incompetence
does not usually exist with a very small mitral orifice of less than 1 cm., but can be con-
siderable with larger valves between 1 and 2 em. McDonald ef al. (1957) found significant
regurgitation to be exceptional when the valve was less than 08 cm? and usually of moderate
severity with valves of 0-9-1-0 cm®. With valves larger than this, incompetence tended to
be the predominant lesion in patients with clinically significant mutral valve disease.

[

TIME

In the presence of severe mitral stenosis an apical pansystolic murmur suggests as
sociated incompetence, but this 1s unlikely to be appreciable if the first soupd 1s loud, the
opening snap early, and the diastohic murmur long Absence of left ventricular enlargec-
ment is also good evidence against important incompetence, ar}d conve.rsely, the p;eser}cc
of left ventricular enlargement in a patient wnt_h mitral stenosis but without aortic va 1‘1,
disease suggests the posstbility of significant mitral incompetence, which can qccas;g;l: Y
occur in the absence of a systolic murmur.(McDonald et al., 1957) al!}!augh this ,ts 'ncD.m-

The presence of heavy valve calaification and a very ?arge lcfE atriym sugges :’f o
petence, but these pounts should not be allowed to outweigh definite clinical signs of p

stenosis
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Assessment from the form of the left ataal puise may be fallacious as has already
been shown, although an Ry/v ratio of more than 15 suggests little stenosis, and there-
fore, if signs of mitral valve disease are severe, important mcompetence.

Dye dilution techniques have been used ta assess incompetence (Korner and Shiting-
ford, 1955; Shillingford, 1958; Marshail and Wood, 1958). .

Tnjection of indicator dye into the pulmonary artery gives a deformed dye dilution
curve when recorded by an ear oximeter. The normal rapid exponential fall of 1s replaced
by a shallow, slow decline, and the peak is smaller. This is due to the difution and delay
in dye particles reaching the photo-glectnc celf caused by the regurgitation of blood back
and forth across the mitral valve. The appearance ttme is shortened. The amount of
regurgitation can be quantitated by replotting the curve on semi-Jogarithmic paper, and
taking the ratio of the appearance time of dye at the oximeter to the spread of the curve
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Fic 105b The assessment of mitraf icompetence wl P s
by dye dilution and chncal methods, The 5 :
relation between appearance ume/spread of g‘ . .o 4
pHonp aigho bt bl ¢
3
2
3
&
&
g
£}

~

TROLINONE  SLIGHT MODERATE GRY
FERG5S MAmALlNCOM?nSN(EGPo(g,r

at one tenth of the maximum concentration  Assessment in this way correlates quite well
with the clinical assessment of incompetence (Shilhingford, 1958) (Figs 1052 and b).

An alternative method has been described by Wood and Wooedward (1957 Followang
myection of dye into the pulmonary artery, the ratio of the feast concentration to the sys-
temic recurculation concentration of dye is calculated from dilution curves recorded
simultaneously from the ear and radial artery. Well-marked recreulation peaks were
detected n the sadial artery curves in normal subjects or those with pure or domnant
miteai stenosis, but not 1 those with pure or dominant sacompetence.

Dilution curves recorded from the feft atrium after injection of dye into the left
ventricle have ywelded rather disappointing results (Woodward ef al., 1957). As has
already been said, the advantage of left-sided dye difution curves over the simple pulmo-~
rary astery injection has yet ta be shown

The diagnoss 15 assuming great unportance, suce the ntroduction of techmques of
wmitral vahvulaplasty under durect vision using total cardio-pulmonary by-pass {Guidry
et al., 1938; Lillehel et al., 1958)
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THE MEDICAL TREATMENT OF MITRAL VALVE DISEASE

In mitral stenosss, atrial fibrillation must be controlled by digitalis, respiratory in-
fections by antibiotics, and anaemia corrected if present. Pulmonary artery thrombosis
and nfarction require anticoagulant therapy A low salt diet and diuretic therapy will
be required for congestive heart fallure. When operation is impracticable or meffective,
and patients remain breathless, attempts have been made to reduce pulmonary hypertension
and congestion by means of vasodilator drugs. Such attempts however, are doomed to
failure, for the basic cause of the hypertension and congestion, the obstructed valve, has
not been influenced Personal expertence with ganghonic blocking agents mn mtral ste-
nosis has shown that these drugs are quite useless 1n treatment. This is not surprising,
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F1G. 106 The effect of hexamethonwm on pulmonary artery
pressure and cardiac output in €0 cases of mitral stenosts
The top right quadrant shows the cases 1n which a fall 1n
pulmonary arterial pressure 1s accompanied by a mise
cardiac output.

for the reasons stated above, but also because of the vanable effect on cardiac output
My colleagues and I have shown i acute observattons of our own, and from the data of
others, that the cardiac output falls in 30-50 per cent of pattents, and although this lowers
pulmonary arterizl and venous pressures, it does not help the patients (Goodwin ez al,
1958). In a munonty of cases, | th lowers the pulmonary artery pressure,
and increases cardiac output, suggesting pulmonary Ynsod:latat{on {Fig. 106), but this
has never proved beneficial in treatment, with th; possible exception ?f acute pulmonary
oedema (Davies ef al., 1954). It is not now considered ad\flsable_ to give hexm‘ncthon.lun:
routinely in acute pulmonary oedema, however, bec'ause in patients with a tight ;mtrﬂ
valve and low fixed cardiac output, peripheral vasodilatation might well cxcecfl pul mor:~
ary vasoditatation, with resultant fall in.centml venous filling pressure and cardiac oulpun.
This could obviously be dangerous, since sucp patients are probably pcpendent ;1;(8)
intense penpheral vasaconstriction to maintain therr output (Goodwin et al., 1 ).
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But in acute left ventriclar failute, without obstruction to the mitral valve, hexametho-
num is of great value. . )

1n mitral incompetence, hypotensive drugs should theoretically be of benefn. since the
regurgitant jet is diminished where the peripheral sesistance is Jowered. Clinically, re-
duction in the systohc murmur of incompetence is noted when the blood pressure is Jow.
1t is doubtful if such treatment is warsanted 1n patients with normal systemic blood pres-
sure, but may be considered when appreciable systemic hypertension and mzt'ral o
petence co-exist The development of newer surgical techriques may permit effective
surgical treatment in the future

— —

Qoma

Fi6 107 Autopsy specimen showing myoxma entieely filing
the {eft atrum {viewed fom above)

LEFT ATRIAL OBSTRUCTION

True myxoma of the Jeft atowm bebaves in a very simutar fashion {0 a Jarge occlusive
thrombus compheating mitraf stenosis, and the dafferential dragnosis may only be possible
at thoracotomy ot post-mortem. This tumour usuall s occurs as a polypotd mass grawing
fram the left side of the atrial septum 1n the regon of the fossa ovabs. Tt 15 smooth,
shinug, and gelatinous, and presumably represents a true new growth, but may possibly

15
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be due on occasions to myxomatous degeneration in a thrombus (Fig. 107) The haemo-
dynamic effects upon the pulmonary circulation are identical with those of mitral ste-
nosis, as are the auscultatory signs, even an opening snap having been noted (Chin and Ross
1957). Murmurs are often inconsistent and variable and, evidence of a general disturbance
consisting of hyperglobulina¢mia, raised E.SR. fever, and anaemia, may be present
(MacGregor and Cullen. 1959).

As with massive thrombi, a good angiogram may be essential for diagnosis (Gold-
berg et al.,, 1952). Detection 15 important, since removal may be lifesaving. and often
requires open cardiotomy with hypothermia, or cardio-pulmonary by-pass. The tumour
hasbt(i be handled with care, as fragments may easily become detached, and give rise to
emboll.
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CHAPTER §

CONGENITAL HEART DISEASE
By JOHN GOODWIN

In this chapter the pulmonary citculation in various forms of congenital heart disease will
be discussed. No attempt will be made to give a full account of congenital heart disease
except 1n so far as it mfluences the circulation to the lungs
With this approach, the following classification is proposed-
1. Lestons which impede the flow of blood to the lungs by obstructing ventricular
outflow (pulmonary ohgaemia):
{a} Obstruction to the right ventnicular outflow tract:
Infundibutar pulmonary stenosis.
Vulvalar pulmonary stenosis.
(b) Obstruction to one or more puimonary artery:
Unilateral pulmonary stenosis.
. Lestons tn which the circulation to the lungs 15 prowvided by vessels other than
pulmonary artenes (bronchial artery syndromes).
Lesions associated with excessive pul y blood flow (pul y ph ia)
due 10 left to right central shunt, and pulmonary hypertension.
Lesions associated with pulmonary hypertension and reversed (night to lefi) central
shunt (the Eisenmenger syndrome).
5. Lestons in whech the arrangement of blood vessels 1s abrormal: pulmonacy artetio-
venous 5 lous venous drai M i of the great vessels.

w

S

6 Lestons associated with obstruction to the Ieft side of the heart.
Some of these groups will overlap, as will be app {rom the subseg des-
ctiptions.

1. PULMONARY STENOSIS—INFUNDIBULAR AND VALVULAR
Tetralogy of Fallot

The four components making up the Tetralogy are pulmonary stenosis, ventricular

A . b T ’ “le. Characteristically,

ular level, and severe

. : “blood away from the

funps tnto the 2orta and to the obstruction 1o flow into the pulmonary artery. The over-

niding aorta facilitates the right to feft shunt, which is proportional ta the severity of the

pulmonary stenosis. The cardinal climeal features are marked central cyanosis, poly-

cythaemia, dyspnoes, underfiled lungs, and Signs of pulmonary stenosss. 1t1s now realized

that there s a wide spectrum of severity 1n the Tetralogy, depending on the size of the right
291
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ventricular o\}tﬂmv tract and the degree of pulmonary stenosis, some cases showing hittte
or no cyanosis, and signs of mild pulmonary stenosis, while others have intense cyanosis,
grossly dextroposed aorta, and severe stenosis and hypoplasia of the pulmonary artery.

In some cases the dextroposition may be so marked as to constitute partial transpo-
sition  The magnitude of the right to left shunt depends more upon the relative resistances
in the pulmonary and systemic circulation than upon the position of the aortic root how-
ever, and when the resistance offered by the stenosis is of the same order as that of the
peripheral systemic resistance, a left to right shunt 1s also present. When the stenosis is
mild, and the aortic root only slightly over-riding, the shunt may be solely left to right,
and cyanosis absent, so that the lesion 1s for all practical purposes a simple ventricular
septal defect with mild pulmonary stenosis. An appreciable fall in oxygen saturation on
exercise permits differentiation  Other vanations occur 1n which the main pulmonary
arteries fo one or both lungs may be hypoplastic or even atretic. All these factors have a
direct bearing upon the pulmonary curculation.

The typical Tetralogys exemplified by the type of lesion in which pulmonary stenosis js
assocrated with a right to left shunt, central cyanosis and polycythaemia. These factors all
influence the pulmonary circulatton and will now be discussed.

The stenosis is infundibular in about 60 per cent of cases and valvular, or combined
valvular and mfundibular, in the remainder, The site of the stenosis influences the size of
the major pulmonary arteries. Thus, in the majonity of cases infundibular stenosis is
associated with a small mam pulmonary artery and right and left main branches, the small
main trunk producing the characteristic concave left cardiac border on X-ray. When
valvular stenosis alone is present, the main trunk, and sometimes the left main branch,
but never the right main branch, are enlarged.

The pulmonary arterial tree distal to the valve may be abnormal. The distal qnd
peripheral arteries are small and thread-like. Rich (1948) reported thrombotic occlusion
of small pulmonary vessels 1n 90 per cent of autopsted cases. Presumably this is the result
of increased blood viscosity due to polycythaerma, and of reduced pulmonary flow and
pressure. Ferencz (1959) found no correlation between the degree of polycythaemia, the
age of the patient, and the extent of the vascular lesions. But she did find that a history of
attacks of intense cyanosis and dyspnoea was twice as frequent in cases with severe lestons
as in those with little or no vascular disorder. Possibly the thromboses occur when the
pulmonary cireulation is greatly slowed during the cyanotic attack, The paucity of blood
in the vessels renders the lungs unduly translucent on X-ray. Absence of one mam pul-
monary artery, or extreme hypoplasia of one or both arteries may occur In three of.four
cases reported by Nadas et al, (1953) absence of the left pulmonary artery was assocu!ted

with dilatation of the right mam artery and pulmonary vascular engorgement at the right
fulum, the fourth patient having dextrocardia and absence of the right main pulmonary
artery with dilatation of the left. Absence of the left mam pu}monary artery 15 prcl?ably
the only cte 1n which pul; ry valvular or infundibular stenosis is associated
with an enlarged right main branch In. some patents, the pulmonary f'xrtenes are better
developed in one Jung than the other, giving unequal pulmonary vascularity. Patent ductus
arteriosus, helping to improve pulgnonary flow, 1s pres'ent In some cases. ?ronchml ar'tc?::
are often prominent in patients with pulmonary atresia for they enlarge in response to

insufficient pulmonary blood flow.
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A night-sided aortic arch occurs in 25 per cent of cases, as does a double superior vena
cava, but not necessarily in association. .
Haemodynamics. The pulmonary arterial pressure is reduced_ proportionately to the
severity of the stenosss, the right ventricular systolic pressure being equal to that of the
. RO ) ‘ -wt- swd e ~escioodae geptal] defect (Fig. 108)  Since
gs from the pulmonary artery
Co . «+ an mtermedate zone of pres-
sure between the body of the right ventricle and the pulmonary artery. Th1§ intermediate
zone represents the mfundibular chamber above the obstruction. The systolic pressures mn
the pulmonary artery and infundibular region are closely simular, the drastolic pressure
falling 1n the infundibular chamber and the systolic pressure rising sharply in the body of
the night ventricle When valvular and infundibular stenosis are cpmbmed, a pressure
gradient occurs both between the pulmonary artery and the infundibulum and between

FIG "M Mmeen b e oo Tes foe el f adas /DAN e = ke o abe ot

the infundibulum and body of the right ventricle (Connolly et af, 1953) (Fig. 109a).
When valvular stenosis alone 1s present, a sudden pressure gradient occurs localized to
valve level, no intermediate pressure zone being present. Just before the valve is reached
the pulse contour in the pulmonary artery shows a negative dip 1n systole, due to the ven-
turi effect (Fig. 109b)

The circulation to the lungs is further profoundly influenced by vanation in tone of
the right ventricular outflow tract Sir Russell Brock (1955, 1956) has demonstrated that
after pul y valvotomy a dary stenosis develops 1n the infundibular region
This has been attributed to mcrease n tone of the muscular infundibulum. Wood (1958a)
has produced evidence to show that infundibular “spasm™ may be the cause of the syn-
copal attacks and hypercyanosis which occur in 20 per cent of patsents with the Tetra-
logy.

During these attacks the systemic blood pressure remains unchanged, the arterial
saturation falls precipitously, the pul yartery pressure is very low, and the pulmonary
ejection murmur disappears. The jugular venous pressure does not nise. Maintenance of
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systemic blood pressure excludes peripheral vasodilatation as the cause. The disappearance
of the murmur and increase in night to left shunt indicate almost total interruption of
pulmonary blood flow. This could be due either to pulmonary vasoconstriction or to

[T
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FiG. 109b Pressure gradient at valve level in pulmonary valvular stenosis,

i fall of pulmonary arterial
i lar contraction, The former can be excluded by the “pulmo
mfund;lel“ z]’_;nder anaesthesia with cyclopropane and oxygen, cyanosis is slight, gm;‘ ll}:ic
gfl;slzn;;ry artery pressure at its usual level. When cyclopropane and oxygen are withheld,
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the child becomes blue, the pulmonary stenotic murmur becomes shorter, and the
pulmonary attery pressure falls. Oxygen dimmishes the cyanosis but does not alter the
murmur or raise the puimonary astery pressure.  Wood concluded that wfundibular con-
traction can occur, causing an increase in the right to left shunt, and almost total pul-
monary ischagmia, leading to syncope and deep cyanosis. Thls' nfundibular overaction
can be released by cyclopropane, or possibly by other agents which produce raprd anaes-
thesia or deep narcosts

1t 1s thus apparent that the pulmonary blood flow in the Tetralogy 15 dependent upon
a vanable, as well as a fixed, obstruction to right veninicular outflow.

The effect of the right to Jeft shunt upon the pulmonary circulation and respiratory
function, As has already been said, poorly oxygenated blood passes directly from the
night ventricle mto the aorta, and has the double effect of depriving the lungs of blood
and producing arterral desaturation  The magmtude of the night 1o lefs shunt s dictated
by the seventy of the pulmonary stenosts, the position of the aortic root being usually un-
srportant

prfTusxon of gases across the alveolo-capsiiary membrane 1s normal, so that pulmonary
venous blood is fully saturated

The central right to left shunt impaus the efficiency of oxygen transport from the
lungs to the tissues, however. This impairment occurs n two ways. First, the capacity
for oxygen absorption 1s restricted by the hmited pulmonary flow, and second the oxygen
tension of artental bloed which 1s supphed to the tissues 15 reduced by the admuxture of
venous blood.

The mechanisms of adaptation 10 2 right to left shunt have been studied by Davison
et al (1953) The resting oxygen consumption ss slightly, but not significantly above
the normal range. Assaming 2 normal resting oxygen consumption, these workers found
a nghly gative correlation it pulmonary blood flow, expressed
as & percentage of normal, and axygen capacity Oxygen uptake 15 mamtained by an
ncrease 1 oxygen absorptive capacity of mixed venous blood. An increase s effective
absorptive capacity can be achieved erther by a decrease in axygen saturation of muxed
venous blood or by an ncrease 1n oxygen t Y from an 1 haemo-
globin. Davison ef al. have shown that both hani operate to resung
oxygen uptake n cyanotic congenstal heart disease. Increased haemoglobin atso helps to
mamtan tssue oxygen tension at rest when the effective pulmonary flow 1s less than half’
the average normal. Davison et af also mvestigated the effect of exercise on four patients
with the Tetralopy The arterial venous oxygen saturation decreased on effort, while the
oxygen consumption and effective pulmonary blood flow increased in all. The night to
left shunt mereased m two and fell in two, The resp 'y response 1o was ab-
normal, the tme taken for it 10 stabiize during a dard test was
longer than normal, and this delay was directly proportional to the seversty of the arteriat
desaturation at rest,

Respiratory function st rest has been studied by Shephard (1955) and also by Davison
et al (1953) Both workers found hyperpnoea at rest a constant feature. This was due
to an sncrease 1n tidal volume, and was in most cases nefficient as regards oxygen exchange.
The chemical composition of the blood indicated a mild compensated hyperventilation,
with decreased carbon dioside content, and alkals reserve, and normal carbon dioude
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tension and pH in arterial blood (Shephard, 1955). The hyperventilation may be the
result of a relanve hypercapnoea stimulating the respiratory centre, and related to the
night to left shunt and reduced pulmonary blood flow. No evidence has been produced
to suggest that the respiratory centre is unduly sensitive in these patients. The exact
nature of the severe dyspnoea which affects subjects with profound pulmonary oligzemia
and a right to left shunt is not fully understood. It is likely to be, at least partly, due to
the resting hyperpnoea and increased venulation and to the fall in oxygen saturation on
effort It cannot be ascribed to deficient pulmonary function since the lungs themselves
are normal, and pulmonary venous blood fully saturated.

The cause of the attacks of hypercyanosis with dyspnoea and syncope has already been
discugsed, Closely allied to this syndrome is the phenomenon of squatung, whereby
patients obtamn some rehef from dyspnoea by assuming this posttion. The ncidence of
squatting 1s directly related to the severity of the pulmonary stenosis and the degree of
nght to left shunt. In extreme cases the subject assumes the squatting position at rest,
in less severe cases after effort, The arterial oxygen saturation rises durmng squatting, per-
haps because compression of the aorta increases the resistance to systemic outflow, thus
tending to reduce the right to left shunt and enable more blood to feach the lungs.
Brotmacher (1957a) has shown that the blood flow to the legs is reduced, and that this
results 1n an increase in cardiac output to the upper half of the body. The consequent
reduction 1n the arterio-venous oxygen difference reduces hypoxia to the respiratory
centre. He has also shown that squathing, by impeding the venous return from the legs,
reduces the amount of desaturated blood returming to the right side of the heart. This
reduced venous return diminishes the right to left shunt and also the tendency for the
arterial oxygen saturation to fall with exercise (Brotmacher, (957b).

Squatting occurs more frequently in the Tetralogy of Fallot than in any other cyanotic
lesion.

The magnttude of the right to left shunt 1s indicated by the level of arterial oxygen
saturation which is usually below 85 per cent at rest (normat 93-97 per cent) Secondary
polycythaemia occurs in over 80 per cent of such cases. Some cases, as has been men-
tioned, show Ittle or no clinical cyanosis, and the arterral oxygen saturation is then
between 87-95 per cent. The presence of any left to nght shunt can be detected at cardtac
catheterization by finding a hugher oxygen saturation m night ventricular than in nght
atrial and caval blood Frequently, however, samples from all chambers in the nght side
of the heart show an equal saturation, but, of course, the arterial oxygen saturation 1s
reduced.

In the absence of a left to right shunt the pulmonary and systemic blood flows may be
calculated by the Fick principle from the formulae-

Pulmonary flow __ Oxygen consumption {ml /min )
(Ijmin)  Palmonary ven minus Pulmonary artery oxygen content {m}./})

Oxygen consumption (ml./min.)

Systemuc flow _
T Systemuc artenal minus Right atrial oxygen content (ml.j1)

(1.fmin)
The assumption is made that pulmonary venous blood 1s fully (97 per cent) saturated

(Wood, 1956).
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1t will be appreciated that the pul y flow 15 usuaily less than the systemic because
of the night to left shunt, the difference in the equation being that fully saturated pulmonary
vein blood is wsed to colculate putmonary flow and desaturated systemic astenial blood to
calculate the systemic flow. Simular formulae are used to caleulate the size of a left to
fight shunt, when the systemic 15 less than the pulmonary flow. In the presence of both
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Fra 110 Dye dution curves recorded from right atrium (4),
night ventecle (B} and pulmonary artery (€y  The nght
to left shunt 15 shown by the prematare hump on the up-
stroke 10 RA and RV curves, but not i PA e 45 @
small feft ta night thunt aso  {Case of Fallor's Tetlogy
with mimmal cyanos:s )

left to night and nght to left shunts the overall shunt can be obtaned by subtracting the
smaller from the farger. This will be discussed later.

The shunts may also be detected by means of dye difution techniques (Swan and Wood,
1953). Dye such as Evans Blue injected mto the right atrium and nght ventrle in the
Tetralogy veveals the nght to left shunt by a premature “hump™ on the upstroke of the
normal curve, as some of the dye reaches the cuvette or ear oximeter early, having by-
passed the lungs. The size of the *hump™ 15 raughly proportional to the si2s of the shunt,
and the appearance time shostened {abowt 3 sec) When injected snto the putmonary
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tension and pH 1n arterial blood (Shephard, 1955) The hyperventilation may be the
result of a relative hypercapnoea stimulating the respiratory centre, and related to the
right to left shunt and reduced pulmonary blood flow. No evidence has been produced
to suggest that the respiratory centre 1s unduly sensitive in these patients. The exact
nature of the severe dyspnoea which affects subjects with profound pulmonary oligaemia
and a right to left shunt 1s not fully understood. It 1s likely to be, at least partly, due to
the resting hyperpnoea and increased ventilation and to the fall in oxygen saturation on
effort. It cannot be ascribed to deficient pulmonary function since the lungs themselves
are normal, and pulmonary venous blood fully saturated.

The cause of the attacks of hypercyanosis with dyspnoea and syncope has already been
discussed Closely allied to this syndrome 1s the phenomenon of squatting, whereby
patients obtain some rehef from dyspnoea by assuming this position The inctdence of
squatting 1s directly related to the severity of the pulmonary stenosis and the degree of
right to left shunt. In extreme cases the subject assumes the squatting position at rest,
1 less severe cases after effort. The arterial oxygen saturation rises during squatting, per-
haps because compresston of the aorta increases the resistance to systemic outflow, thus
tending to reduce the right to left shunt and enable more blood to reach the lungs.
Brotmacher (1957a) has shown that the blood flow to the legs is reduced, and that this
results in an increase n cardiac output to the upper half of the body. The consequent
reduction in the arterio-venous oxygen difference reduces hypoxia to the respiratory
centre He has also shown that squatting, by impeding the venous return from the legs.
reduces the amount of desaturated blood returning to the right side of the heart This
reduced venous return diminshes the right to left shunt and also the tendency for the
arterial oxygen saturation to fall with exercise (Brotmacher, 1957b). .

Squatting occurs more frequently 1n the Tetralogy of Fallot than in any other cyanotic
lesion,

The magnitude of the right to left shunt 1s indicated by the Jevel of artersal oxygen
saturation which 1s usually below 85 per cent at rest (normal 93-97 per cent) Secondary
polycythaemia occurs in over 80 per cent of such cases Some cases, as has been men-
tioned, show little or no clintcal cyanosts, and the arterial oxygen saturation 1s then
between 87-95 per cent. The presence of any left to right shunt can be detected at'cardlac
catheter;zation by finding a higher oxygen saturation in nght ventricular than in nght
atrial and caval blood. Frequently, however, samples from all chambers 1n the right side
of the heart show an equal saturation, but, of course, the arterial oxygen saturation 1s
reduced. .

n the absence of a left to night shunt the pulmonary and systemic blood flows may be
calculated by the Fick principle from the formulae:

Pulmonary flow _ Oxygen ion (ml./min )
(1./min.) 7 Pulmonary vemn munus Pulmonary artery oxygen content {mb/L}
i 1./min.)
Systemic flow __ Oxygen consumption {ml
y(l./min.) ~ Systenuc arterial minus Right atrial oxygen content (ml./L)

The assumption is made that pulmonary venous blood 15 fully (97 per cent) saturated

(Wood, 1956).



TETRALOGY OF FALLOT 237

covered by the pulmonary artery to the usual extent. An aortic systolic click may
be heard if the aorta 1s very large, Thus in the Tetralogy, the second heart sounq 15
usually described as single and sometimes increased in intensity, The auditory impression
of increased loudness is facilitated by the termmation of the murmur before the aortic
valve closes. Right atrial gallop and pulmonary systolic ejection click, seldom, if ever,
oceur, and diastolic murmurs are not usually heard even in the presence of a patent ductus
arteriosus or large bronchial artery anastomosis (Wood, 195'6).

Tig. 111a shows a phonocardiogram from a patient with the Tetralogy. The loud
ejection murmur should be contrasted with that of pulmonary hypertension (Chapter 4),
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Fio 111 Phonocardiogram (P C G ) 1n (a) the Tetralogy of Fallot, and (5) pulmonary
stenosss with closed ventricular system
== systohe murmur
A = aortic valve closure
P = pulmonary valve closure

PA = pulmonary artery area
Apex = cardiac apical region

and with that of pulmonary stenosis with closed ventricular septum (Fig. 111b) The pul-
monary closure sound is very insignificant, 1n marked contrast to the large vibration 1n
pulmonary hypertenston,

The radiological and angiographic appearances have been described 1n Chapter 5 and
the cardiogram in Chapter 7.

Modifications in the pulmonary circulation resulting from operative treatment. The
effects of operations designed to increase the pulmonary blood flow upon the pulmonary
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artery, a normal curve results, showing that the right to left shunt is proximal to the
pulmonary valve. Fig 110 shows a dye dilution curve from the right ventricle in a patient
with the Tetralogy. The premature hump of the night to left shunt is clearly seen. Dye
dilution curves made from an injection into the right heart and recorded from an ear
oximeter provide a highly sensitive method of detecting and localizing small right to left
shunts (Oakley et al., 1960) (Fig. 114).

When a left to right shunt is present in addition, injections from all sites 1n the right
side of the heart show a slow, plateau-like downstroke, due to abnormal recirculation from
the shunt. The normal recirculation peak is absent,

Evans Blue (T. 1824) dye has now been largely replaced by Cardio-green, developed by
Wood and his colleagues at the Mayo Clinic, and by Coomassie Blue, introduced by
Shillingford at the Postgraduate Medical School of London.

New techmques for diagnosing intracardiac shunts using foreign gases have been
investigated by workers from the Clinic of Surgery at the National Heart Institute,
Bethesda (Braunwald, ef al., 1959). Radiokrypton (Kr®) dissolved in saline 1s mnjected
into a peripheral vein or into the right side of the heart. The gas passes through the
pulmonary capillaries into the expired air and 1s detected by an end-window Geiger-Muller
counter at the mouth. Clearance from the lungs 1s virtually complete, so that levels of K
are only shightly above background. However, when a right to left shunt is present, an
injection made proximal to the shunt will result in elevated levels in arterial blood.

Angiocardiography also gives a good indication of the position of the aorta and the
magnitude of the shunt (Chapter 5), as has been shown by Goodwin ez al (1953) and
Abrams and Kaplan (1956).

‘The clinical picture of the typical Tetralogy of Fallot. In moderate or severe cases, dys-
pnoea on exertion 1s the rule, while squatting and syncope are common. There is obvious
central cyanosts, involving tongue and mucous membranes, with polycythaemta, and
clubbing of the digits; these are the signs of the right to left shunt. The remaining signs
are those of the pulmonary stenosis, modified by the presence of the overriding aorta.

The arterial pulse 1s normal or small, while the jugular venous pulse is usually normal,
but 2 small dominant “a”* wave 3 cm above the sternal angle occurs in a mority (25
per cent) of cases (Wood, 1956). The cardiac impulse 15 characteristic, being quiet and
tapping in nature, reflecting the hypertrophy without dilatation of the right ventricle
which is characteristic of the condition. The normal left ventricular thrust is absent. A
systolic murmur 1s present over the right ventricular outflow tract, and is often accom-
panied by a thrill It is due to the obstruction to right chmcular outflow, and not to the

shunt. It begins early in systole, reaches a cr do in mid-systole, and dimimshes m
N - Lo e e B 1, o EEN SR Iydlmmu-
' ’ ' . - -interrup-

. 12) The

intensityland lengt'h of the murmur vary m'versely with !hg pulmonary blood ﬂow', and 1n
patients with a very marked aortic over-ride a_nd ']argc right to. left s‘hunt, or with pul-
monary atresia, the murmur may be umimpressive in lf:nglh and intensity

The pulmonary closure sound 1s frequently 1naudible because of the pulmonary ste-
nosis and aortic override Occasionally 1t may l?e discerned, occurring late, .and of feeble
intensity (Fig. 110a). The aortic closure sound is well heard, since the aortic root is not
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While pulmonary valvotomy, infundibular resection, or shunt operations may still be
required for emergency rehef of extremely cyanotic infants, in older children the treatment
of choice is now complete correction of the ventricular septal defect and resection of the
stenoss under total cardio-pulmonary by-pass (Kirkhn ef al., 1959). This operation aims

at restoring completely the normal h dynamics, and although 1t carries some risk
because of poor development of the outflow tract in many cases, with improved techmques
the procedure is rapidly t ing a satisfactory one especially in patients with lttle

cyanosis. Extensive pulmonary vascular damage of the type described by Rich (1948) may,
however, militate agamst a successful result. Patients who have had previous shunt
operations present special problems.

Pulmonary Stenosis with Closed Ventricular Septum

‘When the foramen ovale is closed, there is no intracardiac shunt, and the effects on the
pulmonary circufation are himited to the obstruction to pulmonary blood flow When the
foramen ovale is open there is no shunt unless the puimonary stenosis is extreme, when
the pressure 1n the right atrium exceeds that in the left and forces open the foramen.

The stenosis is valvular in the great majority of cases, but isolated infundibular stenosis
occasionally occurs, The main pulmonary trunk is always enlarged when the stenosis is
valvular, but the main branches are usually smail The peripheral branches, as in the
Tetralogy of Fallot, are small, but there 15 no tendency for thrombosis to occur. Exuber-
ant bronchial artery anastomoses are unusual. Pulmonary blood flow 1s reduced, and
sincethere is noshunt, the cardiac output is restricted aiso and dependent upon the sevenity
of the obstruction to the pulmonary artery. As far as is known respiratory function is
normal. Pulmonary venous blood 15 normally saturated, and gas diffusion is normal. Tt
is understandable, therefore, that dyspnoea is not necessarily a prominent feature, and
may indeed be only shight 1n quite severe cases. Symptoms are due mainly 1o the effects of
the low cardiac output. tiredness, fainting on exertion, and sometimes angunal pamn  The
cause of the dyspnoea, when 1t occurs, 1s uncertain It can scarcely be chemucal, since the
artenial saturation is normal and hypercapnoea does not occur. The lungs are not con-
gested, or suff (the left atrial pressure 1s normal or low), airway resistance 1s not increased,
and ventik; -perfusion relat hips are normal. The arterial oxygen saturation does
not fall on effort, unfess there 1s a patent foramen ovale and venous blood shunts into the
left atrium, when a small fall may occur, ft may be that the muscular effort of breathing 1s
exhausting in the presence of a low cardiac output, and certainly considerable degrees of
stenosis may be unassociated with any severe symptoms.

Since the ventnicular septum 1s closed, there is nothing to prevent the systolic nght
ventricular pressure from rising above the left. The right atrium, 1n an attempt to assist
night ventricular contraction, hypertrophies and a large atnal pressure wave (“a”™ wave)
develops in the jugular venous pulse. In all but mild cases the “a™ wave 15 promment.

In severe cases the nght ventricular systolic pressure may reach levels of well over 100 mm.
Hg and in extreme cases over 200 mm. Hg. In the latter the right atrial contraction ss
very powerful, and the “a”™ wave towers above the *v” (giant “a” wave) It is in such

cases that the valve of the foramen ovale if unsealed may be forced open and permit a
nght to left shunt,
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irculation are of some interest. Operations for relief of the Tetralogy are of three main
ypes.
1 “Shunt” operations*
(a) Subclavian-pulmonary artery anastomosis (Blalock-Taussig operation).
() Aorto-pulmonary artery anastomosis. (Pott’s operation),
2. Closed pulmonary valvotomy by the ventricular route (Brock).
3. Open operation during total cardio-pulmonary by-pass for closure of the defect
and pulmonary valvotomy.
The well-known Blalock-Tausstg operation 1s followed by considerable modification
n the haemodynamics As a result of the subclavian-pulmonary artery anastomosis the
ulmonary blood flow is improved, the cyanosis and clubbing diminish, effort tolerance
mproves, and squatting 1s abandoned. A continuous murmur is heard m the region of
he shunt, and the arterial pulse may assume a slightly collapsing quality. Cardiac en-
argement may occur, but lung vascularity s not usually altered significantly on radio-
ogical criteria. The night ventricular pressure 1s, of course unaltered, as the pulmonary
tenosts 1s not relieved. Occasionally heart failure may occur if the shunt 1s too great for
he left ventricle to sustamn. Such failure 1s thought to be related especially to patients
vith extreme dextroposition of the aorta (Keith ef al., 1958). Following ditect aorto-
bulmonary anastomosts in older children, the clinical picture may be transformed into
hat of a large patent ductus, cyanosis being virtually absent. A large collapsing pulse
ind loud continuous murmur are associated with enlargement of the left ventricle the
ungs may appear overfilled on X-ray, and the pulmonary blood flow 1s substantially
ncreased by the left to right shunt thus created Ross et al. (1958) have recently reported
hsappearance of the anastomotic murmur and increase in cyanosts due to narrowing of
mall pulmonary arteries, Ferencz (1959) has described rupture of small pulmonary
irteries following shunting operattons, but it is not known 1f such damage leads to arterial
seclusion later. However, Ferencz and Tausstg (1959) have claimed that an anastomosis of
noderate size has a beneficial effect upon the pulmonary vascular bed by causing resolu-
ion of intravascular thrombr
A technically satisfactory infundibular resection 1s followed by greater mmprovement
vhen judged by effort tolerance and disappearance of cyanosts than that obtained from
1 shunt operation, but half the cases with a striking result are converted into cases of
ventricular septal defect, with large left to right shunt and pulmonary plethora. Haf:mO-
iynamic studies have revealed an 1solated left to nght shunt, despite the overriding
rorta; evidence 1n support of the thesis that resistance to night ventricular outflow rather
than the position of the aorta 1s the important factor in determining a right to Jeft shunt
Wood (1958b) reports that 1n such cases the pulmonary artery pressure 1s raised, the nght
ventricular pressure still equals that of the left, and the lated pul y 168
s normal, The Eisenmenger reaction, with balanced pulmonary and systemic resistances
and shunts does not apparently occur (Wood, 1956). The long-term results are better
after adequate direct operatiolr)ls”thlagnsgaf)ter the anastomic procedures, for m many cases
sis closes (Campbeli, a).
the Z‘Iilasctaosx;otreated cn(her bl;' a shunt or by direct operation on the pulmonary valve
show relief of dyspnoea proportional to the increase in pulmonary bloodrﬂ‘;xw, indrecating
portance of diminished pulmonary blood flow in the production of dyspnoea.

the im;
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- T v -~enq and the d “a” wave, her with the more
« . * <-or radiological appearances in the fatter
. . . : . . ¢ ~¢al 1957; Campbell,
1958b).

Fig. 111b shows distinctive photovasee., . tenosis

The radiological and card hic appearances are Uisva,. Chapters 5 and 7

tespectively.

The pressure pulses in pulmonary artery and right ventnicle are those of vabvular
stenosis 11 80-90 per cent of cases, and snfundsbular stenosis in the remainder,

The Tetralogy of Fallot and lone pulmonary stenosis typify the abnormalities of the
pulmonary circulation which occur as a result of obstruction to right ventricular outflow,
with and without a right to Ieft shunt respectively. Cyanotic conditions which may also
be associated with reduced blood flow to the lungs, such as persistent truncus artenosus,
i *e-iovemd atresta, will not be discussed, except mn so far as they are associated with

T e tungs, which will be mentioned below. Conditions such as

+ ricuspid valve (Bngle et af., 1950} have no especial pul-

MONAry CHenialoty wu.. « which differs from that 1 Jone pulmonary stenosts, and
therefore also will not be desctibed.

Unilateral pulntonary stenosis. Aultiple peripheral pulmonary stenoses. An unusnal
type of pulmonary stenosis has been descubed in which obstruction occurs distal to the
pulmonary vaive in onre or more large branches. The abstructian probably takes the form
of a congenital band or stricture. Cardiac catheterzation shows a pressure gradsent be-
tween peripheraf and main pulmonary artenes, and cardiac defects may also be present.
Hypertension exssts in the mam pulmonary arteries proximal to the stricture and a con-
tinuous murmur has been reported at the base of the heart (Gunning 1957; Smuth, 1938).

Effects of Surgicat T) t in Lone Pal ¥y S

Effective pulmonary valvotomy reduces the gradient across the pul y valve,
umproves pulmonary blood flow and vasculasty, and reduces the sice of the heart. The
cardiogram also she« 2omc 0 Ve ce e R iewseoet et gy yougper subjects
(Camphelt, 1959). - )59) may result in a
persistent gradsent ¢ . The mfundibulum
may thus require resection also, which 1s bess performed under cardio-pulmonary by-pass
{McGoon and Kirklin, 1958).

2. BRONCHIAL ARTERY “PULMONARY” CIRCULATION

Enlarged bronchial artenies are found in severe cases of the Tetralogy of Fallot, they
are seen predominantly in cases of pulmonary atresia, tricuspid atresia, and persistent
truncus arteriosus, and have also been found in a case of extra-pulmonary venous stenosis
(Bernstem et of,, 1959). Taussig (1947) discusses the possible alternative routes by which
b!oegl may reach the lungs n cases of complete pulmonary atres:a with closed ductus
arteriosus, Other vessels of the collateral circulation to the Jungs are the anterior and

Ponxeﬁnor { 1 arteries, ph i artery b hes, pencardial arteries and even
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The arterial pulse is normal or small. The cardiac impulse is diffuse and tapping,
indicating right ventricular hypertrophy, which only causes a sternal lift in severe cases

There 15 a systolic thrill over the pulmonary artery area, and a long loud ejection
murmur which extends over the aortic component of the second heart sound. The pul-
monary component is soft and delayed, but can usually be heard (Fig. 110b). The auscul-
tatory phenomena therefore vary in important ways from the Tetralogy, in which, because

TABLE 9
DIFFERENTIAL DIAGNOSIS

Severe lone pulmonary stenosis with patent

Tetralogy of Fallot JSoramen ovale and closed ventricular septum
L. Cyanosts eatly and more severe Cyanosis delayed* less increase on effort
2. Chest deformity not infrequent No chest deformity
3 Jugular venous “‘a” wave small or moderate “Grant” “a” wave
4. Systolic murmur terminates early, and may be Murmur very long and full length (Fig 11b)
soft (Fig. 111a)
5. Single (aortic) loud second heart sound Delayed soft pulmonary closure sound
Pulmonary closure usually inaudible
Radiology
6. Heart not greatly enlarged Heart may be greatly enlarged
Mamn pulmonary artery small or moderately Maimn pulmonary artery usually dilated
enlarged Right atrium prominent
Rught atoium not enlarged
Right-sided aortic arch 1n 25 per cent
Cardiogram
7. Moderate or severe right ventricular hyper- Very severe night ventricular hypertrophy with
trophy nverted right praecordial T waves
Cardiac catheterization
8. Pressures equal in systole in both ventricles Right ventricular pressures higher than left
Aorta often entered from right veatricle ventricle 1n systole
Aorta not entered from nght ventricle
Dye dilution studies
9. Right to left shunt from right ventricle Right to left shunt from right ateium
Argrocardiography
10. Aorta fills before, or stmultaneously with, Left atnium fitls from nght atnum early, and
: pulmonary artery aorta fills from left ventricle

much of the right ventricular blood is dierted into the aorta, the murmur tends to be
shorter, aortic valve closure is louder, and pulmonary closure frequently inaudible A
further difference is that a nghthm_?al (ll‘ourth) heart sound is often heard in severe lone
tenosis but not in the Tetralogy.

Pu@ﬁgii?cissieo:l whether the ventricular septum 1s patent or not 1n cases of pulrpohnta:'y
stenosis may be difficult. The problem anses when cyanosis 1s due either to arng mcs
left shunt across the ventricular septum as in the Tetralogy, or through a patent o;::scd

ovale in severe cases of lone pulmonary stenosis when the ventricular septum is B
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ventricular septal defect and pulmonary stenosis The bronchial arteries were enlarged,
and direct widespread precapillary anastomoses with the pulmonary arterics by vasa-
vasorun were demonstrated. .

An exuberant bronchial circulation was well shown in a child of 12 years whq was
grossly cyanosed, and severely dyspnoeic. Angrocardiography conﬁrmu.i the clinical
diagnosis of both pulmonary and tricuspid atresia, and showed a ngh.t-sndcd.systemw
outflow tract, from which arose a tortuous artery at the level of the right hilum (Fig. 112a).

Fia 112b Post-mortem angiogram of the same patient as fig 112a showing extensive
bronchial circulation The lungs have been injected through the aorta with banum
gefatn muxture, The farge bronchial artertes form the sofe blood supply fo the fungs
(Same patient as fig 71 chap 6)

The patient d to rep d profuse h ses some years later, and post-
mortem confirmed the diagnosis. The pulmonary artery was totally atretic, the Tungs
bewng supplied entirely by hypertrophied bronchial arteries, which can be seen in the post-
mortem angiogram (Fig. 112b). The cause of the haemoptyses was considered to be
rupture of large varicose bronchopul, y artel

p Ty

Detection of bronchial arteries is of some clinical importance, since it suggests that the
pulmonary arteries are rudimentary, or even absent, and that the usual forms of surgical
treatment may therefore not be feasible. For such cases, with absent or trivial pulmonary
arteries, Barrett and Daley (1949) evolved an operation conststing of dusting asbestos in
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anomalpus branches from the coronary arteries, Although enlarged bronchial arteries
can easily be seen, and their onigin traced to the aorta, the exact way 1n which they anasto-
mose with the pulmonary circulation is nearly impossible to determine (Taussig, 1947)
Little 15 known of the haemodynamics 1n the pulmonary circulation in such cases, but
recently chmical and pathological studies of bronchial artery syndromes have imcreased
knowledge of the collateral circulation to the lung. The radiological appearances of
bronchial arterses are described in Chapter S.

Fic _112a Anglocardiogram 1n tricuspid and pulmonary atresia.
The large bronchial artery can be seen ansing from the
“‘aorta” 1n the region of the right lulum

Clinically, bronchial circulation to the lungs may be suspected 1n an intensely cyanosed
subject 1n whom the absence of a pulmonary stenotic murmur and pulmonnq closure
sound suggests pulmonary atresia. A faint high-pitched continuous murmur arising from
the bronchopul ry arterial can be heard aver the chest wall, or dow.vn the
sternal edge. In general, the poorer the pulmonary arteres, t.hc greater the cyanosis and
dyspnoea, and the greater the development of .the bronchial arterics. Indeed, when
pulmonary atresia is present, and the ductus arteriosus closed, hfe is depepdcm upon the
pulmonary circulation provided by broncfual and other anastomotic arteries.

Cudkowicz and Armstrong (1952) studied the bronchxa} circulation at necropsy .b})!'
histological and injection techniques in a case of transposition of the great vessels wit
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any rise in pressure in the pulmonary artery. The blood passing through the pulmonary
veins is fully saturated. The occasional occurrence of slight arterial desaturation in patients
with a left to right shunt and normal pulmonary vascular resistance has been attributed
to failure of full oxygenation owing to such rapid passage of blood through the capillaries
that insufficient time is available for full oxygen saturation to occur. This 15 probably
never the case, alternative explanations being available, which will be discussed later. In
spite of the increased pulmonary venous and left atrial inflow, severe pUImOH%}W venous
hypertension does not occur, unless left ventricular failure is present. If so, the increase in
1eft ventricular fitling pressure which results, produces an increase in left atrial pressure.
But the high levels of pulmonary venous pressure found in mitral disease are seldom if ever
seen.

When pulmonary blood flow is torrential, however, pulmonary arterial hypertension
occurs, the vascular resi nising as the pul y vessels reach their limit of elastic
distensibility. This results in hyperdynamic hypertension, which has previously been
discussed 1n Chapter 4. In such cases, the additional factor of vasoconstriction comes into
play. When the pulmonary blood flow exceeds approximately three times normal (15-20
Titres/min.), further i in flow are accc jed by an increase in pressure. In
some cases, however, the pulmonary pressure is appreciably raised at flow rates below
these figures, indicating that the resistance is elevated This elevation is considered to be
vasoconstrictive rather than organic, because abrupt closure of the shunt with reduction
n pulmonary blood flow can be accompanied by a fall of pressure to within the normal
range (Fig. 5n Chapter 4) The presence of pulmonary vasoconstriction has also been
demonstrated by the effects of oxygen and acetylocholine on the pulmonary circulation
(see Chapter 4), while 5-Hydroxytryptamine has also been shown to produce pulmonary
vasoconstriction in the dog (Rudolph and Paul, 1957).

Pulmonary vascular resistance is esimated by the formulae shown in Chapter 4, p. 11.

Wood (1956) reports that “appreciable reactive pulmonary vasoconstriction occurred
in 25 per cent of 100 critical cases of atrial septal defect, and in 68 per cent of 100 critical
cases of ventricular septal defect or patent ductus™. He defines as critical a defect of
sufficient size to cause a pulmonary blood flow at least three times the systemic flow with
a normal resistance. In his 93 cases which developed the vasoconstrictive reaction, the
pul yr was id in the minority and extreme in the majority (10-30
umits, average 17, normal 0-2) He believes that the vasoconstriction occurs at birth in the
majority of patients who develop 1t. It is not known why it occurs in some cases but not
in others. Certainly Iugh pulmonary flows can exst for many years without appreciable
vasoconstriction, as was shown by a patient with patent ductus arteriosus, who at the age of
49, was found to have a pulmonary blood flow of 25 litres/min. and a pulmonary arteriolar
resistance of under one untt (Fairley and Goodwin, 1959)

Chronic hypoxia, which causes vasoconstriction under other circumstances (Chapters
4 and 8), does not occur in this group of disorders. Neither does appreciable pulmonary
venous hypertension occur, although the pulmonary capiilary venous pressure 15 often
slightly raised 1n large ventricular septal defects. Wood's (1956) hypothesis that vaso-
constriction develops under the sti of pul y hypertension itself 1s an attractive
one.

When extreme levels of pulmonary vascular resistance have developed, the left to
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the pleural cavity, causing extensive adhesion formation, and inviting collateral circulation
to develop through the adhesions.

3. LESIONS ASSOCIATED WITH AN INCREASED PULMONARY BLOOD
FLOW

This group consists of patients with a communication which permits blood to shunt
from the left to the right side of the heart. The normal pulmonary blood flow from the
right ventricle is augmented by blood which has already been through the lungs. The
shl}ntlmay be at caval, atrial, ventricular, or pulmonary artery level, and may be classified
as follows.

1. At caval level:
Anomalous pulmonary venous connection (usually associated with atrial septal
defect).

2. At atrial level :
(a) Atrial septal defect.
(b) Partial anomalous pulmonary venous drainage or connection.
(c) Total anomalous pulmonary venous connection.
(Note that a patent foramen ovale 1s not associated with a left to night shunt.)

3. At ventricular level :
Ventricular septal defect (with or without transposition of pulmonary artery and
aorta).
Single ventricle (without pulmonary atresia).

4, At pulmonary artery level
(a) Patent ductus arteriosus.
(b) Aorto-pulmonary defect.

Shunts at any level may be complicated by transposition or tricuspid atresia. A com-
plete list of malformations will not be attempted, and only those which illustrate specific
alterations 1n the pulmonary circulation will be considered.

H d ics and pul y circulation in left to right shunts. Wherever the site of
the shunt, the circulatory dynamcs have certain features 1n common. In every case the
pulmonary blood flow 1s increased, the size of the shunt often being proportional to the
size of the defect provided that severe obstruction to the pulmonary vascular bed has not
restricted the shunt. The right ventricle has extra work to do in pumping the normal sys-
temic venous return, plus the blood shunted from the left side of the heart, into tl}e Tungs
This load is greatest in atrial septal defect and least 1n patent ductus. The ventricle con-
ates and undergoes hypertrophy. The increased blood fl;)w to the lungs

i ion and excessive pulsation of the main and medium-sized pulmonary arteries,
:‘s:sste Srggfl:::ioi:acases of atrial septal defect. The pulmonary blood flow, when only

t 4 ble vl .
moderately increased, can be acc dated in the y vessels without

sequently dil
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Therefore: R )
Left to right shunt = Total pulmonary artery flow minus effective pulmonary
artery flow.
Raght to left shunt = Systemic flow manus effectsve pulmonary artery flow.

1t follows that when a right 1o left shuni is absent, systemuc flow is equal to the effective
pulmonary artery flow. “Mixed venous™ refers to blood sampled from the cardiac
chamber proximad to the level of the shunt: in atnal shunts from the cavae; m ventnieutar
shunts from the nght atrium, and in aerto-pulmonary shunt from the right ventricle. In
cases with bi-directional shunts, the overall shunt is obtamed by subtracting the smaller
shunt from the larger. The pulmonary-to-systemc fow ratio may be determmed by the
formuta

O, content of artenal blood minus
Pulmonary flow O, content of muxed venous blood
Systemic flow O content of pulmonary vem blood s
O, content of pulmonaty artery blood

Dye dilution techmgues also may be used 1o detect the presence of a left to right shunt,
but do not localize the site unless wmyected 1nto the left side of the heart. An injection mio
the left side of the beart distal to the shunt wilt give a normal curve, but one made at the
site of the defect will show 8 left to right shunt pattern (Swan and Wood, 1957) The
chasactenstics of a left to night shunt are a normal nght-sided appearance time (3bout ix
seconds, depending wpon the site of the injection, a sharp build-up, but a prolonged fall off,
punciuated by r number of smalt humps on its eatly portion, representmg eatly re-circula-
tion due to the shunt). The magnitude of the shunt may very roughly be gauged by the
f ¥ ~wrand of the curve and the slowness of the fall-off {“skewing™). Injections
. Co <7 s and recorded by an ear oximeter do not localize the

e =+ qlso present  Butdye curves made
1 sy L. > . {e value as  sereening test for the
' ' v technigue oo . m be used to supplement the data
- . . St eend, 1980). If dye 15 wmijected into the right
heart and sampreu ... > oimal chamber usmg 4 cuvette densito-
meter, the shunt can belocalized, 101 s corded at the stte of the shunt wall have an
earher appearance tme than that ded from a sy attery Caleulations based ont

the upstroke of the curves have been used to assess the magnitude of the shunt (Russell
et al., 1958). When an addstional night to left shunt is present, the sue of the right to left
shunt ¢an be localized with preck for the ¢f 1stic dye curve will not be obtamned
from an mjection mto a chamber distal to the shunt, provided valvular icompetence 15
absent (Korner and Stillingford, 1955). A simpler method for localizing left-to-right
shunts at catheterzation of 1be night heart has been deseribed by Braunwald ef al. (1959).
Dye 15 injected wnito a vein and sampled from the right heart. Sampling dustal to, but nat
proxunal to, the shunt will reveal s site by a prolonged down sfope of the curve. Fig 154
shows 1 diagrammatic form, dye curves 1o the normal, in Jeft to nght shunts, and bis
direct shunts obtained by injecting dye mto the heart and using the car oximeter
Techniques with foreign gases may also be used fo detect Jeft 1o right shums {Braunwald
et af, 1959} Durmg the inhalatson of an inert foreign gas such as Nitrous oude, the
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right shunt becomes reduced or negligible, and a right to left (reversed) shunt may occur
Thus constitutes the Eisenmenger reaction or syndrome which will be fully discussed later.
Tf\e pulmonqry vascular pattern in congenital heart disease is strikingly different from
that in mutral disease (Doyle er al., 1957) (Chapters 5, 6 and 8). Narrowing of small
PUlmOE = —=imcinm mmd s a0 v e SRR S D : p
evenly (
smalla i L Lo
hypertrophy, and later by occlusion m some cases. The initial constriction could well be
precipitated, as Wood has suggested, by pressure. Fig. 113 shows diagrammatically the
distribution of the vascular pattern, which should be contrasted with that in mitral stenosis
(Chapter 8).

LEFT ATRIAL PRESSURE NORMAL OR
SLIGHTLY RAISED
Large 1 medium sized

A ey 4 3%
dilated < tortuous

(flow++) Arterlotes LA
narrowed No regional - A

difference.
LPV. ML PV

HYDROSTATIC INCREMENT DOES NOT
ELEVATE LPV. PRESSURE ABOVE
WCRITICAL" LEVEL

FiG. 113 Diagram of pulmonary vascular pattern in congenital heart disease.
L PV = pulmonary vein to lower zones
PV = pulmonary vetn to upper zones
L.A. = left atnum

i

=)

The estimation of left to right shunts. The magnitude of shunts can be roughly assessed
by the use of the Fick principle and the formulae of Friedlich et al. (1950)
_ O, uptake ml, per min. x 100
- O, content arterial blood minus
O, content mixed venous blood (Vols %)
O, uptake x 100
O, content pulmonary vein blood mumus
O, content pulmonary artery blood (Vols. %)
Effective pulmonary O, uptake x 100
artery flow O, content pulmonary vem blood munus
0, content mixed venus blood (Vols, %)

Systemic blood flow
(ml. per min)

Total pulmonary
artery flow
(ml. per min.)
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Therefore: . .
Left to right shunt = Total pulmonary artery flow minus effective pulmonary
artery flow,
Right to left shunt = Systemic flow mnus effective pulmonary artery flow.

It follows that when a night to left shunt is absent, systemic flow 15 equal to the effective
pulmonary artery flow. “Mixed venous” refers to blood sampled fmn-{ the cz{rdmc
chamber proximal to the level of the shunt: in atrial shonts from the cavae; in ven}ncular
shunts from the nght atrium, and in aorto-pulmonary shunt from the right ventricle. In
cases with bi-directional shunts, the overall shunt 1s obtamned by subtracting the smaller
shunt from the larger. The pulmonary-to-systenue flow ratio may be determined by the
formula:

O, content of arterial blood minus
Pulmonary flow _ 0, content of mixed venous blood
Systemic flow O, content of pulmonary vem blood nunus
O, content of pulmonary artery blood

Dye dilution techniques also may be used to detect the presence of a left to right shunt,
but do not localize the site unless ingected 1nto the left side of the heart. An injection mto
the left side of the heart distal to the shunt will give a normal curve, but one made at the
site of the defect will show a left to nght shunt pattern (Swan and Wood, 1957). The
characteristics of a left to right shunt are a normal right-sided appearance time (about six
seconds, depending upon the site of the ijection, a sharp butld-up, but a prolonged fall off,
punctuated by a number of small humps on its early portion, representing early re-circula-
tion due to the shunt). The magmtude of the shunt may very roughly be gauged by the
flatness and spread of the curve and the slowness of the fall-off (“skewing”). Injections
made into the right side of the heart and recorded by an ear oximeter do not localize the
site of the left to right shunt unless a right to left shunt is also present. But dye curves made
1 this way using Coomassie blue dye are of considerable value as a screening test for the
presence of a shunt, and the technique 15 simple and can be used to supplement the data
obtained from cardiac catheterization (Oakley er al., 1960) If dye is injected into the right
heart and sampled from another catheter in a proximal chamber using a cuvette denstto-
meter, the shunt can be localized, for the curve recorded at the site of the shunt will have an
earlier appearance time than that recorded from a systemic artery Calculations based on

the upstroke of the curves have been used to assess the magmitude of the shunt (Russell
et al ,1958) When an additional right to left shunt is present, the site of the right to left
shunt can be localized with precision, for the characteristic dye curve will not be obtammed
from an injectton nto a chamber distal to the shunt, provided valvular incompetence 1s
absent (Korner and Shillingford, 1955) A simpler method for localizing left-to-right
shunts at catheterization of the right heart has been described by Braunwald ef al (1959).
Dye is injected into a vein and sampled from the night heart. Sampling distal to, but not
proximal to, the shunt will reveal its site by a prolonged down slope of the curve Fig. 114
shows 1n diagrammatic form, dye curves in the normal, in left to nght shunts, and bi-
directional shunts obtained by injecting dye into the heart and using the ear oximeter.
Techniques with foreign gases may also be used to detect left to nght shunts {Braunwald
et al, 1959) During the nhalation of an inert foreign gas such as Nitrous oxide, the

\\/‘\
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concentration in the left side of the heart or systemic arlery riscs sharply and then levels
off. The concentration 1n the venous system rises more slowly, so that in the absence of
shunts blood from the rlgl}t heart contains a small but constant amount (about 10 per cent)
of the gas erscnt in arterial blood. When there is a left to right shunt, however, the con-
centration will be higher than normal in the right heart blood, and the presence of a shunt
can be gauged from the ratio of gas concentration of right heart blood to arterial blood.
The magnitude of the shunt can be caleulated from a knowledge of the gas content of
venous blood, shunted blood and pulmonary arterial blood. The concentration of gas 1n
the venous blood proximal to the shunt is around six per cent of the arterial level, while the
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nitrous oxide content of shunted blood 15 the same as that of arterial blood. The pul-
monary-to-systemuc {low ratio may be calculated from the formula*

Pulmonary flow _ 1007—R A%
Systenc flow 100%—-P.A. %
where P.A.% = concentration of gas in pulmonary artery blood

R.A.%, = concentration of gas in right atrial blood
100% = concentration of gas in systemic arterial blood (Sanders et al., 1959)

1255 v he used 1nstead of nitrous oxide for easier and faster analysis (Sanders, 1958)
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Pulmonary function in patients with left to right shunts. Pulmonary function 1s usually
within normal limits. There is no impairment of gas exchange, while bellows function,
mixing, and airways resistance are normal. However, respiratory infections and st.:gmemal
atelectasis tend to occur. The lungs might be expected to be unduly stiff and inelastic,
especially when heart failure has occurred, as may happen in children with large ventricular
septal defects. McNetll ef af. (1958) have studied three patients with “ pulmonary conges-
tion”. One had congestive heart failure of unknown cause, one had mitral valve discase,
and the third an atrial septal defect with pulmonary flow of thrice the systemic. In all
three patients the pulmonary capillary blood volume was icreased and 1n the patients with
atrial septal defect and mitral disease the true diffusing capacity of the pulmonary mem-
brane was normal, Fleming (1959), using bronchospirometry, found that the oxygen
uptake of the right lung was greater than that of the left 1n 25 patients with atrial septal
defect, possibly due to preferential draining of the blood from the right lung across the
defect, and to the enlargement of the heart compressing the left lung.

Atrial Septal Defect

Defects may be single or multiple, large or small, and are of three main types. The
persistent ostium primum type overlies the tricuspid valve orifice, the lower margin being
formed by the ventricular septum, and the atrio-ventricular valves, which may be mal.
formed. A common atrio-ventricular canal may be present. There is often a left to right
shunt at ventricular as well as atrial level. The much commoner ostium secundum, or
fossa ovalis defect, lies higher 1 the septum, but may extend down to the inferior cava,
lying astuide the caval orifice, which may empty partly into the left atrium if there 15 a
large Eustachian valve. The third type lies above the fossa ovalis, just below the superior
vena cava (Bedford ef al., 1957). With this type of defect, upper pulmonary veins on the
right side may drain into the right atnum.

A 3 ) .

and pul y ‘When the left to night shunt is small, the
pressure is greater in the left atrium than in the night, but only by a few millimetres of
mercury. When the shunt is large, the pressures are equal, blood passing from the left to
the right atrium by virtue of the greater distensibility of the right ventricle than the left in
the presence of equal filling pressures. The stroke output of the nght ventricle is increased
by the left to right shunt, and the night atrium, ventricle and pulmonary artery dilate The
main pulmonary arteries are usually massive when the atrial septal defect 1s large, strikingly
more 5o than in other types of left to right shunt. The left atrial shunt deprives the left
ventricle of blood, so that its stroke output 1s reduced. The left ventricle therefore remains
small, as does the aorta. The b ion of large pulsating p y artenes, large
right atrium and ventricle, with small aorta, is very characteristic of atnal septal defect
(Chapter 4) Progressive dilatation of the right ventricle leads to a rise in night atral
pressure, and the shunt may reverse, so that a bi-directional shunt then exists. Usually,
however, the left atrial pressure nises also, so that shunt reversal is prevented. The exact
reason for this 1s not known It has been attnibuted to bulging of the hypertrophied
ventricular septum into the left ventricle, obstructing inflow (Wood, 1956). There 1s no
doubt that the right atrial pressure murrors the left, so that the latter can be assessed by
measuring the jugular venous pressure. If left ventricular failure occurs as a result of
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assoctated mitral valve incompetence, for example, the sise in left atrial pressure will
transmitied to the right atrium, and the jugular pressure will rise (Dexter, 1956). Tricusy
insufficiency is common in late cases of atrial septal defect and reflects stretching of t
tricuspid valve ring and right ventricular failure, and may be accentuated by the onset
atrial fibrillatron.

Fleming (1959) has shown that the right Jung carries a greater blood flow thaa ¢
teft, as measured by oxygen ption during bronchospirometry Central cyano
is absent in most cases but arterial desaturation may occur for five reasons-

Frequent+ (1) Streaming of inferior vena caval blood across a sinus venosus defe
Desaturation is shght, and the pulmonary resistance normal: there 1s no *shu
reversal™

Less common: (2) The pulmonary vascular resistance may be greatly increased, wil
increase in pulmonary, night ventricular and right atral pressures leading to shu)
reversal (Eisenmenger reaction).

{3) Severe organic pulmonary stenosis may increase right ventricular pressul
and lead to shunt reversal

(4) A small right to left shunt may result from right ventricular faillure

(5) One of the cavac may enter the left atrium

Cardiac catheterization demonstrates normal pulmonary artery and nght ventricula
pressures in many cases. When the pulmonary blood flow is torrential, there may be hype
dynamic or vasoconstrictive hypertension. In many cases a pressure gradient 1s presen
across the pulmonary valve, but organic obstruction to the right veatricular outflow tra¢
1s not necessarily present. The causc for this is not known. It is not merely due to ver,
high flow, since there is no direct correlation between flow and gradient (McDonald
19358) It may be due to *relative™ stenosis of the valve ning, which has not dilated n
sympathy with the ventricle and pulmonary artery, or to an artefact (Chapter 2). Ii ha
been suggested by Harris (1955) that the form of the right ventricular pressure pulse maj
indicate whether the geadient 1s due to true or false obstruction, When the upstroke 1s
smooth and unbroken to its peak, this suggests valvular stenoss, but when the upstroke
changes slope near the peak, as in the normal pulse, the obstruction may be infundtbular
or artefactual This difference has yet to be confirmed as a usefut differential hagnosti

ointer
P The presence of sharp negative deflections (venturi effects) in systole in the !ast few
pulses from the pulmonary artery before the catheter passes through the valve into the
right ventricle suggests true valvular stenosis. ’

Dye dilution curves demonstrate the left to right shunt from ail right heart chambers
Selective myections from inferior and superior cavae may show a small nght to left shunt,
due to streaming from the mferior cava, through a fossa ovalis defect. Sel.ecnve streaming
from superior vena cava or infertor vena cava may help to predict the site of the defect
(Swan et al.,, 1934); (Qakley et al., 1960) (F;g. 115). Lee and Gimlette (1957) have de-
monsteated a fall in arterial oxygen saturation after the Valsalva manauvre, due to tem-

rary shunt reversal when the obstructed venous return enters the right atrfum.
pe Pulmonary bypertension in atrial septal defect. In 75 to 80 per cent of cases. this is
L-—-ntr‘lmnm;{ enronctrictive: obstructive hypertension occurs only in the minority.
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Indeed many patients have a normal pulmonary arterial pressure, and even in those with
some elevation, the resistance 1s normal. Edwards (1957) states that the pulmonary vas-
cular tree has the characteristics of a low pressure system, the arterioles having thin walls
and wide lumina, and are indistinguishable from the normal. However, tortuosity was
found in post-mortem angiograms n our senes (Doyle et al, 1957) (Chapter 6), and
indicates a high flow.

Obstructive pulmonary hypertension tends to develop as the patient reaches adult
life and may become extreme in the third or fourth decades, when shunt reversal may

both curves.

occur. Patients then become severely breathless and disabled. Examunation of the pul-
monary vascular tree reveals tortuosity of large and medium arteries. and obstruction to
arteioles. The small muscular arteries show hypertrophy 1 proportion to the degree of
hypertension. Focal occlusive lesions with fibrosis of the intima are seen n small arteries
and arterioles. Distal to these lesions, the arteriole widens out. Some arterioles havea thin,
and some a thick, media in assaciation with intimal thickening and occlusive changes

P.crh.aps as Edwards (1957) suggests, those with thin media develop intimal lesions before
sngmf.icam elevation of pressure, and therefore medial thickening, occurs. It is virtually
certain that'medml hypertrophy 1s at least 1n part a consequence of hypertension, and that
a vicious circle of hypertension, medial hypertrophy, and further hypertension occurs
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This 1s common to all forms of pulmonary hypertension (sec Chapter 4) Many of the
small vessels are patent, dilatated and devoid of muscle layers. Presumably these vessels
dilate to accommodate the flow which cannot pass through the obstructed vessels, the
absence of muscle preventing the active vasoconstriction which occurs in other arteries and
leads to hypertension and medial hypertrophy. Evans(1951), and Evans and Short (1958)
have described intimal proliferation, endarteritis fibrosa, and aplasia of the medra in the
muscular arteries in atrial septal defects. They claimed that these lesions differed 1n no way
from those found in other forms of severe pulmonary hypertension. They concluded that
there was an inherent predisposition to arterial obstruction which led to pulmonary hyper-
tension, but recent views do not support this suggestion.

In atrial septal defect the fency for severe pul y hypertension to manifest
itself 1 adult Iife, has already been mentioned. The occlusive changes which develop in
the small pulmonary arteries are often associated with thrombosis, which may be second-
ary to necrotizing arterial lesions. Thrombosis in large or main pulmonary arterial bran-
ches is also well recogntzed in atrial septal defect (Canada et al., 1953; Bedford ef al,
1957) and such large thrombi may arise secondarily to thrombosis in the small t h
or give rise to emboli into the small branches. The reasons for the delayed onset of severe
pulmonary hypertenston and increased vascular resistance are not fully understood.
Perhaps as Dexter (1959) suggests, the high flow and low pressure takes many years to
produce pulmonary vascular disease. Possibly right ventricular failure leads to stagnation
of pulmonary flow which predisposes to thrombosis.

When pulmonary hypertension becomes extreme, the left to right shunt 1s reduced as
the right to left shunt builds up. Some cases may have solely a right to left shunt, and some
virtually no shunt in either direction. Usually, however, a small bi-directional shunt 15
found. Where this complication has occurred the patient enters the category of the Eisen-
menger syndrome, which will be discussed later.

The association of mitral stenosis with atrial septal defect (Lutembacher syndrome}
was at one time thought to be common, for early reports stressed its frequency at autopsy.
However, recent studies during life suggest that it is a rare disorder (Bedford ef al., 1957),
although Espino-Vela (1959) has collected twelve recent cases with autopsy proof

The effect of mitral obstruction 1s to increase the left to right shunt and prevent re-
versal occurring. The left atrial and jugular venous pressures are therefore raised, and both
atria are enlarged. An apical mid diastolic murmur, decreasing on inspiration is present
The pulmonary vessels may be expected to show changes of pulmonary venous hyper-
tension and high pulmonary blood flow and the pulmonary vascular pattern of mitral
stenoss is likely. .

A dogmatic diagnosis 1s difficult to make in life unless there 1s persistent elevation of
the jugular venous pressure, the left atnal pulse is characteristic of.mxtral ubstrycuon, thel:e
15 a diastolic gradient between left atrium and ventricle, caleification of the mitral valve is
seen on X-1ay, or the mutral valve ts found to be stenosed at thoracotomy.A

The clinical picture of atrial septal defect. The uncomplicated large ostium secr;lndmn
defect is characteristic. The patient commonly shows some features of Marfqns syn-
drome, notably long thin fingers and Imbs, and a high arched palate. The art;nal pll‘xlss
is small, or normal in volume, and the jugular venous pulse shows a predomm{;’u}lt v

wave, the “a” wave being normal. The cardiac mmpulse reflects a dilated and hyper-
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dynamic night ventricle, and is diffuse in type, hfting the lower end of the sternum,
Auscultation reveals a widely spht second heart sound, the putmonary component failing
to widen with inspiration, either because the right ventricle is unable to deal with any
further inflow, or because of complete right bundle branch block. An ejection systolic
murmur due to excessive pulmonary flow, 1s commonly heard. A most important sign is
the mid-diastolic or presystolic murmur which is accentuated on spiration and heard
over the tricuspid area, and attributed to torrential tricuspid valve flow. The intensity of
the murmur is sometimes a clinical guide to the magnitude of the left to rght shunt (Fig.
116). A similar murmur, of course, is heard mn organic tricuspid valve stenosis.

A suspicion of cyanosis may be present, but clubbing is absent n the uncomplicated
defect. The mimmal cyanosis is usually due to streaming of venous blood from inferior

vena cava to left atrium (Swan er al., 1954).
P Ert T
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Symptoms are usually slight or absent; tiredness being a particular feature 1n Jarge
defects; it is presumably due to the low cardiac output, Haemoptysis and frequent
respiratory infections may occur.

The radiological and cardi ic app s will be described 1n the appropriate
chapters,

When moderate pulmonary hypertension is present, the pulmonary closure sound 15
accentuated, and the ejection murmur loud and sometimes accompanied by a thrill,

The picture of extreme pulmonary hypertension will be discussed under the Eisen-
menger syndrome

In advanced cases 1n older subjects, congestive heart failure and tricuspid incom-
petence may occur. Cyanosis (partly peripheral) is usually present, and shght clubbing may
oceur. The venous pressure 1s appreciably raised, with systolic pulsation due to tri-
cuspid incompetence. Atrial fibrillation is not uncommon at this stage, and when this js
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present, the venous pulse shows a single systolic pulsation with sharp “y” descent. The
heart is greatly enlarged, and there is usually a pansystolic murmur increasing on inspir-
ation at the tricuspid area, due to the tricuspid incompetence,

When true pulmonary stenosis is present, the systolic murmur over the pulmonary
area is louder and longer, and is usually accompanied by a thrill, while the pulmonary
closure sound is unduly soft and may be greatly delayed. In severe cases the shunt may
be reversed, when the tricuspid flow murmur disappears and cyanosis and clubbing appear.
Then the “*a™ wave in the jugular venous pulse becomes augmented. It must be empha-
sized, however, that pulmonary stenosis of moderate severity 1s compatible with persistence
of a left to night shunt in atrial septal defect.

Anomazlous Pulmonary Venous Drainage or Connection

Partial anomalous drainage. Abnormalities of pulmonary venous dramage are not
uncommon 1n assoctation with atrial septal defect (11 per cent in Bedford et als
series, 1957), but they rarely occur in its absence. Abnormal drainage may be distinguished
from abnormal connection, the former implying flow of pulmonary venous blood into the
right atrium without the vein or vemns necessarily entering that chamber, Anomalous
venous connection imphes that the pulmonary vein is unequivocaily connected to the wall
of the right atrium or to one of the caval vems.

One or more pulmonary veins may drain 1nto the right atrium or superior vena cava.
Thus is particularly common in high sinus venosus defects, and in large fossa ovalis defects
with rudimentary or absent postertor septal rim, so that the right pulmonary veins com-
mupicate with both atna (Bedford ez af., 1957). The latter type ilustrates the difference
between anomalous dranage and anomalous connection. The presence of anomalous
pulmonary venous drainage, of course, contributes to the left 1o right shunt caused by the
atrial defect,

Anomalous pulmonary veins may be of surgical importance, especiatly n the high
supenior caval type of defect (Swan er af.,, 1957). Diagnosis before operation can usually
be made at cardiac catheterization, when the catheter may enter the vein via the right
atrium or supertor vena cava. However, misinterpretation can occur, for the catheter
may pass into the vein after traversing the left atrium across the septal defect and yet appear
to have entered the vein directly from the right atrium. Dye dilution curves can give a
precise answer when there is a right to left shunt from the inferfor cava, for an njection
into a Jower lobe anomalous vein gives an appearance time identical with that from an
injection 1n the inferior cava or lower right atrum, with a small right to left shunt, which
1s absent if the vein enters the left atnum 1 the normal way (Oakley ez al., 1960) (Fig. 117).
Injections into each main pulmonary artery can detect the presence of anomalous veins
dramming one lung, when the appearance ttme from the pulmonary artery of }hls Tung will
be longer than from the opposite pulmonary artery from which dye will pass via the normal
veins into the left atrium (Swan et al,, 1953)

Partial anomalous venous drainage without atrial defect is a rare anomaly, but may
clinically exactly countesfert an atrial septal defect. A fall in arterial oxygen saturation on
effort or on performing the Valsa!va manceuvre may be detected by oximetry, and r;:\:ieal
the presence of a right to Ieft atrial shunt under stress, while selective injections of dye
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into left atrium and ventricle respectively will show a longer appearance time and left to
right shunt from the former, but not from the fatter if there 15 an atrial defect. )

The passage of the catheter from right to left atrium does not, of course, establish the
presence of an atnal septal defect with certainty, sinee 2 patent foramen ovale will permst
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this 10 ocesr Ant appreciable pressure gradient between the atria excludes a large atrial
septal defect but siot a small one

Total anomalous venous drainage, This 1s a sare anomaly and will not be considered
m det:ul.. Anatomically, all the vewns from both lungs enter the right side of the heart,
usually via a pul y vein d g 1110 a persistent left superior vena cava,
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An atrial septal defect 15 obligatory, and the fully saturated blood from the lungs mixes
with the' venous blood in the right atum. The mixed blood then passes through the

and resemble radiologically the appearances seen in atrial SEpial defect. In some cases
the pulmonary resistance is greatly raised as a result of the Eisenmenger reaction. Accord-
ing to Keith er al. (1958), the majority of infants under one year of age have extreme
pulmonary hypertenston, while cases studied at an older age usually have normal pressure
or only slight hypertension.

When all the pulmonary veins drain into the superior cava the diagnosis may be strongly
suspected if the catheter passes from the cava 1nto the veins from both lungs. Dye dilution
curves should show a fonger appearance time from pulmonary artery than from right
atrium; the reverse of the normal situation.

The radiological picture in such cases 1s characteristic, giving the *“figure of eight” or
*“cottage loaf” appearance.

Ostium primum Defect: Persistent Atrio-ventricular Canal

This type of atrial septal defect lies [ow 1n the right atrium, overlies the tricuspid valhe
and has the ventricular septum as its lower margin  When there is also a high ventricular
septal defect and fission of the atrio-ventricular valves, the condition 1s known as a common
atrio-ventricular canal (endocardial cushion defect).

Thas lesion is interesting from the aspect of the pulmonary circulation, for, unlike the
septum secundum defect, severe pulmonary hypertension occurs at an early age. A left
to right shunt 1s present at low atrial and high ventricular levels, and auscultatory evidence
of mitral incompetence 1s common- the heart is usually very large and heart failure
frequent. Mongolism may be associated, and infective endocarditis is not unusual, Many
subjects die 1 infancy.

The reason for the higher levels of pulmonary pressure are not known. Possibly the
presence of mitral incompetence and left ventricular failure precipitate pulmonary vaso-
constriction as a result of left atrial hypertension, and thus an add: 1 vasoconstrictive
influence is added to that induced by hyperdynamic hypertension,

The characteristic cardiographic appearances have already been described in Chapter 7

Ventricular Septal Defect

Defects of the ventricular septum may occur in four main sites: immediately below the
puimonary valve; below the crista supraventriculars and re]atefi to t’he yentricular outflow
tracts; near the inflow tract beneath the septal leaflet of the tricuspid valve; and near the
apex of the septum. The size of the defect exerts a profound effect upon the pulmonary
circulation, and is far more important, in most cases, than its position. From the func-
tiona! standpoint defects may be divided into various categories: X

1. Small defect, less than 5 mm diameter (Maladie de Roger) These patients have no
abnormal features other than a loud pansystolic murmur at the lower left sternal edge due

P
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to the very small left to nght shunt, The pulmonary circulation is normal apart from the
vety small left to right shunt and such cases need no further consideration here.

2 Larger defects, 5~10 mm., assocated with an apprecuable left to night shunt, and
P y plethora. Pul v hypertension is absent, or if present 15 hyperdynamuc in
type. Ttis thought that an opening 10 mm. allows the maxymum flow which the pulmonary
vasgular bed wiil take without a rise in pressure. -

3 Large defects, 10-20 mm., associated with hyperdynamuc and vasoconstrictive
hypertension, Hypertension may be considerable and approach systemic levels, but the
large Jeft to right shunt persists, although there may be a mummal nght to left shunt.
Heart fatture and respiratory smfections are common, and often fatal 1n fancy w this
group.

4? Large defects, 20 mm  or larger with bi-directional shunt, and balanced pulmonary
and systemi i E )

Classes 3 and 4 show considerable overlap-—thus defects smaller than 20 mm. may
show the Fxsenmenger reactton, while larger defects may have severe pulmonary hyper-
tension with persistence of a large left to night shunt, The Eisenmenger reaction does not
apparently occur with defects of less than 10 mm (Selzer and Laqueur, 1951}, and s
usually associated with defects of 20 mm or over.

1t 15 apparent therefore that the } dynamic hazards of ventricular septal defect
are heart faslure and hyperdynamc vasoconstrictive hypertension on the one hand and
the Essenmenger reaction on the other

The origm of the root of the aorta. The aorta may have its ougin entirely from the
left ventricle, may over-ride the septal defect, or may anise from the right ventricle (trans-
position} The orgmal suggestion that cases with an over-riding aorta constituted a
separate group because they exinbited central eyanosis due to a night to feft shunt is no
longer tenable It is the level of the pulmonary resistance winch determunes a night to left
shunt, not the position of the aorta, unless this is grossly dextroposed or transposed {Brot-
macher and Campbell, 1958). This point s well ilustrated by Keuth er af (1958) who quote
the case of a boy of seven years with a large defect well down from the aortic valve without
aortic over-nide, who had equal systolic pressure i both ventnicles and central cyanosis.
In fact thesr patient was an example of the Exsenmenger syndrome without an over-riding
aorta. Another of their cases, a baby of cight months, illustrated the converse. This
mfant had 2 septal defect measurng 10 mm. with 60-70 per cent 2oriic over-ride, yet the
systolic pressure 1n the right ventricle was only 70 per cent of the systemuc pressure, and
apparently no right to left shunt was present  According to Selzer and Lagueur (1951}, the
relation of the size of the defect to that of the acruic ontfice 15 important in determining the
haemodynamics and Sefzer (1954) considered that the pressure differential between the two
ventricles disappeared when the defect was larger than half the aortic orifice

Haemedynamics, The larger the defect the larger the feft to right shunt and the higher
the put y artery f re. This 1s an oversimplification, but a good general rule.

When the defect is enormous, almost amounting to a single ventricle, the systolic pressures
in the two ventnicles are mvanably equal. Under such circumstances the pulmonary vas-
cular resistance must be at systermc level, and a small night to left shunt may occur. Cardiac
catheterization demonstrates a rise i oxygen satusation in night ventnicular as compared

with right atrial blood. A frequent finding 1s a pressure gradient at mfundibular level in
i3]

1
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cases )vith a large defect and considerable pulmonary hypertension. The right ventricular
systolic pressure may be two thirds of the systemic, with a gradient at infundibular level of
from 10-50 mm. Hg, the pulmonary artery pressure still being elevated (Rudolph et al

1954; Eldridge and Hultgren, 19552). 7

The cause olt t.he gradient has been explained as resulting either from organic stenosis
of congenital origin, of from a high flow of blood passing from an enlarged right ventricle
.thmug,h a normal-sized pulm9nary valve. While these explanations are probably correct
in some cases, personal experience suggests that some degree of infundibular obstruction
exists 1n most cases in which a gradient is demonstrated. It1s probable, however, that this
obstruction 15 acquired rather than congenital. In a series of patients whose ventricular
septal defects have been closed during total cardio-pulmonary by-pass at Hammersmith
Hospital, one-third had infundibular obstruction, and one had valvular stenosis which
consisted of a thick mass of hypertrophied muscle 1n the outflow tract (Cleland ef af ,
1958). This infundibular hypertrophy is likely to be part of the generalized right ventricular
hypertrophy occurring with large defects. The obstruction to the pulmonary circulation
thus produced may constitute an important protective mechanism to shield the pulmonary
vascular bed from the effects of high pressure and flow. As will be seen later, it may explatn
why some patients with large defects do not develop the Eisenmenger reaction. The
protective effect of pul ry is has been d rated in a child with a large
ventricular septal defect, right ventricular hypertension, and partial stenosis of a branch
of the nght pulmonary artery. An angiogram showed normal smal! pulmonary arterses in
the left lung, but constricted vessels beyond the pulmonary artery obstruction in the
night lung (Chapter 6, Fig 66).

The left to right shunt in ventricular septal defect 1s revealed by dye dilution curves
Injections made during catheterization of the night side of the heart, however, do not
localize the site of the shunt. Injections of dye into left ventricle and aorta respectively
will reveal the ventricular origin of the shunt (Swan and Wood, 1957).

In cases with transposition, dye dilution curves may be of great value in diagnosis, for
an 1njection into the right ventricle will give a short appearance time if the aorta anses
from this chamber, while from the left ventricle a longer appearance time will be obtained,
as the dye passes into the pulmonary artery and through the lungs (Penido and Swan,
1957). Angiocardiography yields similar information.

Pulmonary hypertension in ventricular septal defect. Defects larger than 10 mm. are
associated with sufficient pulmonary flow to produce hyperdynamic hypertension. In
many cases vasoconstrictive hypertension 1s added, and high pressures reaching systemic

= Tands tn

correlation between the age at death and the size of the de1ect, and 10UL VL Liuat 4o paivires
who died in heart failure had small defects less than half the diameter of the aortic onfice.

In patients who survive infancy with moderate or large defects, pulmonary hyper-
tension is likely to be progressive. Brotmacher and Camgbell (1958) shp\ved in their
series of 25 patients that older patients had highex: pressures in the group with pulmonary
hypertension, but that this was not so 1n the patients with normal pu]r{mnary pressures.
They noted also 2 tendency for the pulmonary arteral pulse pressure to increase with age,

m\:
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which they suggested might be due to decreasing distensibility of the pulmonary vascular
bed Direct evidence in the same patient of a progressive rise in pulmonary artery pressure
with age is scanty, but Adams ef al (1955) reported seven patients who had been shown to
develop a rise in pressure over a few years, and Brotmacher and Campbell (1958) quote 'thc
case of a boy of five whose pulmonary resistance increased from 8 to 23 units over a peried
of seven yeurs X

However, m children the pulmonary aztery pressure may not necessanly rise progres-
sively, for Downing (1959) reported that in patents who had been cathetenized for a
second time after an mtecval of from 17 months to 9 years, only a mmority showed any
rise in pressuse, and in some infants the pressure even felf. His patients were aged 7 weeks
to 17 years. X

The size of the defect relative to the size of the heart may dinmnish with age, the in-
fundibulum may hypertrophy, the defect clase in systole, or the plane of the septum act 1
some way as a baffle to protect the lungs from left ventnicular pressure and prevent further
pulmonaty vasoconstriction, But it is very possible that the pressure tends to rise more
rapdly after the age of 20 years, especially in subjects with an intialy raised pressure. The
probt { progressive ¢h in the putmonary creeutation witl nat be fully understood
until more is known of the evolution of the pulmanary vascular resistance with age m the
narmal subjgect.

Pulmonary hypertension does constitute a hazard, however, since 1t may be progressive,
and a victous circle may be postulated in large defects:

Excessive flow -> hyperdynamic hyperfension - reactive vasoconstriction —
wcreased hy pertension ~> medial hypertrophy of musculer pulmonary arteries —~»
Surther hypertension — further medial hypertrophy — mtimal damege >

organic occlusive changes in small arieries — further hypertension - shunt reversal.

1t 15 unlikely that the presence of sbight artenal desaturation could contribute a hypoxc
vasoconstrictive factor, since n general a right to left shunt 1s the consequence and not the
cause of severe hypertension. Furthermore, Brotmacher and Campbell (1958) found
that the rate of rise of pressure with age was greater in their acyanotic than 1 therr cyano-
e cases.

From the foregoing, 1t might be tuded that the E bal: d
systemic and pulmonary reststanices, with fight to left shunt) 1s of gradual auset over a
penod of years. That ths may occur i some cases cannot be deted, byt the weight of
evidence strongly suggests that 1n most cases the reaction 1s deterouned at burth, as will
be seen Jater

The development of changes 1n the pulmonary vessels in subjects with large defects s
<learly of the first smportance  This problem has been & y p d by Edwards
n the Lewis A. Connor Memoral Lecture for 1957 {Edwards, 1957) He paowts out that a
small defect presents a hugh sesistance to flow through i, and forms an obstruction to the
torrential Row passing at systenue pressure from the left ventricle mto the lungs The large
defect, hawever, alfows free communteation between the ventricles and does not have the
ebstructive features of the small defect The desection of flow through the defect depends
upon the balance b and pul ¥ 1 the blood flowng more
reathly mto the system with the lower resistance, If there 1s no obstruction to flow o the
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lungs (such as inﬂundibular hypertrophy or pulmonary stenosis) with a large defect, the
changes develop in }he pulmonary vessels. Normally at birth, the pulmonary vascula
resistance falls precipitously. If this occurs in a patient with a farge ventricular septz
defect, the lungs will be flooded with blood at systemic pressure, with disastrous con
sequences, and this is probably the reason for heart failure and death 1n very early life
However, a safety mechanism exists, which presumably saves many patients. The pul
monary arterics at birth have thick muscular coats and have the power of maintaining :
high resistance, thus protecting the lungs, and preventing a left to right shunt of letha
proportions.

Dammann and Ferencz (1956) have traced the pattern of the pulmonary vasculay
resistance in patients with large defects at various ages. The resistance tends to fal
towards normal in the first few months of life, and then becomes fixed at a level lowey
than the systemic, but higher than normal. In time the resistance may rise further It i;
during the phasc of falling pulmonary resistance that the danger of death from heart
failure 1s greatest,

Edwards (1957) has found that the pulmonary vessels are normal when the defect is
small, but are always abnormal when the defect 15 large. He has described three types of
pulmonary vascular bed:

1. High resistance—high reserve.
2. High resistance—low reserve.
3. Transitional form.

Type 1 has the characteristic of the normal foetal vascular bed, the muscular arteries
showing thick muscular medial coats, with thick elastic laminae, the arterioles showing
similar appearances, and often well-defined elastic layers also. Intimal lesions are mimmal
In such patients, pulmonary resistance 1s above normal adult levels, as a result of vaso-
constriction. The term high reserve denotes the ability of the vessels to dilate and increase
the capacity of the vascular bed.

Type 21s entirely different, with charactenstic obliterative lesions in the large muscular
arteries due to intimal thickeming and hyalimzation  The small muscular arteries ave mostly
thin-walled and dilated Serial sections show irregular deposition of young comnective
tissue, causing a narrowing and irregulanty of the lumen, Organized thrombi may be
present as a secondary phenomenon This type of vascular bed has been alluded to
already i relation o atnal septal defect, angd the intymal lesions have been described 1
Chapter 6. It has been suggested that the mtimal lesions and dilatations of the vessel \y:xll
are 1n reality arterio-venous communications and that a shunt through these channels is a
contributory cause of central cyanosis. Evidence from dye dilution curves denies this
possibility, and the presence of fully saturated blood in the left atnum indicates that
central cyanosis is not pulmonary n origin.

1n the hugh-resistance-low-reserve type of vascular bed, the atrophy apq dilatation of
vessels is usually distal to areas of obstruction, the obstructive changes giving rise to the
high vascular resistance Edwards considers that the vascular bed has reached the limits
of its capacity, hence the term Jow reserve. . X ¢ 1

‘The high-resistance-high-reserve type 15 considered to represent persistence 0 1 tl:
normal foetal vascular pattern in response to the presence of a large ventricular septa
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defect. The k ve 1ype, by Ep the phication of fong-stand
severe pulmonary hypestension. .

Probably, as Edwards suggests, the former type yields to the latter wilh the passage of
time, for among subjects with Jarge defects, only the high-reserve vascular bed has 1?ecn
found in these under two years of age. This pattern may persist for a considerable time,
but rarely into adult hfe. Nearly always 1n adults with large defects the vascular bed 15 of
the low-teserve type.

The imperstance of nght ventricular outflow tract obstruction. In large defects, when the
jeft veninecle icates with the pul y vascular bed, the patient 15 in great danger
of 1eft ventricular fatture unless some hindrance to torrential puimonary flow ss present
Vasoconstriction and farture of the high foetal pub yr to fall precipitousty at
irth probably saves a number of infants In the absence of this protection, the presence
of pul y st can produce the same effect. If the obstruction 1s moderate, a nice
balance may be struck between the pulmonary flow on the one hand, and the presence of a
right to left shunt on the other. When the stenosis is severe, the lungs are underfilled and

there 1s a large night 1o left shunt, producing a prcture r bling the Tetralogy of Fallot.
Conversely, munumal stenosis will not constitute an affective obstruction to the left veatricle,
But as has been mentioned, many cases do not have pul Y m the d

P

sense, but merely a hyperirophied infundibutum. This hypertrophy may be hfesaving, asis
suggested by the foltowing case A man of 25 had a very large ventnicular septal defect,
measurtng 3 5x3 5com, which was assomated with a grossly hypertrophied infundibulum,
producing 2 gradent of 30 mm Hg across the outflow tract of the right ventricle. The
putl ry valve was p He had a large left to right shunt but had never been in
heart farlure Withadefect of thus size esther early heart faslure or the Eisenmenger reaction
would have been expected. 1t1s postulated that this infundibular hypertrophy protected
tus lungs. Thus concept s the basis of the op proposed by D: and Ferencz
(1956) who suggested that the production of critscal pulmonary stenosis might 1mprove
patients m whom the septal defect could not e closed. By contrast, adult patients are
sometunes seen who fhave a large pulonasy blood flow, but ne pulmonary hypertension
and no wundibular ebstruction. P bly in these patients some other factor, perhaps
the angle of the ventricular-septum or closure of the defect in systole, has deflected the full
force of the left ventucle from the pulmonary vessels so that neither the Eisenmenger
reaction nor heart farture has occurred mn early life.

The ifundibular hypertrophy found wn many cases of ventricular septal defect ts
considered to be acquired durmng the process of ventricular hypertrophy and if this is so, is
not therefore a true developmental abnormality. 1t should be distingwished from the
true mfundibular stenosis which s due to smperfect formation of the infundibulum during
carly foetal hfe.

Clinical features of ventricular septal defect, In the minunal defect (Maladhe de Roger},
symptoms are absent, and the only abnormal physical sign s the pansystobe murmur,

often wrth thrill, which (s heard at the left lower sternal edge. The sole risk, as far as s
known, 15 infective endocarditis

With farger defects, mfancy 1s a particularly troublesome period: feeding difficulties,
slow gain in weight and severe sesp y nfections are After the age of one
year, patients eften improve and 1 childhood effort tolerance may be surprisingly good,
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but physicat development is poor, and respiratory infections are still frequent. The
physical signs are more striking than the symptoms. The pulse is small and jerky in qualty,
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to tight shunt at ventricular level is accompanied by a thrill, and there is an apical mid-
diastolic murmur attributed to excessive mitral valve flow and turbulence (Fig. 118a).
The second heart sound is usually accentnated, and the split wider than normal. An
ejection murmur due to pulmonary flow may be heard, but is often obscured by the murmur
of the defect. There is often bulging of the left side of the sternum

When pulmonary hypertension 15 considerable, the mutral flow murmur 15 shorter and
softer or may be absent. The defect murmur and thriff may be shorter, and the pulmon-
ary closure sound louder (Fig 118¢) The features of extreme hypertenston will be
d d under the Ei ger syndrome.

Pulmonary stenosis is often difficult to detect, but it may be suspected if the pulmonary
closure sound is unduly soft and delayed and an ejection murmur aucdible m the puimonary
area. Outflow tract obstruction due to **acquired” infundibular hypertrophy cannot be
diagnosed clintcaily with certainty.

The radiological and cardiographic features are discussed in Chapters 5 and &,

Associated lesions. Apart from pulmenary stenosis, there may be aortic incompetence,
patent ductus arteriosus, or pul y i p Aortic i p 15 & well
recognized accompaniment, occurring in three of Brotmacher and Campbell’s (1958)
75 patients It 15 usually due to a high (supracristal) defect which deforms one of the
aortie cusps (Scott ef al , 1958). A patent ductus was more common in the Hammersmith
series of patients operated on for closure of the defect than expected, occurning in 10 per
cent. Diagnosis 1s difficult and may be impossible, even with the aid of catheterization, for
the typical contmuous murmur is exceptional, and evidence of an additional left to night
shunt at pulmonary artery fevel often absent. It may be suspected if the pulmonary artery
is unduly large, or if an early diastolic murmur can be heard down the left sternal edge.
But, of course, this can be due to pulmonary or aortic mncompetence (Cleland ez /., 1958)

It has been postulated that in many cases the left to right shunt occurs almost entirely
at ventuicular Jevel, there being httle flow through the duct. Elevation of pulmonary
resistance would reduce the shunt, and abolish the typical signs of patent ductus. What-

ever the cause, patent ductus can be a silent lesion m the presence of a ventricular sepial
defect (Cleland er of, 1958), and may require aort hy for preop ve di
(Chapter 5)

Pulmonary incompetence may result in 2 low diastolic pressure m the pulmonary artery
approuimating to that in the right ventrscle. 1t may be suspected climcally if there 1s a
high-pitched early diastolic murmur down the left sternal edge which mcreases with

Put Y i p occusred 1 19 of Brotmacher and Campbeli’s
(1958) 75 patients, and was well tolerated by the patients,

Complete heart block 1s fess common than 1s often thought, and occurred only in one
of the 75 patients 1n Brotmacher and Campbell’s series. When present 1t suggests the
possibility of corrected transposition of the great vessels.

Shunts at pulmonary artery level

L. Patent ductus arterivsus.
2, Aorto-pulmenary defect.

Patent ductus arteriosus is by far the commoner of these two lestons, The putmonary



264 CONGENITAL HEART DISEASE

circulation does not differ sigmficantly in the two conditions, and only patent ductus
will be discussed further.

Much of what has already been said about ventricular septal defect applies also to
patent ductus, but of course the ductus 1s a normal structure which only exerts abnormal
effccts when it fails to close after birth. Dawes et al, (1953, 1955) showed that a 90 per
cent fall in pulmonary vascular resistance occurs with the onset of respiration, followed
by constriction of the ductus. A left to right shunt, however, persists for from 12 to 48
hours.

In humans the ductus remains patent, with a night to left shunt, for from three hours
to three days in an appreciable number of normal mature infants (Eldridge and Hultgren,
1955b). The pulmonary artery pressure may remain elevated for up to one week after
birth, and this of course tends to prevent closure of the ductus (Rowe and James, 1957).

The reasons for normal closure of the ductus are not fully understood. Dawes (1956)
considers the risc in oxygen tension of the arterial blood to be an important factor 1
causing constriction of the ductus 1n lambs, while Alzamora et al. (1953) showed that patent
ductus was common 1n patients born at high altitudes If hypoxia were responsible for
persistent patency, however, onc would expect to find a higher meidence of patent ductus
i infants with respiratory distress, atalectasts or hyaline membrane disorder, but this 1s
not the case. Damage to the growing foetus by maternal rubelia has an association with
persistent patency of the ductus (and pulmonary stenosis) but the exact relationship to
hypoxia 1s not known (Heiner and Nadas, 1958).

In childhood, patent ductus usually produces little in the way of symptoms, aithough
retarded physical development 1s common. In adults, symptoms such as tiredness and
dyspnoea are usually present after the age of 30 years, Anginal pain may occur {Fairley
and Goodwin, 1959).

In infancy, about 12 per cent develop serious symptoms: failure to thrive, dyspnoea,
respiratory infections and congestive heart faillure (Keith ef al., 1958).

Haemodynamics and the pulmonary circulation. A left to right shunt through the ductus
is the usual rule, the volume being directly proportional to the size of the duct, and -
versely proportional to the pul y vascular resi: which usually falls dramatwally
after birth. When 1t remains elevated, the shunt may be reversed, giving rise to the Enen-
menger syndrome at ductus level.

As a result of the left to night shunt there is enlargement of the major pulmonary
artertes, of the aorta, and of the left atrium. .

Pulmonary hypertension may oceur as a result of four main factors: torrential pul-
monary flow; vasoconstriction; increased pulmonary venous pressure due to left ventri-
cular failure; and obstructive changes n the small pulmonary vessels. These changes
consist of medial hypertrophy and imtimal proliferation (Heath and Whitaker, 1956)

The factors which produce vasoconstriction and later orgamic vascular obstruction arj
presumed to be the same as those in ventricular septal defect and need not be consideret

ain.
o Progressive pulmonary hypertension n patients with a large ductus and high pul-

monary flow is not wnevitable. In a series of 40 adults, the pulmonary artenal pressure
was raised in only nmne of 17 patients in whom it was measu_red, and there was no dglrect
relation between age and pulmonary vascular resistance (Fairley and Goodwin, 1959).
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The size of the ductus is of importance in determinng the course of the disease, and a
close parallel may be drawn with ventucular septal defect. With smail ducts, the lumen 8
such that 1t acts as an obstruction between left ventricle and pulmonary vascular bed, as
with 2 small ventricular septal defect. The pulmonary vessels are protected, and are thus
histologically normal  When the duet 3 targer, and the pulmonary blood flow conswer-
able, there 15 a dangerx of heart failure w infancy, and if infancy 15 survived, of progressive
pulmonary hypertenston due to teactive vasoconstriction, followed by medial hyper-
trophy and sntimai changes i the small vessels. In thus group, as with the large ventri-
cular defects, the pulmaonary artery pressure may tend to rise with age, although as has
been mentioned, this does not always happen. In many such patienis, pulmonary hyper-
tension 18 labile, for at thoracotomy compression of the ductas often causes a dranatic
fall in pulmonasy astery pressure. The pressure, however, may rot fall of orgamc pul-
monary vascular disease 15 advanced, and some hypertensive patients have a small nght 1o
feft shunt in addation to the left to night shunt  Finally, the very large, wide ductus results
in the ungs being in communication with the left ventricle, and is usually assaciated either
with heart fatlure 1n mfancy, or with the development of the Eisenmenger reactton, where
pulmonary artery and aostic pressures and resistances ase batanced and the shunt reversed

Cardiae catheterization reveals a tugher oxygen saturation s the pulmonary artery
than right ventricle, and the ductus may be entered with the catheter in many cases if the
left pulmonary artery is probed. The catheter then passes down mto the descending aorta.
Herein lies an smportant distinction from an aortsc-pulmenary “window”, for when the
catheter has passed through the “window™ 1t ly enters the ding aotta, thus
passing upwards and not downwards.

Qceasionally samples from the night ventecle are also more ighly saturated than
mxed venous blood, as a result of assocrated pulmonary incompetence, so that a ventri-
cular septal defect may be simufated

The pulmonary artery pressure 1s ustally well below that of the aorta, and often normat.
Tn patients with Jarger ducts, however, 2t may approach or reach gortic lavels, when inter-
muttent shunt reversal may accur. Shepherd ef of. (1954) have deseribed altesations 1w
the shunt through the ductus 1n systole and diastole in a patient with bi-dicectional shunts,
the oxygen saturation in the pulmonary ariery bemng lugher in systole than i diastole,

showing that the feft to right shunt was greater in systole

Indicator dye diution studics show a left 1o night shunt at all levels m the right nide
of the heart and putmonasy artery, If reversal of fiow is bceurring, the nght to feft shunt
will also sppear 1 curves made from njections from alf night heart chambers, and put-
monary artery, and will thus indicate that the shung 1s at putimonary artery level

Associated lestons Keth er af (1938) list esght associated lesions found m 28 chiidren
when ducts were closed surgically The were won of the
aofta, and ventricalar septal defect  Pulmonary stenoss with patent ductus has been
reported by Heiner and Nadas (1958) i chldren with extra-cardiac congenial anomalies
due to tubella. Bonham-Carter et al. (1955) reported eyght patients wuh co-existing
aortic valve disease, 1n two of whom there was a tustory of maternal rubella,

Co-arctation of the aorta does not sigmiicantly alter the haemodynamcs unless the
ductus 1s wserted distal to the co-aretation and the pressare 1 1he aorta below it 1s less
than mn the pulmonary artery, s that blood shunts from pulmonary artesy o porta.
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Ventricular septat defect with patent ductus has already been discussed. Pulmonary
stenosis, if of any severity, reduces the pulmonary vascular resistance and favours the
left to right shunt. Tt does not protect the lungs as in ventricular septal defect, for the
shunt occurs distal to the obstruction,

The clinical picture of patent ductus arteriosus. Patients are often small for their age.
The classical cardiovascular signs are present: increased pulse pressure, water hammer
pulse of good volume, hyperdynamic left ventricle, and continuous murmur (and often
thrill) maximal at the base of the heart over the pulmonary artery. There is commonly
some enlargement of the right ventricle, but this never marked unless pulmonary hyper-
tension or stenosis 1s appreciable. The second heart sound is usually well heard, and the
pulmonary component 1s loud if pulmonary hypertension 1s present. The spht 1s normal
or shightly widened. A rumbling apical mid-diastolic murmur, attributed to torrential
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mitral valve flow, is the rule in most cases. The ductus murmur is maximal in late systole,
when flow between pulmonary artery and aorta is greatest, .and diminishes m dastole
when flow is less (Fig. 119). In infants the diastolic murmur js frequently absent, only a
murmur being present.
sysz{’\}'ll::en pulmonary%l;pencnsfon 1s constderable, there is a marked parasternal Iift, du!i'
to night ventricular enlargement and the pulmonary closure sound 1s loud. Thq apica
mid-diastolic murmur may be soft and short and n some cases thg charactenstic con-
tinuous ductus murmur is replaced by short systolic and early dlgstolxc murmurs, bgcau[se
the left to right shunt has been re%qced byl' pulmonary hypertension, and is insufficient to
i cardiac cycle.
glve\S}::ﬂ:;l;lf):?;g::g:;;l;eis prcsent,y(he pulmonary closure sound is soft and dela).'ed»
but the syls’tolic murmur of stenosis may be obscured by the ductu.sbmur{n;r;]t’rl;fhx:gf
ventricle is enlarged. Proof of pulmonary stenosis may not be possible without c:
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ization, which shows a gradsent across the pulmonary valve. False gradients and acquired
infundibular hypertrophy do not apparently occur in patent ductus._ . .

The cardiographic and radiological appearances have been discussed in previous
chapters.

Some Rarer Forms of Congenital Heart Disease associnted with an Increased
Palmonary Bleod Flow

‘This group includes transposition of the pulmonary artery and aorta, which may be
assoctated with shunts at atraal, ventricular or duct level, or with tricuspid atresia. Other
conditions are persistent truncus arienosus, i which large “pulmonary artenes” arise
directly from the single outflow tract, and aorto-pulmonary “window”, i which there is
a fistufa between the great vessels at the root of the aorta. In persistent truncus bronchial
arterses may also be well developed, but less so than i patients with extreme reduction 1
pulmonary blood flow.

In plete transp n the put y artery anses from the Jeft, and the aorta from
the right, veniricle. Several different types of shunt may occur, in order to cross the two
crculattons  There may be a right to left shunt through a foramen ovale or atrial septal
defect, and also through a patent ductus, When a ventuicular septal defect 1s present, the
shunt ts usually from right to left, but may be bi-directional. In most cases the lungs are
markedly overfilled and the pulmonary arteries enlarged There are no other special
features relevant to the pul y creul Transposition may, h , be d
with reduced pulmonary bloed fiow, either as a result of asseciated pulmonary stenosis
{Cleland et al , 1957) or of the Eisenmenger reaction. The former condition resembles the
Tetralogy of Fallot climeally, with certamn important differences

Cardiac catheterszation shows identical oxygen saturations in the right ventricle and m
the aorta. The aorta 13 easily entered by the catheter from the right ventnicle, but the
pulmonary artery ss difficuit to enter. Dye dilution curves assist diagnosis by showsng a
rapid appearance time and left heart type of curve from an snjection 1n the right ventricle
{Penido and Swan, 1957, Oakley et al., 1960).

Angrocardsography, however, 1s the most helpful dagnostic sethod (Chapter 5)

The degree of dysproea and cyanoss 1s usually proportional to the pulmonary blood
flow wn patients with several compensatory anomathies and a high putmonary flow, who may
be surpnsingly tolerant of exertion and only shghtly cyanosed,

THE EISENMENGER SYNDROME

Thrs eponymous term owes ifs inception to a case of large ventricular septal defect
and overndimg aorta described by Dr. Victor Eisenmenger 1n 1897, For many years the
term was used to label patients with anatomucal over-riding aorta and a large ventricular
septal defect, but without pulmonary stenosis, and it was thought that such patients, who
were 'usual!y cyanosed, constituted a distinet type of ventricular septal defect, The fallacy
of this view was suggested by Sclzer and Laqueur (1951), who pomted out that uncomph-
cated ventricular septal defect and the Eisenmenger type were merely different degrees of
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the same developmental abnormality, and that the latter was always associated with a
large defect and usually with balanced systemic and pulmonary arterial pressures. Brot-
macher and Campbell (1958) showed that, unless the aorta arises entirely from the right
ventricle, the presence of a right to left shunt and central cyanosis depends entirely upon
the relative pressures in the two ventricles, and not upon the position of the aortic root.

Wood (1958b) has shown that the syndrome consisting of extreme pulmonary hyper-
tension with right to left shunt presents a similar clinical picture whatever the level of the
shunt. He has proposed that the term Etsenmenger syndrome should be retained for such
cases, and used to describe a haemodynamuc rather than an anatomical anomaly The
principal lesions which were associated with the Eisenmenger syndrome in his series are
hsted below.

Frequency of Total Site
Duagnosis Eisenmenger  number of [
syndrome cases shunt

Patent ductus N 16% 180 Pulmonary/aortic
Aortic pulmonary “window"’ 60% 10 } It
Persistent truncus arteriosus . 1009, 4 Pulmonary/aortic
Complete or corrected transposition (with VS D) 66%, 15
Single ventricle 100% 6 Ventncular
Ventricular septal defect (V.S D) . . 16% 136
Ostiam primum defect or atrto-ventricular canal 439 21 } Atrial
Atrial septal defect 6% 324 1
Tatal it 'y venous di £ 172 6

(Modified from Wood, 1958b)

Of major interest are the commoner lesions causing shunts at qmal, venmcu!ar and pul-
monary artery level, and the Eisenmenger reaction will be considered in relation to atrial
septal defect, ventricular septal defect and patent ductus arteriosus. . .

It will be seen from Wood’s figures that the Eisenmenger reaction is three times as
common in ventricular septal defect and patent ductus as in atrial septal defect. Further-
more, it seldom, 1f ever, occurs unless the abnormal communication 1s large  The mini-
mum size 1 his 53 autopsy cases was 0+7 cm., 1-5 em., and 3 cm for aorto-pulmonary,
ventricular, and atrial communications respectively. The Eisenmenger syndrome occurred
in 50 per cent of patients with large patent ductus and large ventnicular septal defects
Finally, the age of onset was m nfancy i around 80 per cent of cases of ductus and ventri-
cular defect, and m adult hfe 1n 90 per cent of cases of atrial defect bebaviout

These figures show conclusively that there 15 a sharp difference between thev 151 avlloun
of shunts at ventricular and pulmonary artery level on the one hand, and at atrial level o
the other, in respect of the Eisenmenger syndrome.
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The Genesis of the Eisenmenger Syndrome

In order to discuss this difficult problem 1t is y to ider the pul ry
circulation in the foetus and in early infancy.

Wood (1958b) estimates that the foetal pulmonary vascular Tesistance at birth must be
extremely high, about 500 units, because the pulmonary blood flow 1s exceedingly small,
and the pulmonary artery pressure equal to that of the aortic at around 50 mm. Hg. In
the newborn infant the pul e1S P bly the same as the systemuc, for
the ductus regularly shunts from nght to left durmg the first three hours of hfe (Eldndge
and Hultgren, 1955b) The lungs are functional at this time, and the cardiac output is
approximately 0-5 litres/min, (Prec and Cassels, 1955), so that the pulmonary resistance
probably falls to 100 units, assuming that the pulmonary flow has increased four-fold and
the pressure remains unchanged.

The amazingly high pulmonary vascular resistance at birth may be due to coiling and
kinking of the pulmonary vessels in the non-aerated foetal lung. Such vessels would
presumably be highly resistant to flow, but their resistance would be expected to fall as
the lungs expand, and the vessels uncoil (Dawes, 1939). The blood flowing through the
vessels would force them to dilate, and they may thus be likened to erectile tissue. Jaykka
(1957) has claimed that the capillary vessels when distended with blood help to hold out
the alveoli and expand them to their proper extent, although recent views incline to the
opinion that the lungs expand as a result of external and chemical stimuli, and that the
alveoli then open, the capillaries unfold, resistance falls and the capillanes become filled
with blood (Lancet, 1959). But Bonham-Carter ef al. {1956) have shown that a ligh central
venous pressute 1s beneficial to irumature newborn babies, and have suggested that a2 lugh
cardiac output 1s necessary to drive blood through the hugh resistance pulmonary vascular
bed, dilate the capillaries, and open up the alveoll. Hypcxla at this stage seems to be a
vital factor, which tends to Ty It impede the flow of blood
through the lungs, and therefore hmderadequate alveolar function. Impatred alveolar func-
tion would lead to further hypoxia, so that a vicious circle mught be set up  But usually,
with good 1nitial breaths, the lungs expand well, the vascular resistance falls, and the lugh
cardiac output forces blood through the vessels, which dilate so that the resistance falls
still further. The ingh output 1s probably due largely to a transfusion of blood from the

placenta to the baby in the third stage of labour (Gunther, 1957) Lind and Wegelus (1956}
have shown a stepwise diminution 1n heart size during the first two or three breaths which
would be consistent with a fall in mitial high right amal pressure and venous return as the
lungs expand and the pul ry vascular r

Certainly, the fall m pulmonary vascular resistance at birth seems to be closely as-
sociated with expanston of the lungs The suggestion that the extreme resistance 1n the
foetus is due to hypoxic vasoconstriction 1s sternly criticized by Wood (1958b) on the
grounds that the resistance can fall equally rapidly if the lungs are inflated with mitrogen
(Dawes et al, 1953) But possibly the high right atrial and ventricular pressures, and the
high cardiac output are sufficient to overcome vasoconstriction. In any event, expansion
of the lungs must p bly reduce by its ling effect on the vessels, as
already mentioned.

When the pulmonary vascular resistance has fallen sharply to systemic levels, it
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rcmaips there temporarily, and falls to normal levels slowly (Wood, 1958b). The reason
for this delgxycd fall may be the thick muscular media of the pulmonary arteries, which have
developed in response to the systemic pressure to which they have been subjected (Edwards,
1957; Wood, 1958b). The thick media also suggests that they are in a state of active
vasconstriction (Edwards, 1957), Only a small amount of the blood which leaves the right
ventricle of the foctus enters the pulmonary vascular bed, most of it being shunted through
the ductus into theaorta In order for this shunt to occur there must be a high resistance to
flow tn the pulmonary vascular bed. Therefore pulmonary hypertension with right to left
shunt 1s the normal situation in the foetus. This is exactly the definition of the Essenmen-
ger syndrome, It will be remembered that the “high resistance—high reserve” pulmon-
ary vascular bed described by Edwards (1957) in patients with large ventricular septal
defects and severe pulmonary hypertension is very similar to that of the normal foetus.

It follows that the pulmonary lature in the E ger syndrome is almost
identical with that of the normal foetus, until secondary occlusive changes and mtimal
necrosis have occurred 1n the former. Heath (1959) has shown that the elastic laminae
in the large elastic pulmonary arteries are compact and dense, as in the aorta, 1n cases
which the Eisenmenger reaction has been established from birth

1t is necessary to seek the reasons why, 1n certain patients with abnormal communi-
cations at pulmonary artery, ventricular, or atrial level, the pulmonary resistance fatls to
fall and the vasculature to change to the adult type.

According to Wood (1958b) the situation in the normal infant is as follows: increased
alveolar oxygen tension promotes vasodilatation, which 1s met by increased flow from
aorta to pulmonary artery, and this flow tends to maintain pulmonary artery pressurc at
systemic level. When the ductus closes, the flow 1s reduced, and the hyperdynamic factor
1s removed The pressure 1n the pulmonary artery therefore falls, and vasoconstriction
diminishes From then on the muscular medial coats of the small arterioles gradually
nvolute, reaching the adult type in about three months (Edwards, 1957).

The importance of the cessation of high pulmonary flow gives the clue to the Eisen-
menger syndrome. If an abnormal defect 1s present which permits a pulmonary flow
large enough to mamtamn pulmonary artery pressure at systemic level, the foetal type of
pulmonary vasculature persists and the Eisenmenger syndrome 1s established. It does not
matter whether the defect 1s at pulmonary artery or ventricular level

This explains why the defect is always large, and why the Eisenmenger reaction 1s
usually established at birth (Wood, 1958b). .

Clearly the size of the defect 15 critical, and some intermediate cases occur 1n which
the foetal vasculature only partially volutes, giving rise to a high pulmonary vascular
resistance associated with a high flow and sometimes mintmal night to left shunt For
some reason, all cases with a large defect do not develop the Eisenmenger syndrome, and
many patients are overwhelmed by the torrential pulmonary blood flow and die shortly

after birth. . X
Fig. 120 shows the pulmonary blood flow and pressure in 42 cases of congenital heart
disease. Most of the patients fall into two definite groups: high ﬁow'wnh k’fv pressure,
and low flow with high pressure respectively Most of the latter are in the Eisenmenger
re are, however, some cases ntermediate between the two groups, which

ategory. The)
20u1§:l l?e, described as “partial” Exsenmenger syndromes.
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The true Eisenmenger syndrome requires more precise definition, for patients with
large left to night shunts, equal sy ic and pul ry artery p and i 1
arterial desaturation are not infrequently seen. They come within the present definition
of the syndrome, but represent a different haemodynamic situation. Moreover., these
patients can sometimes be successfully treated by closing the defect, in contradistinction
to the true Eisenmenger syndrome. The following exact definition 1s therefore proposed:
““The Eisenmenger syndrome: severe pulmonary hypertension with balanced systemic and

1 y vaseular resi central cyanosis, and a trivial or absent left to right
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shunt.” The latter portion of the definition would also cover cases of atrial septal defect
with pul Y rest Tower than sy

The Eisenmenger Syndrome in Atrial Septal Defect

The sharp difference between imcidence and age of onset of the syndrome in atrial
dcfgcts and venmcu!ar defects and patent ductus has yet to be explained. Wood (1958b)
believes that there is no interatrial shunt during the critical neonatal period, posstbly
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because the right ventricle 1s powerful and dominates the left and exerts a high resistance
to filling. As has already been mentioned, the shunt from left to right atrium occurs chiefly
because of the lower reststance to filling of the right as compared with the left ventricle.
In carly neonatal hife reststance to filling and diastolic tone are balanced m both ven-
tricles

If no interatrial shunt exists at this time, there 1s no reason why the pulmonary vascular
bed should not invelute normally, and Wood considers that this involution occurs before
any appreciable left to right shunt 1s established between the atna.

But it is difficult to understand, 1f this reasoming 1s correct, why the Eisenmenger
syndrome ever develops m atnial septal defect. A number of cases continue to have a very
large pulmonary blood flow for many years, and die from congestive heart farlure, without
cxtreme pulmonary hypertension. In the small number of cases 1n which the syndrome
develops, it docs so presumably because the hyperdynamic hypertension causes damage
to the pulmonary vessels before complete involution of the pulmonary vascular system
has occurred, or, as Dexter (1959) suggests, the high pulmonary flow leads to right ven-
tricular farlure which causes stagnation and thrombosis in the pulmonary vessels Inttmal
fibrosis and thrombotic lesions develop subsequently.

The protective influence of right ventricular outflow tract obstruction has already been
mentioned, and 1t is particularly interesting that pulmonary stenosis never seems to occur
in the Fisenmenger syndrome. Because of this, Dammann and Ferencz (1956) have
adopted the practice of producing pulmonary stenos:s tn order to reduce the pulmonary
hypertension and initiate involution of the pulmonary vascular bed The operat:on must,
of course, be performed before sccondary occlusive changes have occurred in the vessels

Cardiac Catheterization in the Eiscnmenger Syndrome

Catheterization reveals balanced pulmonary artery and systemuc pressures and re-
sistances (Fig. 121} There 1s usually a small bi-directional shunt present and the site
reveals the level of the defect. In cases of patent ductus, the catheter frequently enters
the aorta from the pulmonary artery, for the duct 1s wide and short. When the defect 1s at
ventricular level the catheter may pass into the aorta from the right ventricle. The pul-
monary capillary wedge pressure is invariably normal, except i cases of total anomalous
pulmonary venous dramage.

Indicator dye dilution curves will show usually a definite right to left shunt but may
fail to reveal the left to right shunt The double humped curve characteristic of a night to
left shunt can be scen when the dye 1s tnjected into a chamber proximal to the site of the
defect, but not in one distal to st. In this way, the site of the defect can be determined
(Oakley et al , 1960) (Fig 122).

Clinical Features

In cases of patent ductus and of ventricular septal defect, mild cyanosis may be re-
but 15 often not appreciated. Clubbing 15 shight, but both cyanosis and
ked in Wood’s (1958b) cases of ventricular septal defect than of
variable. Effort intolerance is often only shght or moder-

cognized early,
clubbing were more marked 1n
patent ductus. Polycythaemia is

ate

e,
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Other symptoms include haemoptysis, angina, and syncope Haemoptyss is related
to pulmonary thrombosis and infarction, and angina and syncope to low cardiac output
Congestive heart fatlure may occur terminally.

L0Y
~

] - -
»

Fia 121 Balanced pulmonary and systemic (aortic) pressures in the Etsene
menger syndrome
(g) Ventricular septal defect (Catheter passed nto aorta from nght

ventru
(B} Patent ductus (Catheter passed into aorta from pulmonary artery
(PA) through ductus )

The p'hysical signs are those of considerable pulmonary hypertension and have been
outhneg in Chapter 4. The jugular venous pulse usually shows a moderate “a™ wave,
except in atral defects, when it may reach larger proportions. A large systolic wave from
"12\:;131(1 incompetence oceurs in a small proportion
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The arterial pulse is small or normal and the cardiac impulse usually tapping and
difluse, but there may be a parasternal lift in patients with atrial septal defect, due to

; o
I
|
h |- [o I
E 3
S E I SRENA
innean
= =1 g ~
Y]
TINTEL
R =

shown

i i i i i Iy heard together with 2
i i e right ventricle, A right atrial gallop is commonly '
dﬂlam:n(::l‘;g (?tolicgejecticn murmur and click. The second heart.sound is loud, and very
g:r;rc‘:wly sph'); except 1 some cases of atrial defect, when the split may be wider.
s
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The site of the defect is sometimes difficult or impossible to determine at the bedside.
Certain pointers, however, may be of value. A history of Iate onset of cyanosis, especially
in a female, favours an atrial defect, as does the presence of arachnodactyly or other
stigmata of Marfan’s syndrome. A history of maternal rubella favours a patent ductus.

Patent ductus arterrosus with the Eisenmenger reaction may sometimes be'rcadrly
diagnosed clinicatly by the ph of diffe tal is and clubbing Since the
duct enters the descending aorta, unsaturated blood from the pulmonary artery tends to be
deflected to the lower extremity, while oxygenated blood from the left ventricle passes to
the head and neck. Hence the toes may be blue and clubbed, but not the hands. The
differences are often not striking, and arterial samples from brachial and femoral arteries

FiG 123. Differentral clubdbing {toes only) mn patent
ductus with reversed shunt (Etsenmenger type).

may be required to show the higher oxygenation n the upper extremity Occasionaily
desaturated blood may pass into the left sublavian artery, giving rise to cyanosis in the
left hand. Peripheral cyanosis in the feet due to cold may be excluded by camparing the
hands and feet after immersion 1n a warm bath (Fg. 123)

Needless to say, when the ductus shunt is reversed, the typical murmur disappears
completely

Narrow splitting of the second heart sound occurs in both patent ductus and ventricular
septal defect, but wide splitung is not uncommon in atrial defect, and is often fixed The
second heart sound therefore is of some value in distinguishing atrial septal defects from
patent ductus and ventricular septal defects,

The radiological features are described i Chapter 5, and the cardiographic signs in
Chapter 7, while prognosis has already been mentioned in Chapter 4.
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The Effect of Drugs and (')xygcn on the Pulmonary Circulation in Pulmonary
Hypert duc to Congenital Heart Disease

Several drugs have been used in an attempt to lower pulmonary artery psessure and
resistance, but with fittle success. Doyle ef al. (1957) reported that hexamethonium failed
sigmficantly to lower the pulmonary resistance in seven patients with severe pulmonary
hypcrl;nann, six of whom had a reversed shunt. However, in one case the artertal oxygen
saturation increased very slightly (four per cent) (Fig. 124)
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Rudolph er al. (1958) reported that priscoline failed to lower pulmonary vascular
resistance in eight patients with severe pulmonary hypertension and lone left to right
shunts, and produced only a slight fall 1 one other patient. However, Blount and Grover
(Blount, 1959) have reported a selective fall i pulmonary arterial pressure, with increase
in the left to night shunt in a 13-month-old infant with a ventricular septal defect and
pulmonary hypertension 1t is possible that young children and infants may be more
responsive to drugs than older children and adults, .

Wood (1958b) has been unable to produce any pulmonary hypotensive effect with
acetylcholime, priscoline or ammophyllne in patients with the Eisenmenger reaction over
the age of five years, This contrasts strikingly with the ready fall in pulmonary resistance
which he has reported in patients with other forms of pulmonary hypertension and which
has been discussed 1n Chapter 4. Measurements of changes of pulmonary pressures and
shunts in acute observations are exceedmngly difficult to make with accuracy, however,
owing to the large number of vanables mnvolved. ’

Acetycholine has, however, beenshown b}" Shepherd et al.(1959) to dilate the putmonary
vessels in patients with pulmonary hypertension due to atrial and ventricular septal defects.
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Edwards (1957) has reported a fall in pulmonary vascular resistance in infants under the
age of two years on breathing oxygen. By contrast, Burchell er af. (1930) were unable to
lower the pulmonary artery pressure or alter the shunt with 100 per cent oxygen in aduits
and in children over the age of five years, although inhalation of ten per cent oxygen raised
the pul resi and i d the right to left shunt, in certain cases {Burchell
et al., 1953).

In congenital pulmonary hypertension medical measures to lower the pulmonary
resistance produce inconstant and varable effects in acute observations, Personal ex-
perience of attempts 1o treat patients on a long-term basis with pniscoline, aminophylline
and ganglion blockmg agents has been extremely disappointing. Four adult patients and
one child with the Eisenmenger syndrome were treated for periods of from three months
to two years with ganglion blocking agents. There was no reduction in dyspnoea or

cyanosis, and no increase mn arterial oxygen i The venous p did not
fall, and the cardiogram showed no regression of right ventricular hypertrophy.
It must be admitted therefore, that at the medical d d to open~

ing up the pulmonary vascular bed in this type of congenital heart disease is likely to be
meffective, at least over the age of five years.

The Place of Surgery in the Treatment of Congenital Lesions with Left to
Right Intracardiac Shunts and Pulmonary Hypertension

Sufficient has already been said to indicate that, whatever the level of a left to right
shunt, patients are in danger of heart failure, and of progressive puimonary hypertension,
which 15 jnitially hyperdynamic, subsequently vasoconstrictive and finally obliterative.
These dangers occur at different apes; in large ventricular septal defects and patent ductus
arteriosus, there 1s danger from heart faiture in the very early days of life if the Eisenmenger
reaction has not become established at birth. If it has, secondary irreversible obliterative
changes in the pulmonary vascular bed oceur, and after the age of five years the situation
may be ureverstble. In atrial septal defects the dangers come later, usually in early ot
middle adult Jife. Abolition of the shunt, while the pulmonary vascular bed is still capable
of dilatation, can restore the pulmonary circulation to normal, by cutting off the sumulus
10 iction of high p and hgh flow, This is well shown by the fall in
pulmonary artery pressure to normal or near normaf in many patients with patent ductus
arnteriosus, when the duct 18 ued (Elis e al , 1956).

When pulmonary hypertension 1s sfight and pulmonary biood flow considerable,
closure of the ductus carries a very low operative mortahty, araund © 5 per cent. When
pulmonary hypertension 1s present, the risks are higher, being very roughly proportional to
the severity of the hypertension Ellis et al. (1956) have reviewed the reported cases of
patent ductus with pulmonary hypertension. Their figures are structive, When the
systohic pulmonary artery pressure was between 40 and 60 mm. Hg. the operative mortality
was four per cent; when the pressure was between 60 and 90 mm Hg, the mortahty was
19 per cent; and when greater than 90 (that 15, near systemie fevel), 1t was 31 per cent.
Whete anght to feft shunt was present, the death rate was 56 per cent. There were five
deaths in their 30 cases, all in patients with a night to left shunt.

Patients with 2 1ight to %8t shum are, of course, usually n the Encnmenger class,
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unless the left to right shunt is large and the right to left trivial. Ellis et al. (1956) recom-
mend that the response of the hypertension to digital occlusion of the duct at thoracotomy
must be assessed 1 any patient with a patent ductus and pulmonary hypertension. If the
pulmonary artery pressure falls, the duct may probably be safely ligated, If the pulmonary
pressure ises or 1s unchanged, and the systemic pressure falls, the duct may probably be
safely hgated. If the pulmonary pressure rises or is unchanged, and the systemic pressure
falls, the pulmonary flow 1s not contributing to the hypertension and the ductus is acting
as a safety valve and should not be tied.

The dangers of allowing severe progressive vasoconstrictive hypertension to go un-
checked are obvious, and 1t is clear that pulmonary hypertension is an indication for
ligation of the ductus, although the nisk may be appreciable if the pulmonary artery
pressure nearly approaches the systemic. When there is a small right to left shunt, the
outlook is more gloomy, but thoracotomy with preliminary manual compresston of the
ductus 1s justified. When the left to right shunt is absent, and the night to left appreciable,
operation 1s completely contra-indicated.

In ventricular septal defect the same general principles apply, and closure 15 now
routinely possible with the aid of total cardio-pulmonary by-pass (Warden et af , 1957;
Kirklin et al , 1957; Gerbode ef al., 1958, Cleland ez al., 1958).

Experience at Hammersmith Hospital indicates that when the pulmonary blood flow
is large (pulmonary.systemic flow ratio two to one or more), and the pulmonary arten-
olar resistance under seven umits, the risks are small  Such cases usually have a mean
pulmonary artery pressure after closure of the defect of 40 mm. Hg or less, and the post-
operative course 1s apparently largely determined by this assessment, for hypertensive
patients who do not have an appreciable fall 1n pulmonary artery pressure tend to do
badly. The pre-operative level of the pulmonary artery pressure alone should not de-
termine operability, for a satisfactory reduction m pulmenary artery pressure, and excel-
lent results have been obtained 1n patients with systohe pulmonary artery pressures above
70 mm. Hg and even at systemic level. When the resistance 1s above ten units, however,
the hazards are greater, for 1n such patients orgamic pulmonary vascular disease is ikely
to be present, the pulmonary artery pressure may fail to fall sufficiently, and there 1s a
nisk of acute right ventricular failure 1n the immediate post-operattve period, The pulmo-
nary arteriolar resistance related to the mortality in 50 cases of ventricular septal defect
operated on at Hammersmith Hospital is shown below:

Pull "y arteriolar r e (units)  No. of cases Mortalty
1-8 35 2(6%)
Over 8 15 4(25%)
Total 50 6

But the numbers of high-resistance cases are small, and not all the deaths 1n thjs group
were due solely to right ventricular failure and unrelieved pulmonary hypertension.
Fig. 125 shows the relationship of the pre-operative pulmonary artery pressure,
arteriolar resistance, pulmonary artery oxygsn saturation, and pulmonary—sylstemxc
flow ratio respectively to the ratio of mean p y artery to system artenal é:rc;;
ure immediately after closure of the defect. These figures are not statistically significa
?n view of the relatively small numbers and the multiple factors involved. In spite of the
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wide scatter, 2 trend is evident, and the most satisfactory final pressures have occurred
in patients with a resistance of less than ten units. The highest mortality has been in the
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patients with substantial pulmonary hypertension and high pulmonary resistance who
have not shown a satisfactory fall in pulmonary artery pressure after closure of the defect.

The remaval of the hyperdy and vaso 1ctive infl s usually results in
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unless the left to right shunt is large and the right to left trivial. Ellis ef al, (1956) recom-
mend that the response of the hypertension to digital occlusion of the duct at thoracotomy
must be assessed in any paticnt with a patent ductus and pulmonary hypertension, If the
pulmonary artery pressure falls, the duct may probably be safely ligated. If the pulmonary
pressure rises or 1s unchanged, and the systemic pressure falls, the duct may probably be
safely ligated. If the pulmonary pressure rises or is unchanged, and the systemic pressure
falls, the pulmonary flow 15 not contributing to the hypertension and the ductus is acting
as a safety valve and should not be tied.

The dangers of allowing severe progressive vasoconstrictive hypertension to go un-
checked are obvious, and 1t is elear that pulmonary hypertension is an indication for
ligation of the ductus, although the risk may be appreciable if the pulmonary artery
pressure nearly approaches the systemic. When there is a small right to left shunt, the
outlook is more gloomy, but thoracotomy with preliminary manual compression of the
ductus 1s justified When the left to night shunt 1s absent, and the right to left appreciable,
operation is completely contra-indicated.

In ventricular septal defect the same general principles apply, and closure is now
routinely posstble with the aid of total cardio-pulmonary by-pass (Warden et a/, 1957;
Kurklin et al., 1957; Gerbode ef al., 1958; Cleland e al., 1958).

Expenence at Hammersmith Hospntal indicates that when the pulmonary blood flow
is large (pulmonary systemic flow ratio two to one or more), and the pulmonary arteri-
olar resistance under seven units, the risks are small. Such cases usually have a mean
pulmonary artery pressure after closure of the defect of 40 mm Hg or less, and the post-
operative course 1s apparently Jargely determined by this assessment, for hypertensive
patients who do not have an appreciable fall in pulmonary artery pressure tend to do
badly. The pre-operative level of the pulmonary artery pressure alone should not de-
termine operabtlity, for a satisfactory reduction in pulmonary artery pressure, and excel-
lent results have been obtained 1n patients with systolic pulmonary artery pressures above
70 mm Hg and even at systemic level. When the resistance is above ten units, however,
the hazards are greater, for i such patients organic pulmonary vascular disease is likely
to be present, the pulmonary artery pressure may fail to fall sufficiently, and there 1s 2
nisk of acute right ventricular failure 1n the immediate post-operative period. The pulmo-
nary arteriolar resistance related to the mortality 1n 50 cases of ventricular septal defect
operated on at Hammersmith Hosputal is shown below:

Pul y arteriolar r (mts)  No of cases Mortalty
1-8 35 2(6%)
Over 8 15 425%)
Total 50 6

But the numbers of high-resistance cases are small, and not all the deaths in this group
were due solely to night ventricular failure and unrelieved pulmonary hypertension.
Fig. 125 shows the relationship of the pre-operative pulmonary artery pressure,
arteriolar resistance, pulmonary artery oxygen saturation, and puln}onary—?ystemxc
flow Tatio respectively to the ratio of mean pulmonary artery to systemic artepal' pres-
sure immediately after closure of the defect. These ﬁgures are not statistically s{gmﬁfcn}r:t
1n view of the relatively small numbers and the multiple factors involved In spite of the
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ford et al , 1957). Straightforward secundum defects may be repaired under hypothermia,
but more complex defects and ostium primur lesions require cardio-pulmonary by-pass.
Qperation should not usually be considered of the Jeft to right shunt 15 small and balanced
by a right to left, the systolic pulmonary artery pressure around 100 mm. Hg, or the pul-
monary vascular resistance exceeds five to seven units, for the nisks are considerable. A
small night to left shunt dug to streaming from the nferior vena cava, with a normal pul-
monary vascular resistance need occasion no alarm and is in no way a contra-indication
to operation.

After operation the tuscuspid flow murmur usually disappears, and the pulmonary
second sound oftent moves normaily with respiration.

In some cases associated pulmonary stenosts will require resection.

The therapeutic outlook for patients with the Eisenmenger syndrome 15. unfortunately,
not good, Surgery has nothing to offer, and medical treatment must fall back on the
management of heart failure When 1t occurs, and perhaps on anticoagulants to discourage
thrombo-embolic complications  Vasoddator drugs appear to be well nigh useless.

1t is possible, however, that if the shunt could be abolished i very early life, before
secandary changes have fixed the high resi i the pul ry vascular bed, patients
might be improved Possibly also, drugs might help in reducing the pulmonary resistance
m the first year or two of life.

The protective eflect of pulmonary stenosis has already been commented upon. Wood
(1958b) quotes a patient with an aorto-pulmonary septal defect in which stenosis of the
right pulmonary artery was also present, Acetyicholime reduced the pressure n the nght
lung, but not in the left. He also mentions the observation of McKim and Wiglesworth
(1954}, that in such a situation the small pulmonary arteries in the side of the stenosis are
normal, but show medial hypertrophy in the other Jung (Chapter 6, Fig. 66).

These observations lend weight 1o the suggestion that cure might be achieved if the
hypettension could be abolished by closing the shunt very early m hfe Possibly the crea-
ton of pulmonary stenosts in infants under the age of one or two years, preparatory to
closing the defect, might be of value (Dammann and Ferencz 1956; Wood 1958b), but the

day is fast approaching when closure should be possible soon after birth, using cardjo-
puimonary by-pass.

THE PULMONARY CIRCULATION IN PATIENTS WITH OTHER
ABNORMALITIES OF THE PULMONARY VASCULAR SYSTEM

Pulmonary Arterio-venous Fistulae

Congenital arterio-venous aneurysms of the lung are often multiple, and associated
about 50 per cent of cases with similar aneurysms elsewhere. The effect of the aneurysm
m the lung is to sl;um blood directly from the pulmonary artery to the pulmonary vems,
without opportunity for oxygenation Thus a right to left shunt occurs. The blood flaw
to normal parts of the lung may be reduced. The chinical picture 1s one of central cyanasis
and cluhb:r}g, often multiple telangiectases on the skin (of face and buttocks especiaily),
and a continuous murmur over the affected area of the lung  The heart 15 not enlarged
unless the shunts in the lung are very considerable Cardiac catheterrzation has revealed



280 CONGENITAL HEART DISEASE

a smart fallin pulmonaryAarlery pressure. If the pressure does not fall, then the resistance
must rise \}/hf:n the flow is reduced and in such cases it seems probable that pulmonary
vasoconstriction actually occurs ?fter closure of the defect. This must obviously place a
severe burden on 'lhe r'xghl ventricle and may explain the higher mortality when the pul-
monary pressure is uninfiuenced by abolition of the shunt {Cleland e/ al., 1958; Bentall
et al, 1959)

From the chinical aspect, the most satisfactory results may be expected from patients
with a full-length septal dg'fcct murmur and thrill, a good apical mid-diastolic murmar,
lcf_t venricular but httle right ventricular enlargement, and obvious pulmonary plethora
(Fig. 118). 'The cardiogram should show mainly or entirely left ventricular enlargement.
Pgucnts with a short systolic murmur and thrill, poor mid-diastolic murmur, and marked
right ventrrcular enlargement with accentuated pulmonary valve closure (Fig 118) are
Tikely to carry a higher operative mortality (Bentall ¢f al., 1959), but this may be reduced
with further experience.

Where there 1s appreciable arterial desaturation, and small left to right shunt with
balanced pulmonary and systemic pressures the Eisenmenger reaction has occurred and
operation is of no avail,

After successful operation, the defect murmur wsually disappears, but an ejection
murmur may remain, probably due to residual fundibular hypertrophy and dilatation
of the pulmonary artery (Fig. 118) Reappearance of a long pansystolic murmur suggests
breakdown of the septum, but may be due to mitral incompetence

The effects of abolition of a left to right shunt upon the pulmonary vascular system
are not yet fully known. In hypertensive patients Heath et af (1958) have claimed that the
fall in pressure immediately after closure of the defect 1s greatest in subjects with only
medial hypertrophy in the small pulmonary arteries, while the hypertension persisted
in those with occlusive lesions, indicating that both vasoconstrictive and organic factors
operate to mfluence the result. Burchell (1959) reported nine patients (five with atriat
septal defect, two with patent ductus, and two with ventricular septal defect) who had
been studied before and after closure, In the atrial septal defect patients the pulmonary
reststance did not fall after operation, but did fail in one of the two pafients with patent
ductus, and in both the patients with ventricular septal defect In one of the atnal septal
defect patients the calculated resistance actually rose immediately after operation It
must be remembered however, that the accurate assessment of resistance is fraught with
great dufficulty, and 1 the assessment of pulmonary hypertension attgntion must also be
paud to clinical and cardrographic features which suggest changes 1n right ventricular ar'xd

pulmonary pressure. Jt 1s safe to predict that the most complete and rapid reduc}mn in
pulmonary resistance will occur 1n patients with the least pulmonary vascular dgsorder
(BertM ot al  1959). In hypertenstve patents the degree and speed of f:'ill m r?sxstancs

et

em
vass

fast as a resul‘( of new experience. FIrm rules SHOUIU LUV LIGIGUIL bb avenmss
opinion has crystalized 1n the light of further knowledge of the problems involved.
In atrial septal defect operation is indicated when the pulmonary blood flow 1s around

twice the systemic, as the majority of such patients do not survive past middie age (Bed-
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The mitral valve has thickened leafiets and short fused chordae due to abnormal
endocardial development, The right ventricle is hypertmphvied. .

The progoosis 15 poor, and all but ane of the 43 cases reviewed by Ferencz ef af. died
under the age of three years,

The diagnosis is difficult, but may be suspecied if sudden attacks of dyspnoea sug-
gesting pulmonary oedema appear between the ages of three months and two years Cya-
nosis, sometimes periphersl, but sometimes gue 1o 4 right to left shunt may be seen, and
when this is marked in the lower extremities, a patent ductus with reversed Bow 1s very
probable. Unfortunately, the typwal tmd-diastolic murmue of miutral stenosts is rarely
heard, although the first heart sound may be accentuated A loud systolic murmur may
be heard. The cardiogram shows right ventricular hypertrophy, but Ittle evidence of left
atrial hypertension. Nor does radsology help, for the left atrium is apparently not usually
entarged, and good evsdence of pulmonacy venous hypertension may be lacking.

Diagnosis rests upon the history, and upon the presence of a compheated lesion such
as co-arctation of patent ductus which is atypieal, and upon an unusually marked degree
of right ventricular hypertrophy on the cardiogram. An elevated pulmonary capillary
“wedge” pressure at catheterization affords strong corroboration.

Treatment consists of mutral valvotomy with closuse of an associated ductus {unless
the shunt 15 reversed) and resection of the co-arctation if present.

Mutral atresin. This 1s usually part of an extensive abnormality of the left side of the
heart, such as left ventricular hypoplasa, and sortic atresiz, and 1s not usually compatible
with hfe for more than a short period.

Cor triatnatim, This very rare maiformation consists of an extra chamber which lies
within the left atrium and recewves the pulmonary veins {Keith er af, 1958) There s
virtually a shelf runmng across the left stnum, with a small ortfice between 1t and body of
the left atrium and the mutral valve,

The haemodynamte picfure 18 that of pulmonary venous hypertension, pulmonary
arterial hyperfension and night heart fardure. the condition mumics mutral stenosis,

Chnically, the features are very ssmifar to those of congenital mutral stenosis, without

dence of d lies. The physical signs are those of pulmonary hyper-
tension, the heart and pulmonary artenes are enfarged radiologically and shadows of

puln;lonary oedema may be seen  The cardiogram shows gross right ventricular hyper-
trophy.

According to Kesth et ol (1938), the diagnosis 1s certain if at cardiac cathetenization
the pulmonary wedge pressure 15 clevated but the left atrial pressure fobtarned by passing
he catheter through 2 patent foramen ovale) 15 low or normatl,

Add { hies of some pul ry veins may be present, such as stenoss or
dramage mto the caval vemns or nght atrium. The condition 1s worth diagnosing, for the
commumeation between the accessory chamber and the left attium proper can be enlarged
surgically. The prognosss 1s governed by the size of this ostum, and if n the region of
1 em. 1n diameter, the patsent may survive into adult hie (Kenh ef al, 1958) Stenoss of
the pul ry vemns {probably of 1 ongin), at thesr jusction with the normal
left atreum has been descnbed by Bernstesn ef ol (1959), A marked bronchial circulation

developed, leading to haemoptysis, while severe pulmonary vascular disease was also
present.
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normal intracardiac pressures but a high or normal cardiac output. The hazards to the
patient are principally from hypoxia, polycythaemia, and haemorrhage from the aneurysm
(Baker and Trounce, 1949), When one or two ancurysms only are present, lobectomy or
segmental resection is indicated and should be curative (Le Roux, 1959).

Cangenital Absence of One Pulmonary Artery

In this condition the whole of the cardiac output passes through the sole pulmonary
artery. The pulmonary artery pressure is normal at rest but may rise on exercise. The
lung involved handles about one-half of the total ventilation, but only six per cent of the
total oxygen uptake (Madoff et al. 1952). Fisher and Van Epps (1959) found no evidence
of pulmonary nsufficiency in three cases. The lesion is often associated with other con-
genital cardiac anomalies. (McKim and Wiglesworth, 1954).

LESIONS ASSOCIATED WITH LEFT ATRIAL OR PULMONARY VENOUS
OBSTRUCTION

1. Mitral stenosis.

2. Mitral atresia.

3. Cor triatriatum.

4. Infradiaphragmatic insertion of the pulmonary veins.

These conditions all cause pulmonary venous hypertension, and the changes in the
pulmonary circulation may be accepted as identical with those typified by acquired mitral
valve disease (Edwards, 1957) and discussed in Chapter 8. Lesions involving the left
ventricle, such as congenital aortic stenosis, co-arctation of the aorta, or fibro-elastosis
will not be discussed separately.

Congenital mitral stenosis is an uncommon lesion, Only nine cases were found n
2067 consecutive autopsies at the Montreal Children’s Hospital (Ferencz et al., 1954).
These authors presented nme of their own cases and reviewed 34 from the litcratu{e
There were usually associated anomalies (only eight cases having 1solated mitral stenosis)
especially patent ductus arteriosus, aortic stenosts, and co-arctation of the aorta

The pulmonary arculatory pathology 1s influenced by the presence of associated
lesions. When the latter are absent, pulmonary venous hypertension and the ty'pxc;ﬂ
pulmonary vascular changes are present. When there is an atrial septal defect allowing a
left to right shunt to occur, proximal to the mitral valve, the pressure on the [ungs is to
some extent relieved, and the characteristic hypertensive changes may not always occuf,
although the pulmonary blood flow 15 increased. This 1s the situation in Lutembacher’s
Sym:{’?z?; .1here 1s a defect distal to the mitral valve (ventricular septal defect or patent
ductus), the shunt may be n either dircgtlon. If left to night, the lungs are exposetgl to ““f
effects of pulmonary venous hypertension and to an wncreased pulmonary bloo illow,
so that there are two causes for vasoconstrictive pulmonary hypertension. If the pul m'oi
nary vascular changes are marked and severe, then the flow through the ductus or septal

defect may become reversed (Ferencz et al, 1954).,
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Infradiaphragmatic total Yy ‘venous ion, This unusual syn-
drome has recently been reported by Johnson et al. (1958), who documented four cases
in which all the pulmonary veins drained into a common vein which passed through the
diaphragm and entered the porta hepatis. The syndrome is quite diflerent to that of total
anomalous pulmonary venous drainage above the draphragm, for the pulmonary venous
return 1s partially obstructed, and the hacmodynamlcs are therefore those of mitral
stenosis, with dyspnoea and cyanosis appearing in the first few days of Iife,
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not uncommon finding in premature babies dying of asphyxia (Claireaux, 1958; Potter,
1953).

Predisposing Factors

spiratory distress syndrome, with or without hyahne membrane formation,
occ:—rsealisngst exrc)Iusively in }t,hxee groups of newborn babies; firstly, those born pre-
maturely—and the more immature the higher the incidence of the syndrqme (Stlverman
and Silverman, 1958); secondly, those born by Caesarean section, and, thirdly, babies of
diabetic mothers. Only very exceptionally 1s the hyaline membrane syndrome found
except in these circumstances

Fic 126 Micro-photograph of the lung showing
congestion, collapse of alveol1 with distension
of alveolar ducts and patchy hyaline mem-
brane formation

Symptomatology

1t has frequently been said that the first signs of respiratory distress develop some hours
after birth, but closer observation suggests that most, 1f not all, affected babies are ill from
the start (Latham et al., 1955; Rogers et al., 1956; Miller, 1957; Miller et af., 1958, James,
1959). There 1s frequently apnoea at birth; retractions of the chest wall may be present
with the first breaths and persist; respirations may be slow and irregular A temporary
systemic hypotenston appears to be of significance (Nehgan, 1959, Segal ef af, 1959).
An expiratory grunt 1s frequently heard, with or without a stethoscope, and usually indi-
cates that the baby's condition will worsen

Characteristically, detenioration takes place within 12 hours of birth. Although the

respiratory rate 1s vanable, there is usually a significant increase over that observed 1n the
first four hours and often marked tachypnoea.
19



CHAPTER 10

THE PULMONARY HYALINE MEMBRANE
SYNDROME OF THE NEWBORN

By J. P. M. TIZARD

In England today only about 27 of every 1,000 children born alive die before reaching
adolescence, but half of them dic 1n the first week of life. More than half these early
neonatal deaths are attributed to respiratory dysfunction, mainly in prematurely born
infants The commonest morbid anatomica! finding ts pulmonary atelectasts and asso-
ciated with 1t in about two-thirds of cases are structureless acidophilic staining membrane:
lining the terminal arr passages.

Hyaline membranes in the Jungs of newborn infants were described n 1903 and
studied extensively by Farber 30 years later (Farber and Sweet, 1931; Farber and Wilson,
1932, 1933). In the past decade many hundreds of papers on the subject have been pub-
tished, but the path is and conseq of hyaline membrane formation arc still not
fuily understood.

Nomenclature

Hitherto *“hyaline membrane disease™ has been a post-mortem diagnosis (but see
Osterlund and Hjelt (1959) ) The symptomatology and course of the illness are well
recogmized, but in babies who recover 1t has not been possible to make the diagnosts with
certanty and 1n some of those who dic atelectasis is found without hyaline membrane
formation, Moreover, 1t 1s not known if hyaline membrane formation is mdicative of a
single disease process and the role of the membrane 1 the symptomatology of neonatal
respiratory distress 1s disputed. (Gruenwald (1958) has called 1t the eosinophilic hernng,
believing that 1t distracts attention from the more important atelectasis, but Craig et al.
(1958) believe that the membrane is obstructive to gaseous exchange.) For all these
reasons the term *hyaline membrane disease” has been challenged and the terms “pul-
monary syndrome of the newborn™ (Bound et af., 1956) and “idiopathic nconatal
resprratory distress syndrome” offered as substitutes.

Pathology

The lungs are firm and dark red, oedematous and congested. Histologically the
alveoli are collapsed but the alveolar ducts over-distended, ndicating secondary or
resorptive atelectasis; some primary atelectasis may co-exist Some of the alveolr, alv.eol:xr
ducts and terminal bronchioles are lined with a thick acidophilic mgmbmne: sometimes,
but not always containing cellular debris, b.ut the ext?nt and distribution of this membrane
are very variable There 1s sometimes pvldence of mtrq-alveolar ‘haemorrhage or pneu-
monia (Fig. 126). The heart is usually dilated. Cerebral intraventricular haemorrhage is a
{288)
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cases there is usually good correlation with a finding of hyaline membrane, but this 15
not invarably the case.

Burnard (1959b) bas convincingly demonstrated by radiology that the heart 1s early
enlarged 1 newborn babies with respiratory distress and that its size dimimshes as
symptoms abate

Laboratory Findings

Blystad (1956) examinmg “arteriahized" capilfary blood in a newborn infant with
respiratory distress, showed that the oxygen tenston aod pH were seduced, the carbon
dioxide tension raised, but the content normal. These findings have been confirmed and
the addiional observations of reduced bicarbonate with raised carbon dioxide tension
and of ncreased orgamie acids demonstrates that respsratory and metabolic acidoses
co-exist and suggests thot anacrobic metabolism and renal failure may accompany the
resprratory dysfunction (Sepal ef al., 1957, Miller and Smull, 1957; Usher, 1959a; James,
1959) There 15 & progressive increase in both respuratosy and metabolic actdosis wn fatal
cases. A high serum potasstum has also been reported in neonatal respiratory distress
{Rose, 1958; Usher, 1959b) and this may reflect a loss of intracellular potassivm due to the
acrdosts (Lynch ez af , 1956, James, 1959). Osterlund and Hjelt (1959) have found mem-
branes having the same staiming properties as hyaline membrane on throat swabs of new-
born batues with respiratory distress. I confirmed, this finding will be valuable 1a per-
mutting diagnosis of the condition 1n hfe

Lung Function Studies

It 15 obwviously very difficult to study lung function in senously 11l infants and the
published reports are of findings 1n small numbers of cases  Karlberg ef al. (1959) have
shown that the minute volume of respiration 1s sncreased due to the nse i respiratory
ate, siace the tidal volume 1 normal or seduced (Miller and Smutl, 1957). Karlberg
ef al also found that the functional dead space was sncreased relative to the tidal
volume. Cook ez al (1957) and Drorbaugh er ol (1957) have shown that the *vital
capacity” (ie the volume change between “maxsmum” exprration and ‘““maximem”
inspiation) 1s Jowered. Measuremenis on excised lungs of fatal cases suggest that the
functional residual capacity is reduced (Gubetz ef al., 1959) Intracesophageal pressure
d during ton are d (Karlberg er al., 1954) and the Jung compliance
is markedly reduced 1 companson with healthy premaiure bates {Drorbaugh er al.,
£957). These authars have calculated that the work of respiration il babies 18 ncreased
due 10 the tachypnoea and “stiffness™ of the lung from fourfold to tenfold and suggest
that death 15 due to exhaustion

Ventitagron perfuston ratio and diffusion have yet to be determined satisfactorily in
severely 3i} babies.

Cardiosascular Studies

The radological and pathological evidence for cordiac enlargement hase already been
teferred to  The heart rate 15 usually increased early in the disease, but may decrease as
the illness progresses. Bonham Carter ef 2l. (1956) showed that the mean venous pressure
in the umbilical vein below the diaphragm was higher premature survivors than
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Retraction of sternum, rib spaces and suprasternal notch give the appearance
respiratory obstruction. (Silverman and Andersen (1956) have proposed a method
scoring 1o ard 1n the quantitative measurement of retraction and Bauman (1959) h:
suggested that the *retraction score™ may be helpful in estimating prognosis The exfer
of retraction, however, may well reflect the vigour of the nfant as well as the degree ¢
obstruction.) Draphragmatic and intercostal muscular contractions may appear to t
incoordinated, producing a see-saw movement of belly and chest. On auscultation of th
chest, breath sounds seem delayed, short and fecble in relation to the respiratory effor
Morst sounds arc seldom heard Generalized oedema is common but whether more s
than 1s the case in premature infants without respiratory distress 1s not certain The live
may eniarge.

Fig 127 X-ray showtng the stage of coalescence
of pulmonary opacities with clear bronchial
markings

In those babies who further deteriorate, periods of apnoea, sometimes lasting long
enough to produce cyanosis, take place, and cyanosis may be constantly present even
when respirations are maintained. Sclerema (precadavenc hard‘?mng of subcutaneous
tissues) 1s common  Futs of various kinds (mainly generalized tonic or f'oc.a_l clomce) may
occur. Death usually takes place within 6 to 48 hours. In babies exhibiting the same
clinical features who recover, symptoms have usually abated after three days.

Radiology

i isti iological appearance of
1d and Steiner (1953) demonstrated the characteristic radiologi
thi ?!?e?tlm the hyaline membrane syndrome and thexr findings have since been conflirmcd
Pcterson and Pendleton, 1955, Ellis and Nadelhaft, 1957; Bauman and Nadelh.aﬁt, 95?1)
(W;hin the first few hours there is generalized ﬁr;le shpphrég.of tl;e l;m% eﬁﬁe‘ldrsc,a ‘:Ct‘e; thge
i r and coalesce, the bronchial tree being clearly arcate 3
?g'z;;,t‘;i::‘f:rr; enf:; ﬁfkeaplnce n babies showing this radiological appearance; in fatal
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Premature babies can survive at lower body temperatures than would be the case i older
children or adults The work of Cross et al (1958) suggested that the lowered body
temperature of the 1ll newborn baby might reflect a protective reduction of metabchs.m in
response to hypoxia. Maintenance of low body temperature has not proved beneficial in
the routine care of babies with respiratory distress (Silverman et al., 1958) but thts does
not mean that artificial lowering of temperature mght never be justified

Promistng results have attended recent efforts to correct the metabolic defects conse-
quent upon anoxta by intravenous admmnistration of glucose and bicarbonate (Usher,
1959a) and, 1n the case of distressed babies of diabetic mothers, by mtravenous glucose and
sodium chloride solutions (Reardon, 1959) Stahlman (1959) believes that early digital-
1zation may be beneficial. Treatment with vitamin E has recently been tried 1n an attempt
to reduce capillary permeability (Crosse, 1959). Antibiotics are usually given as pro-
phylaxis against pneumonia. Cortisone 1s reported to have no effect on the incidence
of the hyaline membrane syndrome n babses born to diabetic mothers (Haddad et al.,
1956)

High humidity 1n the atmosphere 1s usually recommended, but there 15 no advantage

to be gained by employing water musts, with or without detergents (Silverman and
Andersen, 1956)

Pathogenesis

For many years it was thought that the hyaline membrane resulted from aspiration and
subsequent insptration of amniotic fluid, however, aspiration of ammotic flind which may
occur 1n cases of foetal distress produces a diffe pathol 1 app and Potter
(1952) could not demonstrate hyaline membrane in the lungs of an anencephalic infant
who died some hours after the introduction of 80 ¢ ¢ of ammotic fluid 1nto the trachea
It 1s now clear that the membrane 1s of endogenous ortgin (Duran-Jorda et al., 1956) and
Githn and Craig (1956) have convincingly demonstrated that the main component 1s
fibrin - Some still consider that aspiration of ammrotic fluid, which is rich in thrombo-
plastin, may play an adjuvant role. However, material having the same staining properties
as the membrane has been found m the alveolar ducts of an accessory pulmonary lobe
1sofated from the bronchial tree (Piper and Kleppe, 1958) The hyaline membrane can
therefore be regarded as a pul 'y capillary t date and must arise either from
1nereased pressure 1n, or permeability of, the pulmonary capiilaries.

Several theories have been proposed to account for possible capillary damage Pul-
monary hyaline membranes occur in anmmals as a result of oxygen posoning but the
oxygen tension must be very tugh and at least the beginning of the respiratory distress
syndrome in the newborn may occur without oxygen therapy. Sjostedt and Rooth (1957)
have proposed that 1t 1s the sudden increase in arterial Po, following delivery which may
damage the capillartes, hence their suggestion of treatment with oxygen-reduced atmo-
spheres. Kloos (1959) supports the view that raised arterial blood Pco, 15 the main agent
responsible  Some pathological studies have suggested that hyaline membranes may be
formed by necrosts of the alveolar wall (Bovet-Du Bots, 1951) or of the bronchial epithelium
(Ahvenanen, 1947, Tregilus, 1951; Barter, 1959). The explanation for the formation of
membranes currently favoured is that they result from raised pulmonary capillary pressure,
secondary to left-sided heart failure. The evidence supporting heart farlure has already
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those dying with respiratory distress. Low systolic blood pressures have been reported by
Neligan (1959) and Segal er al. (1959). Sisson(1959) has demonstrated a reduction in blood
volume n infants with respiratory distress and Sutherland (1959) an increase in leg volume
(probably due to oedema) which parallels the severity of the illness,

Electrocardiography provides cvidence of left ventricular preponderance (Rose, 1958;
Usher, 1959) and electrocardiographic and phonocardiographic studies show a prolonga-
tion of mechanical systole (Vallbona ef al., 1959). Rudolph et al. (1959) have studied
circulatory dynamics in the respiratory distress syndrome by cardiac catheterization and
angiocardiography The mean pulmonary arterial pressure was lower in wfants with
severe distress than in those mildly or not affected. They also demonstrated a widely
patent ductus arteriosus

Treatment

No satisfactory method 1s Anown of artificially expanding atelectatic lung in the new-
born nor of removing hyaline membrane. Treatment 1s therefore directed at mitigating
the airculatory, respiratory and metabolic consequences of the condition in the hope that
spontaneous re-expansion of the lung and resorption of the membranes will take place.

The indications for oxygen therapy, the concentrations to be administered and the
methods of administration are far from clear. Cyanosis is generally accepted as indicating
the need for oxygen therapy, but cyanosts is not necessanly a good guide to the degree of
hypoxia. For example, the polycythaemia of the newborn may cause cyanosis to become
apparent at a relatively small degree of hypoxaemia, but the presence of foetal hacmo-
globin and Towered body temperatures in displacing the oxygen dissociation curve to the
left, have the opposite effect, and a premature baby might be in need of added oxygen
even when pink. There are considerable difficulties 1n the estimation of arterial blood
gas tensions as a routine procedure 1n premature babies. The extent to which hyperpnoea
and restlessness indicate hypoxia has yet to be determined. The growing suspicron that
the hyaline membrane syndrome 1s related to anoxia at birth may also indicate the need
for early admunistration of oxygen.

2 oton Bede- e e eba fane oF inducing blindness
AR + widely advocated
Lo . n cause retrolental
fibroplasia if the artenal Pg, is low and there can therefore be no objection to a high
concentration of oxygen 1f the baby is cyanosed. In practice, however, there is the diffi-
culty of adjusting the oxygen concentration in the baby showing.mtermittfrnt apnoea
and cyanosis It is also possible that, as in adult chromic bronghltics, a high arter'lal
Pco, 1n the baby may result in hypoxia providing the main respiratory drive, and in-
creasing oxygen concentration may depress resplmuon.. To overcome this difficulty and
to increase elimination of carbon dioxide attempts at artificial resprration may be justified
54 ]
(Dolrr\,a:g,e }:gelie)f that administration of oxygen may cause hyaline membrane formation (as
in O, posoning; se¢ below), Sjostedt and Rooth (1957) have advocatec} atmospheres of
Jowered oxygen content (15 per cent) i the treatment of premature babies U
1t seems reasonable to lumit as far as possible the .mfant 's oxygen needs. nnecfcissary
handling should be avoided, as this produces active movements and mass reflexes.
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and to a certain extent clinically—to the hyaline membrane syndrome of human infants
It is known that a newborn mfant may receive a large additional supply of blood from the
placenta 1f the umbilical cord is not tied immediately after delivery (Gunther, 1957).
However, Taylor et al (1959) have shown that delayed clamping of the umbilical cord in
premature infants 1s assoctated with a fugher incidence of respiratory distress and a
higher death rate; this supports the view that overloading of the circulation may conduce
to cardiac failure

Even 1f 1t 15 accepted that left-sided cardiac failure consequent on hypoxia provides the
most reasonable explanation for the formation of hyaline membranes 1 the newborn,
many problems remain unsolved It 15 not clear 1f the formation of membranes precedes
atelectasis or the reverse and the exact sequence of events n resprratory and cardiac
disturbance and thetr metabolic consequences have yet to be elucidated
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been outlined. The finding of low right atrial pressures (Rudolph et al,, 1959) is not
necessarily opposed to the concept of heart failure, as it may reflect a general circulatory
collapse in the very 1ll infants. Also, James (19359) points out that increased intrathoracic
negative pressurce duc to respiratary distress must be taken into account in interpreting
the findings of the relatively low umbilical venous pressures reported by Bonham Carter
et al. (1956). Cross er al. (1959) have shown that in the newborn lamb output of the left
heart does not increasc with hypoxia and this suggests that heart failure 1s Iikely to be the
consequence of additional demands brought about by hypoxia. Dawes et al. (1955) have
demonstrated flows across the ductus arteriosus in newborn lambs and this has been
confirmed in human newborn infants (James and Rowe, 1957; Adams and Lind, 1955).
Burnard (19592) has described the quict crescendo systolic murmur in newborn babies,
more commonly heard in those who have suffered hypoxia at birth. Eldridge and Hultgren
(1957) have shown lower artertal oxygen tension 1n the lower than in the upper limbs in
hypoxic newborn babies, suggesting that reversion to the foctal pattern of circulation may
take place. However, with flow in erther direction additional strain would be thrown upon
the left heart The pulmonary venous and capillary pressures would rise and result in
pulmonary oedema and formation of membrancs.

As stated above, closer obscrvation has lead to the conclusion that snfants who die
with the hyaline membrane syndrome show evidence of respiratory dysfunction at birth.
Among premature infants the incidence of hyaline membrane disease is highest in those who
have had signs of severe asphyxia at birth and lowest in those who have appeared well
(Crosse, 1957). In premature infants delayed pulmonary expansion may be due to im-
maturity of [ung structure (Klemola, 1937; Potter, 1957), higher surface tension of lining
layers in the lung (Avery and Mead, 1959) and softness of the thoracic wall. In mfants
born by Caesarean section slowness in initiating respiration may result from maternal
anaesthesia, and other factors connected with abdominal delivery. But the associaton of
hyaline membrane discase with Caesarcan section may be due to the complication of
pregnancy for which the section was performed, and Wentraub ef a/, (1959) have shown
that the hyaline membrane syndrome following Caesarcan section is strongly assocxate.d
with a placenta praevia or other bleeding complications of pregnancy. Infants of diabetic
mothers who develop symptoms of neonatal respiratory distress may show disturbances in
the initiation of respiration, and Hsia (1959) states that foetal mortahty in babies of dia-
betic mothers 15 related to their condition at birth Babies born to diabetic mothers show
similar biochemical disturbances to those which characterize respiratory distress in the
premature infant (Reardon, 1959)

One other theory of the causation of the respiratory distress syndrome must be men-
tioned. Jaykka (1954) in experiments on excised lungs, suggested that eregtion of lqng
capullaries following circulatory adjustments at birth played an important role in promoting
expansion of the lung. The subsequent work of Avery apd. goueag?es (1959) indicates that

S mameinn DUt

o : iight

. " . 57).

1 - ‘ , ) ‘ 7
is view was suppotted by the observauons o1 Maudiey atis oo ode, + 1€

g(}slrlrs) \f]oals who, wl}:en born indoors under human supervision and possibly deprived of

placental blood, by early tying of the cord, developed an illness similar pathologically—
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EMPHYSEMA HEART

Before the present century the association of pul y artenal thick with
intrmsic disease of the lungs was recogmzed by Senac (1749), Louis (1835), Budd (1840)
(quoted by Samuelsson, 1950), and also by Laennec, Bouillaud and Dittrich (quoted by
Taquini, 1954). The occurrence of nght heart hypertrophy in these conditions was also
appreciated and regarded as a consequence of elevated pressure in the lung vascular bed.
Little progress was made, however, beyond simple morbid anatomical observation, and
m the first quarter of ths century the clinical study of heart fadlure in chronic lung disease
passed through a period of relative neglect  The bronchitic invahd with few physical signs
of interest to the students of the time, and regarded as a *chronic”, was often relegated
to the then less well-equipped municipal hospital Teaching hospitals thus had little
expenience of the disorder. White and Jones (1928) found that cor pulmonale occurred in
less than one per cent of 2341 instances of orgamc heart disease admutted to the Mass-
achusetts General Hospital To the cardiologists the heart was so well concealed under
the over-expanded lungs that 1t could nesther be heard nor felt satisfactonly, and even its
radiology (Parkinson and Hoyle, 1937) and electrocardiography were often umllumnating
Furthermore, in the Mackenzie-Lews era of British cardiology, consideration of failure
affecting one side of the heart more than another was somewhat discouraged.

Incidence and Aetiological Factors

It 1s difficult to assess the exact frequency of pulmonary heart disease in the population,
as most of the figures are based on hospital statistics which are notoriously fallacious as
population samples In the autopsy data from Hammersnmth Hospital (1935-50) 114 out
of 4700 cases (2-4 per cent) had night heart hypertrophy as the major lesion, and 109 of
these had chronic bronchitis  In Belfast McKeown (1952) found 111 instances of chronic
cor pulmonale (1-6 per cent) in 6770 autopstes. Flint (1954) found that 75 out of 500
patients with heart farlure admutted 1n one year to one hospital in Sheffield were suffering
from chronic cor pulmonale In all the published series there is a strong proponderance of
males ranging from 75 per cent upwards Chromc bronchitis, the major aetiological
factor, is rare before the fourth decade, reaches its maximum by the sixth decade and
dechines 1n frequency thereafter Cor pulmonale below the age of 40 is not likely to be due
to bronchitis  Bronct tut 1! and rarer d s of the lung vessels should
be considered when signs of cor pulmonale develop 1n young adults. Bronchitis has a
higher frequency in the lower social classes, where crowding with ncreased liability to
respiratory infection and exposure to inclemencies of weather in occupation may play a
part. Dusty occupations and smoking may play some part also

The rdle of asthma in the production of emphy and cor pul le has been over-
estimated 1 the past Most clinicians now believe that asthma per se is only a minor
aetiol 1 factor in emphy , though 1t is well known that asthma often accompanies
chromic bronchitis. Orie and his associates in Groningen have emphasized the occurrence
of eosinophils in the sputum and asthma 1n the familtes of many cases, but Stuart-Harris
and Hanley (1957) discount sputum eosinophuls under 20 per cent as evidence for asthma.
In the rare instances of fatal asthma, however, cor pulmonale 1s often recognized patho-
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CHRONIC PULMONARY HEART DISEASE
(CHRONIC COR PULMONALE)

By JOHN McMICHAEL

Cor pulmonale may be defined as that group of cardiac disorders developing as a result of
obstruction of the flow of blood through the lung alveol: from (1) parenchymal disease of
the lung or abnormality of the thoracic cage, or (2) from disorders arsing primarily in
the pulmonary vascular bed.

Actiology of Chronic Pulmonary Heart Disease
A Parenchymal disorders of the lung:

1. Emphysema due to bronchitis with or without asthma.
2 Fibrotic changes with or without emphysema:

Tuberculosis.
Pneumonocconioses
Sarcoidosis

Scleroderma lung,

Radiation fibrosts,
Lymphangits carcinomatosa.

B Alterations in the thoracic cage.

1. Kyphoscoliosis.
2. Thoracoplasty
3. Extreme obesity.

C. Disorders of the pulmonary vessels:

. Recurrent pulmonary embolism.

. Thrombosis of the pulmonary artery.

. Tumour embolism (chorionepithelioma).
. Bilharziasis.

. Sickle-celled anaema.

. Pulmonary polyartentis.

Rheumatic arteritis.

. Idiopathic pulmonary hypertension.
(298)
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EMPHYSEMA HEART

Before the present century the assoctation of pulmonary artenal thickening with
mtrinsic disease of the lungs was recognized by Senac (1749), Lous (1835), Budd (1840)
(quoted by Samuelsson, 1950), and also by Laennec, Bowllaud and Dittrich (quoted by
Taquini, 1954). The occurrence of right heart hypertrophy in these conditions was also
appreciated and regarded as a consequence of elevated pressure 1n the lung vascular bed.
Little progress was made, however, beyond simple morbid anatomical observation, and
1n the first quarter of this century the clinical study of heart failure in chronic Iung disease
passed through a period of relative neglect The bronchitic mvalid with few physical signs
of interest to the students of the time, and regarded as a “chromc™, was often relegated
to the then less well-equipped municipal hospital. Teaching hospitals thus had little
expertence of the disorder. White and Jones (1928) found that cor pulmonale occurred in
less than one per cent of 2341 instances of organic heart disease admitted to the Mass-
achusetts General Hospital To the cardiologists the heart was so well concealed under
the over-expanded lungs that 1t could nerther be heard nor felt satisfactorily, and even 1ts
radiology (Parkinson and Hoyle, 1937) and electrocardiography were often umiluminating
Furthermore, 1n the Mackenzie-Lews era of British cardiology, consideration of failure
affecting one side of the heart more than another was somewhat discouraged.

Incidence and Aetiological Factors

It is difficult to assess the exact frequency of pulmonary heart disease in the population,
as most of the figures are based on hospital statistics which are notoriously fallacious as
population samples In the autopsy data from Hammersnuth Hospital (1935-50) 114 out
of 4700 cases (2+4 per cent) had right heart hypertrophy as the major lesion, and 109 of
these had chronic bronchitis  In Belfast McKeown (1952) found 111 mstances of chronic
cor pulmonale (1 6 per cent) in 6770 autopsies. Flint (1954) found that 75 out of 500
patients with heart failure admitted 1n one year to one hospital n Sheffield were suffering
from chronic cor pul le. In all the published series there 1s a strong proponderance of
males ranging from 75 per cent upwards. Chronic bronchitis, the major actiologrcal
factor, 15 rare before the fourth decade, reaches its maxmmum by the sixth decade and
declines in frequency thereafter. Cor pulmonale below the age of 40 1s not likely to be due
to bronchitis Bronchiectasts, tuberculosis and rarer disorders of the lung vessels should
be considered when signs of cor pulmonale develop 1n young adults. Bronchitis has a
higher frequency mn the lower social classes, where crowding with increased habulity to
respiratory 1nfection and exposure to inclemencies of weather in occupation may play a
part. Dusty occupations and smoking may play some part also.

'The rdle of asthma 1n the production of emphysema and cor pulmonale has been over-
estl.mated in the past. Most chnicians now believe that asthma per se is only a minor
actiological factor in emphy , though it 1s well known that asthma often accompanies
chrome bronchitis. Orie and his i in Groningen have hasized the occurrence
of eosinophils in the sputum and asthma in the families of many cases, but Stuart-Harns
and Hanley (1957) discount sputum eosinophils under 20 per cent as evidence for asthma.
In the rare instances of fatal asthma, however, cor pulmonale 1s often recognized patho-
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logical!y and lhi§ may account for a higher documentation of asthma as a causal factor in
autopsied than in clinical series (McKeown, 1952; Spain and Handler, 1946).

Pathology and Pathogencsis of Emphysema Heart

In patients dying of chinically recognized emphysema, the heart usually shows an
obvious hypertrophy of the right ventricle with increased thickness of its wall, but some-
times dilatation may conceal the increase in thickness. There may also be evidence of
dilatation of the tricusptd ring when tricuspid valvular incompetence has developed in the
later stages of the disorder. In 30 per cent of cases there may be some enlargement of the
left ventricle as well as the right, for systemic hypertension is a not infrequent accomparni-
ment tn the age group affected by emphysema.

The large pulmonary arterics show dilatation and atheromatous plaques, though these
are usually moderate n extent and seldom advance to the point of ulceration and calci-
fication. The finer pulmonary artery branches may show a little hyaline thickenmg com-
parable to the condition of the peripheral arteries in systemic hypertension.

The pathology and pathological physiology of the emphysematous lungs are discussed
in Chapter 6

The manner i which these anatomic disturbances in the lungs and the functional
alterations of their ventilation impede the lung crreulation has been subjected to much
investigation 1n recent years. Two factors are involved: an obliterative and a functional
obstruction to pulmonary blood flow.

The obhterative factor. It was natural that destruction of the alveolar capillartes, 2
demonstrable and visible lesion, should have historical priority among the hypotheses of
pulmonary hypertension Direct measurements of pulmonary blood flow and vascular
pressures, however, have put the problem in a new light. The following facts have emerged:

1. The normal lungs ¢an date at least a doubling of cardiac output without
any sigmficant increment of pulmonary arterial pressure. In left to right cardiac shunts
such as atnal or ventricular septal defect minute volume up to four times the normal may
occasion o fise 1n pulmonary pressure  The lung vascular bed normally presents a very
low resistance and a large distensible capacity.

2. Removal of one lung does not increase the pulmonary artertal pressure. Denolin
(1955) notes that under these circumstances the pulmonary circulation time 1s not shortened
in spite of the doubled blood flow through the remaining lung  Thus the capacity of the
vessels of the remaining lung must also be doubled.

3. It follows that the vascular network of the lung must be very grossly reduced if it 15
to contribute to pulmonary hypertension. Capillary loss probably plays less part than the
accompanying severe narrowing and atrophy of pulmonary arterial branches demonstrated
in emphysematous lungs in Iife by angiographic studies (Bolt et al., 1957)

4. As emphysema becomes advanced this anatomical factor becomes mereasingly
important and 1t 15 probably responstble for both the elevation of pulmonary arterial
pressure Which persists between attackes of bronchitis and a rising pressure when these
subjects take exercise (Hickam and Cargill, 1948) . .

The finctional factor. When an emphysematous subject develops venous congestion
and dependent oedema he will almost nvariably be suffering from an exacerbation of his
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bronchtis with increased cyanosis. Bloomfield et al (1946) noted that the pulmonary
artenal pressure rose higher with the onset of heart failure 1n emphysema and Mounsey
et al. (1952a) showed in a series of cases an acute rise of pulmonary arterial pressure with
the asphyxiating attack of bronchitis and recovery towards normal with improved venti-
lation as the attack subsided. Taqumni et al (1949) showed that the heart, dilated 1n the
acute exacerbations of chronic bronchitis, recovered practicaily to normal volume between
attacks, This condition he called ““subacute bronchogenic cor pulmonale™

This functional and recoverable pulmonary hypertension is of great importance. It
seems to be related to plugging of small bronchi with mucopurulent exudate, and it 1s
independent of the amount of alveolar destruction for there are rare instances of recurrent
broncholitis with asphyxia and episodes of pulmonary hypertension 1n whom there 1s no
demonstrable loss of alveolar walls (Clinico-Pathological Conference, 1951). In these
circumstances high pulmonary pressure 1s functional rather than structural The prectse
manner of development of this pulmonary hypertension 1n an asphyxtating episode of
bronchitis 1s obscure but 1ts reversible character 1s responsible for the quite remarkable
recovery from failure, which can vanish nearly completely between bronchitic episodes

The Sheffield investigators (Davies, 1951; Stuart-Harris and Hanley, 1957) showed that
the renal circulation, depressed 1n attacks of congestive failure 1n chronic bronchitis, re-
covered remarkably between attacks, and 1n this respect emphysema heart failure differed
from mitral stenosis where little renal circulatory improvement took place even when a
dropstcal patient was rendered oedema-free

It was thought that alveolar hypoxia constricted the pulmonary arterioles, as such a
reaction had indeed been demonstrated in certain types of physiological experiment 1n
ammals and man (Euler and Liljestrand, 1946, Motley et af , 1947, Dirken and Heemstra,
1948) This reaction seemed to provide an attractive explanation for the pulmonary
vasoconstriction of the bronchitic exacerbation, as such attacks further depress the arterial
oxygen saturation Unfortunately, oxygen administration with restoration of full satur-
ation of the blood leaving the lungs does not always reduce the pulmonary arterial pressure
Boake et al (1959) suggest that the passage of blood with a low oxygen content 1nto the
alveolar capillaries raises the pulmonary vascular resistance such an explanation leaves
the absence of pulmonary hypertension 1n cyanotic congenital heart disease unexplained
Yuet al (1953) m Rochester found that pulmonary hypertension was more closely corre-
lateq with a rising arterial CO, than with falling arterial oxygen Rossier et al. (1956)
Zurich noted that pulmonary vasoconstriction occurred when bronchial passages were
blocked and thus emphasized alveolar hypoventilation rather than altered alveolar gas
tensions as a Pmba}ble mitrating factor It was shown by McMichael and Sharpey Schafer
(1944) that the patient 1 emphysema heart failure often had a well-sustained or even high
cardiac output This 15 partly a response to hypoxia and partly a consequence of the n-
creased metabolism of the breathless patient, often with a shight elevation of body tempera-
ture Mounsey er al. (1952a) demonstrated that the elevated output did not account for the
elevation of pulmonary pressure,

Shunts.betwcen the bronchial and pulmonary circulations have been well demonstrated,
especrally in bronchiectasis  They are less obvious in bronchitss, but their possible function
in pulmanary hypertension 1s often suggested 1t seems unbikely that they contribute to
this development as they are small in magmtude compared with a patent ductus, the
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increased flow from which can usually be accommodated in the lung vascular bed without
pressure rise.

Increased blood volume in the cyanotic cardiac patient has also been credited with a
réle in the production of pulmonary hypertension. Most measurements of blood volume
in these circumstances show a modest increase, and unless it is assumed that the extra
blood 1s entirely located in the lung blood vessels 1t is difficult to imagine how a small
(ten per cent) increase in volume of the total circulating blood could play any part (Stuart
Harris and Hanley, 1957).

All that can be said therefore 1s that poor air entry nto lobules or segments of the
lung is often accompanied by pulmonary vasoconstriction. The manner in which this
reaction takes place is still the subject of debate (Chapters 2 and 4). In Chapter 12 it is
made clear that, 1n emphysema, the blood flow is not automatically reduced in the poorly
ventilated parts of the lung- 1f 1t were there would be no cyanosts. It seems possible that
bronchial blockage may be more important than mere reduction of oxygen tension, and
the hypothesis of Rossier appears to fit the facts. The mechanism however remains to be
elucidated and 1t 1s possible that autonomic nervous and adrenal reactions may be involved.

Clinical Picture

The onset of emphysema heart failure practically always takes place in an exacerba-
tion of bronchrtis, which has been recurrent for many years with increasing disablement
in recent attacks. The breakdown is heralded by further cough and sputum and it may
even seem to develop after a common cold In England most of these patients are admtted
to hospital during the winter months, espectally during the coldest months from January
1o March. In London, fog, and especially acrid smoky fog, has a notorious reputation for
precipitation of recurrences and ultimately final circulatory breakdown among the chronic
bronchitic population.

The manifestations of active bronchitis are clear. Temperature is seldom above 100°F.
in the bronchitic adult. Episodes of coughing with expectoration of yellow and infected
purulent or mucopurulent sputum disturb the otherwise breathless, dusky and often
drowsy patient The chest, usually but not mvariably barrel-shaped, moves poorly, and
m addition to the usual rhonchi and riles there is nearly always mdrawing of the lower
intercostal spaces with relative silence on listening with the stethoscope over these lower
lung zones The air passages to these areas are obviously blocked with muco-pus, though
air may be heard to enter when the patient makes a maximal inspiratory effort. Occaston-
ally these areas show up in a radiograph as areas of collapse, but usually, m spite of this
auscultatory silence, the lungs are translucent  Air entry and respiratory exchange are
thus 1mpaired with partial lobular collapse only. .

The patient prefers to be propped up n bed, as this permns.the most advantageous
function of s respiratory musculature; it also relieves venous distension in the head on
Jying flat. Nevertheless he can lie flat for short periods, if required, and, Unlesfs the;lc l-S
superadded asthma, he i; nol: sz}gg? ;:, at;::‘:jk;‘ c:lf; glihopnoLea. The fa(:leils c. ‘ten char-

istic, wi uis s
P Welth(?hi‘;cssk Zmdusll;;s are puf¥ed out at each short breath. According to the
. ental state 1s clouded In severe instances he is

conjunctiva ks e p
severity of the condition, the patient’s my
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drowsy, or mentaily muddled and confused On the other hand, the condition resembles
that of drunkenness in that the patient can pull himself together to answer commands or
peremptory questions though he relapses quickly into mcoherence. Oxygen tents can
reduce a talking patient to an unconscious patient. These mental changes are attnibutable
to CO, narcosss. The respiratory centre, reduced in sensttivity, seems to be dependent
on oxygen lack for its activity 'When ths stimulus 1s removed by oxygen admimistration,
respiration 1s depressed, CO, tenston mcreases in the blood and unconsciousness results.

In certamn patients with severe mental disturbance and associated hypercapma, exam-
mation of the fundus oculi will show congestion of the retmal vems, which may even
proceed to the stage of papilloedema with haemorrhages  This condition 1s associated with
an elevated cerebrospinal flud pressure as measured on lumbar puncture, and 1t has been
thought to be related to an increased cerebral vaso-dilatation, produced by the elevated
CQ, content of the arterial blood (Stmpson, 1948).

Dependent oedema 1o a greater or less degree is the usual mdication that emphysema
has become complicated by heart farlure Theveins of the neck are engorged and pulsations
are visible above the normal limits- n the recumbent position venous pulsations at the
level of the manubrium are probably abnormal as the sternum 1s thrown forward in the
barrel chest When the venous pressure mses very high, pulsation synchronous with
ventricular systole may be detected, indicating tricuspid nsufficiency At this stage the
patient may complain of epigastric discomfort due to the engorged liver 1n which pulsations
may be felt when the tncuspid leak becomes considerable

The pulse 1s usually full and bounding and the rhythm regular. Atoal fibnllation
develops 1n only about ten per cent of cases. The hands are warm, as might be expected
1n the lngh output state which 1s usually found 1 the earlier stages of emphysema. Arterzal
blood pressure 1s usually normal, but on occasions 1t may be elevated. Howarth et al.
(1947) noted a correlation of systolic artenial pressure with cardiac output in emphysema
heart failure, In some instances the arterial hypertension seems to be areactionto asphyxia,
as 1t returns to normal when the bronchutic attack 1s over. In the later stages, when tri-
cuspid incompetence has made 1ts appearance and the patient has entered the termnal
stages of the iliness, the blood pressure falls along with the fall in msnute output which 15
a necessary accc of tricuspid i p 3

Fully developed clubbing of the fingers 1s seldom seen unless the patient has bronchiect-
asis, although some “parrot bill” curvature of the nails is not uncommon

Examnation of the heart itself 1s made difficult by the thickness of the overlying layer
of lung which abolishes any detectable area of cardiac dullness The apex beat may be
impalpable and cardiac pulsation is best felt ;n the epigastrium  Auscultation 1s also better
carried out 1n this situation and, according to crrcumstances, a gallop rhythm, which may be
either presystolic, protodiastolic, or of summation type, may be heard. A systolic murmur
also develops when there 15 tnicuspid incompetence

Special Investigations

Radiologically the heart often shows a distinct forward bulge of the outflow tract of
the night yentncle, while an postero-anterior chest film shows widening of the heart
shadow with a shght upward tilt at the apex due to the enlargement of the right ventricle,
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Although the major pulmonary vessels may be enlarged at the root of the lungs this
contrasts with the clearer periphery of the lung fields, where blood vessels are usually less
prominent than normal. Segmenta! colfapse of the lungs is occasionally seen, but this is
not a usual finding, even in the presence of bronchial blockage.

The electrocardiogram is often somewhat disappointing, although the changes are ina
direction of right heart hyperthrophy Where the rhythm: is normal the P-wave is often
peaked, indicative of some strain on the right atrium. Praccordial chest leads show clock-
wise rotation of the heart, the left ventricular pattern appearing further to the left than
usual, and, according to the severity of the condition, one may sce either little abnormality
in the QRS pattern or a marked R-wave in VR, or vanable sized rudimentary or larger
secondary R-wave in V1 or V4R, and in more advanced cases, a pattern of incomplete
right bundle branch block (Mounsey et af., 1952b) (Chapter 7).

Although a striking diminution in cardiac size may occur with recovery from the
attack of bronchitis, the electrocardiographic changes are not usually reversible, and there
1s only a very approximate correlation between clectrocardiographic changes and the
severity of the disorder some electrocardiographic abnormality may be found before
heart failure has appeared.

The Blood Picture

There has been considerable debate about the occurrence of polycythaemia in patients
with emphysema heart. Although mn indwvidual cases the haemoglobin concentratton and
haematocrits have usually been within normal limits, statistically they are significantly
above the normal range. The mean haematocrit value is usually a little over 50 per cent
and the haemoglobin concentration lies between 17 and 18 g./100 ml.

Numerous studies suggest that the blood volume 1s increased in emphysema heart
fmilure. The increase, however, is small and it 15 no greater than might be expected in
other nstances of congestive cardiac failure.

Blood Chemistry

The arterial oxygen content in an episode of emphysema heart failure 1s reduced from
the normal 95 per cent saturation to values 1n the region of 60 to 70 per cent though levels
as low as 30 per cent saturation are on record. This reduced oxygen content 1s accom-
panied by an increased CO, tenston with an elevation of the serum bicarbonate to values 9(
30 to 40 m.eq./litre. Along with the rise in bicarbonate, there is a corresponding fall in
plasma chloride. The Pco, nises from the normal 35 to 40 mm. Hg to an average figure of
64 mm Hg, but the pH of the blood is seldom reduced below 7-3.

Prognosis
Once emphysema heart falure has made 1ts appearance the outlook js poor. A
quarter of the patients die their first attack, but a small fraction may get through four
of five episodes and survive as long as three or four years after the onset.

Treatment
jective i hial infectrion. The
¢ measures. The first objective is control .of the bronc! L nfectio

i-infectiv
Anti-infecti e P ; :

organisms most commonly involved are Strep. p
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other organisms are found less frequently and are of less significance The virus of the
common cold, the adenoviruses, and even the influenza virus may be important pre-
apitating factors, Bactenal invasion may mn fact be secondary to primary viral damage in
many cases The complex nature of the infective process mulitates aganst dramatic success
from the use of antibiotics, but nevertheless the wise choice and effective use of surtable
combinations of these drugs may be lifesaving. Treatment 1s begun as a matter of urgency
pending a laboratory report of antibiotic sensitivity of the sputum orgamisms. Penicillin
and streptomycin cover a wide range of Gram positive and Gram negative orgamsms
respectively and this combination may be used Chloramphenicol 1s effective against
H mffuenzae and its use 1s fully justified n seriously 1ll patients. The broad spectrum
antibiotics, such as tetracycline and erythromycin are also often effective. Aerosol 1n-
halations have been suggested, but there 1s little evidence to suggest that they do any good;
1t seems very unlikely that inhaled aerosols could penetrate the mucopurulent plugs which
block the respiratory passages

Improvement of lung ventilation. Adequate control of the bronchitic exacerbation is
the major step 1n producing the improved ventilation of the lungs which in turn can lead
to dramatic 1 1on of the latory state  While waiting for subsidence of the
inflammation, every effort should be made to 1mprove lung ventilation: Ephedrine (3 to 1
grain orally three tumes a day) 1s often effective. Choline theophylhnate 1s less irritating to
the ahmentary tract than aminophyllin, which must usually be given itravenously to
avold gastric imtation. A subl 1 tablet of 1sop Ime (10 to 20 mg.) is probably
better than the nhalation of a spray Even a shight gain in ease of air entry following
these *“antispasmodic” remedies may be of great assistance, and where bronchitis 1s
comphicated by asthmatic wheezing their admmstration 1s the more imperative. There 1s
unfortunately less sanction for the use of steroids in the asthmatic bronchitic. Chmical
trials have shown that they are of hittle benefit (Felix-Davies and Westlake, 1956) and
of course they may be damaging in the presence of infectron. Nevertheless there may be
mstances in which the benefit may exceed the harm (Bickerman et al., 1955)

Management of Hypoxia. Respiration 1s normally regulated by centres in the medulla
which are stinulated by CO, but which are depressed by oxygen lack. The increase in
respiration from oxygen lack is mitiated in the carotid sinus region especially by receptors
in the carot'd body In cyanotic emphysematous patients the medullary centres are
depressed and unresponsive to CO, (Donald and Christie, 1949), the main stymulus main-
taming respiration being oxygen lack acting m the carotid body region. Morphine de-
presses this perilously balanced medullary respiratory mechamsm still further and the
usual therapeutic doses of this drug can be lethal in emphysema or similarly asphyxiated
kyphoscohotics (Daley, 1945) While morphine, heroin and codeine are especially harm-
ful and should never be used as cough suppressants, other hypnotics are only shghtly
less dangerous and should be used with great caution and m small doses. On no account
should morphine be used in preparation for such investigations as bronchoscopy. The
kyphoscoliotic, poliomyelitic cripple who has broken a limb 1n a fall should only be given
morphine under strict consideration of the possible risks.

Even the admmistration of oxygen may deprive the respiratory centre of 2 necessary
stimulus, as mentioned above, and result 1n unconsciousness. Oxygen must therefore

be given with due caution, and it is important that the patient’s reaction be carefully
Ed
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watched. Some recommend that the oxygen mask should be removed for ten minutes ever
hour, while others have found the less eflicient methods of oxygen administration of valu
for example nasal catheters or Tudor Edwards spectacle frame. There is no rule excey
to regulate oxygen therapy according to the nceds and reaction of the individual patien
The scnstuvity of the respiratory centre may be increased by giving sodium salicylat
2 g. four-hourly by mouth (Wegria et al., 1955) and by intravenous nikethamide in doses o
10 ml. Though the action of the latter 1s short lasting, repetition every two or three hour
in the gravely asphyxiated patient may be lifesaving

Management of congestive failure. The eptsode of failure will improve 1f the patien
recovers from his bronchitis, whatever drugs may or may not be given. Clinical response
to various cardiotonic and other measures are thus difficult to evaluate It was observe
that the elevated or high normal cardiac output shows httle improvement with digitali
(Howarth, McMichacl and Sharpey-Schafer, 1947) but that when a later stage is reache
with falling output and falling arteral pressure some improvement may be achieved
Venesection was less Iikely to produce improvement 1n the minute output at any stage 0
the disorder. Some recommend venesection to reduce blood viscosity, while others regar
this as necdless interference with an important compensating polycythaemia

‘While the admunistration of dignalis glycosidesin emphysema heart farlure may produc
Little effect on the minute output of the heart, more precise analysts may show an tncreas
m the pulse pressure 1n the night ventriele, and, if there has been slowing of rate, an n

Pt T ey e e i heatuanar dramati
. “ver.
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strengthen the heart’s contraction should this become weak. In emergency the most rapid
action is obtained by intravenous ouabain (0 5 to 0-75 mg.), and this drug should be used
if the patient has reached a stage of circulatory collapse with a falling blood pressure.
Ouabain cannot be given orally owing to poor absorption. Where1t is thought desirable
to maintain digitahzation, digoxin 0-25 mg. twice or thrice daily, or pil dig fol. 60 mg
may be used.

Cardiac oedema 1s treated in the same way as in other cardiac disorders. Mercural
diuretics were the most effective agents until recently. Stmultaneous ammeonium chlornide
administration, however, should be avoided as this can increase the acidosts already
present. For this reason some of the newer duretics are more advantageous. Chloro-
thiazide or one of its derivatives is most effective and 1t can be given by mouth in doses of
0-5to 15 ¢ If used at intervals of three days or more electrolyte balance will readjust
itself between doses, but where chlorothuazide is needed every second day for any pro-
longed period potasstum supplements are necessary to avoid potasstum depletion, Po-
tassium chloride or citrate 1n a flavoured mixture should be given individed doses totalling
4 to 6 g. each duretic day.

Acetazolamide, by promoting the excretion of bicarbonate in the urine, produces a
lowering of the elevated plasma bicarbonate This partial biochemical “correction” has,
however, httle advantage for the patient, as it leaves the carbonic acidosts unaltered, and
the diuretic action of the drug rapudly dimimishes when available plasma bicarbonate 1s

depleted.
There have

been claims that acetazolamide increases the pH and reduces blood CO;
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tenston towards normal, but only after a prolonged period (days or weeks) of admin-
istration (Nadell, 1953). As lowering of CO, tension can only result from improvement in
ventilation of the Jungs, this must have occurred during the period of treatment and it
seems doubtful 1f increased pulmonary ventilation 1s a direct consequence of admin-
istration of a druretic. Certain haemodynamic improvements can occur from druresis in
heart failure (Pugh and Wyndham, 1949) and these may be responsible for a fall n pul-
monary arterial pressure which 1s claimed to follow intravenous injection of acetazolamide
(Broustet, 1958) Whatever the immediate pharmacological actions of acute administration
of acetazolamide may be, experience in this country has not given any satisfaction with the
results of longer term administration (Stuart-Harris and Hanley, 1957).

Sodium restriction 15 widely recommended n the treatment of heart failure with
oedema. Some introduce it with the earliest manifestations while others hold 1t in reserve
till oedema becomes mtractable by other methods. Temporary sodium restriction 15
readily achieved by a “rice-diet™ and this may be used if necessary m the acute phase of
emphysema heart failure. Should heart failure become chronic severe sodum restriction
may be called for when oedema cannot be relieved m any other way" the restriction may
be taken through the phases of “no added salt”, “no salt in cooking”, and finally the
prescription of sodium-free foods, especially bread

An undeservedly forgotten method of reducing oedema is that based on Southey’s
tubes The latter are no longer necessary but the same result may be achieved as follows.
The legs are allowed to hang down over the lowered foot end of a Leavis cardiac bed until
sufficient oedema has accumulated to make the skin tense The skin 1s then scarified with
multiple superficial incistons made by the light use of a scalpel These cuts need not draw
blood. Fluid then drains from the dependent legs and 1s directed by k h sheets
mto a receiver on the floor The patient’s werght may be reduced by several pounds a
day by this method.

In certain chronic cardiac cnipples mduction of myxoedema has been used to depress
metabolic needs Thyroidectomy, thiouracil, neomercazole and radio-1odine have all been
used for this prupose. This method 1s seldom used nowadays.

Resuscitation (see Chapter 12) Patients may be admutted to hospital in severe asphyxia
due to an extreme degree of bronchial pluggmg  Blue, collapsed, and apparently mori-
bund, the patient may still be revived. Recoveries have been achieved even with all the
signs of ymminent death, including dropped jaw, sternomastord breathing, low blood
pressure, leaden cyanosis and subnormal temperature  The measures to be applied are as
Tollows. artificial respiration with an immediate mtravenous mnjection of mikethamide
(1 gm. or more) and 075 mg ouabain. Immediate tracheostomy with the application of
bronchial suction to clear the major air passages and the maintenance of ventilatron there-
after by means of one of the methods of assisted respiration. If the patient can tolerate a
breathing machine he may trigger a positive pressure respirator by his own otherwise
feeble inspiratory efforts. By this time other measures outlined above will be applied, and
recovery, at least for a time, may be achieved Naturally the patient whose disorder has
precipitated such a dire emergency is unlikely to live more than a few months at most
before the underlying disorder reaches a final and fatal stage.

Prophylaxis. The prevention of chronic bronchitis is 2 major challenge to our pro-
fession. The complexity of 1ts organismal causes has already been touched on. The rdle
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of ageing processes tn the lung has still to be evaluated. Environmentaf and occupational
factors include fog-tidden arcas (Reid and Fairbairn, 1958) and exposure to cold and wet
Clgnrcl(c smoking and childhood asthma may also play a rdle in fostering bronchial
infection. The young bronchitic may be persuaded to change from an outdoor to an
sndoor occupation, or to leave a fopgy or smoky city. Attacks of bronchis call for prompt
treatment. Efforts have been made to reduce frequency and severity of bronchtic attacks
by short courses of antibiotics at the onset of a cold, but without significant success (Knox
et al., 1955). Buchanan er al. (1958) have given 250 mg. tetracycline twice dally and
continuously with an encouraging diminution in the frequency of bronchitic exacerbations,
More trials of this type are required before any final conclusions are reached.

Differential Diagnosis of Cor Pulmonale

Where there 1s some causative lung disorder the recognition of pulmonary heart
failure creates hittle difficulty as a rule. In sarcoidosis, fibroid tuberculoss, and radmation
fibrosis (usually from mammary cancer or regional sacroma in the thoracic arca) the gen-
eral features are much the same as 1n emphysema heart, except that the features are more
likely to be untemitting and progress 15 continuously downhill The same relentless
progression of cardiac failure applies to kyphoscoliosis where, owing to ageing processes
in the lung, ventilation becomes less efficient and cyanosis becomes increasingly apparent
tn middle ife  The pulmonary artenal pressure becomes elevated as the subject gets bluer
and cor pulmonale termimates the picture. More recently appreciated js the syndrome of
defective ventilation resulting from extreme obesity (Pickwick syndrome). Impaired
movement of the chest wall held in its heavy cuirasse of thick fat leads to eyanosis and
ultimately heart fatlure  Both right and left ventricles may be enlarged and hypertrophied.
Silicosts and anthraco-sihcosis are occupational hazards and occur mainly 1n particular
geographical (muning, quarrying) areas. Cor pulmonale 1s most likely to develop n the
advanced stage of massive and confluent shadowing.

Pulmonary bilharziasis 1s scen to a greater extent in Egypt than in other tropical or
subtropical countnies. The ova, whose normal mode of exit is by erosion from the veins of
bladder or rectum through the mucosa of these viscera, are instead swept away in the
blood stream to embolize the portal radicles in the liver (from the rectum) and the pul-

NSRS
the systermc circulation, In Egypt, where the majority (80 per cent) of the fellan are
infested, it has been estimated that only four per cent show pulmonary involvement. The
disease in these has often been developing since childhood and the r{ght ventricle becomes
nearly as thick as the left. As thus is one of the types of obstructive cor pulmonale an
early symptom is fainting on effort. This precedes frank breathlessness, and weakness
or a fecling of physical exhaustion 1s more common than oedema. The characteristic
pathological lesion in the fungs is the angiomatid—a microscopic whorl of new vessels
in relation to the site of embolism. Radxologu:al]y the lesions create tiny nodular diffused
shadows rather like those 1n miliary tuberculosis.

Secondary carcinoma may produce two types of cor pulmonale. Chorion epithelioma
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with its propensity for blood vessel invasion can readily embolsze the lungs and produce
an abstructive cot pulmonale  Lyrmphangitis carcinomatosa (often from stomach or
panereas) usually results from blockage of the tharacic or nght lymphatic ducts high in
1he thorax and diversion of carcinoma cells in a retrograde fastuon down the penibronchial
tymphatics. The smaller bronchi are then wrtually surrounded by a sheath of carcinoma
cells which compress them by therr growth or by a scirrhous connective tissue reaction
thus producing a cyanotic or hypowc type of cor puimonale. The picture only rarely
creates confusson, but patents may survive the earhest radiologieal changes by several
months.

n sickle-celled anaenua agglutinated masses of abnormal cells may plug the pulmonary
vessels with secondary development of obstructive vascular changes,

Pulmonary polyartentis 1s saud to be the only form of polyarteritis which 15 associated
with an phiia. 1t s d with flufly shadaws m various parts of
the fung fields Other festations usnally d the clintcal picture and
1he effects on the nght heart are selatively Pul v embolism acute and
recurrent are discussed elsewhere {see Chapter 13)

A commoner dizgnostic difficulty 15 the mixture of features of nght and left heart
fajlure in the following ways.

Ischaemye heart disease 1 a bronchitie,

Bronchitis i a hypertensive subgect

Cardiac asthma with gross wheezing

Severe pulmonary cedema with cyaneus aad left heart failure.

Alt these are common disorders w the age group 40 to 70, and on occastons the picture
may be mixed and confused Its precise unraveling depends on the fullest chinical study
and on varrous diagnostic aids and pulmonary function tests.

The followmng features are usvally indicative of an aetiology other than pulmonary
{Fulton, 1953)- (1) cardiac pain, (2) paroxysmal nocturnal dyspnoea, (3) sudden wmerease
1n dyspnoea, (4) chinical cardiac enlargement, (5) sustained atrial fibrilation, (6) abnormal

feft axis deviation or Jeft bundle branch block 1 the electrocardiogram, (7) age over 65
years
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of ageing processes in the lung has still to be evaluated. Environmental and occupational
factors include fog-nidden arcas (Reid and Fairbairn, 1958) and exposure to cold and wet
Cigarette smoking and childhood asthma may also play a rélc in fostering bronchial
%nfcc(ion. The young bronchitic may be persuaded to change from an outdoor to an
indoor occupation, ot to leave a foggy or smoky city. Attacks of bronchutis call for prompt
treatment  Efforts have been made to reduce frequency and severity of bronchitic attacks
by short courses of antibiotics at the onset of g cold, but without significant success (Knox
et al., 1955). Buchanan er al. (1958) have given 250 mg. tetracycline twice daly and
continuously with an encouraging diminution in the frequency of bronchitic exacerbations.
More trals of this type are required before any final conclusions are reached.

Differential Diagnesis of Cor Pulmonale

Where there 1s some causative lung disorder the recognition of pulmonary heart
failure creates little difficulty as a rule. In sarcoidosis, fibroid tuberculosis, and radiation
fibrosis (usually from mammary cancer or regional sacroma 1n the thoracic area) the gen-
cral features are much the same as i emphysema heart, except that the features are more
likely to be unremutting and progress 1s continuously downhill. The same relentless
progression of cardiac failure applies to kyphoscoliosis where, owing to ageing processes
m the lung, ventilation becomes less cfficient and cyanosis becomes increasingly apparent
in muddle ife. The pulmonary artenial pressure becomes elevated as the subject gets bluer
and cor pulmonale terminates the picture. More recently appreciated is the syndrome of
defective ventilation resulting from extreme obesity (Pickwick syndrome). Impaired
movement of the chest wall held in 1ts heavy cuirasse of thick fat leads to cyanosis :'md
ultimately heart failure. Both right and left ventricles may be enlarged and hypertrophied
Silicosis and anthraco-silicoss are occupational hazards and occur mainly in particular
geographical (mining, quarrying) areas. Cor pulmonale is most likely to develop m the
advanced stage of massive and confluent shadowing.

Pulmonary bitharziasts 1s seen to a greater extent tn Egypt than in other tropical or
subtropical countries. The ova, whose normal mode of exit is by erosion from the veins of
bladder or rectum through the mucosa of these viscera, are instead swept away n the
blood stream to embolize the portal radicles in the liver (from the rectum) and the pul-

- afang

the systemic circulation. In Egypt, where the majority (80 per cent) of the fellatun are
infested, it has been estimated that only four per cent show pulmonary involvement. The
disease in these has often been developing since childhood and the right ventricle becomes
nearly as thick as the left. As this 15 one of the types of obstructive cor pulmonale an
early symptom is famnting on effort. This precedes frank breathlessness, and weakness
or a fecling of physical exhaustl.on is more common th.an oede.ma‘ The characteristic
pathological lesion in the lungs is the angiomatid—a microscopic whorl of new vessels
1n relation to the site of embclis;r_l. Radéolog;cally the lesions create tiny nodular diffused
er like those in miliary tuberculosis. . -
sha(slg‘\:-;sng;trl; carcinoma may produce two types of cor pull le. Chorion epithel




CHAPTER 12

CHRONIC PULMONARY DISEASE
By PHILIP HUGH-JONES

CuroNic pulmonary disease may either cause a maldistribution of blood to different
regions of the lungs, or 1t can alter the total pulmonary vascular resistance and blood
flow, leading to pulmonary hypertension and then to night heart failure (cor pulmonale).
The latter effect is of much the greater clinical importance.

The exact mechamsm of pulmonary hypertension in chronic lung disease 1s still
obscure, but two chinical observations are noteworthy. First, it tends only to occur after
the lung disease had been present for a very long time, and lung fatlure has developed.
Lung failure means that the lungs no longer mamntain their pnmary function of keeping
the arteral blood gases within the narrow hmits of normal, and 1t 1s present when the
carbon dioxide tension mises or the oxygen tenston falls outside these imits in the absence
of a night to left cardiac shunt Secondly, cor pulmonale may become obvious, associated
with a able nise of pul y artery p , during an exacerbation of the
chronic lung disease, as with an acute respiratory infection, and then go again on recovery.
This episodic change m pulmonary artery pressure contrasts with the persistent pulmonary
hypertenston of other conditions, such as mitral stenosis Both these observations support
the view that reactive vasoconstriction 1s of great 1mportance 1n producing pulmonary
hypertension i chromc lung disease

The pulmonary artery pressure in some patients with cor pulmonale does not return to
normal after recovery from acute infection, and here obliteration of the pulmonary
vascular bed may be an important cause of increased vascular resistance  But the vaniations
in pulmonary hypertension with changes in arterzal blood gas tenstons (Whitaker, 1954),
and the occurrence of cor pulmonale after many years in patients who only have a chronic
mability to ventilate their lungs adequately (such as some cases of kyphoscoliosis who, at
post-mortem i n, have no emph or other ch m their lungs obliter-
ating the pulmonary vessels), suggests that functional vasoconstriction 15 most important
{see Chapier 4)

As Wood (1956) points out, 1t 15 difficult to estimate the absolute frequency of cor
pulmonale (Chapter 11) compared with other forms of heart fatlure, for 1t 1s a complication
of disease of the lungs, under which it appears in the Registrar-General’s reports. But in
a recent survey 1t was found that cor pulmonale accounted for approximately 35 per cent
of all cases of congestive cardiac failure admitted to hospital in the Sheffield area (Sheffield
Hospitals, 1959) Of the chromc chest diseases emphysema and bronchitis are by far the

causes of pul y heart failure. The pneumoconioses may be the next

commonest cause in some ndustrial areas, such as South Wales, but elsewhere, kyphos-

colosis and other conditions producing chromic hypoventilation, though themselves
om
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sense, but use it to mean a functional state which, if diagnosed on defimte chmeal and
ancillary critena, usually corresponds with true pathol al eraph Since we shall
be tatking about a state of altered lung function we shall not be concerned with the
ifferent anatomical types of emphysema (*hypertrophic”, “centnlobular™, “diffuse™,
ete.) none of which has been shown to have a speaific functional significance

n Britain most patients with chrome lung insufficency, with resulting breathlessness
on exertion, who eventually get disturbance of their pulmonary cirenlation, have a2 mixed
pathology which causes obstrisction to the ai-flow in and out of their Jungs. Al or some
of the following components are present chrome bronchins, asthma (of a chronic non-
paroxysmal type) and emphysema Fu thus chapter we shall define these components as
follows*

Bronchins: an excessive secretion from the bronchial tree mamfest as phlegm.

Asthma: a seversible obstruction to ar-flow from the lungs.

Emphysema a condition defined 1 terms of morbid anatomy, given above, which
gives rise to pessistent air-flow obstruction, irreversible by drugs. Its most important chin-
1cal feature is undue breathlessness on exertion, not attributable to other specific catses.
Chincally, therefore, a diagnosis 15 mamly reached by exclusion, with positive help from
radiology and function tests (Hugh-Jones, 1958b). Positive physical signs are only of value
1 rather advanced cases (see below)

Swce not all patients with the commen “chrome chest™ complant have alf three
components 1 15 best, chcally, to think iniually sn terms of a general functional diagnosss
of “chronic airways obstructton™ (just as one may think in terms of “congestve cardiac
farture™) and then make a careful decision about the role of each causative component.
This approach 1s of great practical importance, and a much better one than loosely calling
all such cases “emphysema”, because the asthmatic component can be relieved and in-
fection assoctated with bronchitts can be treated, whereas emphysema itself 1s a destructive
process which cannot be reversed, though some of us effects can be ateviated.

True pathological emphysema usually occurs with antecedent bronchuis (Stuart-
Harns and Hanley, 1958; Oswald, 1958} though it may occasionally occur without any
bronchutss, a type documented more frequently in the United States  Yts presence should
only be diagnosed with good reason and an atternpt made with the help of function tests

to d;termme 1ts severity, for the prognos:s i relation to cor pulmonale s much dependent
on thus

Functional Pathology

Emnh

v causes more widespread disturbance of lung function than any other
disease. Al its eﬂ‘ccts'wﬂl be constdered in some detarl because they provide a basss for
of the fi i ch: 1n other chronic lung d ffecting the pul

Y
arculatron The tungs have two magor functions to perform and emphysen;a disturbs

both Their prunary function 1s to provide an interface of enormous surface arex between
the blood and the environment across which gas exclrange can take place by diffusion;
there is a net transfer from blood to are, or vice versa, according to the tension gradient on
the two sides f)f the membrane. Blood 1s pumped to this mterface by the heart, but m
land-living animals, such as man, the environmental air has to be pumped to the other
side of the alvealar memhbrare by the linace thameals ae auhink faba . -
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relatively uncommon, probably come next. Although cor pulmonale may also occur in the
different fibrotic and other chronic lung conditions, it is conspicuous by its absence in
many of them. This lack in many chronic lung diseases, such as tuberculosis, except in the
most advanced stages (Uggla, 1957), is itself of interest in relation to the aetiology of cor
pulmonale. For these diseases may cause extensive local anatomucal damage to the lungs
and consequent reduction of the vascular bed, but they tend not to cause functional lung
failure because there is an adequate reserve of function in the remaining normal lung. Cor
pulmonale is particularly associated with those chronic lung diseases which cause changes
1 overall lung function rather than localized morbid anatomy. Of the functional effects of
these disorders chronic hypoventilation 1s of great importance.

EMPHYSEMA AND BRONCHITIS
Definitions

Although this condition disturbs the pulmonary circulation more frequently than any
other chronic lung disease, it 1s not a clearly defined entity.

We are all famuliar with the common group of patients who have what 1s loosely
called “bronchitis and emphysema™ in this country, but usually just “emphysema™ in
the United States. Their cardinal symptom 1s undue breathlessness on exertion [n most
of them this gradually increases and eventually goes on to lung failure, at first only on
exertion, but finally at rest. Most of them, at any rate in Britain, have cough and sputum
as well.

The difficulty in definition is the meaning of “emphysema™. It is really a term appled
to morbid anatomy and in this context there 1s usually agreement about it. We should
strictly use 1t 1n the morbid anatomical sense; and a satisfactory definition is: A con-
dition of the hung characterized by mcrease beyond the normal in the size of air-spaces distal
10 the terminal bronchiole either from dilatation or from destruction of their walls™ (Ciba,
1960). There are two problems about this definition. Furst, it includes what may have been
a temporary over-inflation of the lung 1n life and there are those who would confine em-
physema to those cases where there 1s actual destruction of respiratory tissue; however,
the focal emphysema of coal pneumoconiosis, for example, 1s a permanent emphysema but
Iimited to dilatation of respiratory bronchiales (Heppleston, 1953). But what to include
and exclude within the pathologrcal defimtion is largely polemuc and does not concern us
here. Secondly, since lung biopsy is usually impracticable, the clinical diagnosis of em-
physema in life depends on various diagnostic criteria (clinical, rav‘:llological or physto-
logical), and the results obtained do not necessanly predict the {indmg of emphysema at
post-mortem, though they usually do so in advanced cases. Chmcmqs often use the term
“emphysema’ without necessarly applying either strict or ?greed diagnostic critena, so
there 35 much confusion and the diagnosis may be made in life when the pathologist finds
nttle or no anatomical emphysema after death.. Conversely, emphysema may be localized
at post-mortem, or If generalized, of such 2 ‘x‘mld' degree as to 1'1ave c“‘,'.‘?‘_l}‘i’r‘,’ifff'ffif
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muscles by an emphysematous patient attempting to accelerate air-flow may simply
narrow the airways and trap gas in the lungs from airways collapse (Campbell, 1958).
Such trapping in normal subjects only occurs at the end of the deepest exhalation thereby
Timtting the expiratory reserve volume and keeping the residual air volume in the lungs ,
In emphysema the trapping occurs early in expiration and the residual volume 15 greatly
increased. The total lung capacity itself may be raised (Fig 128) but the residual volume
always forms an abnormally large percentage of it.

The expiratory airways resistance can become enormous 1n emphysema during attempts

Fibrosis

Normal Emphy sema (spondyhtis, etc)

FEV,, 35 1 2 0 hitres
FVC 45 3o 2 5 litres
FEV,® 78 33 80°%
MBC

(mdirect FEV »35) 125 35 70 hitres/minute
RV 25 5 25 htres
TLC 70 50 5 0 hres
RV,%TLC 35 60 509

Fic 128 Dla{’gram of tracings on a kymograph, as recorded when measuring
the FEV, o

50 that expired volumes ate traced downwards
¢ tracings are posed on a of the sub-d

of the total lung capacity The tracmngs and numerical values given as

examples, are only approxumate but are typical of the lesions concerned
to increase the minute volume during exercise, and even at rest 1t 1s usually increased
accounting for the well-known prolonged expiratory phase of breathing. Mead et al.
(1955) cite an example of a patient who, while applying a pressure difference of more than
80 cm. of water to his lungs, only produced an expiratory air-flow equivalent to that in
normal resting expiration.

In gross emphysema the work of breathing may become so great that the oxygen con-
sumption of the respiratory muscles may be a high proportion of the total and there soon
comes a point in exercise where any increase in minute volume means an oxygen cost of
breathing greater than the extra oxygen intake.
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of being an air-pump or bellows for ventilation, acting through the agency of chest-wall
and diaphragm movement (se¢ Chapter 3).

Defects of ventilation. The maximum breathing capacity (M.B.C.), that is the maximum
amount of air that can be breathed per minute, may be grossly reduced depending on the
degree of emphysema. Essentially the M.B.C, represents the ventilatory reserve of the
air-pump which is available for exercise. Its normal value depends on age, size and sex
of the patient. It tends to decrease considerably with age, starting at about 150 litres/mn.
n young men and dropping to 60-80 litres 1n the elderly. In advanced emphysema the
reduction may be gross, reaching as low as 15 litres/min., so that there is virtually no
ventilatory reserve for the shghtest exercise.

The reduction of M.B.C. in emphysema 15 far more significant than the reduction
vital capacity (V.C.). The latter is usually reduced, but not necessarily as severely as in
diseases causing restriction of chest movement (fung fibrosis, ankylosing spondylius, etc.).
The M.B.C. is disproportionately low 1n emphysema because of obstruction to air-flow.
An emphysematous patient taking a long time to “blow out” a vital capacity test may
achieve a good score, but he cannot get the air out quickly (as he has to do when he 15
panting during exercise} Thus, the efficiency of the lung as an air exchanging bellows for
maximumexercise 1s better measured by the volume of air exhaled in a given tme from the
start of quick maximum expiration following a full inspiration, rather than by the vital
capacity. This volume exhaled in a given time in these circumstances is called the ““forced
expiratory volume”™ (Gandevia and Hugh-Jones, 1957) and the time interval usually
adopted for its measurement 1s one second. The F.E.V. can be measured easily by gettinga
patient to exhale his vital capacity quickly and forcibly into a suitable sprrometer and re-
cording the movement of the bell on a kymograph. The full amount exhaled is the forced
vital capacity (F.V.C.). In normal subjects and most patients this is about the same as the
wvital capacity performed slowly, but 1n emphysema 1t may be less (because of air-trapping
m the lungs) (see below) For our purpose the V.C. and the F.V.C. can be treated as
Synonymous

The forced expiratory volume measured for a second (F.E V ,.,), is about 75 per cent
of the vital capacity in normal subjects. With air-flow obstruction, as m emphysema or
asthma, the expratory flow curve 1s slowed and the one-second F.E. V. is disproportionately
reduced compared with the V C. It may only measure about 40 per cent of the latter
With a purely restrictive leston, such as ankylosing spondylitss, the vital capacity 1s re-
duced but the F.E.V. forms over 80 per cent of 1t (Fig. 128). .

When a patient 1s panting maximally, one breath 1s like another and the relation of
inspiratory to expiratory flow pattern sufficiently constant to permit pre.dictwn of the
M.B.C. from the F.E.V. by multiplying the latter by a rate factor (approximately 35 for
the F.E.V.1.0). Multiplication of the F.E.V. by a constant 1s, of course, unnecessary and

the F.E.V. tself can be used as a measure of the patient’s M.B.C.
The obstruction to air-flow in emphysema differs from that in asthma, altho.ugh asthma
secondary to bronchitis may be present as well and form part of the obstruction. .In un-
cated emphysema, the obstruction 1s caused by exprratory collapse of the airways
uent upon loss of elastic recoil the Jungs. Expiration is normally passive from
s the air up the airways, when 1t maintains the pressure above that

compli
consequent uUpol S
elasticrecoil which drive

of the intrapleural space. Any ncrease in intrapleural pressure, from the useof expiratory
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1932}, and thus the auset of cor pulmonale seems to be most closely refated to the progres-
sive reduction in vascutar bed that occurs”  Unfortunately, the interpsetation of the carbon
monoxide test 15 very complex. In one form 1t may be markedly mnfluenced by ventilatory
inequality in the lungs (Marshall, 1938) <o that sts red does nat ly mean
a reduced vascular bed  ‘When performed by the single-breath techmque, however, the
effect of ventstatory rnequality 1s less. Then a reduction n the test value is found anly 1
advanced cases of emphysema and mainly those 1o whom the coniition developed rapidly
wath Little antecedent-bronchitis (Ogilvie, 1959)

Functionaf variations. This review of the funcitonal pathology of the average patent
with emphysema has indicated that every aspect of lung function may be disturbed  But
the emphysematous process may vary from a negligible to a gross degree w different
pattents  Even 1f 1t 1s fairly advanced, not all aspects of tung function are necessanily
disturbed to the same extent. Thus sorme patients appear to have more ventiatory dis-
turbance and become dyspnoeic without cyanosis. Others have gross disturbance of gas
exchange with cyanosss ont of proportion to ther dyspnoea  Many advanced cases have
both ventilation and gas exchange senously disturbed

To understand the chnical features of emphysema n relation to pulmonary hyper-
tension and cor pulmanale, 1t 18 impostant o apprecate some effects of disturbance of
ventilation and gas exchange on the arteral blood. The effects of overall hypoventilation
alone must be dsstinguished from the effects of lack of balance between ventilatton and
perflusion.

Hypoventilation  Excesstve work of breathing 1n emphysema may reflexty lumig ven~
tilatton thaugh over-stimulation of stretch receptors in the luags and hypaventdaton
results 1t has been shown by animal experiments {Davis ef al., 1956) that stimul m these
receptars are refated to the work of breathung, and  maa these stimuh to the respiratory
centee may in some crcumstances be of greater amportance even than carbon dioxide
{Fawler, 1954).

Narmally, the alveol are ventilated with fresh aw in sufficient quantity to didute the
carbon doxide produced by metabolism so fhat sis partial pressure 1n the alveoh, and
hence in the artenial blood (for carbon diaxide diffuses so readily that there 15 usually
neghgible tension gradient for ts gas between the two) 15 very close 1o 40 mm Hg
There is a fundamental relation-

0-863 x V¥ x R
PACO, = MV—.N.;._,W
A

which shows that alveolar carbon diowde tension (P o) vaues directly as the oxygen
consumption but mversely with the alveolar ventilatton Here, 0-863 is a factor depend-
ng on temperature, pressure, etc., and the product ¥,, x R (oxygen consumption x
respiratory quotient) 15 the carbon diowde produced per minnte which, for a given quo~
tient depends on the patient’s activity, as reflected by the oxygen consumption. Thus, f
a]veol;r ventilation s increased, without a change 1 metabohsm as sn voluntary over-
beeathing, the artenal and abveolar Peo, fall. Thus 1s hypersennlanon. Converscly, the
cnr?on diovide tension falls m alveolar ventilation ss reduced without a decrease sa meta-
bolism, and &) porentilation results. The respuratory centre normally adjusts the ventilation
carcectly in relation 10 the arterial carbon droside tenston.
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All these defects in the lungs as bellows contribute towards hypoventilation which
we shall see 15 a factor of importance in producing pulmonary hypertension and cor
pulmonale.

Defects of Gas exchange. Gas exchange can be affected 1n two ways by emphysema:
first, because of uneven distribution of gas and of blood over the interface in the lungs,
and secondly through reduction in the total surface area of this interface.

Uneven ventilation and perfusion  Emphysema tends to be distributed in patehes
through the lungs so that the ime-constants for filling or emptying of diflerent areas vary
(Ous et al., 1956), some areas filling more completely during breathing than others, Thus
there 15 unequal ventilation, This can be detected by various procedures in which an
analysis of expred gas is made, and these are helpful diagnostically (Fowler, 1949; Bates
and Christie, 1950, Comroe and Fowler, 1951; Briscoe et al., 1951; Gilson and Hugh-
Jones, 1955).

Uneven ventilation obviously means that not all parts of the large lung interface are
effectively used for gascous diffuston, but its real sigmificance must be idered 1n re-
relation to blood distribution. If the poorly ventilated parts are also poorly perfused by
blood, they are functionless for gas exchange, and the lung has simply lost some of its
enormous surface area  But 1f well-ventilated areas are not perfused they act as dead space
and waste part of each tidal volume of air; conversely if badly ventilated areas are well
perfused they act as a virtual shunt of blood and some *venous-admuxture™ takes place
nto the arteriahized blood leaving the lung. Thus, in the absence of any barrier to diffusion
across the nterface, the gas composition of the arterial blood 1s solely determined by the
mtegrated total of the gas composition of blood leaving each alveolar capillary, and this
is entirely dependent on the ventilation-perfusion ratio within the alveolus. Thus the
arterial blood gas composition is affected by the ventilation and pefusion being “out of
step” but 1t 15 unaffected if uneven distribution of air is compensated by a similar dis-
turbance of distribution of blood flow.

As a general rule in lung disease poorly venulated alveoli are also poorly perfused.
Emphysema is almost the sole condition m which serfous “out of balance” or inequalty
of ventilation-perfusion ratios occurs. However, recent work (Riley et al, 1951; West
et al., 1957; Read and Willlams, 1959) has shown that some emphysematous patients
have their uneven ventilation balanced by a corresponding unevenness of perfusion more
than others Thus, even if ventilatory inequality 1s severe it may be “compensated” by
perfusion change and different degrees of comp ton may be recognizabl

Reduced diffusing capacity. The diffusing capacity of the lungs is usually measured by
testing the subject’s ability to remove carbon monoxide from an inspired gas mixture of
air with a little (about 0-2 per cent) carbon monoxide added (Chapter 3), either duning
a period of breath-holding after a single inspiration, or duning a multiple breath stead'y-
state procedure. Carbon monoxide 1s used as the test gas, rather than oxygen, because its
uptake 15 practically only limited by the diffusing capacity of the lung interface and not

by blood {low and other factors. Emphysematous patients often show an abnor}nal re-
duction in their ability to take up carbon monoxtde for a given tension o[tl'_lat gas in their
alveoli. Bates (1958) has suggested that low carbon monoxide test values in emphysema
reflect the reduced surface area of alveoli anq that ““the progressive loss of vascular] bc,d
probably results in the pulmonary hypertension found in emphysema (Mounsey et al,
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perfusion ratios n the lung causes hypoxia, without hypercapnia. However, in emphy-
sema, the required increase 1n ventilation often cannot occur, because of the mechamcal
problems In that case, there 1s carbon dioxide retention as well as gross hypoxia because
of overall hypoventilation as well as ventilation-perfusion imbalance.

In summary, pure overall hypoventilation (from whatever cause) gives nise to hyper-
capnia and to hypoxia proportionally If a ventiation-perfusion imbalance exists too,
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then the hypoxia 1s out of proportion to the hypercapnia and central cyanosis (whichmeans
severe hypoxia) often appears. A ventilation-perfuston imbalance 1s the commonest cause
of central cyanosis of pulmonary ongmn.

Clinical Features

Symptoms and signs. The characteristic symptom of emphysema, 1itself, 1s progressive
exertional dyspnoea Cough and sputum which are usually, but not always, present are the
symptoms of bronchitis Wheezing 15 usually the p of any no dic asthma
which may accompany the emphysema and bronclutss. If heart failure occurs the dyspnoca
becomes more intense and the patient may complam of oedema.

The chest 15 held in the inspiratory p with limitation of expansion
and a tendency for “movement en bloc™ or hfting of the sternum with early use of scalene
and sternomastord muscles Many emphysematous patients are thin and have bright
rathe{ protruberant eyes There 1s often n-drawing of the intercostal spaces on in-
spiration but a barrel-shaped chest 1s by no means a necessary feature, even of advanced
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Note, in this discussion it is the alveolar ventilation and not the total air going in and
out of the nose and mouth, or minute volume, which is the critical factor. Alveolar ventil-
ation is:

(tidal volume — dead space) x frequency of breathing.

In emphysema the dead space may be increased above that of the upper airways or ana-
tormical dead space, because of ventilation of unperfused alveoli and an abnormally large
proportion of inspired gas takes no part in alveolar gas exchange. Thus when a patient
with severe emphysema has an overall ventilation (minute volume) at rest which is the
same as or even greater than that of a normal subject he may be hypoventilating  Only
the alveolar or the artenal carbon dioxide tension truly reflects the adequancy of the
ventilation.

Some emphysematous subjects do maintain an adequate alveolar ventilation 1n spite
of an ncrease 1n dead space, a large minute volume and an excessive work of breathing.
They complain of dyspnoea, probably from the excessive stimulation of their lung stretch
receptors. Others, as 1t were, give up the struggle of dyspnoea, the excessive stimuli from
the pulmonary stretch receptors overcomes the effects of carbon dioxide, and they “accept”™
hypoventilation and a raised alveolar and arterial carbon dioxide tension even at rest.
Their respiratory centre becomes adjusted to the hypercapnia and insensitive to carbon
dioxide (Prime and Westlake, 1954, Donald and Christie, 1949). Such patients have been
called “lazy-breathers” by Dornhorst (1955) On command they can voluntatily mcrease
their ventilation and lower their carbon dioxide tension to normal and 1f their mechanical
defect can be improved (for example by removing any added asthma and accompanymg
bronchtis) the response of their respiratory centre to carbon dioxide improves (Chermack
and Smidal, 1956).

The effect of hypoventilation is to raise the arterial carbon dioxide tension and lower
the oxygen tension proportionately. But because of the shape of the oxygen dissociation
curve hypoventilation does not readily give rise to cyanosis (Fig. 129). Thus with a normal
respiratory quotient and alveolar ventilation of about 5 litres/min, the Po, is 40 mm. Hg
and the oxygen saturation 97 per cent. If the alveolar ventilation falls as low as three
litres/min. the P, tises to almost 80 mm. Hg but the saturation 1s still about 85 per cent,
at which level cyanosis is barely detectable. But, again because of the shape of the oxygen
dissociation curve, this degree of unsaturation represents a profound fall in oxygen
tension from the normal of about 100 mm Hg to about 60 mm Hg. Thus, hypoventilation
causes hypercapnia and a corresponding degree of hypoxia, but no cyanosis except when
it is extreme.

Ventilation-perfusion imbalance. In contrast to hypoventilation, inequality of distrt-
bution of gas and blood within the lungs tends to cause hypoxia without hypercapnia.
In those parts of the lung in which perfusion is excessive compared with their ventilatton,
the blood leaves with a reduced oxygen tension but a raised carbon dioxide. The latier
stimulates the respiratory centre and causes an increase of overall ven!ilanm.l. Such.an
increase in parts originally normally or excessively ventilated compared with their perfusion
will eliminate carbon dioxide but can only add a neghgible amount of oxygen since their
blood 15 already being almost fully oxygenated when it passes to the pulmonary vein.
Thus, if a compensatory overall hyperventilation can take place, mequality of ventilation-
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perfusion ratios in the Tung causes hypoxa, without hypercapaia. However, m emphy-
sema, the required increase i ventilaion often cannot occur, because of the mechanical
problems In that case, there is carbon dioxide retention as well as gross hypoxia because
of overall hypoventilation as well as ventilation-perfusion 1mbalance.

In summary, pure overall hypoventlation (from whatever cause) gives rise to hyper-
capnia and to hypoxia proportionally I a ventiation-perfusion mbalance exists too,
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then the hypoxia is out of proportion to the hypetcapra and central cyanosis (winchmeans
severe hypoxia) often appears A ventil perfuston imbat 1s the cause
of eentral cyanosis of pulmonary ongin.

Clinical Features

Symptoms and signs. The ¢k 1stte symp of emphy , tself, 1s prag
exerttonal dyspnoea. Cough and sputum which are usuaily, but not always, present are the
symptoms of bronchitis. Wheezing 15 usually the symp of any P dic asthma
which may mpany the ¥ and bronchutis  If heart faslure occurs the dyspnoea
becomes more intense and the patient may comgplatn of cedema.

The chest 1s held in the iy position with i ion of

and a tendency qu “miovement en bloe™ ot hftng of the sternum with early use of scalene
and sternomastoid muscles Many emphysematous patients are thin and have bnght
rasherv protruberant eyes. There 1s often in-drawing of the intercostal spaces on in-
spiration but a barrel-shaped chest 18 by nio means a necessary feature, even of advanced
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emphysema. A diminished cardiac dullness on percussion with downward displacement
of the upper limit of liver dullness, and heart sounds almost inaudible, except in the epi-
gastrium, 15 foundin advanced cases. The breath sounds are likewise diminished, sometites
they are entirely obscured by expiratory wheeze and rhonci from accompanying bron-
chitis The signs of cor pulmonale are dealt with in Chapter 11. Clubbing 15 not a feature
of uncomplicated emphysema; 1ts presence suggests other features such as bronchiectasis
or the development of lung cancer, the appearance of the latter often being especially
difficult to detect in patients with emphysema and bronchitis.

Radiology. One of the most striking things about the radiograph in cmphysema is
often how slight the changes are when the patient is seriously disabled. The radiograph,
i fact, reflects anatomical rather than functional change, Nevertheless, radiology can be
very helpful in arding the true diagnosis of emphysema in the group of “ chronic bronchitis
and emphysema™ patients. Exaggerated inspiratory posture with flattened diaphragms
can be seen, but most important, a disparity between few and thin vascular markings
at the periphery of the lung fields compared with the often exaggerated vascular markings
at the hulum (Barden, 1952). The latter 1s especially noticeable when cor pulmonale
develops. Tomograms are especially useful for showing the deficiency of the peripheral
vasculature when emphysema is present, m contrast to the well-preserved peripheral
vessels in patients with uncomplicated spasmodic asthma (Fraser and Bates, 1959).

Local bullae do not themselves mean there 1s generalized emphysema, though their
presence lends support to the diagnosis made on other criteria. Inspiratory and expiratory
films may be useful to demonstrate poor diaphragmatic movement which again supports
the diagnosis. Radiotranslucency in the lung fields can be helpful, iflocalized, but thediag-
nosis of generalized emphysema from apparent overall hypertranslucency may be most

isleading as the app depends so much an radiographic technique (Chapter 5).

Course and complicati In the vareties of emphysema chiefly seen in
younger subjects the course may be rapidly progressive; but in the common cases which are
generally accompanied by bronchitis and gradually manifest themselves in middle age, the
disease may go on for years with only gradually increasing symptoms and finally end n
cor pulmonale. But at any stage an acute upper respiratory tract infection may prove far
more serious than in normal subjects, may precipitate cor pulmonale or may even prove
fatal.

Acute exacerbations. A cold, mfluenza or bronchitss, readily gives rise to an ex-
tensive bronchiolitis or patchy bronchopneumonia in these patients. S. pneumoniae, H.
influenzae, E. coli or B. pyocyaneus are the common infecting organisms.

A normal person catching pneumonta and getting some parts of the lung thereby
under-ventilated responds by a general increase in ventilation in response to the high carbon
dioxide content of blood leaving the under-ventilated areas. As discussed in the section on
ventifation-perfusion imbalance, above, 2}‘16 nsequent o n of the 1 ining

s vt high minute volume, but no hypercapnia. “In contrast, the patient with

b 1ype
:,}-’::}?;;Zba and bronchitis is usually hypoventilating even before the acute respiratory
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infection, because of the gross mechamical disturbance of hus chest and the excessive stymuly
from pulmonary stretch receptors  With the acute exacerbation he cannot respond to the
increased ventilation-perfusion imbalance by increasing his minute volume without
undue distress, 5o he becomes more hypercapnsc and even further hypoxic than he was
with his oniginal hypoventilation, The clanical picture is usually one of ventilatory distress,
with the accessory muscles of breathing being used, ¢yanosis, twitching of the outstretched
hands, penipheral vasodilation, engorged veins m the eye fundi and sometimes papilloe-
dema, and 2 raised venous pressure i the neck.

Oxygen given to these patients with an acute exacerbation readily removes thew cyan-
osis caused by the ventilanton-perfusion imbalance. But since their respiratory centre 18
msensitive to carbon dioxide and breathing 1s related to the stmulus of hypoxia their venti~
tation may fall further when the hypoxia is removed by oxygen admunistration  Thus there
1s a further nse of artersal carbon droxide tension The latter may be so severe as to cause
drowsiness of even coma {Westlake ef of , 1955) Even without an acute nfection, hypo-
ventilation may cause enough cerebral vasoditation from carbon drovide retention to give
headache; with an acute exacerbation papiticedema and a raised CS F pressure may be
so marked that intracransal space-occupyang lestons are suspected by those who are not on
the look out for hypoventilation

With an acute exacerbation, cor pulmonale, which was possibly sub-climical m the
uncomplicated state, often becomes mamifest It probably anses from the reactive pul-
monaty hypertension, together wath the hugh cardsac output, polycythaemea and mcreased
blood volure which these severely hypaxice patsents get. That it is the hypoxia tather than
the inereased carbon dioxide tension which causes the pulmonary hypertenston (Chapter
4) 1s suggested by the right heart strain seen 1n some residents at hugh altitude who get hyp-
ox1a but not hypercapma  With successful treatmend returming the artersat blood gas ten-
sions to normal, the pulmonary hypertension decreases to 1ts ornginal level before the
evacerbation. The latter probably depended, at teast in part, on the extent to which the
pulmonary vascular bed had been reduced by the emphysema and on the degree of hypoxia
from continuous hypoventlation.

Polycythaerna  Secondary polycythaemia ss rather an uncommon compheation. fts
maerdence is puzzhing  Although it only occurs in those wha are persistently rather severely
bypoxic (and heroe usually cyanosed) there are, on the other hand, many emphysematous
patients who are persistently cyanosed and yet not polycythaemic. It has been suggested

that the common bronchitic mfection 1 these patients suppresses the reaction of the bone
marraw or that 1ron uthization is impared. However, recent work (Shaw, 1959) uning
radioactsve labelling of blood 1on, shows that the bone marrow responds normally to
the of hypoxia in emphysema by producing more erythrocytes During increased
hypoxia from an acute exacerbation red cell production exceeds destruction and the totat
red cell volume, 1 general, refizcts the degree of chronic hypoxia  The reason why some
patients with an mcreased total red cell volume have a high haematocrit and not others
1s that some also have an increased plasma volume  Thus, * polycythaemia™ 1s missed 1T
the diagnosis 53 based on the haematoent or haemoglobn per 100 ° 1ather than on the
total red cell volume Presumably those apparently hypoxic patients who are i incipent
cor putmonale have an increased plasma volume which masks polycythaemua. But al-

lhoueh rhere 15 no conclustve evidence on this potnt. 1t 1s posuble that some patients
2
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may respond to hypoxia normally, with mcreased red cell production, but also respond
with 1ncyeased cell destruction and so not get polycythaemia.

The importance of polycythaemia in disturbances of the pulmonary circulation is that
!he increased blood viscosity and blood volume may contribute slightly to the circulatory
impairment,

Diagnosis

Although the chnical picture may be very variable, depending as we have scen on the
extent of the different functional abnormalities, the diagnosis in advanced cases can usually
be made on clinical grounds with the help of the radiograph. Since breathlessness without
other obvious cause 1s one important feature the diagnosts is rather one of exclusion, and
lung function tests are of positive diagnostic help, But there is the difficulty of suspecting
emphysema wrongly in patients who simply have chronic bronchitis and non-paroxysmal
asthma. This can be especially difficult when such patients have an acute exacerbation,
There are a fair proportion of patients who on clinical grounds in hife are thought to have
even advanced emphysema with respiratory failure, yet none 1s found post-mortem, the air-
ways obstruction and hypoventilation being caused entirely by bronchitis or bronchiohtis.

Some truly emphysematous patients with predominant hyperpnoea are thought to be
hysterical.  Here again lung function tests help in establishing the true diagnosis Left
ventricular fatlure may often be confused with emphysema when it presents predominantly
with mechanical disturbance 1n the chest. True polycythaemua can be confused with
emphysemata m patients who have a predomunant ventilation-perfusion imbalance and
secondary polycythaemia. Morning headaches may take the patient to a neurologist and
if gross carbon dioxide retention 1s present causing papilloedema a false diagnosts of
cerebral tumour or other intracramal lesion can easily be made  We have seen such cases,
and they have been reported elsewhere (Conn et al.,, 1957).

Patients with uncomplicated paroxysmal asthma very seldom get emphysema and &
tistory of this complaint 1s against the diagnosis. However, chronic non-paroxysmal
asthma with bronchitis can be most difficult to differentiate from emphysema. In factit1s
usually not a problem of differentating it from emphysema but of saying in a patient with
chronic non-specific lung disease how much bronchitis, how much asthma and how much
emphysema there1s. Of the simple lung function tests, a nise in the F.E\V. as a percentage
of the V.C. after energetic bronchodilator therapy is against the diagnosis of emphysema,
11 which condition the F.E. V. per cent remains low (30-50 per cent) even after a full course
of such treatment (Thomson and Hugh-Jones, 1958). Arterial blood gas analysis demon-
strating carbon dioxide retention is likewise a valuable and simple test But neither of
these two is specific and in some difficult cases clinical features, radiographs and full
function tests may all be needed to establish the diagnosis

Treatment
General. Any asthma present can be treated with bronchodilator drugs, any infected
bronchitis can be treated by antibiotics and postural drainage, but there s little treatment
for emphysema itself, though some of 1ts effects can be ameliorated. Thus assessment of

i ) isite to ful treatment.
ch element present is an essential req ) .
ea Ag{hmalicli’/ement. The most useful oral bronchodilator drugs are Tabs, ephedrine
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hyd. (B P.) 30 mg b i.d. or nightly, choline theophyllimate 200 mg. q.d.s. or 1soprenaline
sulphate 10 mg., sublingually, as required. Exact dosage and frequency are obviously an
individual problem for each patient. Ephedtine and isoprenaline may both cause palpt-
tations, and urmary retention 1n elderly men with enlarged prostates. Any of these drugs,
especially choline theophyllinate, may well be combined with the use of either adrenaline
and atropme compound spray (B P.C.) or isoprenaline sulphate spray (B P.C) from a
sutable hand nebulizer as required. Measurements of the forced expiratory volume
before and after the use of such inhalations are most desirable to see what, 1f any, effect
they are producing before given them to the patient Moreover, it is essential that a
suitable design of nebulizer be used, which produces a fine mist; and that the patient
gets personal instructton in 1ts use, learning first to be sure that a spray is being produced
and that the jet 1s not blocked, and then how to use the inhaler durmg two or three deep
breaths through the mouth  If real care 15 taken then a nebulizer can be most effective i
removing labile arrways obstruction. The argument that patients “get addicted to these
pumps” seems unwarranted 1f by their use real relief is obtained; over-indulgence 1n any
form of effective therapy may occur unless patient and physician co-operate 10 prevent it}
These hand-nebulizers or automatic pressure aerosols (‘‘Medihaler™) of 1soprenaline or of
adrenaline are one of the most useful methods of relieving labile airways obstruction

If patients fail to respond well to the above bronchodilator drugs, steroid therapy with
cortisone, prednisone, prednisolone or corticotrophin may be considered, But the use
of these drugs 1s really fraught with danger of addiction and of serious side-effects It1s
probably less easy to over-dose cortisone than the others. But whichever 1s used any form
of maintenance dose should be as low as possible compatible with improvement and rehef,
rather than necessarily trying to remove all labile air-flow obstruction There are many
patients 1n whom a small daily dose of sterords (10 mg. of cortisone or 1ts equivalent) seems
to potentiate the use of a hand-spray. In any case it 1s most important to measure
the effect of the sterord on the F.E V. to avoid confusion wath 1ts psychological effects

Finally, long-acting ephedrine, 1n the form of ephedrme resinate, or suppositories of
aminophylline may do much to improve ventilation and prevent early morning headaches
of which many patients with advanced emphysema and bronchitis complain

‘Whatever bronchodilator therapy 1s used regular measurement of the forced expiratory
volume or other simular index of air-flow 15 the only really satisfactory way of assessing
progress.

Bronchinis element. There 15 the very obvious preventive need to avord bronchial ir-
Titation as much as possible. In this country 1t 15 difficult for patients living 1n towns to
avoid fog, but smog masks and small concentrations of ammonia 1n the air of the home
during fogs (Brutish Medical Journal, 1955) help to alleviate the effects  Even more obvious
1s the avordance of cigarette smoking, yet most patients with emphysema and bronchitis
are exther unwilling or unable to stop!

If the bronchitis 15 wnfected and the sputum purulent antibiotic treatment should be
T o o ER . - . N z

inunedrately snould diarrhoea occur), are one of the most useful drugs for chronic bron-
chitis (Elmes et gl , 1957) Chloramphenicol 1s often even more effective, especially when
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.H tfluenzae 1s the man pathogen in the sputum (Douglas ez al., 1957). 1ts toxic effects
in the bone marrow have probably been over-emphasized. Nevertheless, because of this
remote danger, most physicians reserve its use in bronchitis for middle-aged or elderly
patients and then .nvotd prolonged or repeated courses of it. Other antibiotics especiafly
peniciliin (often given orally as ** V™ or phenoxymethyl-penicillin), streptomycin, erythro-
myecin all have their place but a discussion of their use, limitations and dangers is outside
our scope here.

Emplxyxcmqtom element. There 15 no specific treatment.  Once the asthmatic element,
when present, is removed the remaining expiratory air-flow obstruction from loss of elasti-
city can only be helped by such measures as breathing exercises (the value of which 1s
doubtful from evidence obtained by testing lung function, but they may have a justified
psychological value and help in maintaining slow expiration) or possibly by mtermttent
posttive pressure breathing (I.P.P.B.) in the out-patient department. It is difficult to see
why LP.P.B should be of any permanent value stself, and some of the enthusiastic reports
of its benefit from the Umited States (Motley et al., 1948, Sieker and Hickam, 1956;
Steker et al., 1956; Hickam ef al, 1957) may simply reflect the undoubted benefit from
bronchodilator drugs whenever there 1s accompanying asthma, for the reports describe
its use 1n conjunction with bronchodulator aerosols (Fowler and Miller, 1958). It 15, how-
ever, clearly of value 1n extreme carbon dioxide narcosis (see below).

In advanced cases of pulmonary hypertension the heart is involved (cor pulmonale)
(Chapter 11). The place of venesection 1n such cases 1s debatable, but it may help (Auchin-
loss and Duggan, 1957). But both for preventive and curative treatment of pulmonary
hypertension ambulant oxygen therapy should be carefully considered 1n a few selected
cases with advanced disease. Portable oxygen (Cotes and Gilson, 1956b) is difficult to
admunister 1n normal social circumstances and the likely benefit to the patient needs

1956a; Campbell, 1957)

In patients who show chronic hypoventilation attempts have been made to increase the
minute volume by drugs, such as aspirin, which stimulate the respiratory centre. But
although headache and mental clouding may be improved, and 1t 1s possible that pulmonary
hypertension can be reduced by this means, the resulting sensation of breathlessness has
made the treatment intolerable in all patients we have studied. It may be that in future,
such treatment would be feasible if 1t could be combined with surgical division of nerves
from pulmonary stretch receptors, but this is not yet really practicable.

In advanced cases with a grossly dimimished effort tolerance, extreme work of breath-
ing, and much sputum a permanent tracheostomy is of real benefit. The reduction qf
upper respiratory dead space dimimshes the minute volume for a given alveolar venti-
1atian and the natient can learn to suck out secretions through the tracheostomy \.vnh z:
removes some of the problems assoLldled Wik a puimaiin wwdes o

et al., 1958).
1t has been claimed that a pne

umoperitoneum may help a patient to use his flattened
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diaphragm and so ease his breathing, but we have not found this to be 50 1n one or two
cases in which this treatment has been done. But surgical removal of large emphyse-
matous bullae, together with stripping the nerve plexus at the roots of the lungs, can be
of help in the few patients where 1t 1s indicated. The indication 1s not really the removal of
unventilated or underperfused fung, which was giving rise to increased dead space or
venous admixture, but 1t 1s when the tension within the cyst or cysts 1s such as to angment
the ai-trapping in the rest of the lung. In solitary cysts in normal lungs the cyst tension
must get large before a sipmficant adverse effect on expiratory airways resistance occurs;
but if the cyst or cysts are 1 emphysematous lung, where airways resistance is already ex-
cessive from trapping, a small rise of tension and enlargement of the cyst may become of
critical importance Again, assessment of such patients before operation at a switably
equipped centre is desirable, and removal of cysts or bullae 1 patients with minor symp-
toms 1s not justified.

Acute exacerbations Accurate diagnos:s 1s essential before treatment 1s begun In a
seriousty 11l patient it may be very difficult to differentiate between left-sided heart farlure
with pulmonary oedema and an acute exacerbation of emphysema or bronchitis with
respiratory failure The clinical differenttal diagnosts 15 discussed by Westlake (1955)
Opiates which are indicated in left-sided failure are highly dangerous and often fatal,
even in very small doses, in patients with any degree of respiratory faiure.

The pr nfection 1s i diately treated with antibiotics, best 1n combination,
before waiting for the results of bactenal examination of the sputum  But 1t 1s ymportant
to send sputum for examination whenever practicable so that the antibiotic treatment can
be adjusted later, if necessary. Treatment of heart failure 1s instituted (Chapter 11) and
oxygen 1s given. The oxygen must be wetted and 1f, as 1s usually the case, there 1s asthmatic

b 2, a suitable nebul (such as that d d by Wright, 1958) with water, adrena-
fine, ot 1soprenaline 4-hourly can be used as the mode of wetting the oxygen Steroids
should be considered in rare cases where there is evidence of adrenal mnsufficiency This
may well arise in any bronchitic or asthmatic patient who has had therapeutic steroids and
then gets an acute chest infection

On such a regime, using continuous oxygen, the ventilation may fall and carbon
dioxide retention become extreme even causing drowsiness or coma. Fear of this is not an
indication to withhold oxygen, for the hypovia 1s of such importance in mamtaining
pulmonary hypertension. But its occurrence 15 an indication for augmenting ventilation
and so returning the arterial carbon dioxide to a satisfactory level This can usually be
done by analeptic drugs  The best are either nikethamide or amiphenazacle by injection.
Intravenous hylline or pt are other useful, but rather less effective,
alternatives  The dose depends on the patient’s cesponse, and large and repeated doses
may be needed, The B P. dose of 2 ml of niketharmide should be given imtially and if
that is not enough, 5 or even 10 m! may be needed The effect of the right dose 15 usually
dramatic 1n causing the patient to wake up and to ventilate and cough adequately. The
dose may need repeating at up to half-hourly intervals and an mfusion of the drug tn an

intmvcnm{s dnp may be ndicated. There 1s a suggestion that therapeutic
of venulauor.\ without the advent of fits, which will occur from averdosage of such drugs,
1s more easily achieved with amipt le than with nikett de, though we have

found the fatter quite satisfactory 1n Targe numbers of patients
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In a few cases of acute respiratory failure tracheostomy should be done. The decision
for tracheostomy is not an easy one since, with the above regime, many patients recover
without it. But 1f there is an excess of secretions or the patient is coughing inadequately
trachcostomy should be done, especially if the response to nikethamide 1s poor. Once
done artificial mechanical ventilation through the trachcostomy can be lifesaving, details
of the management of these patients is beyond our scope here (Hugh-Jones, 1958a; 1959).
In clderly patients with gross emphysema, trach y and hanical ventilation are
not mndicated, any more than the use of the artificial kidney is indicated when there is
little prospect of recovery in renal failure, The difficulty is in younger patients, where
during the acute emergency, the amount of emphysematous destruction of the lung can-
not be gauged. Such patients should be given the benefit of tracheostomy and artificial
ventilation if needed, though with the use of oxygen and analeptics in adequate dosage the
number requiring artificial ventilation are few.

it 1s interesting and rewarding to note how in most cases right-sided heart failure
responds to prompt action in restoring the arterial blood gases back to normal by oxygen-
ation and ventilation. This finding fits the observations of Mounsey et al. (1952) and
Whitaker (1954) on the variations of pulmonary artery pressure In patients with cor
pulmonale and emphysema.

PNEUMOCONIOSIS

It is convenient to dwide the dust diseases into those caused by vegetable and those
caused by inorganic mineral dusts, Of theformer only farmer’s lung and the byssinosis of the
cotton industry, which produces an unusual type of asthma, sometimes cause permanent
lung damage which may terminate with cor pulmonale (Schilling, 1956). Of the nuneral
- - - . ' kY :
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pulmonary hypertension and nght-sided heart failure in their late stages Asbestos and
beryllium both produce the functional lesion of “alveolar-capillary block ” associated with
interstitial fibrosis, which is entirely different from the changes caused by coal pneumo-
coniosts or silicosis. They rarely cause pulmonary hypertension and are mentioned with
other examples of interstitial fibrosis later.

Coal Worker’s Pneumoconiosis

Pathology. There are two distinct processes. The first “simple pneumoconiosis™,
1s caused by retention of coal dust of fine particle size over many years, and 1t gets worse
only if dust exposure continues. The seqtmd “cmpplicated pneumoconiosis™ rFsults from
an infective process (“‘progressive massive ﬁbrosns." or P.M.F.) alrr}ost certainly due to
the tubercle germ, which is superimposed on thf: sgmple pneumoconiosis. It only occurs
in the presence of advanced simple pneumoconiosis, and @ehaves quite differently from
ordinary tuberculosis; it can be acquired and get worse, independently of any further
dust exposure (Fletcher, 1948; (;othf\ne_apd C.fxr_pe&te.{,l }5356): wees - tcoal nodules”
! ' part of the lung,

.
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though the respiratory bronchioles may become distended and produce ““focal emphy-
sema” (Heppleston, 1953). As the coal foci get more abundant they gradually produce
the characteristic radiological appearances of simple pneumoconiosis. In the Inter-
national Classification (1950) of the radiographic appearances of pneumocontosts three
stages of simple pneumoconiosis are recogmzed, called simply categories one, two and
three according to the density of the characteristic minute opacities. P M F 1s only found
superimposed on at least radiological category two simple pneumoconiosts, At first 1t 1s
often difficult to distingwish it radiologically from true tuberculosis. Soon, however,
the shadows of 1t enlarge to give the characteristic “massive shadows” which represent
a sohd mass of coal-impregnated fibrous tissue. They may cavitate from avascular ne-
crosis causing profuse “black spit”, and finally the whole chest architecture 1s disturbed

FiG 1302 and b Examples of the radiographic appearances in coal-workers' pneumocomiosis {z) Simple
pneumoconiosts, category 3, {6) Complicated pneumocontosis with P M F, category C

by these spreading masses causing kinking of the trachea and bullae at the lung bases.
Four radiological stages of masstve fibrosts are recognized, stages A, B, C, and D. Typical
examples of the radiographic appearances of coal pneumocontosis are shown in Figs.
130a and 130b,

There is none of the characteristic constitutional upset which 1s associated with active
tuberculosis 1n patients with P M.F, except 1n a very small proportion of men (about
three per cent), 1n which the sputum becomes posittve and who then resemble patients
with overt tuberculosts.

. Clinical course and functional change. The main effect of coal-workers’ pneumoconiosts
is to cause excessive breathlessness on exertion. Thus 1s mainly related to a reduction in
the maximum ventilatory capacity of the lungs, though 1n advanced cases there is also
an increased ventilatory requirement for exercise. Simple pneumoconiosts hardly causes
any ncrease in breathlessness over that which develops in normal men with mcreasing
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age, i complicated pneumoconiosts, on the other hand, breathlessness is often severe
Many patients with simple pneumoconiosis never get the complicated disease and pul-
monary hypertension, and right heart failure are not seen as the result of simple pneumo-
comiosis. But 1t 1s a frequent accompaniment of the late stages of complicated pneumo-
comosis. About half of the men with category D complicated pneumoconiosis show
night heart stress  Thus, once massive fibrosis is acquired, pulmonary hypertension usually
follows after a number of years, Nevertheless, severe cor pulmonale is much less common
(even 1n advanced pneumocontosts) than it 1s 1n non-industrial emphysema and bronchitis.
This may well be related to the relative lack of hypoxia in pneumoconiosis except in the
advanced discase (Gilson and Hugh-Jones, 1955).
Silicosis

Silica dust, unlike coal, produces a marked fibrous reaction by the lung. Thus the
nodules of simple silicosis consist of hard pea-like masses of whorled fibrous tissue in
the lungs, and the radiological appearances tend to become those of discrete pea-like
nodules scattered throughout the lung fields. In typical cases they are sharp in outlme
and the appearance is quite different from the minute (“pin-head”) opacities of coal
pneumocomosis. In some cases the hilar glands become calcified to give an *‘egg-shell”
appearance.

Massive shadows occur with tuberculous infection and overt silico-tuberculosis is
much more common than in coal dust disease. In the early expertence in the South
Africa diamond mines most of the sufferers from silicosis died from tuberculosis. McCann
(1937, 1939) stressed the interrelation of cardio lar and pul y failure in silicosts
but mentions that miners with coal pneumoconiosis live longer than men with silocosis
and hence seem more frequently to get cor pulmonale. Pulmonary hypertension and cor
pulmonale develops with massive silicosis after a long period of time, as it does n coal
pneumoconiosis

ABNORMALITIES OF THE CHEST WALL

There is a group of chronic chest diseases in which there is mechanical limitation of
movement of the chest wall causing chrome hypoventilation. The lungs themselves may
be entirely normal or secondarily affected; yet even if they are norma_l, reactive pulmonary
hypertension may occur, presumably because of the chronic hypoxia, and then cor pul-
monale.

Kyphoscoliosis

Many patients with gross thoracic deformity maintain a limited but quite good exercise
tolerance for years and then, rather suddenly and usually about 20-40 years old, they
develop signs of congestive cardiac failure and often die within about six months of ts
one that such patients develop emphysema of their lungsland gxatt t;:@e

i i i is i he circulatory failure. But this
al pathology associated with th1§ is the cause of tl | y
funlc;f;ior? is mrfll)" true, and observations on 15 kyphoscohotic patients by Fishman
e)tq:ﬂ (1956) (during which tests of lung function were done as well as heart catheteriz-
e

et.
1t is often held



KYPHOSCOLIOSIS 329

ation, together with bronchiography and angiocardiography for estimating distortion of
the thoracic structures) showed that generalized alveolar hypoventilation 15 the pnime
defect which leads to arterial hypercapnma with a corresponting degree of hypoxia. Tiis
hypoventilation 1s due to the anatomucal sestriction of the chest bellows rather than to
bronchial obstruction and uneven dustribution of wspured gas as in emphy Pul-
monary hypertension develops after years of this chrome hypoventtation, at first duning
exercise and finally at rest.

More recently these observations have been extended (Bergofsky, Turino, and Fishman,
1959) to show that the cardiorespiratory fatlure in kyphascoliosts stems from an unusual
pattern of breathing, which causes hypaventdation, but wiich operates to minunze the
work and enetgy cost of mobilizing the deformed chest.

Qur own observations support those of Fishman and s colleagues though we have
fouad an occasional patient with emphysema of some parts of the lungs with callapse of
the rematnder, m the areas compressed by the distorted thoracic cage. Such areas of
collapsed hung with contimnng blood flow would merease the hypoxia, and their removal,
m the few sefected cases in which they are found, rmght be considered 1 an effort to slow
the onset of right heart failure. This and oxygen therapy with stmulation of ventilation,
mechanically o chemically, seems the only treatment, apart from that of the heart faulure

The dangers of sedatives which depress resprration m such patients cannot be over
gmphasized, Morphine, even 1 minute doses, is often lethal  Great eare has to be taken
{n proced such as bronch hy * only one stde should be examined on any occaston,
and sedatives must be avorded

Some patients with kyphoscoliosts have been reported as getting syncopal attacks
{Chapraan et al, 1939) which may be caused by a fall i right atrial pressure followtag

compression of the infenor vena cava when the deformed spine 13 moved mto certan
positions.

Exatreme Obesity

There are a few extremely obese patients who develop cor pulmonale secondary to
chronic hypoventilation, who have automaucally normal lungs and whose fung function
Teturns 1o normal sumply by weight reduction. The first analytical mvestigation of this
syndrome was made by Steker ef of (1955) 1t was called the * Pickwickian Syndrome” (a
name by which it1s often now knewn) by Burwetl (1956) who made fusther detailed studies
of R The patsents are exceedinphy obese and 1o +- 3y, thetr dreathing s rapid
and shallow with a tendency to we- pal attacks; thetr artenal
blood shows hvnav nth a hypercapma assocs

ated wit . v ute degree of hypoxia pro-
duced fr . purycythaemic, their radiograph shows large
pulmona

L wneu t0ey eventually may develop ankle oedema and a rased
Jsgular v L, pressure from cor pulmonale

Tests of lung function show no defects of intrapulmonary gas mixmng or diffesing
capacaty and parenchymatous lung disease ean be elimunated as an explasation of there
state in the “pure” obesity syndrome  Others show accompanying changes wn the fungs
themselves {Bedelt of al,, 1958, Gotsch and Petersen, 1958) The wital capacity 1s re-
duced with a markedly lowered expratory seserve volume  The mavmum breathing
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capacity 1s corresondingly reduced, The case described by Burwell and others, was a ma
of 5 ft. 51n weighing 121 kg.; his M.B.C. rose from 41 to 133 litres/min , his arteri:
oxygen saturation rose from 80 per cent to 98 per cent and his artersal Peo, fell from 7
to 37 mm. Hg after weight reduction to 103 kg., and his associated heart failure disappeared

Pectus Excavatum

This condition, popularly called funnel chest, is not truly comparable with the othe
chest-wall abnormalities which cause hypoventilation, for 1t only very rarely does so
Its effect on the circulation is more usually to produce a direct cardiac embarrassmen
from antero-posterior restriction of the heart and compression of the right atrium by the
sternum  In cases of pectus excavatum, biopsy specimens from the anterior part of the
diaphragm show poorly developed muscle with much fibrous tissue. During childhooc
paradoxical movement of the lower sternum is seen which disappears if the phrenic nerve
is blocked in the neck.

There are three well-defined clinical types: a localized dent at the lower sternum with
steep margins as if a fist had been pushed in the chest, a more diffuse concavity with
gently sloping sides, and finally a condition associated with asymmetrical rotation of the
sternum usually to the right. The first 15 the most common,

Symptoms early in Iife are usually erther psychological from the distressing cosmetic
effect or they follow repeated chest infections Later in life, from about 25 years onwards,
cardiac symptoms from the poor filling of the right auricle may develop and mclude
exertion dyspnoea, pain on exertion and syncopal attacks Occasionally attacks of
paroxysmal flutter occur from right atrial pressure stimulation, Surgical correction of the
deformity 1s destrable and the results are good 1n the first type, reasonably good 1 the
third but rather less satisfactory in the second. Surgery is always justified for cosmetic
reasons and 1f the cardiac symptoms develop i later life, it may become essential (Chin
and Adler, 1954, Chin and Duchesne, 1955).

Restrictive Pleuritis

Sometimes gross pleural thickening, such as that seen after empyemata, tuberculosts,
etc. (Savage and Fleming, 1955), may in later Iife give rise to the syndrome of hypoventt-
lation which leads on to cor pulmonale We have seen one such patient, in respiratory
failure, 1n whom the clinical diagnosis on all the usually accepted criterza was of “res-
prratory failure and cor pulmonale from bronchits and emphysemz}" who showed no
anatormcal emphysema at all at autopsy, but gross pleural thickening and bronchitis

INTERSTITIAL FIBROSIS

There are a number of chronic diseases, of widely differmg actiology which may prcc;
duce a diffuse interstitial fibrosis n the lungs and with it a”remarkably constamlgar;_
characteristic functional defect of “alvecla!'vcaplllary block™ (Austriant e al, . Slzn:
Donald et al., 1952) Consequently, the clinical features of the lung discase ani 51mn| ;
mall of them so it 1s convenient to constder them together. They may affect the pulmonary
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circulation by causing pulmonary hypertension and cor pulmonale, though these circu-
Jatory effects are not common and only occur in a small proportion of cases. The diseases
which may cause this characteristic functional change in the lungs are: sarcoidosis,
generalized sclerosis (scleroderma), asbestosis, chror}ic berylljosis, dlﬂ'use !nterstitial
pulmonary fibrosis of unknown cause, xanthc including hilic lung™
and other related cond diffuse car ys1s, microlithiasis and post X-irradiation
fibrosis of the lungs.

Functional pathology. The characteristic feature is an increase in the physical barnier
to diffusion of gases between alveolar gas and capillary blood (*alveolar-capillary block™)
due to proliferation of the interstitial connective tissue between alveoli and to change in
the alveolar walls. This increased barrier to diffusion principally affects oxygen transfer
since carbon dioxide diffuses about twenty-five times as readily as oxygen. Thus there
is hypoxia which becomes severe on exercise and then causes cyanosis, without carbon
dioxide retention. The exercise hypoxia stimulates breathing and there 1s a marked in-
crease 1n exercise ventilation and a low carbon dioxide tension.

Usually the vital capacity is reduced associated with a particular reduction of inspi-
ratory capacity. There is, however, usually no increased airways resistance so that the
F.E.V.,., remains a high percentage of the V.C. and the maximum breathing capacity
is relatively Iittle reduced. In some cases the lung comphance may be markedly dimin-
ished.

The diffusion difficulty is strikingly demonstrated by measuning the alveolar to end-
capillary gradient for oxygen which 1s increased above the normal 5 to 10 mm. Hg to as
much as 30-50 mm. Hg 1n severe cases; for clinical purposes the most useful diagnostic
test 1s to measure the uptake of carbon monoxide which, expressed as the percentage
removal of this gas or as the “diffusing capacity™, 1s found to be markedly lowered
Some of these patients have definite inequality of ventilation and of ventilation-perfusion
ratios 1n the lungs (Read and Williams, 1959), but the charactenistic changes 1n lung
function tests are the low diffusing capacity and exercise hyperventilation with hypoxia,
together with a low nspivatory capacity and high F.E.V ;., compared with the vital
capacity. This combmation of changes 1s virtually pathognomuc and generally easily
distinguished from changes caused by emphysema, asthma, bronchitss, etc.

Clinical features, The main symptom 1s exercise dyspnoea. Since this occurs early
and before definite radiological changes are necessarily present the patient may well be
thought to be neurotic unless the appropriate lung function tests are done The character-
istic signs are clubbing of the fingers and on listening to the chest fine riles without wheeze.
The clubbing occurs early i most cases and may become gross. The riles are initially
heard only at the end of nspiration and over the lung margins, later they are widespread,
loud and occupy all the insp y phase of breathing. The rad phic changes depend
on the causal process, and in some of these diseases are fairly characteristic; in others
there 15 a non-specific widespread reticular mottling. The following ponts can be added
about some of the different individual diseases in relation to the changes in the lungs.

X Sarcoidoss. This disease, which produces widespread granulomatous lestons in various
sites, may affect the lungs either by causing enlargement of the mediastinal glands alone
or by producing diffuse parenchymal lesions. The radiographic features in the lungs are
correspondingly variable (Garland, 1947). The diagnosis may be very difficult and the
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prognosis js very variable (Scadding, 1950; Longcope and Freiman 1952; James et al.,
1956). A study of the changes i lung function is different types of pulmonary sarcoidosis
(Marshall ¢f al., 1958) showed them to be typical of this group of diseases though there
was no close relation between the functional change and radiographic appearance, Func-
tion may remain impaired when there 1s clearing of abnormal shadows on the radiograph.
Ventilation, diffusion and compliance changes occur, asin other interstitial fibroses, though
the diffusion defect appears the most frequent and the compliance change least often
found Many patients improve or recover, other long-standing cases die from intercurrent
infection or from lesions elsewhere (such as those of the kidney) so that definite changes
in the pulmonary circulation are confined to the few long-standing cases with diffuse
lung lestons.

Asbestosis. This condition produces the changes in lung function typical of alveolar-
capillary block (Bastenier et al., 1955) and so, with the exception of the rare chronic

Fig 131 Radiograph showing the characterstic
features of asbestosis Some patients have
advanced chimcal and funcuional changes
compatible with interstmal fibrosis of the
lungs, together with a long fustory of exposure
t0 asbestos, yet do not show characteristic
changes in their chest radiographs

berylliosts, 1s unlike other pneumoconioses. The radiographic appearances of some cases
of asbestosis are highly characterstic, with a reticular pattern primarily affecting the lower
part of the lung fields, a shaggy appearance of the heart border and dmphmgm, and
plevral thickenuag (Frg 1313, Other cases with undoubted and advanced dlseasg (diagnosed
on the basis of industrial exposure, the presence of gross clubbing and rales in the chest
and the typical changes mn the lung function) show non-specific radiological chaqges
There is evidence that the lowered diffusing capacity, together with clubbing and riles,
often precedes radiological signs and that the chnical features and C.hanges m lqu function
combined with 2 history of exposure may form 2 more certain basis o{dlagnosxs 1h§m the
radiogeaph (Williams and Hugh-Jones, 1960a and b). szmy cases die from carcinoma
of the lung which 1s very frequent mn asbestosis, and it has been found that men wx(}l\
asbestosis have about ten tumes the chance of death from Iung cancer as th.c general
population (Doll, 1955). Others get erther tuberculosts or bronchiectasis, which is another
feature of the disease. Thus, cor pulmonale has not very often been found in ?spe§10515
though it is possible it has become more common since the mlroductloniofamlbm(@; 4
Diffuse interstital fibrosis. The original syndrome of unknown aetiology describe
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by Hamman and Rich (1935, 1944) was of acute onset and course 1 middle age There
are other similar but chronic examples of diffuse interstitial fibrosis of unknown origin,
which may or may not be part of the same process, but which are often called * Hamman-
Rich syndrome™. They produce functional changes and clinical features typical of this
group of interstitial fibroses, and a hyperkinetic circulation with cor pulmonale develops
in many, as 1n the case described by Sloper and Willrams (1955). Some get acute exacer-
bations, apparently not necessarily associated with nfection and which are improved by
steroids, and during these episodes right heart fardure is often manifest This often goes
again during a remussion of the disease. Few cases survive more than five to ten years
after the initial onset The diagnosis is made from the radiographic mottling associated
with clubbing, rales and often a persistent cough, and the ch 1stic functional ch

—all without any obvious cause.

Microlithiasis. This rare condition, which has such remarkable radiographuc features 1s
reviewed by Sosman er al, (1957). Functionally the changes are typical of the group of
interstitial fibroses (Thomson, 1959) though the patients may often appear remarkably
well idering the gross radiol { abnormality. Nine out of fifteen reported deaths
from this condition have been due to right heart falure.

** Honeycomb lungs.”” There is a form of cystic lung disease in which there are numerous,
widespread, small cavities, usually diffuse but occasionally focal which gives the lung
section at post-mortem examination, and the radiograph in life, a fine honeycomb ap-
pearance. Oswald and Parkinson (1949) reviewed 16 cases and found six to be associated
with generalized disease (xanthomatosis or tuberous sclerosis) while the remaining ten
were an isolated manifestation of uncertain aetiology. Heppleston (1956) has since re-
viewed the pathology 1n 66 cases and summarnzed the Jiterature about the condition,

Most cases represent a patchy interstitial fibrosis or granulomatosis blocking some
bronchioles but feaving the remainder The underlying process 1s diverse  In infants re-
tculosis may cause the condition (Mallory, 1942), but most examples 1n adults are caused
by xanthomatosts and the lung lesions can be d with phil [
or lipoid storage in other organs such as bones or pitutary. The three conditions of
eosinophilic granuloma, Hand-Schiiller-Christian disease and Letterer-Siewe disease are
ail related and all may be associated with fung changes. Occasionally these lung changes
are also d with diat i dus though one case of honeycomb lung and
diab insip arose from sarcoidosis (Spitlane, 1952) The functional lesion 1 the
lungs 15 usually typical of alveolar-capillary block. In most of them there 15 a frequent
occurrence of spontaneous pneumothorax  Those surviving this hazard usually succumb
from right heart falure,

CARCINOMA OF THE LUNG

Primary carcinoma of the lung which 1s now so common produces relatively little
disturbance 1n the pulmonary circulation except its obliteration where the lung 15 de-
fective, and an d flow 1n the neighbourhood of the tumour It 15
claimed that these effects can cause local alteration 1n the capillary pulsation, found by
measuring the intensity of illumination on the fluorescent sereen, and so aid the early
diagnosts of lung cancer (Kounsky and Marchal, 1956)
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Diffuse pulmonary carcinomatosis secondary to cancer elsewhere does however
occastonally give rise to cor pulmonale with pulmonary hypertension (Storstein, 1951).
It was mtially thought that in such cases the hypertension was the result of thrombo-
embolic carcinomatosis but Harold (1952) reviewed the subject, presented 24 new cases,
and showed that the cor pulmonale was associated with the alveolar-capillary block
described above, and caused by interstitial fibrosis secondary to the distension of peri-
bronchial and perivascular lymphatics by tumour cells.

LOCAL OBLITERATION OF THE CIRCULATION

We have been mainly concerned, till now, with the effects of chronic lung disease
causing hypertension of the pulmonary circulation and right heart failure As well as
this many chronic and locally destructive lesions in the lung, whether they be neaplastic
or wnflammatory {such as tuberculosts, bronchiectasis, etc.) may, of course, produce
localized obliteration of the pulmonary circulation where the lung itself 1s destroyed.
But apart from this, there are chronic lung diseases which produce obliteration especially
1n the bronchial circulation, and others which obliterate large areas of the true pulmonary
circulation, often 1n an entire lung, without destroying the lung

Bronchial Circulation

Any of the diffuse collagen diseases such as polyarteritis nodosa, diffuse lupus ery-
thematosus, rheumatoid arthrnitis, etc., may produce pulmonary changes; and a review
of the literature about them (Eliman and Cudkowicz, [954) suggests that their pulmonary
manifestations are explained by their causing a localized but progressive ischaerpia of the
lungs from obliteration of the bronchial arterial supply. By contrast, when there is chronic
lung disease obliterating much of the pulmonary vasculature itself there may be quite
extensive collateral blood flow with the bronchial circulation, Fishman er al (1958)
found the “effective” collateral flow {i.e. the component of the total collateral flow
reaching thealveolar-capillary surface of the lung and estimated by gas exchan.ge methods)
to be about eight per cent of the total pulmonary blood flow in subjects with extensive
bronchiectasis, cystic disease of the lung, etc.

Unilateral Obliteration of Pulmonary Flow

1n 1954, Macleod described nine patients, all of whom had dimnished breath sounds
over one side of the chest with abnormal transradiancy of the underlying lung. There was
neither obstruction to the main bronchi nor bullous emphysema of the lung, and bron-
chiographic and bronchoscopic find on the affected side were essentially normal.
Some of these patients have subsequently been further }nvesngmed (quhors{ et al,
1957), and the findings in them and in a number of other similar cases studied by different
observers show that on the affected side both the ventilation and the pulmonary“blood
flow are grossly dimimshed. It1s convement to refe:: to the condition gxmply as *“Mac-
leod’s syndrome™ because its underlying pathology is not yet fully elucidated.
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Macleod's syndrome 1s usually readily dragnosed from its distinctive y]inico-radxo-
logical features, though its differential diagnosis from other causes of umlateral't'rans-
radiancy of one lung 1s important. The latter include mainly the following conditions:
(1) Complete collapse of an upper lobe (to give only a linear shadow on the radlograp}} at
the lung apex) or, alternatively, complete collapse of a lower Jobe (which will be behlpd
the heart shadow on the [eft side) so that the remaming lobe is expanded, more radio-
translucent than the lung on the other side, and appears to fill the hemithorax bke the
complete lung. But the breath sounds and bronchographic or bronchoscopic findings
establish the true diagnosis. (2) Unilateral emphysema which may be asso;nat?d wnh‘an
abnormal bronchogram (Swyer and James, 1953), or with absence of cartilaginous ring
to the bronchial tree on one side (Ferguson and Neuhauser, 1944), or with obstruction

(@ (2]
FiG 132a and b, Radiographs from a patient with abnormal transradiancy of the left lung from Macleod's
Y (@) ®)

to one of the main branches of the bronchial tree from neoplasms, enlarged glands, etc ,
or from mucosal flaps (Robertson and James, 1951) In Macleod's syndrome the bron-
chial tree appears wirtually normal on bronchoscopy and bronchography (3) Congenital
hypoplasia orabsence of the pulmonary vasculature on oneside(Madofl ez al , 1952), where
the venulation is normal on the affected side (as observed climcally and with broncho-
spirometry) (Belcher ef al., 1959), and the loss of pulmonary blood flow 1s primary and
R ‘ : ) tructton to a pulmonary artery
1959)

w4 wweoowes cesolation and blood flow without

obvious cause, may affect the whole of one lung or a similar condition may be confined
to one lobe. Recent studies of patients representing both types showed that the affected
lung or part of the lung tended to remain inflated during expiration with consequent

meduastial shift to the normal side (Figs 132a and 132b) Detailed investigations have

been done 1n these patients in order to try and understand the condition and its treatment,
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Diffuse pulmonary carcinomatosis secondary to cancer elsewhere does however
occasionally give rise to cor pulmonale with pulmonary hypertension (Storstein, 1951).
It was initially thought that in such cases the hypertension was the result of thrombo-
embolic carcinomatosts but Harold (1952) reviewed the subject, presented 24 new cases,
and showed that the cor pulmonale was associated with the alveolar-capillary block
described above, and caused by interstitial fibrosis secondary to the distension of peri-
bronchial and perivascular lymphaties by tumour cells.

LOCAL OBLITERATION OF THE CIRCULATION

We have been mainly concerned, till now, with the effects of chronic lung disease
causing hypertension of the pulmonary circulation and right heart failure As well as
this many chronic and locally destructive lesions in the lung, whether they be neoplastic
or mflammatory (such as tuberculosis, bronchiectasts, etc.) may, of course, produce
localized obhteration of the pulmonary circulation where the lung itself 1s destroyed
But apart from this, there are chronic lung diseases which produce obliteratron especially
1n the bronchial circulation, and others which obliterate large areas of the true pulmonary
circulation, often in an entire lung, without destroying the lung.

Bronchial Circulation

Any of the diffuse collagen diseases such as polyarteritis nodosa, diffuse lupus ery-
thematosus, rheumatoid arthritis, etc., may produce pulmonary changes; and a review
of the Iiterature about them (Ellman and Cudkowicz, 1954) suggests that therr pulmonary
mamnifestations are explained by their causing a localized but progressive ischzcmia of the
lungs from obliteration of the bronchial arteral supply. By contrast, when there is chronic
lung disease obliterating much of the pulmonary vasculature itself there may be quit€
extenstve collateral blood flow with the bronchial circulation. Fishman er al. (1958)
found the “effective” collateral flow (fe the component of the total collateral flow
reaching the alveolar-capillary surface of the lung and estimated by gas exchange methofis)
to be about eight per cent of the total pulmonary blood flow in subjects with extensive
bronchiectasis, cystic disease of the lung, etc.

Unilateral Obliteration of Pulmenary Flow

In 1954, Macleod described nine patients, all of whom had dimimished breath sounds
over one side of the chest with abnormal transradiancy of the underlying lung There was
neither obstruction to the main bronchi nor bullous emphysema of the lung, and bron~
chiographic and bronchoscopre findings on the affected side were essentially normal.
Some of these patients have subsequently been further investigated (quhorst et al,
1957), and the findings 1n them and in a number of other similar cases studied by dlfferen;
observers show that on the affected side both the ventilation and the Rulmonar)’“bl""’_
flow are grossly diminished. It is convenient to refe{ to the condition S}mply as **Mac
leod’s syndrome” because 1ts underlying pathology is not yet fully elucidated.
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inert and harmless space-ﬁ!ling portson of the thoracic contents. Only if it can be clearly
demc d that theaffected part, by ining inflated during expiration, is mechanically
tundermg air-flow from the remaining normal lung should removal be undertaken.

Whether the lack of blood fiow js consequent upon the lack of ventilation in the lung
in this conditton, or whether both ventilation and blood flow are both primarily affected
by the patholnglcal change ns not reatty kncwn In fact the site of the mr-trnppmg, :md
the cause of the d Ty 5 1y normally devel
vessels, remain to be found.
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by the techmque of using the radio-isotope oxygen-15 which has only a two-minute half
Iife (Dyson et al., 1958: 1960). In this technique pairs of scintillation counters are placed
opposite cach other on the chest wall 1 front and behind, and are used to count the radio-
acuvity from cores of lung tissue between the counters after the paticnt takes a deep
breath of air containing a minute trace of the isotope, and then holds his breath for a short
time.  The imtial activity recorded 1s a measure of the relative ventilation in the core of
lung tissue while the decrease 1n actvity during breath-holding, mainly caused by the
removal of oxygen-15 by the blood, gives a measure of the local blood flow The activity
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Fic. 133a and b Oxygen-15 recordings, using co-incidence counting, from a normal subject (a), and the patient
(5} with umlaterat transradrancy of the left lung from Macleod’s syndrome,

then rapidly decreases as thg 1sotope is was!xed out by subsequent breaths of normal air
(Fig. 133a). Typical results in the patient with Macleod’s syndrqme (Fig 133b) show the
diminished ventilation over the affected part of the lung with virtually absent clearance
caused by the dimimshed blood flow. Just as surprising is the persistence of activity 1n the
affected Jung during subsequent normal breaths of ordinary air. Other studies show that
the affected lung tends to have a valve-like action so that air erlters only ‘at the end of a
deep inspiration but not dunng shallow breaths, and 15 readily “trapped™ inat.
Many patients with the condition are entirely symptom-free and the diagnosis bls
only established after incidental radiology. When the condition 1s advanced it may be
associated with exertional dyspnocea and difficulty with expiration. Th”.e seems no ,easgn
for treatment in the symptom-free patients, and 1n them operative removal of the
W;:::;;erlung or lobe in not indicated since it has Iittle air or blood flow and serves as an
al
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Craprer 13

PULMONARY VASCULAR OBSTRUCTION.
LEFT VENTRICULAR FAILURE

By RAYMOND DALEY

THROMBO-EMBOLISM

EwmpoLt which Todge in the pulmonary artenes may be composed of thrombus, tumour
fragments, atr, fat or amntotre flwd.

Aetiology. The embolic source is most commonly n the deep calf and foot veins but
the pelvic veins are sometimes thrombosed after operations on pelvic viscera

Thrombus formation 1n the calf veins can occur at any time but especially when the
veloaity of blood flow is reduccd During the 1939-45 war there were a number of sudden
deaths due to pull fsm 1o Londoners who spent the mights i arr-raid shelters
sitting 1n deck-chairs wnth the front bar occluding the popliteal vems. There 1 fittle doubt
that stagnation of flow does play a part and it is of mnterest that thromboses after thyroid-
ectomy for thyrotoxicosis are very rare. However, 1t has often been shown that, if two
hgatures are placed on a vein a little distance apart, the blood between them remains
fluid. Other factors must be concerned 1 post-operative thrombases and altered states of
bloed coagulation have been found Amang these there 1s first an mcrease in ciurenlating
thrombokinase, more besng hiberated by big operations and more by bilaterial hernia
than by unilateral repayrs, and secondly, there 15 an n platelet adhesy s
reaching sts maximum exght to ten days after operation.

When a pulmonary embolus oceurs without an obvious embolic source 1t may be that
the whole thrombus has been dislodged to Torm the embolus or that 1t arses from the night
atrium  Rught atriat thrombe form as often as left and 90 per cent of patients who develop
thrombs have chronic atrial fibrittation of over a year’s duration Throrabt form slightly
morte often in the main body of the atrium than sn the appendage.

Prophylaxis. During the 1ast war there was a great revival n the enthusiastic treatment

of leg vein thromboses  Femoral vein higation under local anaesthesia was commonplace
before major surgery, and even m medical wards 1 patients with heart failure and de.
creased velocity of blood flow. Large numbers of patients were given prophylactic anti
caagalants, and leg exercises became 2 routine

er;lcc then enthusiasm has given way to balanced thought and a more rational ap-
proac]

1t has been shown by radoactive sodwsm technrques that the best way of mcreasing
the speed of flow 1 leg veins is by rcpeated extensor and plnmar flexion ofthz feet Itisan

advantage if this can be suppl d by daly leg d by a physi
341
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arranging them so that the circulation to the cephlic structures, including the central
nervous system, was preserved. At any time the cephalic circulation could be interrupted.
When the lungs were embolized with small quantities of barium sulphate they found that
distension of the mght cardiac chambers and increased pulmonary vascular resistance
could be greatly reduced when the cephalic circulation was eliminated

Daley ez al. (1951) using lycopodium spores as the expenimental embolizing agent,
could find no evidence for reflex vasoconstriction. The increase 1n pulmonary vascular
resistance was comparable whether dogs had an upper dorsal sympathectomy from the
first dorsal ganglia to the exghth inclusive, or not. Similarly ganglionic blocking agents or
anterior rhizotomy did not alter the response. In a separate sentes of expenments a
catheter was introduced into a lower lobe pulmonary artery, the thorax was opened, and
a loose hgature placed round the contaimng artery Embolization of that 1solated lobe
had no effect on the vascular resistance of the remainder of the lungs Therefore, as far
as anaesthetized dogs are concerned, there 1s no reflex pulmonary vasoconstriction.

In man a pulmonary embolus has to occlude the main pulmonary artery mn order to
cause death, provided that the 1nitial lung blood volume is not increased When heart
disease is already present, as in mtral stenosis, a small embolus may be sufficient to lead
to a fatal increase in vascular resistance

From all the evidence 1t appears that 1f any reflex vasoconstrictive mechantsm does
exist in man 1t is probably not ymportant. The practical application of thss 1s that any
form of ganglionic blocking procedure will not only have little effect on pulmonary haemo-
dynamics but will jeopardize the lfe of the patient by further lowenng systemuc pressure.

There are only two known reflex nervous responses associated with pulmonary em-
bolism and these are dyspnoea and the “call for the bedpan”. Both are mediated by the
vagus. Dyspnoea 1s abolished by vagal section in the lower cervical region of anaesthetized
dogs and 1f the vagi are cut before experimental embolization has been carried out dyspnoeu
1s prevented  The desire to defaecate probably occurs when the pulmonary artery pressure
is nising and defaecation 1n experimental animals happens when the pressure is approx-
umately twice normal; previous vagal section leaves a clean expenimental preparation.

While dyspnoea 15 such a feature of pulmonary embolism 1t 15 sometimes accompanied
by pulmonary oedema which may cause diagnostic confusion. In man such oedema will
only occur when the right ventricular output 1s maintained. This 1s unusual and depends
upon the mntegrity of night ventricular function. If, then, a normal cardiac output 15 per-
fused through a lung with much diminished vascular capacity the limit of capillary wall
distensibility may well be reached with resultant capillary transudation, Dyspnoea will
adclllto the difficulty by transmitting increased negative intrapleural pressure to the capillary
wall,

Peripheral cyanosis due to peripheral vasoconstrction with a low cardiac output is
common. Central cyanosis will occur 1n the unusual presence of pulmonary oedema just
mentioned, but it may sometimes occur in the absence of pulmonary oedema In these
circumstances an oxygen tension of penpheral blood as low as 26 mm. Hg has been

ded. The probable expl for this is the *opening up™ of bronchopul v
anastomoses,

. Whether or not pulmonary embolism leads to infarction depends upon the collateral

circulation and the size of the embolus. In conditions in which the bronchial eirculation
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Binding the ]cgs with thick elastic bandages encourages blood flow in the deep calf veins
by compression and restriction of flow in the superficial veins.

Prophylactic higation of femoral vens 1s now usually only practised before aperations
when there has been a histary of previous pulmonary embolism or there is evidence of
an existing deep vein thrombosis. Thromboses in superficial veins are usually associated
with trauma or inflammation (so-called thrombophlebitis) and only 15 per cent of these
lead to embolism when there 1s suppurative liquefaction of the clot. The situation is there-
fore quite different from sterile thrombus formation (phlebothrombosis) 1 deep veins
when the only attachment of the thrombus may be at the distal end.

It is self-evident that tight bands round the legs should be avoided on the operating
table; the worst offenders are diathermy and electrocardiographic attachments

In most centres anticoagulants are not given prophylactically in the post-operative
period or 1n patients with heart failure. They are reserved for use when thrombosis is
diagnosed.

Diagnosis. The earhiest sign of thromboses in the pelvic or calf veins is a small eleva-
tion of pulse rate and temperature, the “chart > sign. In deep calf or foot vein thrombosts
the mvolved limb is more dusky than the other. The veins are fuller, and empty slowly
when the limb is elevated. The thrombosed leg is warm and there 1s usually tenderness 1n
the sole of the foot or on squeezing the calf. The calves of many bednidden patients are
tender, but when the caif veins are recently thrombosed there is tenderness not only on
squeezing from side to side but also from front to back

The diagnosis of pelvic vein thrombosis 1s much more difficult and is usually made by
inference. There may be low abdominal tenderness or tenderness per rectum.

When a pulmonary embolus has occurred the respiration rate will also increase. There
may be pleural pain or haemoptyses. If the embolus is large the jugular venous pressure
will rise, the mam pulmonary artery may be easily felt, a pulmonary systolic murmur
may occur and the pulmonary sound increase in Joudness. The mvolved side of the chest
will move less than the other Other lung signs may be absent or there will be signs of
consolidation or pleural effusion which 1s usually haemorrhagic.

Electrocardiographic changes of right ventricular “strain™, with tall R waves in the
right chest leads and T wave inversion maximal in the antero-septal sites, are normally
only present when the venous pressur¢ is raised, (Chapter 7). Radiology is 2 notorsously
disappointing aid to the diagnosts of this condition. There may be no changes at all,
especially if the infarct is behind the heart shadow. The changes which do occur vary
from hazy opacificayron to discrete shadows of any shape The commonest finding 15 a
pleural effusion Several weeks after an infarction has occurred linear shadows may
develop and remain as permanent relics (Chapter 5).

When a pulmonary embolus has lead to infarction jaundice may develop due to red
cell destruction and the sedimentation rate and serum transaminase will be raised

Haemodynamics of pul y emboli There has been much controversy as to
whether pulmonary embolism leads to pulmonary hypertension by pure, mechanical

blockage or whether there is a reflex Vasoconstnct'xve mec.hamsm. I.n experimental pul-
cameary nmholism in ammals, Daly ef al. (1948) in a series of n'[etx‘culous experiments

Cilindta Ahain
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although the post-operative disability is less than might be supposed, there is commonly
residual oedema.

Tumour Embelism

Tumour fragments from any systemic site which is not dramed exclusively by the
portal veins may gain access to the venous system and travel to the lungs. There is some
confiicting evidence as to the particle size which will pass through lung capillaries. Experi-
snentally, smooth glass beads of 3001 may do this but adkeswve spores such as lycopodium
will not do so with an average diameter of anly 50 . Therefore, whether the fragments
are of tumour cells or copglomerations of bactera or other orgame material, impaction
in the lungs will depend upon the physical properties of the substance.

Many fes of tumour embol are ded (Mason, 1940) There is usually
secondary thrombosis, and nght ventncular farlure often precedes death. Occasionally
mahgnant tumours of the Iung itself may invade pulmonary arteries and disseminate
through one or both Jungs.

Balt and Robertson (1937) and Storstein (1951), 1 discussiag night ventricular farlure

d with i 1n the lung, pownt out that, apart from embolism,
iymphangits carcinomatosa may involve small arteries and produce pulmonary hyper-
tension, or engorged tymphatics may compress alveolt and capillanes

McMichae} (1948) included chorionepithel as ene of the causes of embolic sub-
acute pulmonary hypertension, and his case and two others are fully described by Bag-
shaw and Brooks (1959). The patients presented with dyspnoea and w two there were
recurtent small haemoptyses. There was weight Joss, central cyanosis, and chinical evidence
of pulmonary hypestension.

Embolism from the products of tumour is typified by the metastasizing carcinod of
the i This tumour prod a subst S-hydroxytry ine, m the hver and in
mesenteric secondary depasits, which travels to the lung where it1s changed by an ankaown
chemical mechanism to S-hydroxymdolacetic actd. The latter can be detected m the
urine where 1ts measurement can lead to the diagnosis. The paroxysmal release of 5-hydro-
xytr_yptamine causes mnlermittent pulmaonary arteniolar vasoconstriction with considerable
habxlﬂ'y of pulmenary artery pressure. Duting periods of mereasing pulmonary resistance

there is a fall tn systemsc pressure. The combination of these effects leads to paroxysmal
}\ushmg and 1t 1s thought that fibrotte changes in the nght heart are responsible for narrow-
ing of the tricuspid and pulmonary velves This extrnordmary conditron was first des-
enbed by Cassidy (1930) and has recently been extensively studied by Biorek ef al. (1952)

glo ot‘l;:; substance with an exclusive pulmonary vasoconstrictive action has so far been
£SeT)

Air Embolism

Large quanfities of air can be mntroduced into the pulmonary cuculation without
vntoward effect provic.(ed that the introduction has been slow  Thus, m expermental
dogs, up to 3 litre of air can be injected slowly mto a systemic vein wuh the anumal lying
on the left sxdc: Such positiening has been employed 1 man after the accidental intro-
duction of air into a vern during transfusion or cardiac cathelenzation  If a sufficient
number of pulmonary capillaries are not accluded by arr bubbles the patent will Ine
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15 well developed infarction 15 less likely, although if 1t does occur the infarcted area is
likely to be extremely haemorrhagic. Small peripheral embolt oceurring 1n otherwise
healthy lungs will normally produce small infarcted areas which ultimately contract to
ﬂ_)mus scars  Massive infarction of a whole lung is usually not compatible with
ife.

Sequelze. If a patient survives a single pulmonary embolus for more than a few hours
he is likely to live. Dyspnoea at rest may persist for days or weeks but will gradually
dimimsh. Effort dyspnoea may take up to six or nine months before maximum mmprove-
ment 15 obtained  As explamed by Harrison in Chapter 6 the embolus slowly contracts
towards the artenal wall with central recanalization. The lumen, therefore, may be
permanently narrowed but adequate to allow sufficient blood flow except during con-
siderable effort. The situation is comparable to that after pneumonectomy when large
blood flows cannot be accommodated in the remaining lung without over-distension

Continued deterioration in a patient’s condition following a pulmonary embolus
suggests that erther a thrombus has built up proximal to the embolus or that further
emboli have lodged. The latter 1s more common and causes the clinical picture known as
“packed pulmonary embolism”. Usually a series of small embol1 seal off a progressive
number of pulmonary artery branches causing increasing pulmonary hypertension and
dyspnoea This sequence of events accounts for a number of unexplained forms of pulmo-
nary hypertension but 1s probably too often invoked as an explanation of the actiology
of primary pulmonary hypertension (see below).

Treatment. Surgical removal of serious pulmonary embolt by the Trendelenburg
method has proved very disappointing as there is usually so httle time avatlable before
the patient expires. However, Crafoord has successfully performed the operation on
several occastons In the future surgery may well be feasible in patients who survive the
mitial attack. Removal of the embolus with or without the containing artery and usmg 2
graft, or using some form of *“thrombectomy” operation may be tried. The difficulty, as
compared with simlar procedures employed n the systemic circuit, 1s the relatively low
ntra-arterial pressure with subsequent liability to thrombus formation.

Medical treatment comprises morphia, oxygen and anticoagulants Morphia con-
stricts the systemic circulation and has some unknown favourable effect on the respiratory
centre In the absence of pulmonary oedema, when the advantages of oxygen therapy
are clear, oxygen can only help by increasing the plasma oxygen tension and by adding
the very small increment from normal to full arterial oxygen saturation. Anticoagulant
therapy is best begun with intravenous heparin, which is either continued mtramuscularly
or replaced by a synthetic oral anticoagulant. Anticoagulants should be contmued until
the patient has been mobule for several days, usually a period of two to three weeks being
necessary. Mobilization should take place gradually from bed Sitting m a chair with
kinked leg veins should be avoided.

Ligation of vemns is indicated when further emboli have occurr_ed despite adequate
ation, or when there are contra-indications to the use of anticoagulants such as a
1c nlcer or haemorrhagic disease If there are unequivocal signs of throm-
If veins femoral vein Iigation 1s usually sufficient. If the femoral veins are
f the mternal 1liac vemns 1s nowadays usually favoured r:cllher than
a. The last is reserved for pelvic vein thrombosis because,

anticoagl
history of pept
bosts of the cal
thrombosed, ligation of
ligation of the inferior vena cav;
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Amniotic Fluid Embolism

Steiner and Lushbough in 1941 first descnbed maternal pulmonary embolism by
amniotic fluid. Since then there have been several reports on this rare complication.

The patients ate usually multiparous and in their late thirties or early forties. The
pregnancy is usually ful, but shortly after labour starts there is sudden dyspnoea,
cyanosis and shock. Death usnally occurs wn mmutes or hours, Ammotic fluid enters
the maternal circulation via uterine smusords and is thought to do so because of strong
uterine contractions occuring when a large baby obstructs the lower end of the uterus
The clinical picture may be due to mechanical obstruction of the pulmonary vessels but
this seemns a hittle unlikely as in some patients the fluid has clearly passed through the lungs
and is demonstrable in the Jeft heart and Jidneys. It seems more likely that there 1s an
anaphylactoid reaction associated with thrombi in the pulmonary arteries. It 15 also
thought that the thromb: use up guantites of fibnnogen which 15 responsible for the
bleeding which often ac p ths d Such bleeding may occur from the
mouth, uterus or lungs, and purpura has been reported. Treatment can only be directed
towards increasing the coagulability of blood Red er al. {1953) had reasonable success
using fibrinogen replacement therapy and blood transfusion. Four of therr five patients
recovered

IDIOPATHIC PULMONARY HYPERTENSION

‘Wade and Ball {1957) believe that there are at least three mechanisms concerned in
the prod of wdiopatk b v hypertension

{1) functional narrowmg of muscular vessels with or without thrombotic occlusions;

(2) pnmary pulmonary arteritis; and

(3) bronchial and pul 23 hrough abnormal vessels, resutung
in a dynamic state analagous to that of persistent ductus arteriosus,

There are also occastonal patients whe die from nght heart failure without histological
changes in the pulmonary vessels, as if from essential pulmonary hypertenston.

The disease 15 more common 11 women and, while it may ovcur at any age, it usually
develops in the late teens or early tmenties. The presenting symptom is dyspnoea of
effort 1t differs from dyspnoea from other causes 1n that the patient can walk a2 moderate
distance without difficulty but 15 then suddenly seized by a faetng of suffocation. The
cardiac output s fow and there 1s hittle or no ability to wcrease it with effort. Hence
there 1s inadequate coronary blood flow, and nght ventricular angina 1s a common symp-
tom. Effort syncope often occurs and the mechanism 15 probably tofold  First, there is
acute night ventocular faiture causing an even further seduction 1n cardsac output, and
secondly, systernte vasedilatation during effort leads to pooling of blood and dimmished
cercbral perfusion. The fast was dramatically seen tn 2 patient who became blind a few
seconds before she became unconscious, and this was accompanied by extreme retinal
blanching.

The signs ase: low blood pressure; a prominent venous “a” ware; a nght ventrcular
heave with 2 palpable pulmonary artery; the pulmonary sound 1s loud and there is closed
sphitting of the second sound. Central cyanosts 15 usual with an artenal oxygen saturation
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Fat Embolism

Fat embolism in the lungs classically occurs after accidents causing bone fracture
when marrow fat enters the blood stream, It may, however, occur after a variety of other
accidents in which bones are not broken

Fat globules have to be of higher diameter than 12 p in order to obstruct pulmonary
capillartes It 1s probable that this is why diseases with very high blood lipids, such as
diabetic coma, do not cause lung lesions (Harrns ef al., 1939). Experimentally, hydrolysed
fat 15 more toxic than neutral fat and Taquint et al. (1956) have calculated that approx-
imately 5 c.c. would prove lethal to man In order to explain the delay of hours, or even
a few days, between trauma and the onset of symptoms it is believed that there 1s slow
liberation of fatty acids, Robb-Smith (1941) found that in 789 consecutive accident
cases 125 died and of these 41 had gross pulmonary fat embolism At post-mortem, lungs
cleared with potassium hydroxide display fat in the alveolar capillaries as refractile
clusters or cylinders with a narrow dark edge.

After the imtial asymptomatic period there develop sweating, dyspnoea, and profuse
expectoration of a pink fluid 1 which fat may be found. There is little cough There is
pleural pain and there may be symptoms of fat embolism elsewhere, such as in the brain
and kidneys, and purpura 1s common. Pulmonary oedema causes central cyanosis and
there is surprisingly little drop 1n systemic pressute n view of the pulmonary vascular
obstruction The chest X-ray merely shows the pattern of pulmonary oedema

Taquni e al. (1956) fully investigated a pattent suffering from lung fat embolism
following therapeutic injections of thymol m oil. They attributed the marked hypervent-
lation to stimulation of stretch receptors by increased lung rigidity and to stimulation of
chemoreceptors due to anoxaemia. The arterial oxygen saturation was 55 per cent when
breathing air but could be increased to normal with oxygen breathing The pulmonary
artery pressure was 55/22 mm Hg and the cardiac index 6 35.

Prophylaxis involves early immobilization of injured parts, and when symptoms
have developed, oxygen therapy and other treatment for pulmonary oedema are used.
It is probably rational to give steroids in the hope of inhibiting pulmonary exudative
reaction to the irntant.

Thrombosis of the Pulmonary Arteries

Thrombosis of the main pulmonary artery 1s rare as a primary event, although retro-
grade thrombosis following pulmonary embolism 1s quite common It ts more likely to
occur when there 1s pulmonary atheroma or, rather strangely, when there 1s increased
pulmonary blood flow as in auricular septal defect, especially on the right side.

There is a sudden onset of dyspnoea associated with the signs of pulmonary hyper-
tension. The diagnosis 1s suggested radiologically by seeig either main pulmonary artery

de and opaque, with the distal lung appearmg hypertranslucent
to be excessively wide 2nd opadus e A I e prog-

sarent-

wdition
foo readily and at times the passage of 2 CALUIAC LALIEIEL ULLVUEL Lt suppvsvasy Jhrom-
bosed artery has been a salutary procedure
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OBSTRUCTION TO LEFT VENTRICULAR FILLING

Obstruction fo left ventnicular filling due either to Jeft ventricular failure or dimin-
1shed capacity of the left ventricle will cause pulmonary venous hypertension.

Left ventricular Failure

‘Whatever the cause of left ventricular fature the haemodynamic effect 15 the same, that

13, the end-diastolic (filling) pressure 15 raised. There may be a residual volume of blood

in the ventricle at the end of systole, but as the forward output falls there 1s still a rest-

duum of pressure at the end of diastole requning an increased filling pressure {rom the
e PRSI

Jafe —en e L - IS SRR AR

¢ . .

probable that there 15 “actwve”™ pul ty arteriolar wction.  There 1s con-
siderable evidence sn other circumstances that a rising left atrial pressure leads o a rise 10
pultmonary artersolar resistance. Calazel ef al. (1951) have shown this to be true m atria}
septal defects and its occurrence m mutrat stenosts 1s generally accepted. The radiologrcat
changes of left ventricular falure resemble those of mutral stenosis {Chapter 5y and
may show narrowing of the lower lobe arteries as i mutraf disease. The form of the left
atrial pulse in left ventricular failure 1s stnular to that in mitral incompetence, which may
occur as a result of left ventricular failure. However, pulmonary arterilar vasoconstriction
1s unlikely to be so pronounced as in mutral valve disease for the elevation of left atrial
pressure is not so chronie or so marked.

Acute left ventricular failure gives rise to pulmonary oedema as in mutral stenoss
(see Chapter 8) and, as discussed elsewhere, the more rapid the rise i left atnat pressure
the more likely 15 pulmonary oedema than cardiac astama to occur, The degree of keft
ventricular diastolic hypertension 1 left ventneular farlure 15 not known, but data from
feft heart catheterization and left ventricular puncture suggest that it may reach levels of
20~30Hmm Hg or even higher, which would entadl 2 left atrial pressure of at least 25-35
mm Hg.

A’Ihe effects on pulmonary function are stmular to those i nitral stenosis, with undue
ngidity of the lungs and a necessity for increased work to produce ventilation.

The symptoms of left ventricular faiture comprise exertional dyspnoea, orthopnoea,
nocturnal dyspnoea and attacks of pulmonary oedema The physical signs are those of
Ieft ventsicular enfargement as judged by the quality and position of the apex beat and
lateral chest sway, presystolic or diastolic triple rhythm, which may be visible and palpable
as well as audible, basal pulmonary crepitations and often hyrdothorax. Pulsus alternans
Tay not only be present 1n the systemic circulation but also in the pulmonary circulation.
Unle_ss acute left ventnieular farlure follows massive cardiac infarction there 1 usually a
Tse in systemic pressute. Systemic vasoconstiiction foflowing small cardiac infarctions
may be so intense that left ventricular failure may be errancously attributed to hypertension
z\_nd the error only appreciated when, after the attack, the patient 1s normotensive, Func-
Sional tricuspid insufficiency and secondary night ventricylar failure are common.

Breathlessness on exertion is due to the increased work of breathing caused by the
turgid, stiff lungs, which contain an wereased volume of blood (Kopelman and Lee, [951).
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often less than 90 vols. per cent. There has been much controversy as to the cause of
cyanosis but 1t 15 probable that a number of pulmonary capillaries by-pass functioning
alveoli and shunt blood because of obstruction to the usual arterial channels. Alternatively
there may be a right to left shunt through a patent foramen ovale.

The clectocardiogram shows considerable right ventricular hypertrophy without a
bundle branch block pattern  On X-ray the night ventricle and main pulmonary artery
are enlarged and there 1s an abrupt reduction m pulmonary vascular shadows i the peri-
phery of the lung. The diagnosis is confirmed by cardiac catheterization when, 1n
the absence of an intracardiac shunt, there is pulmonary arterial hypertension with a
normal pulmonary capillary pressure  Angiocardiography is dangerous because 1t causes
even further reduction in adequate blood oxygenation Rose’s sheep cell agglutination
test 1s frequently positive in this disease as 1t is in various collagenoses and some vascular
allergies such as polyarteritis nodosa, but the histology in most cases 1s quite dissimilar
from that of polyarteritis (see Chapter 6).

There have been many attempts to reduce pulmonary vascular resistance by drugs.
While continous travenous infusion of acetylcholine may sometimes reduce vascular
resistance a little, 1t 1s impracticable as therapy. No other drugs have been found to have
the same action  Ganglionic blocking agents not only have no primary action on pu]mf)-
nary vasculatur¢ but also are dangerous because of therr effect in reducing systemic
blood pressure. The same remarks apply, to removal of sympathetic gangha A few
attempts have been made to shunt blood from the lungs to the systemtc circuit when the
pulmonary artery pressure exceeds the systemic on exercise. The creation of such a
“reversed” ductus has not been successful and such patients are liable to sudden death at
operation just as during cardiac catheterization, Anticoagulants have been advocated
(Chapter 4).

DISEASES OF PULMONARY VEINS

Little 1s known of these conditions Pulmonary veins can, of course, be mnvaded by
bronchial cardinomata or lung abscesses leading to diffuse dxbsemm.’mon. of cells or
organisms. Otherwise they may be the seat of atheroma or any form of arteritis, espectally

" T pulmonary vascular system.,
that of mutral stenosts or membrane ob-

Fereucz and Damman (1957) described the case of a child who died, aged two and a
half years, with night heart failure and pulmonary hypertension. There was atresia of the
vein from the left lower lobe and stenosis of the upper lobe vern of t%le same side Reyke
(1951) teported an eight-year-old girl who died from right heart failure due to stenosis
of the veins from the left upper and lower, and the right lower lob'es with atresia of the
right upper lobe vein. Obstruction of the pulmonary vemns at therr junction with the left
auncle, which may have been a congemtal malformation, is described by Bems\m}\,
Nolke and Reed (1959) The clinical course was characterized by hacmoptyses probabhy
due to a highly developed collateral bronchial circulation In @hls instance tht;re were : e
complicating factors of pulmonary and arterial venous thrombi and hypertensive arteritis.
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Radrological changes are not remarkable except for perrcardial caleification in con-
stricttve pericarditis and generalized poor pulsation on fluoroscopy. The cardiogram 1s
discussed in Chapter 7.

The differentiation between constrictive pericarditis and endomyocardiomyopathy 1s
often extremely difficult. A history of tuberculosis or pericardual effusion and the finding
of pericardial calcification are the most reliable pomts In the absence of calcification,
heart size may be significant, the heart in endomyocardial constriction bemg usually larger
than in constrictive pericarditis. In infancy and childhood endocardial fibro-elastosts 15
the commonest member of this group of d Itkely to be ed, and diag
will be aided if the process has spread to involve valves, especially the aortic and mitrat
valves. In adult life the commonest cardiomyopathies are amyloid disease of the heart
and eosinophilic cardiomyopathy. It is unfortunately rare to find diagnostically useful
facets of these diseases elsewhere m the body.

Treatment

Treatment of constrictive pericarditis is surgical when previous medcal treatment has

reduced oedema as far as possible. This 1s achieved in the usual way with duuretics and salt
Testriction; digitalis should not be used because 1t causes bradycardia The success of
pericardectomy depends upon the ability of the surgeon to remove all the constricting
pericardium and upon the degree of myocardsal fibrosis However extensive the operation
may be, and however much improved the patient may feel, haemodynamic studies never
completely refurn to normal. The prediction of myocardae fibrosts before operation is
not possible but the presence of atnal fibnilation may be suggestive of 1it.
. The treatment of constrictive cardiomyopathy is usually non-specific and disappoint-
ing  Occasionally steroid therapy is strtkingly successful m polyartentis nodosa, but
healing of coronary arterial lesions is too often accompanied by fibrotic occlusions and
multiple infarction.

Functional Obstruction of the left Ventricle

It has been recogmized for several years that severe hypertrophy of the outflow tract
of the right ventricle may develop in conjunctton with pulmonary stenoss or ventricular
5?})!:1\ defect. After surgical resection of the primary defect, pressure gradients in the
Viemity of the hypertrophied area gradually dummish

!Brock (1957) reported stmular obstruction to left ventricular outfiow 1n patients fol-
Towing successful aortic valvotomy with a gradual decrease in pressure gradient. He also
described similar left ventricular hypertrophy with systemic arterial hypertension. Morrow
and Braunwald (1959) describe two patients in whom there was a sigmificant pressure
gmdlept in the left ventricular outflow tract, and at open heart operation no localized
stenotic area was found They attributed such a systolic pressure gradient to massive
muscular hypertrophy of unknown cause. Post-stenotic dilatation of the aorta has not
been seen. Left heart catheterization demonstrates obstruction to the outflow of the left
\'enl'nqle, and its actual level may be seen using selective left ventricular angrocardiography.
A similar, though not necessarily 1dentical, condition designated as obstructive cardio-
myopathy, which mimics aortic stenosts has been described, by Goodwin er al (1960).
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Orthopnoea is due to the greater volume of blood 1n the lungs in the horizontal rather than
the verticle position (McMichael, 1947), and to the reduced mechanical advantage of the
necessary respiratory muscles in the recumbent position,

Constrictive Cardiomyopathy

The site of restriction to ventricular filling may be in the pericardium and epicardium
(constrictive pericarditis) or in the myocardium or endocardium. Wherever the site of the
constriction the haemodynamic effects are closely similar.

The ventricles are unable to dilate adequately to receive the inflow of blood from the
atria  Filling 1s, therefore, impaired and output correspondingly restricted. The impair-
ment of filling may effect both ventricles equally or one more than the other When both
are equally affected despite a rise in atrial pressures, significant pulmonary hypertension
does not generally occur because of the restricted output of the right ventricle

The intracardiac pressure pulses show characteristic abnormalities. The mean atrial
pressure is rased and the pulse contour shows “a” and “v” waves of equal proportion
with sharp “x” and “y” descents. The ventricles fill rapidly m early diastole but the
restricting process soon himits further filling and the maximum capacity is reached early
with sharp rises in ventricular and atrial pressures. The ventricular pulse shows a typical
early diastolic trough coinciding with the sharp “y™ descent of the venous pulsc After
the early diastolic dip the ventricular pressures risc rapidly to a high plateau in late dastole.

On nspiration the caval and pulmonary venous pressures rise owing to the inability of
the ventricles to increase stroke volume in response to increased blood flow. It has been
suggested that, when the rise in pressure in the pulmonary veins is greater than that in the
venae carvae, left ventricular filling may be directly impaired by tension on a rigid pen-
cardium or myocardium when the diaphragm d ds. A similar T has been
evoked to explain arterial pulsus paradoxus (Wood, 1956), but the alternative explanation
that distension of the right ventricle in a rigid pericardial sac interferes with left ventri-
cular filling (Dornhorst and Leathart, 1952) has much to commend it in constrictive
pericarditis  Usually venous pulsus paradoxus is more common than arterial. Tachy-
cardia is the rule and represents an attempt to maintain forward output in the face of
impaired filling; no attempt should be made to reduce the heart rate. The Valsalva
manceuvre may give a square wave type of response, as 1n severe valvular disease and heart
failure, with “overshoot” of arterial pressure and bradycardia (Wood, 1956)

The symptoms of constrictive cardiomyopathy are tiredness and swelling of the ab-
domen. Dyspnoea is not an important feature. The quiet cardiac pulsation is in str.iki.ng
contrast to the high jugular venous pressure and may help to distinguish constrictive
cardiomyopathy from cardiac failure of other aetiology The form of the venous pulse
separates the constrictive syndrome sharply from tricuspid stenosis, the other cause ofa
high venous pressure and small quiet heart (see Chapter 4). A loud third sound or sum-
mation gallop rhythm may occur 1n constrictive endomyocardiopathy., A similar third
sound is a feature of constrictive pericarditis and the closeness of 1t to aortic valve closur.e
is a measure of the seventy of the constriction (Mounsey, 1955). In severe cases there is
ascites, hepatic enlargement and oedema. Atrial fibrillation occurs in about 30 per cent

of patients.
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Radiological changes are not remarkable except for pericardial calcsfication n con-
strictive pericarditis and generalized poor pulsation on fluorescopy. The cardiogram 1s
discussed in Chapter 7.

The differentiation between constrictive pericarditis and endomyocardiomyopathy 1s
often extremely difficult. A history of tuberculosis or pericardial effusion and the finding
of pericardial calcification are the most reliable points. In the absence of calcification,
heart size may be significant, the heart in endomyocardial constriction being usually larger
than in constrictive pericarditis, In infancy and childhood endocardial fibro-elastosts 15
the commonest member of this group of diseases likely to be encountered, and diagnoas
will be aided if the process has spread to involve valves, especially the aortic and mutral
valves In adult Iife the commonest cardiomyopathies are amyloid disease of the heart
and eosmophilic cardiomyopathy. It 1s unfortunately rare to find diagnostically useful
facets of these diseases elsewhere in the body

Treatment

Treatment of constrictive pericarditis is surgical when previous medical treatment has
reduced vedema as far as possible. This 1s achieved m the usual way with duwretics and salt
restriction; digitalis should not be used because it causes bradycardia. The success of
pericardectomy depends upon the ability of the surgeon to remove all the constricting
pericardium and upon the degree of myocardial fibrosis. However extensive the operation
may be, and however much improved the patient may feel, haemodynamic studies never
completely return to normal The prediction of myocardiae fibrosis before operation 15
ot possible but the presence of atnal fibnllation may be suggestive of it.

The treatment of constrictive cardiomyopathy is usually non-specific and disappoint-
ng. Occasionally steroid therapy is strikingly successful in polyarteritis nodosa, but
healing of coronary arterial lesions 1s too often accompansed by fibrotic occlusions and
multiple infarction.

Functional Obstruction of the left Ventricle

It has been recognized for several years that severe hypertrophy of the outflow tract
of the nght ventricle may develop in conjunction with pulmonary stenosis or ventricular
septal defect. After surgical rescction of the primary defect, pressure gradients in the
vieiity of the hypertrophied area gradually dimsmish.

Brock (1957) reported stmilar obstruction to left ventricular outflow i pattents fol-
fowing successful aortic valvotomy with a gradual decrease in pressure gradient. He also
described simular left ventricular hypertrophy with systermic artenal hypertension. Morrow
and Braunwald (1959) describe two patients 1n whom there was a significant pressure
gradlept in the left ventncutar outflow tract, and at open heart operation no localized
stenotic area was found They attributed such a systolic pressure gradient to massive
muscufar hypertrophy of unknown cause. Post-stenotic dilatation of the aorta has not
been seent. Left heart catheterization demonstrates obstruction to the outflow of the left
ventricle, and its actual level may be seen using selective left ventricular angiocardiography.
A similar, though not necessarily 1d 1, condition d d as obstructive cardio-
myopathy, which mimics aortic stenosis has been described, by Goodwin et al. (1960).
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The systolic murmur is maximal at the left sternal edge and the pulse is jerky rather than
anacrotic. The signs of obstruction to other parts of the heart may be present due to
massive assymetrical hypertrophy.
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CHAPTER 14

PULMONARY OEDEMA
Bv RAYMOND DALEY

Acute leakage of blood elements from pulmonary capillarics nto alveoli may be due to
an excessive pressure gradient across the capiilary alveolar “ barrier” or loss of wntegrity of
the capillary wall The former is the cause of pulmonary oedema 1n left ventnicular and
left atrial failure; it is also the cause of cedema complicating head njuries and other
cerebral disturbances such as tumours, infections and vascular accidents, The Jast only
occurs in man after exposure to gases such as chlorine and phosgene although m expen-
mental animals 1t can be produced by several other chemicals. There are, however, a few
diseases causing subacute pulmonary oedema in which there 15 probably a combination
of increased capillary pressure and altered permeability.

Experimental Pulmonary Ocdema

The barrier between the lumen of pulmonary capillaries and the lumen of alveol is
about 0 8 ¢, It is composed of the capillary wall, interstitial tissue, alveolar liung merm-~
brane and a mucin layer, Pul y hatics dran tr dates from this area until they
arc overloaded, when fluid escapes from the capiilaries into the aiveol: and causes puimo-
nary oedema with expectoration of frothy, sometimes blood-stained sputum. If there
has been a gradual capillary leakage the “barrier” ncreases i thickness and cardiac
asthma, with acute dyspnoea rather than expectoration, is more likely to occur.

The normal mean pulmonary capillary pressure in man, as measured by the wedged
catheter technique, is 5 1o 10 mm. Hg. I pressure al with
wilt al\gr the effective capillary filtration pressures when they arc extreme as in hyper-
ventilation or bronchal obstruction.

The normal osmotic pressure of plasma protetns 1s about 25 mm Hg Hence, theoretic-
afly the capillary pressure has to he increased or the osmotic pressure lowered before,
purely on pressure relationships, leakage can occur In fact, cannulated pulmonary
Iymphatics 1n animals do contain considerable quantities of protemn, and constant minor
foss of capillary protein is probable,

In man, pulmonary oedema consequent upon left ventricular or atrial failure results
from a rise in pulmonary capillary pressure  Less easy to understand is pulmonary cedema
complicating Ce\'eb“}‘ disturbances. Sarnoff and Sarnoff (1952) have thrown considerable
hight on thus  They injected fibrn into the cisterna magna of dogs and showed that there
was Sy v riction and pr bly venous constriction as the pulmonary blood
volume snereased So marked was the pulmonary *overload™ that the imit of vascular
dlst’ensmn was reached, the pulmonary capillary pressure rose and once agan capillary
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leakage resulted from capillary hypertension. Denervation of the lung did not alter this
phcnomen(‘m but release of systemic vasoconstriction by ganglionic blocking agents
prcvex:ncd its occurence. In other experiments Sarnoff (1959) has shown that the marked
elevation of lei:t atrial pressure during experimental aortic occlusion in the dog is ac.
companied by increased venous tone; that is, decreased venous distensibility. The dis-
tensibility does not alter when the experiment 1s repeated under ganglionic blockade. How
far these resul}s can be translated to human experience is unknown but at least venous dis-
tenstbility, as in other forms of pul y oed 15 accompanied by a rise m systemic
pressurc. Therefore, it is fikely that pulmonary oedema 1n most of its human forms is
caused by a simple pressure change
Sarnoff, by studying ventricular function curves in which the left atrial mean pressure
1s plotted aganst left ventricular stroke work, has also stressed that isolated left ventr.
cular failure can occur  If the left ventricle 1s to produce a near normal stroke volume and
aortic pressure, and in order to do this the left atnal pressure (filling pressure) must rise,
it follows that the hydrostatic filling pressure may at times well exceed the osmotic pressure
of plasma proteins
One of the most interesting drugs used in the production of expertmental pulmonary
oedema 15 alphanaphthol thiourea (ANTU) This substance when injected in oily solution
nto the peritoneal cavity of dogs and rats causes death from pulmonary oedema, and
bilateral pleural effusions 1n six to ten hours. It apparently leads to capillary wall leakage
without alteration in pressure. The phenomenon 1s accompanied by mncreasing dyspnoea
and a nsing haematocrit. Autonomic denervation either by dorsal sympathectomy (T1
to T8), vagotomy or the use of ganghonic blocking agents does not prevent oedema and
death The situation is therefore very simular to that of “war gas” pulmonary oedema.
It has little application to man in that, most fortunately, thiourea-like compounds given
by mouth do not cause clinical pulmonary oedema. The sociological apphication is the
use of ANTU as a rat and mouse poison; the hope being that vermin will become so dys-
pnoeic before death that they will seek open spaces
Several mvestigators have with difficulty produced pulmonary oedema by increasing
pulmonary blood volume using ramd transfusion of hypertonic saline into dogs. Large
quantities are required 1o cause “overload™ and such grossly abnormal circumstances
probably never occur in man. However, 1n the presence of existing increased pulmonary
blood volume further minor increments of volume can lead to oedema, hence the danger
of transfusing rapidly patients with left ventricular failure, and of giving salt-retaining
drugs such as oestrogens and steroids. i
Haemodynamic changes. Much mformation about the circulatory c.hanges occurring
during attacks of pulmonary oedema has now been obtained by cardiac calher_lzz.mon,
especially in patients suffering from mitral stenosis (see Chapter 8). Attacksare precipitated
by, for example, recumbency on the X-ray table, anxiety causing systemic vasoconstriction
and tachycardia, and exercise tests, The already hlgh. pulmona.ry artery and capuli;f}'
pressures suddenly increase without an apprecmb{e increase in pulr_nonafy VﬂSICi“ I‘“
resistance. The systemic pressure sises and the c:u:dmc output usually. increases }? ttle.
These events are dependent upon maintenance of right ventricular efficiency and melncst;
climbing jugular venous pressure is not a featurs of the att?ck. As !he al; ﬂassaxglesmu‘s'li;g
transudate so the arterial oxygen saturation falls. The direct action of hypoxia
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pulmonary capillary leakage has probably been over-estimated. By analogy it is certain
that anaemia has to be of a very serious degree before capillary wall nutrition suffers

In virtually all forms of human pulmonary oedema it seems that, when the pulmonary
capillary pressure exceeds that of plasma protein osmotic pressure, pulmonary oedema
will occur. If the discrepancy 1n pressures 1s slowly brought about, the pulmonary ca-
pillary pressure may nise very high without pulmonary oedema occurring, the transudate
being carried away by lymphatics. When the change 1s sudden a clinical attack of pulmon-
ary oedema occurs  Much has been written suggesting that attacks are precipitated by
pulmonary venous constriction, the “venous throttle® mechanism, but there 1s no ex-
penimental evidence in support of it.

The immediate precipitating causes of attacks are faurly compret ble 11 such di
as mitral stenosts when there 1s a sudden mcrease n heart rate leading to a further rise 1n
left atrial pressure, or the increased work of the heart and increased pulmonary blood
volume of recumbency. In left ventricular failure due to systemic hypertension 1t 15 likely
that nocturnal attacks have, as their cause in addition to the effect of recumbency, sudden
increases in venous return and heart rate due to rapid muscular movements.

Dyspnoea m pulmonary cedema 1s a striking feature and has been attnibuted by
Hayward (1955) to increased lung ngidity due to interstitial transudation. A good 1n-
dication of lung nigidity is obtamned by measuring ntrathoracic pressure with an oeso-
phageal catheter. He suggests that lessening of dysproea after a successtul muteal valvo-
tomy may be due to improved lung distensibihity and that during exercise there 15 no
increase 1n ngudity. These phenomena could follow reduction 1n pulmonary venous and
capillary pressures although cardiac output and pulmonary artery pressure are, at times,
Iittle altered He also suggests that other factors increasing lung nigidity in pulmonary
oedema are bronchospasm and altered surface tension changes due to the sticky mucinous
flurd 1n the alveol.

Subacute Pulmonary Oedema

There are a number of conditions associated with prolonged pulmonary oedema 1n
which there 1s some mterstitial oedema, but the main feature 1s a fibrious alveolar exu-
date containing mononuclear cells and fibroblasts. The alveotar ducts are dilated and
lined by a hyaline membrane (Doniach, 1947). The lungs are tough and solid 1n con-
sistency especially mn the hilar regions These conditrons are uraemra, acute nephritis,
polyartentis nodosa and “rheumatic Jung” of acute rheumatism. In all of them the
pulmonary capillary pressure 1s probably raised because of left ventricular failure, but
this may not be great and it 13 hikely that there 15 some loss of capillary wall integrty
Certamly, at times, 1n all these conditions there 15 mncreased fragility of systemic capil-
laries  In polyarteritis nodosa involvement of lung blood vessels is accompanied by a
blood hila Rh lung 1s an festation of acute th i
and 1ts existence 15 even doubted by some. The writer has seen a child with acute rheu-
matism who developed recurrent dyspnoea and lung opactties when treated with large
doses of salicylates and 1t is tempting to wonder how much lowered plasma prothrombin
levels played 1n the actiology

Subacute pulmonary oedema has been seen m some patients while under treatment
with hexamethomium compounds for systemic hypertenston and helps to throw light on
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otp;r forms qf the condition. In order to produce it the dose of the drugs has to be
critical, when it seems tl]at acute pulmonary oedema is avoided, but slow capillary seepage
of)cx]x.rsh\v'nh subsequent intra-alveolar orgamzation of the exudate. Increasing the dose may
abolish it.

Cllgically there 1s intense dyspnoea with few or no added sounds to be heard, The lack
of chnical signs 1s in marked contrast to the extensive radiological shadowing

Clinical Aspects of Acute Pulmonary Oedema

The commonest causes of acute pulmonary oedema ate mitral stenosis, hypertension,
aortic valve disease and cardiac infarction,

Mutral stenosis 1s fully discussed 1n Chapter 8 and in general the acute attack differs
little from that due to other cuases with the exception of a few small points described
below. Attacks may range from mability to walk and talk at the same time, and mild
d)fspnoca when recumbent, to severe attacks of very sudden onset. In the latter dyspnoea
with chest oppression are the dominant early features. Later there 15 wheezing and peri-
pheral vasoconstriction with a nise 1n systemic pressure and peripheral cyanosis  As the
attack proceeds the ventricular rate increases. Sinus rhythm 15 common unless an acute
rise in left atreal pressure has been produced by the onset of a paroxysmal arrythmua with a
fast ventnicular rate. The attack may subside with or without treatment at this stage or
give way to the expectoration of pink, frothy sputum with fine crepitations, especially in
the mid and lower zones As the bronchi and alveoll become obstructed with fluid there
is intense central cyanosts and death may occur from asphyxia or peripheral circulatory
failure.

The association of pregnancy with mitral stenosis produces two of the most dangerous
circumstances which can arise n this condition  These occur at the onset of labour or
immediately after delivery, The emotional situation leads to tachycardia and vasocon-
striction; the patient is often lymg fairly flat and the uterine “lake” of blood 1s bemng
transfused into the general maternal circulation. Prophylaxis of these attacks necessitates
the prediction during pregnancy of severe mitral stenosis and pulmonary venous hyper-
tension. Valvotomy 15 then a most reasonable procedure to advise, Otherwise full
digitalization, diures:s and venesection of a pint of blood should be carrted out before the
onset’of labour. Recumbency should be avoided and the labour made as easy as possible
by suitable episiotomies and the use of low forceps It should be remembered that oxy-
tocic drugs also have an unfavourable vasoconstrictive action. Caesarean section 1s most
inadvisable except for obstetric necessity because of the sudden overload of the maternal
circulation by the rapidly contracting uterus. If excessive blood loss has occurred duning
labour the pint of blood previously removed can be slowly transfused.

In hypertensive left ventricular failure there has usually been a previous hstory pf
effort dyspnoea before the acute attack of pulmonary oedema. In these patients a rise in
systemic pressure precedes the attack for a few minutes and accompanies at least the early

5. Pulsus alternans 1s common and it is interesting that, n patients who have had a

stage
e 1t 15 also demonstrable 1 the pulmo-

cardiac catheter in the pulmonary artery at the time,

nary artery pulse. .
%,n aort)lfcp\'a[ve disease, especially aartic stenosis, an attack of pulmonary oedema may
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be the first indication of disease. It classically occurs in men in their late forties, and if the
inttial attack 15 survived the downhill course is almost invariably rapid.

Cordiae infarcrion may cause pulmoniary oedema in three somewhat different cie-
cumstances, First, with or without chest pain, there is an acute attack with much frothy
sputum, Secondly, six to eight hours after the onset of chest pain there 1s *shock™ with
i of pain and put y ocdema  Thirdly, and rarely, some days after the in-
farchion there is rupture of the muscular septum causing acute oedema and death, or chro-
mic oedema with continuing orthopnoea. These three forms of attack differ from others
discussed because the systemic blood pressure falls

Elderly patients suffering from ischaemic heatt disease often have large hearts, scle-
rotic systoh¢ murmurs, atnat fibnlanon and sometimes bundle branch blocks. The
height of the jugular venous pressure vanes and they are ofien 1n a state of chronic pulmon-
ary oedema. Dignalis and 1 diuretics may them with only moderate
disabitity for years. However a resptratory nfection, by increasing blood volume, may
cause an acute attach, but more important to appreciate 1s the danger of transfusion.
Even small transfusions may cause disaster, and if blood is necessary because of, say,
gastro-intestinal haemorrhage, it must be given slowly as packed ceffs, and any rise in
jugular venous pressure promptly noted. If st should rise, and the patent is not already
fully digitalized, digoxm can be added to the transfusion and which can be contnued
even more stowly Similar remarks apply to transfusing any patient with a hyper-
anetic circulation. The often repeated warning of the dangers of transfusing patiems with
pernicious anaemia 15 due to fear of pulmonary cedema bu, of course, such a procedure
is perfectly feasible with care.

Qther rare causes of ncute puimonary oedema due to feft ventnicufar fmiure are
ruptured aortic cusps or chordae tendinae due ether to bactenal endocarditis or to
operative disasters

As menttoned, putmonary cedema followng cerebral lesions appears to be due to 2
se in pulmonary camitlary pressure, and the chimeal pattern is similar to that of left
ventricular falure due to hypertension or aortic valve disease

Radological aspects are discussed i Chapter 5. An electrocardiogram is mawly of
value of st d cardiac infarction m a patient who suddenly develops acute
dysproea. Prolongation of the atm to tongue circulation time may persist for hours or
days after an attack of cardiac asthma and may help to disttnguish 1t from respiratory
asthmia 1f other diagnostic features are equivocal.

Treatment of Acute Pulmonary Oedema

The prmciples of treatment are to reduce pulmonary capilary pressure, provide
alveolar oxy and d anxiety
The first 15 achieved b theophyllinethylened which 15 not only
a penpheral arteniat dilator but also reduces bronchial constriction. Venesection or imb
tourmquests are also effective. Ganglionic blocking agents reduce pulmonary capiliaty
P asa dary effect to reduction i sy ic p Why morphine. which 15
the classical remedy, 15 o effective 1s not known. It has been shown on many occasions
not ta have a primary effect on the pulmonary cireulation  Its action must be more subtle
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and related to relief of anxiety and its effect on the respiratory centre, but neither of these
explanations is satisfactory. The difficulty is in interpreting the mechamsm of the action
of morphine, but this does not detract from its value and 1t remains the drug of first
importance.

Alevolar oxygenation 15 dependent upon the degree of bronchial obstruction due to
bronchospasm and fluid within the bronchi, Oxygen therapy, by tent or mask, can im-
prove this and is normally employed Positive pressure respiration has its advacates but
it has been shown that, as the extrinsic capillary pressure rises, there is an mcrease in
capillary pressure and the object of forced inspiration is defeated Anti-foaming agents
have sometimes been used to reduce the viscosity of the high mucin and protetn content.
Theoretscally this 15 sound but the practical applications have been disappointing

Relief of anxiety 1s normally helped by a good doctor, the sitting position, and mor-
phine. Treatment 15 continued by diuretics and antibiotics for associated bronchial
infections.

Prophylaxis of Pulmonary Oedema

This depends upon reduction of chronic pulmonary oedema. Digitalis is sometimes
used 1n acute attacks in order to improve left ventricular function but the systemic pressor
effect, together with the improved right ventricular output, may increase pulmonary
capillary pressure and perpetuate lung oedema. Therefore, preparations such as digoxin
should be given by mouth rather than intravenously and for the first two days the dosage
should not be too enthusiastic.

Chronic pulmonary oedema should be treated as oedema anywhere else n the body and
with diuretics, reduced salt intake and appropnate sedation Aminophyllin suppositories
by their slow absorption, often contribute to more peaceful mghts, which should be spent
on raised piilows

Proper treatment of systemic hypertension with ganghome blocking agents may, for
years, prevent attacks of acute pulmonary cedema. In congenital or acquired aortic and
mutral valve disease, surgery 1s bound to play an increasing part, and the advantages
ganed depend upon the decreasing operative mortality
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