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INTRODUCTION

s account of the anatomy of congenital pul Y sis was written

mmgmtcrpmomﬁvcyanngonxhcnmwhmgxmmmmhad

recently been aroused in the condition and many cardiologrts, surgeons,
ndmlogunandommwmengagcdmthemvunganmmdmmtnfm
of pulmonary stenoss Its publicanon was, however, deliberately delayed because
1 realised that with @ steadily Increasing experience in the mansgement and
mpaluaunentufthmmalwwqmmgmu&tddmomlmfommm
Although, in the reantime, « pumber of accaunta of the anstomy of pulmonary
stenosis have appeared, 1 have not regretted this delay for the fuller expenence
has been of greater value

The term  pulmonary stenosis {s rteelf, of coune, not prease, 1w this book it
1 used as a comprehensive term covermng all varieties of obstruction to the blood
flow to the hungs from congenital malformation. The mdmidual vareties of
pulmanary stenows will be mdicated by their approprute names.

My interest in the development and surgical anatomy of the conditon arose
from two reasons, Finst, 1t i more satisfactory to know why a thing occurs and
1t seemed obvipas that there must be an cxplananon for the common occurrence
of such a pecublarly constant form of maldevelopment as pulmonary stenoss,
even though its vaneties are several. Second, my interest 1n the relief of pul-
monary stenosi by direct operation made 1t essential to understand the snatomical
formaton both of the stenoms itself and of the muscular structure of the
ventrraular walls m 1ts neighbourhood. As @ corollary 1o thus it is necessary to
emphasise the need for careful and complete study of the normal mortnd anatomy
of a discase process when 1t is being investigated and treated. Thus remark may be
superflucns but the fact remaing that many people are handling cases of pul-
uomry stenoss, inctuding performing operations upon them, without any more
than & second-hand and often rather hazy picture of the amatomical condition
present. This 1 quite apart from the practice of making an empiric diagnosts of
pulmonary stenons and advising and performing a stercotyped operution for 1ts
indirect relief wnthout attempting, at operation, to make the diagnosis of the
particular variety #s exact as possible. The informanon generally svatlable about
the anatomy of the condition 18, moreover commonly accepted without say
personal venficaton or study This is obvious from the popular conception of the
oature of the obstruction, especially the nfundibular form.

xi
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In any case the introduction of such an important step as operation for the
relief of pulmonary stenosis demands a reinvestigation of the whole subject and
verification of past observations and descriptions What mght have been accept-
able as a general description for a condition which was of little interest other than
as an untreatable clinical state, or as a range of congenital malformations, can be
inadequate 1f exact surgical attack 1s to be based on 1t It 15 imperative in such
new circumstances to re-open the whole problem and to confirm, amphfy or
modify the older descriptions and conceptions

It 15 also important to realise that there may be a great difference between the
anatormucal state of affairs as observed after death 1n a specimen 1n a condition of
muscular contraction aggravated by fixation and hardemng, and the state that
exists during hife 1n an active, functioning muscular structure such as the heart
The surgeon who observes at operation the condition both outside and 1nside the
hiving heart will see definite and significant differences 1n the same specimen after
death We must remember this difference between the anatomy of the living
heart and the dead heart and that, 1n so far as this feature 1s concerned, post-
mortem examination may be deficient and misleading instead of being the acme
of truthful observation 1t 1s usually thought to be.

The ordinary conception of the right ventricle 1s often that of a rather simple
muscular structure which expands to receive blood from the atrium and then
contracts to expel 1t In fact the arrangement is much’more complex than this, as
will appear from the succeeding description The formation, structure and func-
tion of the outflow portion of the right ventricle in particular 1s quite complex
and 1s of great practical importance 1n relation to the stenoses that affect 1t

The general paucity of knowledge about the anatomy of pulmonary stenoss
at the time of the mtroduction of surgical treatment was surprising because refer-
ence to the literature reveals a whole wealth of first-class information that 1s
interesting, informative and even enthraling Much of this has remaincd
neglected or forgotten and to the surgeon seeking practical information 1t 15 rather
like digging and findmg gold In this connection one must mention especially the
writings of Sir Arthur Keith which, as always, are charmingly and sumply writtcn
and full of scholarship, clear observation and deduction No one mterested 1n the
subject should fail to read the series of lectures published 1n the Lancet between

1904 and 1924 As long ago as 1904 Keith wrote 1n the mtroductory paragraph 1o
s Hunterian Lecture at the Royal College of Surgeons on The evolution and
action of certain muscular structures of the heart ‘It 1s with a feching of keen dis-
appointment that men who seek to extend our knowledge of the orgin and
development of the human heart lay down any of the standard treatiscs on the
function and diseases of that organ Their labour as far as onc may judge from
the perusal of such works lies outside the field of practical medicine and 1s uscless
to physician and physiologist alike’
Keith had to wait nearly half a century to see his work on the naturc and
development of pulmonary stenosis bear fruit, but 1t 15 now possiblc to say thn(;
his observations and explanations have been of immense help in plannng an
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developing a logical surgical approach to the direct operative relief of pulmonary
stenosis

1 have to thank Professor T B Johnston for reading through my manuscript,
and making numerous valuable suggestions and correcting scveral errors

My secretary Miss Chris Jones, has spent many tmng hours on the prepara
tion and scrutiny of manuscript and proofs and I am very grateful to her

Sir Arthur Ketth gave permission to use certun of his disgrams and also
selected the frontrspuece from ameng his eeveral photogruphs, it was taken by Mr
John Miller of Barnet Messrs Edward Arnold and Company have given per-
mnsion to reproduce Figures 1 and 6 from Human Embryology and Morphology

Messrs  Baillibre, Tindall, and Cox have gven permusion to reproduce
Figure 9

I am very grateful to Dr Prinzmetal for hus kindness in sending me a short
strp from one of hus splendid films which demonstrates the peristalne-Hke move
ments of the infund{bulum.

T am also grateful to the vanous colleagues who have given indispensable mid
by recording electromanametric pressures both at cardiac cathetensation and at
operation. Among these are Dr D C. Deuchar, Dr R. ] Shephard, Dr R.
Gibson, Dr P Flemuing and Dr L. Brotmacher Dr Maurice Campbell hes
kundly allowed me to use Figure 34 from one of hus articles Figure 51 was first
published m the British Heart Journal

I acknowledge with grantude the help so readily and skilfully grven with the
preparation of many of the photographs, drawings and pressure records by the
Members of the Department of Medical Iliustration of Guy’s Hospital and of
the Photographic Department of the Brompton Hospatal,






The comparatroe anatomy and embryology of
pulmonary stenosis

T 18 caner to understand the embryology of pulmonary stenosts from a simple

knowledge of the comperative amatomy The comphcated developmental

features of the human heart are difficult to follow untl it 18 apprecuated that in
1t development the heart passes through most of the stages of formation of the
heart of the Jower orders of amimals. In fact most of the congenral malformanons
represent the heart, fixed o it were, at a more primitive stuge of development: one
that can be recogrused as belonging to that commonly seen in certun of the lower
orders, with the addrtion of adsptations resulting from the arrested development.

Maude Abbott (1936) 1n her dasncal Atlas of Congemtal Cardiac Drsease
remarks: The most brzarre combinanons of defects can wsually be inter
preted quite mmply, as due to early arrest of development, marked 1t may be by
mgenious structural adaptation of growth, and Much hght 13 cast upon the
development of the 1 lran heart, and incldentzlly, upon the period at which
arrest of growth has teken place in cardiac anomalies of the graver sort by a com-
parative study of the adult fish, amphibran and reptilian organ. The truly extra-
ordinary way m which these vanous orders in the ascending vertebrate scale
murror the successive stages through which the human heart passes in very early
ntrautetine hfe 13 one of nature s most epectacular end impressive feats, present-
1ng as 1t does a complete review of this organ s evolution down to the dosure of
the cardiac septa m the eighth week of foeml life,’

1




p THE ANATOMY OF CONGENITAL PULMONARY STENOSIS

The following account does not pretend to be original; the description 15
enuirely second-hand although illustrated by a number of comparative anatonucal
specunens personally collected and studied It 1s not possible for a pracusing
surgeon to survey and venfy the whole of this vast comparatve and develop-
mental problem, 1t 1s essential to rely upon the work of others. The examination,
dissection and description of the human matenal 1s, however, the result of
personal work.

The primitive tubular heart consists essentially of five parts, the sinus venosus,
the atria, the ventricles, the bulbus cordis and the truncus arterjosus (Fig. 1) It

TRUNCUS \ O
BULBUS
VENTRICLE

ATRIUM

SINUS VENOSUS

I Diagrams to show the primutive tubular heart of five chambers and how, 1zlls
the heart lengthens and becomes folded on i1tself, the bulbus comes to nt
beside the atrium and ventricle (After Keith, ‘Human Embryology and Mor-
phology’, Arnold)

can be said at once that what concerns us most in the present problem 1s the
formation and fate of the bulbus cordis. Thus Keith (1909) states ‘one of the
greatest discoveries since Peacock’s time 1s now only dawnung, but every year
increases our assurances of its truth—viz that there 1s a fourth part or chambcr
1n the mammalian heart which hitherto we have taken no cogntsance of . . The
fourth part 1s the bulbus cordis .. We have good reason for bcheving that,
the same manner as the sinus venosus has become incorporated 1 the right
auricle, the bulbus has become included 1n the right ventricle, forming the Pﬂr;
loosely termed 1ts infundibulum * Although Kesth mentions only four paﬂSth
the primitive heart, later (1933) he includes the truncus arteriosus as a faft

clement and 1t 1s really more correct to say that the bulbus 1s absorbed partly into
the ventricles and partly mnto the truncus, of which it forms the pericardial part.
He goes on to say, “The credit of this discovery belongs to Alfred Gretl, proscC!Oc;
1 the University of Innsbruck. He traced the fate of the bulbus by a pro]on}glzc

study of the hearts of developing vertebrates (Greil 1903). Independently of im
I had reached the same conclusion from an investigation of malformed human
hearts and of the hearts of vertcbrate amimals A large number of the very com-
monest malformations of the human heart are due to an arrest of the proccss
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which ends 1n the mcorporation of the bulbus cordss 1n the right ventncle. The
gmtmﬂ]ontyufcnsaufcongcnimlutmmuofthepulmomrymcrymofthn
ngture.

The bulbus cordss 1s best shown 1n fishes, Le, gill breathers, Figures 2-4
show examples 10 the skate, shark and angler fish and demonstrate that it varies
much m sze and shape m the different classes Quain (1929) makes some nter
ating comments on 1ta nomenclature, about which there 13 sometines confusion.
The names that have been used for 1t are comus arteriosus, bafbus arterosus,
truncus artersosus and bulbus cordis

Walmesley 1 Quam s Anatory ponted out that, conus arter sus s now used
in human enatomy for a definte part of the nght ventricle; fruncus arferiosus 13
the name now usually applied 1n human embrvology to that part of the cormmon
ventral vessel from which the pulmonsry aorta and the proximal part of the
systemmc aorta are derived and the structure of whose wall, from the begmnng,
1s that of a vessel In the Teleostel this section of the ventral vessel 15 enlarged
and 1ts wall 1s thickened by a great development of smooth muscle and clastc
nssue fibres, but it 1s entirely free from cardiac muscle; the nam= bulbus arteriasus
1s then used for 1t

“The name bulbus cordis 13 thus the most sultable to be applied to that regron
which 13 the most distal part of the heart and which yet forms the most prommal
part of the ext tube from the heart and 1t 18 to be considered a cardizc chamber
for m 1ts intenior 1t carnies the bulber valves and in its wall there 13 cardiac musde.
It 13 present in all vertebrate embryos but sn most forms 1t undergoes an oato-
logtcal retrogreasion through the absorpton of its proximal part mto the ventricle
and of 1ts dustal part into the truncus arteriosus, 1t remains persistent a3 a clearly
separable chamber of the heart only 11 the Elasmabranchu Ganoids, Dipnod and
amphibia,

According to Waterston (1918) Langer first suggested the name bulbus
cordrs and 1t was then generally recognised and adopted

The specimens depacted 1n Figures 2-4 clearly show the muscle in the wall of
the bulbus cordis especally Figure 3 (the heart of a basking shark) in whuch the
muscle 13 darker The tniple row of bulbar valves is also scen. The apparent con-
striction Where the bulbus joms the ventricle should be noted (Fig. 25) 1n view of
what will be said later about constriction at the bulbovenmecular junction 1n
cases of arrested fusion of the bulbus 1n man. The bulboventnicular spur thould
also be noted

In contrast to the large mze of the bulbus cordis in the fish heart there is no
separste bulbus cordis in reptiles as is shown 1n the turtle s heart 10 Frgure §

Imnmsarymeunxxdcrthercpmmnha:tbcamcofothumﬂungfeam
which 1t presents 'I'hcturﬂc«hcanthqwninﬁgurcshnmnrm,thengm
betng much larget than the left, and one common ventndle, The most striking
fcamrcudmthmehxgevmdslavethcmmmonvmmdqapulmmuymry
lndtwnlyumcnomc,lnghtwhichm—pph:stbcabdnmmnlvmmdth:
lwwe:mmmdamd-]:ﬁwhxchmpphnthehcadmdthcuppdmm
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~ LEFT
AORTA

PULMONARY
ARTERY

.-F- h
il

q T X2 N

o

5 The heart of a turtle showing the two aortac and the pulmonary artery, also the
muscular septa or trabcculac within the single ventricle

The three vessels cach have bicuspid semilunar valves and as they ansc from the
heart are intimately connected 1n a firm fascial sheath As they pursuc their
course they undergo a clockwise rotation from right to left remimiscent of the
spiral arrangement of the embryonic swelling in the primitive truncus artcriosus

Although the ventricle 1s single 1ts chamber 1s by no mecans simple It 15
occupied by a fine sponge-like mesh and 1n addition 1s partly divided by a bulbo-
ventricular ridge mto a smaller ventral chamber from which the pulmonary
artery arises and a larger dorsal chamber The right systemic aorta arises from the
cvtreme upper night-hand corner of this and just 1n front arises the left aorta
The dorsal part of the ventricle 1s 1tsclf incompletely divided into shallow right
and left cavitics by an oblhiquely placed septum dernved from the loose muscular
trabeculac of 1ts lower wall That on the night stde, known as the cavum venosum,
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recerves the venous blood from the right atnum while that on the left, the cavum
arterosum, recerves the oxygenated blood from the left atrrum but gives off no
vessel (Abbott, 1936)

Abbott states that these three arterial trunks are present together for a very
short time m the human embryo, but this seems incorrect. On the other hand
they provide a phylogenetc bams for Spitzer's theory of the mechanism of
trapsposition of the great vessels In the human heart the repnhan sorta 1s
obliternted by the normal clockwise romnon of the priminve cardiac tube.
Spitzer believes that various forms of transposition anse from absent or incom
plete fusion. In transposition the gorta 13 not a transposed aorta but 1s & reopened
nght aoria, the left having been suppressed.

Spitzer also pomnts out that the phylogenctic presence of 2 nght sorta 1
reflected m one part of the configuration of the norma! nght ventnide; this 18 the
small fossa lying between the crista supraventricularis and the antenor cusp of the

tricuspid valve and which really represents the outflow tract of the reptilian right
soTtR,
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CHAPTER 11

The developing human heart

stenosis 1t 1s desirable to concentrate chiefly on the outflow side to avord

making the description too complex It 1s not possible to adhere to this
entirely since 1n the course of the development of the human heart the venous
and arterial sides are brought close together The formation of the right atrio-
ventricular orifice, for instance, 1s intimately concerned with closurc of the
ventricular septum and the development of those parts of the night ventricle that
concern us, and with the disappearance of the bulboventricular spur

The primitive tubular heart (Fig 6a) undergoes irregular growth so that it
becomes folded on 1tself to give the shape of a simple, spiralled S as shown
Figures 65 and 6¢ 1n which the primitive atria and the primitive ventricle arc scen
with the bulbus cordis and the truncus arteriosus, the bulboventricular groove
should be noted From this primitive outhne the final form of the heart 1s reached
The parts about which we nced to concern oursclves 1n this account arc

(1) The formauon of the two ventricles
(1) The division of the truncus arteriosus nto the aorta and pulmonary
artery
(m) The formaton of the night atrioventricular orifice
(1v) The closurc of the ventricular scptum
(v) The ncorporation of the bulbus cordis into the right ventricle

IN describing the embryology of the human heart relevant to pulmonary

8
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TRUNCUS
BULBUS
VENTRICLE
ATRIUM

SINUS VENOSUS

6 Primitve tubular h:art with formation uf primary chambers (After Kath)

According to Kerth (1909¢) a bfid condition of the apex of the heart s not
uncommon as an abnormality in man and 18 & normal form in some mammals
such as the dugong Figure 7 shows a bifid apex 1n the heart of a man who had
pulmonary valver stenosis with & persistent forumen ovale. Kelth states it was
difficult 1o give 3 satsfactory cxplamation when the ventnicular septum was
regarded a3 an upgrowth from the floor of the pnmitive ventricle but, The
opposite 13 the case; the ventnicular cavines are downgrowths or evaginations of
the prmitve cardiac tube, the septum being left between them during develop-
ment. The upper margm of the septum thus represents a part of the lumen of
the primitive heart; 1n the upper margin 18 developed the auniculo-ventricular
bundle.’

Baxter (1953) wrtes. “Thus septum 15 really little more than the original floor
of the cawity persuting at 1ts origmal level, the two subdivisions of the cavity
enlargng downwards an each side of it The ventricles have become deeper
and the septum proportionately higher, but that the septum has not grown upward
is evnident from the fact that it retamns 1ts old level of attachment to the lower
atnioventricular cwshlon this level is oryginal and persistent throughout

Keith, sfter mennoning the aunculo-ventricular bundle developing 1n the
upper margin of the septum goes on to zay, In malformed hearts the bundle has
a defimite relationship to the intervenmcular foramen. On the right septal wall the
bundle begins 1n the node situated behund the tendan of the septum and passes
forwards on the lower margm of the foramen.

The exact relationship of the atnoventricular bundle to the septal defect and
tothcuﬂmmmummthcnghtvmmmhromﬂowmct(mfnuﬂuhan)u
obviowsly of great practical importance when intrucardime surgery is beng
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STENOSIS

(1) The drvision of the truncus arteriosus mto the aorta and the pulmonary ari

The truncus arteriosus, the single vessel that conveys blood from the prii
tive heart, 1s divided 1nto 1ts two final components by the development of 1
promnent ridge-hke thickenings of 1ts endocardial liming, these nidges, the 1
and left spiral ridges, fuse to form the aortopulmonary scptum which divides |
unabsorbed part of the bulbus nto an aortic and a pulmonary trunk Below t
spiral secptum four endocardial cushions form in the distal part of the bult
cordis near 1ts junction with the truncus, the right and left cushions fusc togetl
to form a septum (the distal bulbar scptum) with which the spiral septum fus
thus further completing the division between the aorta and the pulmonary artci
at the same tme the two scts of 3 semilunar valves devclop from the ongmn?

cushions (Fig 8)
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8 Dmgram to show the mode of
formation of 2 sets of 3 scmm
hunar velves from 4 endocardial
cushioas.

(sri) The formation of the nght atncrentniaular onfice

The angulation of the primutive heart tube brings the artenal and the venous
components close together so that the formaton of the two atrioventricular
orifices is inthmately associated with the closure of the ventricular septum and the
development of the infundibulum. Two endocardial cushions (a ventral and a
darsal) form 1 the primary atral canal, these cushions fuse snd form the
septum intermedium, thus separating the nght from the left atrioventmcular
ortfice. The ventricular septum reaches both the ventral and the dorsal endocar
dual cushions making a free falaform edge between them below the septum
mtermedium. It meets the dorsal endocard! cushion near its nght extremity

(r0) The closure of the ventricular septum

The description has so far provided for two ventricles still partly connected
above by 2 foramen which represents the lumen of the primrtive heart. Above this
formmen the truncus arteriosus hes been divided to give the two great vessels with
their semilunar valves, and behind it are the two atrioventncular onfices The
dosure of the ventricular foramen and the joming up of these somewhat drverse
parts 18 accomplished chiefly by the right and left bulbar ridges, which form the
praximal bulber septum, and which develop m the walls of the bulbus below the
chstal butbar septum, these two structures are of great importance to an under
standing of the anatomy of the musculature of the normal and malformed right
ventnde.

The two bulbar ridges (prommal bulbar septum) fuse above with the distal
bulber septum, which has already been mentioned s fusng above wath the right
and left artenial cushuons, the separanon of the pulmonary from the aortic orifice
is thus continued further downwards,

The nght bulbar ndge grows towards the left across the right atmoventricular
onfice and just reaches the attachment of the ventricular septum to the dorsal
mdocardhlanhmn.m}c&ddgc,incoumctﬁnmmcaﬂymgcmththcupper
mofd:cscpmm,bcglmmmd}ngnlongthe&aemrgmofthu(Fmer,xgy)
Inthuwnythc]cﬂrldgemchathcnghtndgebygmwthn]mgthccdg:ofthc
venincular foramen, and by fusion between the two ridges the sortic channel 1
mfcdinmdmmdytcpamﬂdfmmthepulmmnrydnnnd(ﬁg 9) The final
closure of the foramen comes from a downgrowth of & small portion of the dorsal
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9 Diagram after Frazer to show mode of closure of ventricular septum by
the bulbar ridges which develop from the prosimal part of the bulbus
(infundibulum)

pa Pulmonary artery vs Ventricular septum
ao Aorta av Rught atrioventricular
a and b Bulbar ridges valve

!, rand v Left, nght and ventral bulbar cushions which develop from the dtSt-'l%
part of the bulbus (the artertal root) and form, with the dorsa
cushion, the aortic and pulmonary valve cusps

endocardial cushion, this 1s the pars membranacea septt. This also mntervencs
between the right atrium and the left ventricle, 1 ¢. 1t 1s 1 part an atrioventricular

septum.

(v) The fusicn of the bulbus cordis mto the right tentricle

Figure 102 shows diagrammatscally the form of the embryonic human heartin
the fourth week, Figure 10b depicts how by the third month the bulbus cord1s has
been corporated 1nto the first part of the truncus and into the w all of the nght
ventricle to form the snfundibulum As can also be scen a small part of the bulbus
1s incorporated 1n the subvalvar part of the left ventricle and may be resp onssble
for the maldes clopment known as congenttal subaortc stenosis, For the PUTPO‘C;
of this monograph this part of the bulbus which fuses with the left veatricle wil
henccforth be ignored
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regresses so that the proxmal of the bulbus is absorbed into the nght
ventricle to form part of the ulum—shown on the right.

Waterston (1918), 1n discussing the part played by the bulbus cordis 1n the
formation of the nght ventricle, states ‘Perhaps the most strilang change is the
dilatation of the channel leading to the pulmonary artery Up to the 12 5 mm.
stage the lumen was narrow and inconspicuous Now 1t 13 large and dilated and
the orifice mto the pulmonary artery s pleced upon the dorsal wall, not at the
termmation. The ventral wall 13 hned with a reticulated formanon of muscle con-
tinwous with that of the ventnicle * Thus the infundibilum of the nght ventnicle
13 formed from & portion of the bulbus cordis and 13 at first merely o narrow
channel but becomes distended.

In the process of development of the ventricle the prominent bulboventrcular
spur to begin with causes the opening of the bulb to lead out of the right ex-
tremity of the ventricular cavity Later this spur becomes less and less prominent
due to atrophy and disappearunce of the dorsal and left wall of the bulbus until
eventually the whole left and back wall of the bulbus have practically disappeared
(Frazer 1931)

The chamber of the bulbus cordis, separate at an early stage, becomes over-
whelmed by the musculsture of the ventmcles, 1t 15 not obliterated but 13 incor-
porated as an wtnnsic part of the ventricular system. Keith (1924) states that
‘the muscle cells of the developing heart have power of mvasion of spreading mto
and occupying endocardial tissue masses and of grouping themselves mto elabor
ate formations In an earlier lecture (1904) he describes how the closure of the
ventricular foramen 13 due to development of & great band of musculature which
13 characterstic of the mammalisn nght ventricle and of which no notice has
been taken Whea the septal wall of the mfundibulum of the right ventncle is
examined there will be observed a raused, wide flat band of musele fibres which
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11 Diagram after Keith to show the
formation of the crista supraven-
tricularis by fusion of the rizht and
left septal bands

end 1n the base of the aorta That band is well known 1n the reptiha 1 which st 1s
attached above to the septum between the orifices of the aorta and pulmonary
artery . . . It separates the arterial from the venous blood during systole of the
reptilian ventricles * This arrangement has already been described 1n the turtle’s
heart 1n Figure § and the reason for mentioning these muscular ridges within the
single reptilian ventricle becomes clear when 1t 1s realised that they are significant
in relation to the developing mammalian heart

Keith (1924) describes how the musculature of the developing night ventricle
contains two large septal bands (the right and left, @ and & in Fig 11) which
invade and occupy the endocardial cushions of the night and Ieft bulbar ridges
The two bands umite to form the muscular structure known in the fully formed
heart as the crista supraventricularis. An irregular linear raphe can be scen where
these bands fuse, this line is only poorly shown 1n the normal heart but can some-
times be recognised i a malformed heart such as that shown 1 Figure 40 (p. 55)
which is from an example of Fallot’s tetralogy

The two muscular bands are continued from the crista supraventricularis
along the right lateral and the septal wall of the right ventricle, 1n a manner to be
detailed later, 1n such a way as to form a muscular constriction at the junction of
the body and mnfundibulum of the right ventricle, a fact to which Peacock drew
attention (1886). He pointed out also that it indicated the mode 1n which the nght
ventnicle 1s developed, as illustrated 1n the hearr of reptles such as the turtle with
its single ventricle imperfectly separated into three compartments by muscle
ndges In systole this muscular constriction becomes more pronounced and 1n-
dicates how, 1f some failure of expansion or imperfect inclusion of the bulbus
cordis occurs, an obstruction can, and in fact does, occur at this level



The anatory of the normal right ventricle

FFORE describing the detnils and vaneties of pulmonary stenosis it 13

necessary to describe the structure of the normal right ventnicle which is

much more complicated than would ordmarily be supposed The vemncle
consists essentally of two portrons, an afferent 1nflow or atral part into which
the amoventmicular onifice leads, and an efferent or outflow part which leads into
the pulmonary artery The first part 15 sometimes called the sinus and the
second part 18 the mfundibulum (Fig 12); they are normally separated by the
muscular ring mentoned above which 15 formed by the crista supraventricularis
and 113 connomtons leadmg finally to the moderator band.

The formation of the nght ventricle is also displayed In the postero-anterior
and hateral angiocardiograms shown 1n Figures 13 and 14 The fillmg defect’
caused by the downward projection of the wedge hike cnsta supraventricolans 1s
clearly seen in Figure 13

The key to undenstanding the nght ventricle is the crista supravenmenlans;
this important muscle mass is depicted m Figure 1§ which 15 a dissection from a
sheep s heart. It 13 abo seen {n Figures 38 and 40 It forms a thuck promment
ndge which projects down between the inflow snd outflow portions of the
ventncle. Its formation by fosion of the nght and left septal bands was
shown disgrammatically 1n Figure 11 and this arrangement is clearly indicated
in Figure 40 (p 55)

To 1ts nght side the crista supraventricularn 1s connued on the anterior wall

15
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12 Diagram of the normal right ven-
tricle to show the inflow and out-
flow tracts

of the nght ventricle towards the right border of the heart, 1ts mamn branches run
along the base of the ventricle on the lateral margin of the night atrioventricular
orifice In systole it helps to draw the lateral against the septal wall of the ventricle
and forms part of a safety-valve mechanism of the tricuspid orifice (Keith, 1904c)
On the left the muscle sweeps as a wide band down the septal wall to end 1n the
trabecular muscle of the apical region, the moderator band 1s part of this mus-
culature and serves to bind 1t to the anterior papillary muscle The exact relations
of the moderator band to the papillary muscle and their embryological sigruficance
are discussed by Mall (1912), who states that according to 1ts development 1t
should end 1n the site of origin of the anterior papillary muscle

The right Iimb of ‘the atrioventricular bundle passes down the septum and
along the moderator band and Keith (1924) states ‘all of the right ventricle which
lies above the main atrioventricular bundle and 1n front of 1ts right branch 1
bulbar or infundibular 1n origin’

Behind the septal end of the crista supraventriculars and between 1t and the
anterior cusp of the tricuspid valve 1s a small recess of variable depth which,
although apparently insignificant, 1s of great developmental interest as 1t may,
perhaps, represent the outflow channel of the right reptilian aorta

The infundibulum (Latun—funnel) stands out as a funnel-like portion of the
night ventricle as can be seen when 1t 1s viewed from above, after removal of the
atma (Fig 16) In this spectmen the formation has been thrown into greater
promunence by removing the superficial encircling fibres which enclose both
ventricles This leads us to a consideration of the arrangement of the muscle
fibres of the anterior wall of the infundibulum

The superficial fibres consist of transverse loops which continue ovet both
ventricles When these are peeled off a layer of transverse fibres 1s scen cncirchng
the infundibulum alone (Fig 16) On the inner aspect of the infundibulum the
fibres run longitudmnally (Fig 17), this obeys the general rule pointed out by
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atrium

Inflow

13 Postero-antenor anglocardiogram to show the composition of the right
ventricle

Ludwg (1849) that each piece of the ventricle which potsestes the entire thick
ness of the wall has a system of fibres on 1ts outer surface and a system at approx
imately right angles to 1t on 1ts inner surface; and between them a senies of layers
1n & regular succession of tramition of direction from the one to the other (Quain,
1929)-

This arrangement is of considerable practical sigmficance 1n regard to the
direction of surgical incisions into the anterior wall of the infundibulum If &
longitudinal mcision is made the more superfiaal, arcular fibres are cut across
tramsversely and tend to gape On the other band the mnner wall 15 cut 1n the
direction of 1ts fibres and when the wound 1 sutured there 13 no tendency o
gape Scruniny of the inner wall of the infundibulim after a longitudinal incision



18 THE ANATOMY OF CONGENITAL PULMONARY STENOSIS

14 Lateral angiocardiogram to show the composition of the right ventricle.

has been sutured reveals that the Iine of closure 1s almost mvisible, a finc, firm
scar results and thrombus formation 1s minimal or absent If a transversc 1n-
cision 1s made there 1s definite gaping along the inner surface of the suture linc
and inspection of the wound 7-10 days later 1n the heart of an cxperimental
anumal shows an obvious line of granulation tissuc marking the 1rregular furrow
There 1s no question, therefore, of the desirability of using a longitudinal 1n-
ciston 1n the antertor wall of the infundibulum

It 15 opportune here to mention briefly the question of nomenclature, about
which there 1s often confusion Some mention has already been made of 1t 10
regard to the term bulbus cordis

The crista supraventricularis (B N A ) according to Walmesley was first
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15 View of theep s heart to show the way the crista supraventricularis serves as a
kind of watershed to separute the inflow from the outflow tract.

16 A sheep s hieart from wiuch
the superficlal thin investing layer of muscle fibres
mmmvcdmdmumemmdwlymcmmofth:mfm
The stria have been removed.
c
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17 To show the longitudinal direction of thy
mner layer of muscle fibres of th
infundibulum
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accurately described by Wolff (1871) and although not definitely named by him,
1s usually called éperon de Wolff by French writers, Pettigrew names it the ‘fleshy
pons’ and Sappey, Cruvelhier, and Sée the ‘muscle compresseur de la valvule
tricuspidale’ (Quain, 1929) It should be noted that Kerth does not use the term
but describes the muscle mass as being formed by the two septal bands which he
describes as ‘a’ and ‘b’, although Quain identifies Keith’s band ‘b’ as being
presumably the same as the crista supraventricularis

Quain also states that Wolff applied the term conus arteriosus to the artcral
part of the right ventricle, a term which 1s still much used today although often
loosely and vaguely 1n relation to a ‘conus area’, identified radiologically, which
includes portions of the heart not certamnly 1dentifiable as this part of the right
ventricle and which are not infrequently something entirely different, such as the
pulmonary artery or the left auricle The term ‘infundibulum’, according 10
Quain, was first used by Sappey, Cruvelhier and Poirter, Sée names 1t the pul-
monary canal Infundibulum ts preferred in this book and wall be used throughout
1n preference to conus arteriosus

Structure of the arterial root

Before leaving the anatomy of the right ventricle 1t 1s important to ’dr:;w
attention to the account 1n Quamn (1929) of the structurc of the ‘artcrial root’, the
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dertvanve of the distal part of the bulbus cordss, &s 1t 1s relevant to some of the
more drstal malformations in this regron Quain states that at each of the artenal
openmgs there 15 @ short tubular zone formed of fibrous tissue, the proximal
borders of which, at the junctions with the ventncular muscle and with the
typical artenal wall, arc upeven.

This zone s a derivanve of the bulbus cordis, as are also the semulunar valves
which are formed on 1ts mner surface Since the valves are denved from the
pmnmﬂcndlcfth:duulhﬂbanwr_llmgs,nfclhwsthltthcpanufr_hcﬁbrous
rone which lies between the attachments of the valves and the Jower end of the
typ:cnlmennlwa]]isdcnvcdfmmthcdmalpanofthcbulbus,thehmgulamy
of 1ts distal margin 1s due to the uneven advence of the artenal wall into the
bulbus wall The part of the fibrous zone which lies proximal to the valves 1s the
ruciment of the ventricular part of the bulbus, the muscle tissue of which has
disappeared, the proximal part of it 13 included 1n the heart and covered with
venmcular muscle, bur the boundary between the two parts 1s irregular on
account of the irregular distal excursion of the ventricular muscle.

“The boundary between the ventricle and the arteries, 1n the functional sense,
18 easily defined as the Line of atrachment of the sermfunar valves It will be
apperent, however, from what has been said above, that the morphological
boundary by no means corresponds to the functionsl boundary- that the ventricle
cannot be considered to extend upwards as the spatsa ttervaloularia nor the
artery to extend downwards s the sinuses of Valsalva. Henle was the first to
draw attenton to thi difficulty of definmg the ventricule-arterial boundary and
ntrodeced the term  arterisl root” (the fibrous zone mentioned above) to replace
the term  arterial ing™ by which this boundary had been previoualy defined, and
he described the unevenness of the margin of the ventncular muscle in a general
way that 1t reaches hughest in the apatia intervalvularia and that at certain places
1t reaches above the valve attechment. Luschka, however, was the first to describe
the fibrous zomes and their connections in detail

“The wall of the sinuses of Valsalva then, consists 1n part of the arterial wall
and, gt a varying distance below thus, of the fibrous isyue of the %rtenal root”,1n
which there 1 little or no elastic tssue, and winch 13 connmuous with the fibrous
tissuc of the cusps of the valves at their insertion and wath the fibrous tssue of the
ventricular musculature At the transition of the artery mto the artenal root’ the
chmcusmcofthcmmxlw:ﬂbemmagnduaﬂyleumdcnd:mlpomt:dpm
yecpon whach les cose to the intumal coat

“The level of the line of transition from the artery to the artenal root 13 the
same 10 all three sinuses of the pulmanary artery, the distance between the valve
lmchmcnutndthcmedﬂwnubdng\hcgrm:stlnh:mlddleofdxmmu,
whmitulboutunct.hxrdofthclmgthnbovcthccmpormargin and Jeast at
the udes Theupwudumnmuohhcvmmcuh:muscuhtummgmamtin
the left sinus of the pulmonary artery the greater part of the cusp at this unus
bemng atteched to muscle tissue; 1n the postenor pul y sines the Jature
mcha;tmmthenuchadbandsofﬂ:eunp.whﬂcmthengh:dnmnmcbu
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a little beyond 1t Langer has stated that 1n the child the attachment of the cusps
15 hugher and 1s surrounded by ventricular muscle ?

These rather long extracts have been quoted because they introduce and
describe an anatomucal and embryological matter of great relevance to the mal-
formation of this region If 1t 1s a true hypothes:s that the stenotic lesions anse
from some imperfect development of the bulbus cordss, then 1t 15 just as important
to know the distal irits of this structure and 1ts level of junction with the truncus
arteriosus as to know 1ts proximal connection with the right ventricle since the
distal part of the bulbus 1s absorbed 1nto the truncus In this lies the explanation
of pulmonary valve stenosis and of the forms of pulmonary atresia affecting the
beginning of the pulmonary artery

The various malformations known collectively as pulmonary stenosts will be
dealt with 1n the next chapter Before passing on to this 1t 1s as well to summanse
the main argument and conclusions 1n connection with the embryology and
surgical anatomy of the right ventricle

Summary

The right ventricle consists of two portions, a proxitmal or mflow portion—
the sinus, a distal or outflow portton—the infundibulum Between these two parts
1s a muscular constriction formed, 1n the roof, by a large projection, the crista
supraventricularis; important connections pass from this to the right wall and to
the septal wall and so down to the apical musculature The infundibulum 15
developed from the bulbus cordis which, first of all a narrow passage, cnlarges
or expands and 1s then overwhelmed by a growth of the ventricular muscle intost.
The stage of formation of the bulbus cords and 1ts fuston 1nto the right ventricle
and the truncus arteriosus 1s seen for a short tume 1n the human embryo A well-
formed bulbus cordss 1s a normal constituent of the heart of the gill-breathing fish.
Distally the bulbus tissue forms the pulmonary valves and first part of the pul-
monary artery, the so-called arteral root The development of the infundibulum
and the inclusion of the bulbus cordis 1s intimately concerned with the closure of
the ventricular septum

It remams to be shown how the majority of examples of malformation
associated with pulmonary stenosts are due to some abnormahty of the expan-
sion, development or fuston of the bulbus cordis



The causal relationship of the pulmonary stenosis
and the septal defect

EFORE describmg the various types of pulmonary stenosis it 15 as well to

discuss the question of the relatrve significance to each other of the septal

defect, the dextroposed aortz and the pulmonary stenosis, 1n other words,
whach 13 likely to be the primary lesron?

Peacock (1866) has discussed this matter 1n an interesung and informative
manner Fallot's clinical descrption of the malformanon axsociated with s name
Was written some 22 years later (1888), and 1t will be seen from the following
description that he was anticapated by Peacock who writes, In one of the most
1nteresting forms of anomaly the devlation of the septum 18 to the left, so that
the right ventnicle 19 of large size, and the sort arises wholly or 1 part from that
cavity' and thrs condrtion is most generully sssocated with obstruction to the
passage of the blood from the nght ventricle. He then disamses which 13 the
likely pnmary lesion and hus remarks are so pertinent that they are best quoted 1n
full astep which has the eddrtional mertt of mekung some extra acknowledgement
to the value of his contribution. After pointing out that Meckel favoured the
septal defect and dusplacement s the pnmary leslon whereas William Hunter
(1812) thought the pulmonsary obstruction to be the exciting cause, he agrees
with Hunter and continues, Hunter pomnted out that if dunng early foetal hife
when the interventricular septum was incomplete some obstrocnon arcee by
which the right ventricle became incapable of freely tmnsmutting the blood which
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a little beyond 1t Langer has stated that 1n the child the attachment of the cusps
1s higher and 1s surrounded by ventricular muscle ’

These rather long extracts have been quoted because they introduce and
describe an anatomical and embryological matter of great relevance to the mal-
formation of this region If 1t 1s a true hypothesis that the stenotic lesions arise
from some mmperfect development of the bulbus cordss, then 1t 1s just as important
to know the distal limuts of this structure and its level of junction with the truncus
arteriosus as to know 1ts proximal connection with the right ventricle since the
distal part of the bulbus 1s absorbed into the truncus In this lies the explanation
of pulmonary valve stenosis and of the forms of pulmonary atresia affecting the
beginning of the pulmonary artery

The various malformations known collectively as pulmonary stenosis will be
dealt with in the next chapter Before passing on to this 1t 15 as well to summanse
the main argument and conclusions in connection with the embryology and
surgical anatomy of the right ventricle

Summary

The right ventricle consists of two portions, a proximal or inflow portion—
the sinus; a distal or outflow portion—the infundibulum. Between these two parts
is a muscular constriction formed, in the roof, by a large projection, the crista
supraventricularis; important connections pass from this to the nght wall and 10
the septal wall and so down to the apical musculature The infundibulum 15
developed from the bulbus cordis which, first of all a narrow passage, enlarges
or expands and 1s then overwhelmed by a growth of the ventricular musclentost
The stage of formation of the bulbus cordis and 1ts fusion 1nto the right ventricle
and the truncus arteriosus 1s seen for a short time 1n the human embryo A well-
formed bulbus cordis 1s a normal constituent of the heart of the gill-breathing fish
Distally the bulbus tissue forms the pulmonary valves and first part of the pul-
monary artery, the so-called arterial root The development of the infundibulum
and the inclusion of the bulbus cordis 1s intimately concerned with the closure of
the ventricular septum

It remamns to be shown how the majority of examples of malformation
associated with pulmonary stenosis are due to some abnormality of the expan-
sion, development or fusion of the bulbus cordis



The causal relationship of the pulmonary stenosis
and the septal defect

EPORE describing the varlous types of pulmonary stenoss it 15 as well to

discuss the question of the relanve significance to each other of the septal

defect, the dextroposed aorta and the pulmonary stenosis, i other words,
which 18 likely to be the primary lesion?

Peacock (1866) has discussed this matter in an interesting and informative
manner Fallot’s cinical descniption of the malformation associated with his name
was written some 22 years later (1888), and 1t will be seen from the following
description that he was antiapated by Peacock who wrttes, In one of the most
nterestung forms of anomaly the deviation of the septum 13 to the left, 5o that
the nght ventricle I3 of large s1z¢, and the sorta anses wholly or in part from that
cvity; &nd this conditlon 15 most generally assocuted with obstruction to the
passage of the hlood from the nght ventncle * He then discusses which is the
likely primary lesion and his remarks are so pertinent that they are best quoted in
full astep which has the additional mertt of making some extra acknowledgement
to the valoe of his contribunon, After pomung out that Meckel favoured the
septal defect and displacement as the pronary lesion, whereas Wilham Hunter
(1812) thought the pulmonery obstruction to be the exating cause, he agrees
with Hunter and continues, “‘Hunter pointed out that 1f dunng early foetal hfe
when the interventricular septum was mcomplete, some obstrucuon arose by
which the nght ventnicle became incapable of freely transmutting the blood which
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it contuined through the pulmonary artery 1nto the ductus arteniosus and descend
1ng sorta, the current must necessarily pass through the aperture 1n the septum
1nto the left ventrrcle and thus the final separation of the two cavities would be
prevented To these views 1t is scarcely possible to object and 1t seems equally
to result from them that the septum in 1ts further growth might be made to
deviate to the left, so that the sorta would communicate with the nght ventricle
It also follows that from the connection between the sorta and the nght ven-
wicle, the constant flow of blood from the cawity 1nto the vessel must tend to
draw the aortic ontfice sull further to the night, so as to produce widening of the
aperture and of the ascending sorta which is so peculiar a feature 1n all those
cuses 10 which that vessel had a double ongin from the two ventnicles

Meckel suggests that incompleteness and displacement of the septum are
prumitve defects, and that 1n consequence of the blood finding a ready outlet
from the right ventricle through the zorta the pulmonary artery becomes more
or less abortive, and the onfice 13 contracted down dunng the progress of
development. Thus view however throws no light on the mode of formation
of those very much more numerous cases in which, with the diminution in the
capacity 1n the onifice and vessel the valves of the pulmonary artery are seemingly
diseased. It leaves also the nature of the onginal defect unexplamed, and sub-
sttutes for what appeans in many cases an obvious and sufficent cause, an
entrely theorencal idea.



The wvarieties of congenital pulmonary stenosis

LASSIFICATIONS are apt to recoil on the head of therr author, especially
when knowledge and experience are incomplete However, 1t 15 nccessary
to attempt some logical arrangement, 1f only to make description and dis-
cusston caster The classification and comments that follow arc provistonal and

dependent on present experience
The varicties of pulmonary stenosts to be discussed arc

(1) Pulmonary valvar stenosis with normal aortic root

a. with closed atrial septum
b with interatrial communication

(12) Infundibular stenosts with normal aortic root

(1) Pulmonary atresia

a arterial atresia
& valvar atresia

(1v) Tricuspd atresia

(v) Fallot’s tetralogy
a valvar stcnosss
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b infundibulsr stenons
¢. combined valvar and infundibular stenosis
d septal defect.

(vi) Aorta and pulmenary artery both ansing from right ventricle with pulmonary
stenosts, and septal defect

(ond) Transposition of the great essels, with pulmonary stenosis

(exiF) Comtmont ventricle mth pubmonary stenosis, fusion of inflow portian of nght
ventricle with left ventmicle, semu vesugial infundibulum.

This monograph 18 concerned primarily with a description of the anatomy of
the vanous types of pulmonary stenosis, but such a description 15 enhanced by
reference to radiological and dlinical features and to operation findings The need
for an anatornical description rests on climcal application and 1t is therefore
umely to say something of the recogmtion of the vanous types of stenons

Thus does not mply a full climcal deseription and differennal diagnosms but
merely some general remarks on the problem.

In most types a firm dgnosis can be made before operation by consideration
of the chmcal festures, physical signs, electrocardiography and the full range of
radiography, mcludmg angrocardiography; cardse cathetensation increases yet
further the extent of preoperanve diggnosls But even with these aids and with
considerable practical expenence 1t may still be difficult or impessible to make a
firm or complete dugnoss before

Moreover, it may not be desirable or worthwhile to apply all the available
tests m order merely to obtuin a complete anatonucal diagnosis Thus, 10 most
cases of Fallot’s tetmalogy, if the basic diagnosis 1s acceptable, it is but rarely
pecessary to use cardiac catheterisation and angrocardrography to try and eluci-
date the exact site and type of the stenons Once the need for operation has been
accepted the opportumty for making a precise anatomical diagnosis will present
when the heart 13 exposed at thotacotomy The direct information cbtamed will
be much more exact than that offered by indirect preoperutive methods The
actual plan of operation is not affected by the type of stenosis even if this 1s known
beforehand

In cases of presumed pulmonary atresu it 15 only at operation that the exact
obscrvauomcmbemadcthntdcc:dcwhctherormt:paﬂmﬁvtopmnonn
poasihle.

In other words, exposure and exammation of the Living heart s the best final
method of obtmning a diagnoss In most cases 1t is supenior to post-mortem
smdyfor,nltbmghd:emul:xposu:eltnmop:ymypermillmmmmp]nc
cnmmmonofwmcpartxufthchm,pm—mnrtnnmmmﬂon,mgmcnl
mﬂ'm&omthcgnvcd.rsadmtxgcthnhudoncmndmdmucmmwhxchm’
oﬁmmngmmrﬂx,mybchndmndbyfomﬂm,mdﬁcqumﬂydcfmmcd
ordmmcdinthcproccssofﬁnnm.'l‘huhthcmﬂnmunwhywmuchof
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what has been written and taught about pulmonary stenosis 1s accurate and
musleading

When the heart 1s exposed at operation, with the pericardium opened widely,
much can be learned by inspection, palpation (both external and internal), by
msertion of instruments and by electromanometric measurements made in the
various chambers and vessels both by needle puncture and by catheter As will be
shown 1n the following descriptions 1t 1s possible to make a full diagnos:s of the
site, nature and severity of the pulmonary stenosis except 1 rarc cascs

We have, 1n fact, another example of the great advantages of a study of the
pathology of the living



Pulmonary valvar stenosis with

normal aortic root
(syn. pure pulmonary stenons , “Trilogy of Fallet))

gE term Trilogy of Fallot 18 populsr 1n the French literature but 1s
mmperfect; not entirely satsfactory 15 pure pulmonary stenosms which,
though « convenient term to indicate absence of ventmcular septal defect
and sn gver nding aorts, fails m those cases in which there 13 2 communication
between the atria. Allanby and Campbell (1949) have given a valuable report on
the condition, its operative treatment has been dealt with by Campbell and Brock
{1555) and by Milstzin wnd Brock (1955). A few years ago it was thought to be a
ranty but now that the dragnostic features have been recognused it 19 accepted o
fairly common. Thus Campbell (1953) in an analyss of 1 100 cases of congemtal

beart disease at his chnsc found that 15 frequency was about equal to that of
perustent ductus artertoyus

The valvar obstruction

Thcb:ncfumrcothcnmosuhﬁmonofth:ctupsofthcpulmcmryvﬂvc
to form an obstructing membrane which under the influence of the nght ven-
tricular pressure, projects a3 a dome-shaped or conical structure into the pul
mmrymlbcmalhpeudaubdminﬁumcedby\hemx&nnsmmmnm,

a9



19 Photograph of severe pulmonary valve stenosts The very dilated pulmonary
trunk has been opened to display the obstructing valve dome

20 Photographs of three types of pulmonary valve stenosis (For detals e tert }
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ngwdity or supplencss of the fused valve cusps Although 1t 15 natural for the
obstrua.mgmcmbmncmbommcthjckcrandmorcngzdasdmyunudmcc,
1t may be found to be short, thick and ngid even in chuldren. In older patients
small warty vegetatons are often found around the small central onfice on the
arterdal aspect, occanonally the apex of the valve cone is lightly calafied. The
tumen, m extreme cases, may be no more than 2-3 mm in diameter (Fig 19), and
1t 13 remarkable that hfe can continue when 1t 18 realised that the whole of the
arculsting blood has to pass through such & tiny aperture. The lumen may, 1n
milder cases, be as much ay 0-§-1 cm. in diameter It 13 generally possible to
recognise the three cusps and therr fused commussures (Fig 204 and b), occasion-
ally the distal surface 13 smoothed out with no trace of the cusps (Fig 20c)

It 18 still aften stated that the fusion of the cusps 18 due to ‘focts! endocarditds ,
a convenlently vague term which could be accepted 1f it definitely mcluded non
bacterml processes

The chief difficulty 1n understanding valvar stenosis developmentally has
been the apparent fuson of three well-formed cusps 1n a heart 1n which the
development of the ventricular septum has been completed. Clearly it has occurred
much later than the malformation 1n Fallot’s tetralogy which must date from
before the heart 1s fully formed

Keith states ‘under the microscope the valves are seen to be composed of
demse laminated fibrous nissue at their margins, but the body of the valves shows
a reaculated tissue distinctly embryonc in character”

It 15 ot unreasonable that such s valvar obstructuon can occur as a pre-
domnant feature 1n & maldevelopment of the dustal part of the bulbus cords,
from which it should be remembered, the valves develop The speamen n
Figure 35 (p 49) is of great interest 1n this connecton for, although from an
cxample of pulmonary atresta, 1t shows the valve cusps are well formed but fused
and there is complete obliteration of the channel immediately below them, the
ventncular septum 15 fully formed.

The closure of the ventncular septum depends upon the development of the
mote pronmal connections of the bulbus cordrs and it 15 not dufficult to accept
that the valves should be malformed and yet the rest of the structures developed
from the bulbus cordis show only slight abnormahty

The right ventnicle

Abnormality of the other structures developed from the bulbus cordis
althongh shight, are however important for examination of the nght ventndle in
these cases of ‘pure pulmonary valvar stenosis reveals sigmficant features which
dearly indicate the condinon is an esrher developmental one rather than a later
acquired state.

Inldd:ﬂonmthcﬂlmfunon,thcmﬁmdlbulumbrmaﬂnmdlhoncrthm
hlhmﬂdbc,muaﬂythcinfund:bula:lumm,:vmtbnughmﬂ:r,hldcqmm
CXCEpt 1n the arcumstances to be deserbed hater Mareover the Infundibulum
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exhubits the same ‘icing’ lining of thickened opaque endocardium seen 1n frank
infundibular maldevelopment as 1n Fallot’s tetralogy. Today 1t 15 customan to
dignufy this state by such terms as ‘endocardial fibroclastosss’, etc.

Again, although the lumen of the pulmonary artery above the valve 1s aln ays
dilated, and often grossly so, the actual orfice of the artery at the level of the
artachment of the valves may be small, much larger than the pin-hole opening 1n
the valve and not constituting an obstruction but nevertheless smaller than s
usual 1n a patient of like age After successful valvotomy this secondary stenosss
at the pulmonary ring may assume a greater importance

In Fallot’s tetralogy, when a high-grade valvar stenosis 1s present, the in-
fundibulum 1s often poorly developed and recessive and so cannot partake fully,

21 Diagram to show how the outflow tract 1s abnormal in pulmonary valve
stenosis

espectally 1n the presence of a ventricular septal defect, 1n the hypcrtmph‘y ﬂnff
dilatation that normally occurs proximal to such an obstruction. In ‘purc
pulmonary valvar stenosis the infundibulum 1s only shightly aﬂ'cctcd’and llls
muscle is well developed so that 1t can hypertrophy with the rest of the ventric ;
to compensate for the obstruction Commonly, therefore, any subdevelopment 0
the infundibular muscle 1s overshadowed and the only stigma that may remain it
the endocardial abnormality and a change 1n form (Fig 21) ant

The hypodevelopment of the infundibulum may, however, become 1impo q.‘ X
when 1t 1s complicated by cxcessive muscular hypertrophy, for m‘thn \\;zﬁ.
sccondary or associated infundibular stenosis may be added to the valvar “U;;ﬁcd.
This 1s a phenomenon I have been observing for some time and 15 cxcn:‘;; -
by the clectromanometric tracing shown 1n Figure 22 The up;?cr U;‘Z-.-.»’th‘u
taken at operation and immediately before pulmonary valvotomy, 1t i
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the rwmcmthcpnlmonarynm:ryisverylowmdhuhrdcmvcfurm.Thc

pre:uremt.hcmﬁmdlbulummcstouboutsomm and 1n the body of the

ventricle proper the pressure is about 115 mm.
Amﬂacmrymxlmonnryvalmmmywudoncmdthclowcrmuugwmthcn
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22. To show the effect of pulmonary valvotomy on the production or aggravation
of an infundibular stenosis
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23 Another example of change in poaltion of the gradient from valve to infim
dibular level after pulmonary valvotomy

obtaned. It wall be seen that the effect of the valvotomy has been to shuft the
ma}orpmuu:ccbmngtﬁ'omthevﬂvelcvdbacktothcmfundiblﬂum,th:nght
ventricular pressure 1s sall about 75 mm.

Figure 23 shows the same phenomenon in another case. In the top tracing
thcpmcnccof:dannmmvnlvcnmmuudaﬂywcn,inthclcwermang,
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taken after valvotomy, there 1s now a single infundibular stenosss. In both these
cases a finger was introduced into the ventnicle and the presence of an nfun-
dibular stenosis was confirmed, the sausfactory relief of the valve stenosts was
also noted The infundibular stenosis was then resected

The explanation 1s shown 1n Figure 24 In ‘e’ 1s seen the state of affairs before
valvotomy Some degree of infundibular narrowing 1s present but the obstructing
valve barrier causes such a marked nise 1n pressure behind 1t that the walls of the
infundibulum are held apart In ‘b’ valvotomy has been done successfully and the
obstructing valve membrane no longer exists, the infundibulum 1s, as 1t were,
decompressed, its walls are no longer held apart but can come together and the
infundibular stenosis appears Note that though the high pressure 1n the body of
the night ventricle 1s lowered 1t 1s still above normal The previous high pressure

+ +

b ++ +

+ 4 ++

b
a
24 Diagram to explain the mechamism of change 1n level of gradient

in the infundibulum 1s replaced by a low pressure In other words valvotomy has
resulted 1n a secondary infundibular stenosis appearing

When this phenomenon had been recognised I made a scarch through the
tracings taken at operation 1n certain other carher cases of pulmonary valvotomy
and at once other cxamples were found Figure 25 1s from one of thesc The upper
tracing shows a scvere pulmonary valve stenosis, a moderate infundibular
stenosis The lower tracing shows a typical infundibular stenosts with no rehief
of pressure 1n the night ventricle. Inevitably this patient had a poor result

Several things can be learned from these observations Most, although not all,
were seen 1n late, neglected cases, usually 1n patients 1n the twentics or thirues
The muscle of the nght ventricle 1s oftcn enormously thick and there seems e
doubt that this causes, or at least aggravates, the condition. In other words the
heart 1s ‘muscle-bound” The wall of the ventricle 1s so thick that 1t begins to fill
up the outflow, tract The truly enormous size 1s cmphasised by the cnista supra-
ventriculans which can be felt by the exploring finger to form a thick wide ndpe
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25 A failed cse of pulmonary valvotomy in which reference back to the operative
truang shows the aggravation of ifimdibular stenons after valvotomy

Q
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of muscle perhaps 3 cm scross so big that 1t is dafficule to punch it with the jaws
of the punches usually avaifable
It may be that after the partlal relief of the obstruction by valvotomy the
gross hypertrophy of the muscle lessens and the outflow tract opens slightly
more; the obstruction 15 thus further relieved and more muscular regression
occurs 5o that progressive secondary improvement can happen over many months
A bentgn arcle 15 set up
In many, however, the condition seems very resistant and 1t appears 1o be
slmest an end result condition The possibility of 1ts devclopment 15 @ powerful
argument in favour of carly operation 1n all cases 1n which the stenosts is at all
ﬁm Any policy of delay in younger patients must take into account the
development of this secondary muscular obstruction 1n & heart that bas been
struggling sgainst a stenosss for many years
There can be ttle doubt that this secondasy infundsbular stenosis following
m"y Talvotomy 13 responsible for many of the cases of failed valvotomy,
Poor results safd to follow the operatron. Figure 25 is an cxample of this
Rurkim ef af (1953) have also drawn attention, 1n an excellent arncle, o this
£0520n between valvar and infundibular stenosis 1n certam cases with intact
m;m:ﬁx septum. In addinon to showing electromanometric traangs illustrat-
show ZEmvaton or development of infundibular stenoss after valvotomy, they
" kph"mﬁlphi of three specimens 1n which the grossly hypertrophied muscle
o mwﬁ’h:wl‘g:; is clearly seen forming an nfindibular obstrucnon. They
ot s Lﬁ:’y be responsible for maintenance of nght ventncular
B winch, a completely adequate valvotomy They also quote & case
b lungh'°"“"idﬂ'ﬂblcdo:gm:ofmfund:tmlar stenoss persisted after
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valvotomy, cardiac catheterisation six months later showed a considerable fall in
night ventricular pressure had taken place This indeed supports the suggestion
that valvotomy may allow diminution of subvalvar muscular hypertrophy and
thus progressive relief of the obstructed right ventricle.

Blount, Swan ef al. (1954) have put forward a strong plea for open trans-
artertal pulmonary valvotomy instead of the ‘blind’ transventricular operation
They point out that their own expenience and that of some surgeons 1n the Iitera-
ture is that 1t 1s not often possible to obtain complete or cven adequate low cnng
of the night ventricular pressure or conversion of the gradient across the pul-
monary valve by transventricular valvotomy They assume that this 1s inevtably
due to hmitations of the efficiency of the ‘blind’ procedure and that the valve
stenosis 15 mcompletely relieved In certain cases there 1s no doubt that even
though valvotomy has been performed totally and completely, the development
of the secondary muscular infundibular stenosis described above may prevent
satisfactory relief of the obstruction and fall of the nght ventricular pressure. An
open valvotomy may give as perfect a valvotomy as 1t 1s possible to achieve, but it
cannot correct or avoid this secondary infundibular muscle stenosis This may be
corrected by open resection of the infundibular musculature, but it may not be
good physiological surgery to do this

The great hypertrophy of the musculature of the night ventricle forms onc of
the most promunent features 1n the external appearance of the heart It 1s usually
paler than normal and only few superficial branches of the coronary vessels arc
to be seen, 10 contrast to cases of Fallot’s tetralogy 1n which the muscle 1s usually
darker and more vascular, the coronary vessels being somcumes Jarge and
tortuous and occupying much of the ventricular surface

In most cases the right ventricle enlarges over to the left, pushing thc.lcfl
ventricle backwards so that this chamber 15 often quite concealed i a front view.
This means that with the usual left anterior thoracotomy ncision the nght
ventricle 1s the most prominent structure 1n the operation field In rarc cascs
(2-3 per 100) there 15 anticlockwise rotation and the night ventricle may be con-
cealed beneath the sternum

In addiuion to enlarging to the Ieft, the right ventricle enlarges upw ards and
forwards so that it comes to rescmble a pouter pigeon’s chest This has ansmport-
ant cffect 1n that 1t carries the onigin of the pulmonary artery with 1t so that th_c
pulmonary trunk comes to lic horizontal or even, 1n c\reme Cascs, inchnes
downwards and backwards, this may also causc severe distortion so that the axs
of the mam pulmonary artery no longer hics 1 the aws of the infundibufum; the
Z-shaped juncuon favours secondary obstruction

1he prlmonary artery

nt amd

The post-stcnotic dilatauon of the pulmonary artery 15 a Pl’(’mluulnt‘d(:!

mportant diagnostic feature, 1t 1s an ovoid enlargement begmmng atthc C” he
the pulmonary ring and scerming to affect the whele trunk Actually not a

~

-

>
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arcomference is involved as 13 seen when 1t 13 dissected, for the level of bifurca-
tion is found to be quite low down, indicating that the dilatation 1s chiefly at the
cxpcmcofth:mmormdughtmdlr.&[ammlmrﬁlccs There 15 no trace of
the xinmses of Valsalva which are smoothed out by the dilatanon. In some cases
the dilatation extends distally mto the left branch (Fig 26).

The mode of development of the post-stenotic dilatation 15 still not completely
understood for certamn, although the observanons and conclusions made by
Holman (1954) are the most acceptable. He pomnts out the well known physical
fact that when 2 mass of flutd is ejected through a narrow constriction at high
veloaity 1t strikes againat the more slowly moving flud distal co the stenous and
is slowed down, 16 kinetic energy 13 converted 1nto lateral pressure and 1ts stream
18 deflected larerally or 13 even completely reversed so that eddies of elternating
high and Jow pressure are set up, these cause repeated impacts over a long tiume
and the elastic wall undergoes structural fatigue and distension. The lateral pres
sure effect 1s further enhanced by the hydraulic principle that @ widenmg stream
causes decreasing veloaity but increases lateral pressure Holman has demon
strated convinangly the onsct of structura! faugue and sudden appesrance of
aneurysmal dilatation by simple experiments on lengths of rubber rubing

The post-stenotic dilstation of the pulmonary artery provides an important
duagnestc mdwlogical feature when occurring in associanon with lung fields
with dimnished vesculanty (Fig. 27). The heart 13 often rather globular except
when 1t becomes grossly enlarged, 1t then becomes more angular (Fig 384) In
these extreme cases the dilated pulmonary artery Is pushed so far upwards as
to be quite concealed 1n the heart shadow, but 19 revealed 1n the angiocardiogram
a3 & arcular opeaty, for the trumk 15 viewed end on and 13 no longer seen mn its
long axis (Fig 285). The opacification of the artery may persist throughout the
cxarmnation owing to the slow crculanon in the vessel Figure 26 shows the
usual ovord dilatation of the mun pulmonary trunk and also to an unosusl degree
the manner 1n which the post-stenotic dilatation may extend nto the left pul
mopary artery

When the pulmonary artery 13 examuned at operation there 15 usually no
doubt about the dizgnosis The form of dulatation of the vessel is characteristc,
the wall 13 felt to be under Jow tension and may be 50 thin that the dark blood s
casily seen through it. A finger placed Iightly on 1ts promumal part notes the low
tension and also detects the charactenistic thin, jetlike thrill emerging from the
valve openmg  With shight finger pressure at the base of the artery the tense cone
of the valve can be felt 1n systole and »f the finger is passed over 1t the ongin of
the emergent jet can be clearly felt Finally if the bese of the artery is lightly held
between the finger and thumb the whale conelike or domelike structure of the
ncnoscdnh’canbefch.ltuwmmmupomﬂcmfcdmcguhxﬁbmuor
even calafied nodules around the small valve opening These last two manipuls-
tlons must be used with great care and for caly a very short nme, otherwise
repud fall in blood pressure will occur Although the dimeter of the putmonary
artery is much larger than normal and 15 grestest at about its mid-kength, the
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28 Huge heart 1n which the shadow of the dilated pulmonary trunk
1s concealed 1n the plain film but revealed 1n the angiocardiogram
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artery 1s often smaller than normal at 1ts ongin and indeed may be very much
smaller As already stated, after a successful valvotomy this may even constitute
1 sccondary stenoms at the pulmonary ning

The large hypertrophied right ventricle 1s matched by the large, dilated dark
wialled nght amum and 18 appendage, in contrast to 1t, In those cases in which
the amal septum 1s intact, the left amal appendege 18 seen to be & small, lax pink
structure

When there is 2 communication across the septum the left atral appendage
resembles the nght appendage 1n s1ze, colour and tension.

Thus communication is commonly small, often surprisingly so, and Is usually
# foramen ovale which has become {ncompetent as a result of the mounting pres-
sure behind the obstructed nght ventride (Fig 29). Much more rarely there 15 a
septal defect awny from the fossa ovalis



CHAPTER VII

Infundibular stenosis with normal aortic root
(syn ‘pure’ infundibular stenosis, subdivision of the right ventricle)

both the atrial and ventricular septa being closed.

Peacock, after describing cases 1n which the development of the con-
striction or ‘supernumerary septum’ occurred before the division of the ventricle
was completed, or at an early period of foetal Iife, then differentiates a type in
which the abnormal partition 1s the only defect He describes a case ‘In the
cavity of the right ventricle there was a septum, dividing the smus from the
infundibular portion, this septum was perforated by an oval aperture 47 25 mm
in circumference, by which the two divisions of the cavity communicated ’

According to Keith and to Peacock a subdivided ventricle may be the only
cardiac abnormality, there 1s no ventricular septal defect and consequently no
dextroposition of the aorta It 1s sumply that the normal zone of muscular narrow-
ing which lies between the inflow and the outflow portions of the right ventricle
1s so over-developed that there 1s a muscular partition or septum (virtually a
much overgrown crista supraventricularis) containing one, two or three openings
(Fig 30) The edges of the opening are fibrous, 1f the lumen 1s reasonably large
(e g 1-1 5 cm ) the condition 1s compatible with long life and 1t may even be an
incidental finding at post-mortem The smaller the stoma the worsc the prognosis

Keith (1909a) states that the condition 1s ‘comparatively rar¢’ and found 19
hearts of this nature 1n the series of 270 malformed hearts which he examuned It

42

BOTH Peacock and Kerth described examples of pure infundibular stenosts,
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30 Disgram of pure infundibular
slenots,

appears, though, that he included a number of cases which should really be
dassed 83 cxamples of Fallot’s tetralogy with low infundibular stenoss and 2
large chamber For instance, amongst this 19 were nine with a patent ventricular
septum and m four there was also a pulmonary valvar stenosis, in three the ductus
artertosus was perxistent and in two the foramen ovale was still open. These
observations indicate that not all wer. examples of 1 simple subdivision of the
nght ventricle.

Maude Abbott (1936) describes two cases of pure infundibular stenosts from
amongst her 1,000 totsl. She wrtes, ‘These cases are remarkzble in that the seat
of the stenosis wes not at the pulmonary valve but some distance below this at the
“lower bulbar orifice” forming & capacrous separate chamber with a ymall orifice
1n {ts place.

Pure infimdibular stenosls 13 not nearly so rare as is thought. Greater expen-
ence 10 cases of pulmonary stenosis with dosed ventricular septum has led to the
recognition and differennation of a number of examples Thus I have myself
operated upon 9 cases during the last § years, since 1948 T have operated on 111
cases of pulmonary vatvar stenosis with closed ventncular septum

The diagnosis should be thought of when, 1n a cse of pulmonary stenosis
with closed septa, no post-stenotic dilatation of the pulmonary artery can be scen
although the heart 15 not too big to conceal it; a bulge mmy be noted at the ste of
the infundibulum due to prominence of the chamber

The angrocardiographic appearance is characterisic as can be seen from
Figure 31, which shows the stenosis and the post-stenotic chamber clearly
The prominence of the post stenotic chamber which enshbles 1t ofien to be
recognised & 1 bulge even on & plun radiograph and which 1s a direct diagnostc
feature at operanion, 1s related to the thinness of the muscle in the outer wall. This
may thin out o rapidly from just sbove the stenosis that the greater part of the
outer wall of the chamber may be composed of hittle more than thin fibrous tssue
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through which the blue blood is clearly scen. This poverty of muscle of course
reflects the maldevelopment of the infundibulum as a whole, of which the actual
stenosis 13 but one part.

Cardiac catheterisation also enables a firm diagnosis to be made from the
characteristic pressure tracing obtained as the catheter s withdrawn from the
pulmonary artery and through the mfundibular chamber on 1ts way to pass
through the stenosts nto the high pressure part of the nght ventndle (Fig 32)
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32 Electromanometric traang befare and after open resection of pure infundibular
stenosls

The typical feature 13 the drop in diastohc pressure wrthin the infundibular
chamber s opposed to the pressure within the pulmonary artery

An important anatomical feature 13 that the papillary muscles and tendons of
the septal cusp of the thcuspid valve arise from the proximal aspect of the mus
cular nidge of the stenosis This clote relationship makes 1t quite unsafe to do a
closed bhnd punch resection of the infundibular stenowis, for organic tmcuspid
incompetence may be caused this I have caused in one case Since then T have
performed open resection of the stenons under direct vision when 1t has been
mxytodumnmmtheprecnunthnunmdedmmddxm:gmgtbcmaupid
valve mechamism

Thus close relation of the tricuspid valve to the stenoss means that when a
mhnuwnhdnwnlprwmcmcmghbdngmadethemhmmnypandkwdy
ﬁ'nmthchwpmmmeflhcinfundibuhrdnmbermtothcnghtmium,onlyif



46 THE ANATOMY OF CONGENITAL PULMONARY STENOSIS

the catheter 1s then advanced again may the body of the right ventricle be entered
and a high-pressure chamber demonstrated

Figure 33 shows the total resection of infundibular stenosis that has been
possible under direct vision surgery. In Figure 32 can be seen pressure tracings
made before and after operation, the obliteration of the pressure gradient shows
that the obstruction has been completely relieved

I
o) |

33 Tissue removed at open resection of infundibular stenosis



CHAPTER VIII

i

Pulmonary atresia, tricuspid atresia

Pulmonary atresia

N excellent survey of this condition has been given by Allanby, Brinton,
Campbell and Gardoer (1950)

Artenial atrena

The pulmonary artery may be obliterated for a verying distance either just
above the valves (Fig 345) or throughout its length There may be no trace of the
pulmonary stem or & fine fibrous thread may lead up to the horzrontally rannmg
veasel formed by the right and left pulmonary artedes In these cases the arcula-
tion of hlood within the pulmonary arteries 15 almost stagnant snd 13 wholly
dependent upon collateral arculanon from the bronchial artery system, unless
the ductus has perusted Sometimes the right or the left or even both pulmonary
artenies may be obliterated

In cases of pulmonary atresta the surgeon must often explore the local
angromical arrangement 1n the hope of finding a pulmonary vessel large enough
to use for & useful anestomosis o a systemic artery

47
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34 Three examples of small pulmonary trunk and atresic valve (After Allanby,
Brinton, Campbell and Gardner )
(@) The atresic valve consists of a mass of fibrous tissue in which no cusps can

be made out
(6) The small size of the infundibulum and valve ring can be seen with the tiny

pulmonary trunk, which widens just below its bifurcation
(¢) Atresic valve seen from above, note the orifice 1s eccentric

Valvar atresia

Thus 1s a farrly common and mmportant form of pulmonary atresa that 1s well
described by Allanby ef al (1950) The atresic valve can be recogmised as con-
sisting of two very imperfectly formed cusps fused together, often the atresic
valve 1s eccentric, the cusps bemng fused obliquely to the artenial wall (Fig 34a)

The fibrous obliteration may, 1n rare 1nstances, be just below the valve cusps,
which themselves are normal and well formed (Fig 35)

Some degree of infundibular maldevelopment 1s also usually present, which 1s
not surpnsing considering that the pulmonary channel 1s functionless Occaston-
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R T ‘ J/
35 Photograph of example of pulmonary atresla which occurred immediately
below the semilunar valves which arc well formed Lfe was maintained by »
small persistent ductus

ally the nght ventricle 18 well formed In the case depicted in Figure 35 there was
trcuspld stenosis and a small thick walled mfimdibulum but no ventricular
septal defect, the drculation in the pulmonary artery being mantamned through o
peosistent ductus In most cases the ventricular septum 15 defectrve

The embryological fact of the fuslon of the distal part of the bulbus cord:s
1nto the truncus arteniomns, and the anstomical description of the artenal oot
which 13 formed by this distal portion (see p 21), supply the explanation of these
forms of pulmonary atresia which must be due to imperfect development or to
obliteration of the most distal part of the bulbus cordis

Tricuspid atresia

Ttmtypcbr:aﬂyagrmxpofvuymgdcgmcnflmpcrfmtd:v:merm
anninofth:ﬂghtvmmdcmdupmaﬂymmﬂowporuomlr,infmgmmm
admurably the twofold construction of the night ventncle, forinmcmum
13 almost complete suppression of the inflow portion yet the Infundibulum mg
bcﬂmtmmallnlumafmthacmxybcmnghtmmd“tﬂ Y

Charactensucally the tricuspid orifice 1s Wﬂyﬂwmobhmmd
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36 Diagram of tncuspid atresia m
which the outflow tract of the nght
ventricle 1s almost normal

the smus or inflow portion of the ventricle does not exist or 1s vestgial The
mnfundibulum may be present and moderately well developed with a small
ostium connecting it to the atrophic body of the ventricle If the tricuspid onfice
1s completely obliterated the only route for the blood 1s through a persistent
foramen ovale or septal defect and thence 1nto the poorly developed right ventricle
through a ventricular septal defect As the night ventricle 1s erther non-function-
ing or poorly functioning it 1s rare to find the infundibulum completely normal
and 1t may exist as a small thick-walled chamber Often there 1s a severe high
infundibular stenosis or even complete pulmonary atresia, the infundibular
cavity may then contamn only clot If pulmonary atresia 1s present the ductus
arteriosus 1s usually persistent (Fig 35) The specimen depicted d{agmmmancaﬂy
in Figure 36 shows a well-developed mfundibulum with a good-sized pulmonary
artery and normal valve cusps The sinus 15 completely obliterated and the m;
fundibulum opens by a small stoma 1nto the left ventricle A large atral septa

defect 1s shown



Fallot'’s tetralogy

s the most important condmon to be described for 1t constitutes some
75 per cent of all cases of congemtal cyanotic heart disease and forms
the biggest group of cases of congemital pulmonary stenosts The term
‘etralogy emphastses that the stenoss 13 assocrated with a ventricular septal
defect, an over nding dextroposed aorta and & fourth element—hypertrophy of
‘hﬂah!mmdc.Tbnhstummaﬁu]typxummncnfortb:mmaduhypcr-
trophy 18 not & pnimary maldevelopment but a physiological change secondary to
the pulmonary stenoais and probably also to the nght to-left shunt. It 13 rather
specions 1o include it as @ fourth developmental sbnormality

1n fact, the more one studies these cases clinically and pathologically the less
m’f‘“”fydoﬁthzgmualtmn‘Fuﬂotstmﬂogy'nppm:mbeﬁnocitcn
coureges the scceptance of @ whole group of cases which, although having e

umber of cinycal features 1n co are often dissimil Ly
In this connection 1t 15 necessary to emphssise once more the importnce of
cmrcfil observation of the heart at operation, 1.¢ 1n the Living, functioning state,
10d of bot bemng muled by what 13 seen at post mortem when the heart 13 inert,
contracted and often hardened by fixaton, It is commonly stated that the
K“:Mmmmn tetralogy is muscular’ or tubular’, the implication belng
Ihtmmmﬂmlmnd:nblcdumIh.nv:nmbccnlblctoun.sfymysdf
1t would 13 of this nature, 1t 15 usually annular or diaphragmatic and
p €0l that most people repeanng these statements have ether ot

st
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examined specimens themselves or have looked at contracted specimens and
have pusread what they have seen It 15 especially easy 1n a fixed, contracted
Specimen to suppose that the obstruction 1s muscular because the walls of the
infundibulum may be closely approximated, whereas 1n Iife an adequate, albeit
dimimshed, lumen 1s present Ina proportion of cases a localised hypertro’phy of
muscle forms the basts or foundation of the chief obstruction which 1s essennally
fibrous It 1s not possible to accept the observations and conclusions of Donzelot
d’Allanes et al (1952) and Soulié et al (1952), most of the specimens used fo;
their examinations seem to have been old, rigid post-mortem ones

Figure 37 compares the anatomical arrangement of the normal night ventricle

a b

37 Diagram of the normal right ventricle (a) and of the right ventricle in Fallot’s
tetralogy (b), 1n which are indicated the various levels at which stenosis may

occur

Pulmonary atresia

Valvar stenosis

High

Intermedlate}mfundxbular Stenosis
Low

Subdivision of the right ventricle

AR W N~

(@) with that seen in Fallot’s tetralogy (5) It will be scen that there 1s partial
suppresston of the outflow tract or infundibulum In contrast, the imflow tract 1s
larger and hypertrophied, a septal defect lies in the inflow chamber immedately
behind the crista supraventricularss Although the outflow channel 1s small; 1t 1s
nevertheless adequate to carry a sufficient blood-flow to the lungs except for an
added stenosts that may occur at one or at two levels The highest level of obstruc-
tion, indicated as (1) 1n Figure 37, 1s pulmonary atresia, (2) indicates valvar
stenosis and 3, 4, 5 and 6 indicate various levels of infundibular stenosts A valvar
and an infundibular stenosis may co-exist

Figure 38 15 a photograph of an actual specimen of Fallot’s tetralogy which
demonstrates these features The rather diminutive crsta supraventricularss can
be seen separating the small infundibulum or outflow tract from the large thick-
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38 Photograph of specimen in Fallot's tetrulogy" there is a valve stenosls

walled inflow chamber, 1n the anterior and upper part of which lies the sepal
defect. Although the outflow tract 1s 30 much under-developed, so much smaller
1t3 lumen 13 in fact adequate except at one level that 1s at the valve where there
18 @ severe stenosis Figure 39 shows another example 1n which the same features
can be seen cxcept that there 13 2 combined valvar and infundibular stenoms

In Figure 40 can be seen the formation of the infundibular cznal i yet a
further case of valvar stenosws occurning 1n Fallot’s tetralogy™ here egun although
smaller than normal, the lumen of the lafundibutum 1 quite sdequate, the true
obstruction bemg at the pm hole valve orfice seen 1n the dstance. The form of
the cnista supraventriculans is especlly important in this specimen as 1t mdicates
the mode of formation of thus structure from fosan of the nght and left septal
bands, a and b (Fig 11, p 14} the septal defect 18 also well duplayed.

This basic anatomy and the expanded details now to be described form the
bedrock on which nrust be founded any operative treatment for the relief of the
stenons or for toal correction of the deformty
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Valvar
stenosis

Crista supra-
! ventricularis

Infundibular
stenosis

39 Photograph of specimen 1n Fallot’s tetralogy, there 1s a combined valvar and
infundibular stenosis

Valvar stenosis

It 1s surprising that a few years ago there was great opposition to acceptance
of the teaching that pulmonary valvar stenosis occurs with moderate frequency 1n
Fallot’s tetralogy It would, in fact, be surprising if 1t did not occur when we
recall that the anomaly 15 dependent upon malformation of the bulbus cordis,
from which the valves also are developed Actually, the Iiterature contains a
number of descriptions of valvar stenosis in Fallot’s tetralogy Thus Keith (1909a)
111 @ report on 270 cases found that a valvar stenosis was present 1n 25 out of 63
cases (40 per cent) of what can be described as examples of Fallot’s tetralogy.
Brown (1939) states, ‘In cases where there 1s an arrest of the developmental
expansion of the infundibulum, the infundibulum 1s foreshortened and may
exist as a small fusiform cavity with thickened walls In about half of the cases
there 1s also fusion of the pulmonary cusps ’> Sellors and Belcher (1950) mention
that out of 65 cases examined at operation 20 were thought to have a valvar
stenosis and 45 an infundibular one They do not, however, give their criteria
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PIN-HOLE INFUNDIBULAR
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40 Photograph of specimen 1n Fallot's tetralogy in which can be wen th-
raphe of fusion of the right and left scptal bands (a and ) to form the crism
supraveniriculerly

for dugnoss nor do they state 1f pressure observations were made. In Abbott’s
series (1936) 1t 18 dufficult to be sure of the exact incldence from the tables grven.

My own operation expenence covers 168 cases of Fallot's tetralogy in which
a direct operation was performed on the pulmonary sienosis and a careful
dizgnosts of the type and site wes made according to criteria laid down elsewhere
(p 84) The dismbunon of the types was

Number Percentage

Valvar steposis 59 35
Tnfundibular stepons T2 43
Combuned valvar and

infundibular stenosnis 37 22
Total 168

The condstion of the valvar stenosis vanes and reflects the degree of hypo-
development present. Thus at one extreme we see those cases of valvar atresi
(Fig 34) or near valvar atreus 1in which there 1s 2 pin hole-s1ze opening with no
trace of independent cusp formation. At the other extreme the commussures of
the fused tnple cusps can be detected in the hemisphencal duphragmatic or
domelike profecnon which is formed by the billowing out action of the
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41 Diagram to show post-stenotic
dilatation of the pulmonary
trunk 1n Fallot’s tetralogy This
1S uncomsmon

ventricular pressure (Fig 38) The fused cusps may be conical or mpple-like
(Fig 39), mn these examples the commussures may not be symmetrical.

In the more severe forms the pulmonary valve 15 often bicuspid stead of
tricuspid and the two cusps are fused along their margins, giving a small oval or
round opening This type 1s more common with the more severe forms of in-
fundibular hypoplasia

Where the valve 1s tricuspid and 1s better developed the stem of the pul-
monary artery may show a fusiform post-stenotic dilatation with obliteration of
the sinuses of Valsalva (Fig 41), although 1t 15 extremely rare to see the artery
at all large and certainly almost never as big as occurs 1n pulmonary valve stenosts
with a closed ventricular septum

The commonest type, 1n fact, indicates marked developmental arrest, and 15
of considerable interest and of great practical importance because it 15 casily
overlooked on nspection at operation In this the fused valves form a globular or
almost spherical membrane with a small central aperture (Fig 42) Ths globular
valve distends the first part of the pulmonary artery which conforms to 1ts shape,
immediately above 1t there 15 a wasstlike ‘constriction’ of the artery which really
indicates 1ts true small size, beyond this again js scen a post-stenotic dilatation.
The whole artery 1s diminutive On first examination the appearances suggest the
sinuses of Valsalva are present Careful mspection reveals the swelling 1s uniform
and not tnlobular, as are the sinuses, and 1t may then be confused with the dilata-
tion due to a high infundibular stenosis. The spherelike structure can, however,
be seen and felt to become fense 1 systole and lax in diastole which 1s diagnostic
of a valvar obstruction The palpating finger can also feel the tiny emergent jet on
the summut of the dome The artery beyond the valve 1s lax 1n systole, the low
tension contrasting sharply with the high tenston of the valve sphere The artery
15 almost emptied of blood 1n diastole, as the tense valve relancs the small amount
of blood 1t contains 15 quite enough, as 1t 1s sucked back into the ventrcle, 10
empty almost completely the poorly-filled small distal artery.
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42 Globuler valver stenous typical of Fallot's tetralogy

The small size of the pulmonary artery 1n valvar stenoss, and especully the
constriction just dustal to the valve, makes the present technique of closed val
votomy by valvotome and expandmg dilator often rather weffective; the dilating
mstrument may fit the lumen and it may therefore not be possible to obtan
sufficient dilatauion to spht the valve widely An open technique is really needed
when the artery i3 so small
It should be emphasised that the pulmonary outflow tract, inctudmg the

Y Qrtery, 13 C ty much smaller 1n cases of valvar stenosts than m
mfu.ndﬂmﬂrnmmh It seems s if valvar stenoals 15 assocated with a greater
retardation of development of the bulbus, in 1ts extreme form 1t 13 seen a3 valvar
atresa,

When the valvar stenosis 13 combined with an infundibular stenosis the fact
may be recogmused 1n most cases by external inspection and palpation of the out
flow tract exposed at opersuion. Thus, light palpation of the valve cone will give
an 1des whether the full ventricular pressure 1 transmutted to it or whether the
tension is only shghtly higher then m the lax pulmonary artery, mdscating that a
more proxumal mfundibular stenoss 15 reducng the ventricular pressure before
1t can reach the valve cone. Deformanon of the surfice of the infundibulum, as
will be described later will support the supposiion of an assocated infundibular
stenosns. The diagnosrs can be completed for certan by electromanometric pres
sure readings which will not only sdennfy the presence of two changes in pressure
—two stenoses—but will abo mdicate the relative importance of the two,
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43 Electromanometric tracing of combined valvar and infundibular stenoss

whether the valvar or the infundibular stenosis 1s the more important or whether
they play an equal part.

Figure 43 shows a combined valvar and mfundibular stenosts before
valvotomy and infundibular resection

It 1s remarkable how the presence of a true and predominant valvar obstruc-
tion can be overlooked or ignored 1n examination of a specimen post-mortem.
Once an abnormality of the infundibulum 1s observed this 1s often taken to be the
significant obstruction and no further proper search 1s made. In the fixed con-
tracted state of the dead heart this might be excusable but even then a valve with
an effective opening of 2~3 mm must be significantly stenosed. Examination of
the living heart at operation reveals the true state of affairs with much greater
accuracy 1if the changes mentioned above are sought and if clectromanometric
pressure recordings are made

The radiological diagnosis of valvar stenosis in Fallot’s tetralogy and its
differentiation from infundibular stenosis will be dealt with m a collective

description later 1n this chapter

Infundibular stenosis

The basic problem 1n the mfundibular stenosis 1n Fallot’s tetralogy 1s, as
already explained, an arrested expansion or development of the infundsbulum so
that 1t 15 smaller than normal Although mn all cases the infundibulum 1s small,
and sometimes extremely so, the functional lumen 15 adequate, apart from the
stenosts, except 1n the group 1n which hypoplasia 1s extreme.

Although various ‘types’ of mfundibular stenosts arc depicted 1n Figure 44
and are to be described separately, 1t should be appreciated that fundamentally
they all follow the same pattern; they are dissimular only as a result of the level of
the fibrous constriction which forms the real obstruction within the partly sup-
pressed mfundibulum Thus, 1n its sumplest form, the obstruction 15 at the
junction between the sinus and mnfundibulum (Figs 30 and 37), the usual
moderate demarcation between the two parts of the ventricle 1s represented by a
contracted muscular septum with an ostium surrounded by fibrous tissuc so a5
to form a small rizid openung between the two parts of the ventricle and acting as
an obstruction

In the other types the true obstruction lies within the infundibulum at onc of
the arbitrary levels depicted in Figure 37,1 ¢ 1t may be low, mtermediatc or high.
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Itnnybcunlylxllghtmnuh:thickmmgoritmaybcnﬁ:mmlscdhnw
fibrous, sufficient to form 2 diaphragmanc type of obstruction. Providing the
obstruction Is not too near the pulmonary valve there will always be a post
stepotic infundibular chamber varying m size with the distance of the obstruc-
tion below the valve and with the thmness of the outer wall The formation of
ths infundibular chamber 13 due to the same process of post-stenong dilatation’
described m connection with pulmonary valvar stenons. When the mfundibular
stenosis 15 high the begmnimg of the pulmonary artery 1s affected by the post
stenotic dilataton (Fig 448)

Whatever the level of the obstruction there 18 always a ground-glassing’ of
the endocardium of the infundibulum e the codocardrum 18 thicker and whiter
than normal and, according to Keith (1909), thus 1s because the endocardual tissue
13 fibroceltular in texture; 1t 1 embryomic rather than inflimmatory m its mcro-
scopic structure. [t 13 now included under the term endocardial fibroelastosis

As the years pass, this endocardal thickening becomes denser and more
opaque 8o that it may form a thick layer The greatest increase In fibrous thicken
1ng occurs st the narrowest part of the lumen, whether 1t be o diphregmanc or
annular narrowing 1 the infundibulum or at the valve stself; the daily wear and
tear over the years causes increasing fibrosis amounnting to a dense, hard, often
cartilage-like scar and ulumately, calafiaucs. Calafiauon 13 commoanest 1n
the valve but 1 also s¢en 1n infundibular stenosis The dense endocardial fibrosis
may extend over the crista supraventriculans

The effect of the annulsr band or disphragmatic like stenosis wth it endo-
cardial thickening 15 to tether the outer or antertor wall of the infundibolum to
the anterior surface of the crista supreventriculans which here forms the postenor
wall of the infundibulum, this 1t does becanse the thickened endocardmum passes
from the crists to the antenor wall of the infundibulum rather like g loop or a
strrup This tethening effect can ectually be obsetved n many cases on the outer
surface of the infundibulum where the level of the stenosis may be demarcated
by  furrow or groove which 1s deeper and more definite 1n systole. In the mfant
and child thus 18 relatively supple but 1t becomes tougher and more rigid as the
years pass and 30 118 tethering action increases In this way it holds beck the wall
uftheinfundﬂmhxmﬁ'omgowmgpmpcrly,mmhcrwordxnmndnmly
aggravates the relauve backward development of the infundibular canal which
cannot keep pace with the growth of the mdividual and of the heart &3 a whole,
Thus an mfundibular stenosis becomes refatreely more severe as the patient gets
older, and 1t also becomes absolutely more severe as  result of progressive fibrows
of the steposed ostrum, contracture of this fibrous ussue and siling up of the
onfice by depontion of platelets and therr argamisation and the formation of
warty nodules or vegetations

Thupmmsofﬂmdﬂymcrmingnmnmumpommmcomudcﬁngm_
mcm,forn:houldbcdﬂ:thl[th:a.dlamnncntumn'icdnutthcbcner,
becsuse, with the relief of the stenosis, the mfundibular canal, indeed the whole
gf‘htP“lmvmryc\:m:rme.\,cmthcngmwwnhthcpmcm_Ifopernuoundel.yad
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44 Diagram of types of infundibular stenosts, A Hypoplasta B High stenosis
C Intermediate D, Low
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until growth has cessed there is a Limit to what can be achieved 1n satisfactorv
reltef of an infundibular obstruction.

“Ths of course only applies to operations involving direct relief of the stenosls
itself; the mdrrect or anastomotic operations do nothing to encourage the growth
and development of the Infundibulum, m fact by short-arcuitng 1t they favour
s sflting up

The maldevelopment of the infundibulum inevitebly affects 13 muscular
construction the crista supraventnculans 13 always smaller and less developed
than normal (Fig 38) and 15 someumes very small in the more scvere forms
Figure 40 shows how the primary formauon of the crista by fusion of the nght
and left bulbar ndges (p 14) may remmn evident, pomntng to partal arrest of
development. In the same way the right and left extensions of the cnsm down the
Lateral and septal walls to the apex are smaller and less well developed

‘The imperfect development of the musculature is often also seen in the outer
or anterior wall of the infundibulum distal to the stenosis Inevitably this part of
the muscle of the right ventricle will not thicken as does the murde pronmal to
the stenosis, but 1t may still form a substantial layer More often, however 1t1s
thm and may contain musde only just above the stenoss, and this rapudly
dimmushes until the greater part of the outer wall 1s devoid of muscle and presents
a3 2 thin walled bulge on the surface of the ventricle through which the dark
blood is planly seen.

This thimnmg of the outer wall of the Infundibulum 1n assocation with the
process of post-stenonc dilamtion, can result 1n quite a large and promment
nfundibular chamber belng formed when the stenosis 18 low The projection of
this chamber on the surface is a notable duagnostic feature both radiologically and
at opcration.

Although 1t Is emphasised that the true obstruction in mfundibular stenosis
lies dorminantly at one level, even though there 13 some arrest of the development
of the infundibulum es & whale, there 13 no doubt that the effect of this stenosis
1 aggravated by the systolic contracton of the Infundibulum. In fact 1t 19 prob-
able that the efficency of emptying ls, as 1t were, cut short before the height of
systole as the walls of the narrowed infundibulum come together This has been
demonstrated by Hilano Lind and Wegelius (1954) using a rapid brplane angio-

cardiograph technique. Rodbard and Shaffer (1955) have demonstrated the same
by cardiac catheternation (see p 102) These matters wall be discussed mare fully
Iater when the control mechamisms of the nght ventricle are being considered

Having presented these general observations on infundibular stenoas we may
now proceed to the individual types (Fig 44).

(£ Hypoplana of the mfundibulum

Thus type (Figs 44.Aand45):sducmnlmoatcomp1ct:a.rmtmthcdcvclop-
mmtmdcxpammnofth:inﬁmdﬂmhmwthatitunnlyamrmwmmcuhr
channel, too small to carry an adequate blood flow to the lungs, even so 1t 1 sull
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45 Hypoplasia of infundibulum

further narrowed at one level by a secondary fibrous stenosis or by valvar stenosis,
as always occurs 1n Fallot’s tetralogy The pulmonary artery 1s small and poorly
developed The condition 1n 1ts severest forms 1s only little removed from pul-
monary atresia and 1s ievitably most often seen 1n infants and young children
Inevitably, because 1n them any degree of hypoplasia of the infundibulum must
be more severe because of the small size of their outflow tract and also because
early death 1s common and fewer live to be scen at an older age

The narrow channel surrounded by muscle 1s hkely to be grossly contracted
by nigor mortis, and even more so if fixed 1n formaln, so that the appcarance of a
purely muscular obstruction 1s aggravated

It 15, 1n a sense, true that the obstruction 1n this type 1s ‘muscular’ in that Ehc
whole infundibular canal 1s mnadequate If the child lives a few years the in-
fundibulum will grow sufficiently with the rest of the heart to lessen, to a certain
extent, the extreme smallness of the lumen seen 1n the infant and 1t 1s then casicr
to appreciate the part played by the localised fibrous constriction in completing
the obstruction of the poorly developed outflow tract (Fig 45)
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() High mfundibular stenons

In this i the degree of arrest of development is not so extreme
= in type :\y?cd:(fm%mhrpanofthc ventnicle is larger and the pulmonary
artery 13 better developed slthough often still too small. The obstruction is a firm
annular or duwphragmanc thickenmng of the endocardrum just below the valve
level. The conditton is admurably portrayed by Peacock (Fig 46) and 13 also
shown in Figures 47 and 48 In older petients widespread sccondary fibroms
oceurs at the obstructon, and may extend proxumally over the walls of the 1m-
perfectly developed infundibulum to form a thick layer of iang (endocarcial

46 High Infundibular srenoss as portrayed by Pescock.

fibroelnstosis) over the surface of the crista supraventnculans Figure 47 also
shows considerable fibroclastosts,

As the stenotic ring is very near the valves there 1s no space for a true chamber
to form from stenouc dilatation, but the effect of this process causes the valve
ring and the first part of the artery to dilate in & sphencal manner, thus mimicking
the post-stenonc dilatztion seen 1n valvar stenosis The apperance of the artery
13 mther like thet of a drum-suck; distal to the globular formation the walls of the
vessel are parallel and the tension of both the dilztation and the trunk s the sgame
mdulow;zhhhinoonmnovﬂmmmnmwhuhthcprmnmldﬂxtlnonb
tmx,mdmcdhtdybcyonditnlcommaionbcfmthemdutﬂdﬂam—

non.mponqtcnoucdﬂlmncnafth:pulmomrymaymaymmdtommﬂn
branches, especially the left one,
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48 High infundibular stenoss

(i) Intermediate mfurditudar stenosis

In ths type (Figs. 44¢ and 49) the actual fibrous obstruction 15 srtusted from
1 am to2 5 cm. below the vatve level 30 that a definute post-stenotic infundibular
chamber forms This chamber s lmned by thickened endocardium and 13 homted
proxumally by & fibrous obstruction erther annular or dwphragmate (Fig 49)
The amount of fibrous tssue m the obstructing rmg or diaphragm varies, a3 2
genenl principle the younger the panent the less fibrous there 13, 1n alder
patients & dense, fibrous, ngid, often verrucose margm surrounds the narrowed
entry mto the chamber The outer wall of the chamber may be thin and fibrous,
or partly or whally muscaolar although always much thmner than the wall of the
ventridde prommal to the obstruction. When the wall 13 deficient 1n muscle &
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49 Intermediate infundibular stenosis

globular swelling, dark blue from the contamned blood, projects from the surface
of the rght ventricle below the pulmonary valve. This can be observed on plamn
radiography and can be further demonstrated by angiocardiograms (Figs 50, 55,
56 and 57) Figure 51 shows the stenotic ring removed by infundibular punch

resection

(1v) Low infundibular stenosis

Ths type (F1g 44D) and type ‘C,’ the intermediate, are really only varants,
being arbitranly divided by the level of the fibrous obstruction below the valves,
and thus 1n the size of the infundibular chamber which varies between 2 § cm
and s cm 1 length If the outer wall of the chamber 1s uruformly muscular 1t will
not project markedly, but if the wall 1s thin and the muscle extends mto 1t for
only 1-2 cm. the chamber 1s large and promunent and can be demonstrated
radiologically as well as at operation (Fig 31, p 44)

Muscle forms the basis of the obstructing ring, but the margns of the ostium
arc always fibrous Sometimes two or even threc opemngs may be present.

The specimen shown 1n Figure 52 1s an example of an unusually large 1n-
fundibular chamber in association with a low stenosis In fact, from the swe of
this chamber 1t resembles closcly the type seen n purc infundibular stenosis
described carhier It has a large muscular septum situated at the junction of the
sinus and infundibulum and perforated by an ostium with fibrous margns, its
outer wall thins out so that 1t 1s almost completely deficient 1n the upp'cr
part, indicating the devclopment of the infundibulum was definitcly defecuve,
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50 Angrocardiogram of Intermediate infundibular stenosis

5t Photograph of specimen obtalned by punch resection from patient in Fig so

r
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52 Low infundibular stenosts, note the large septal defect and the large infun-
dibular chamber with a thin outer wall

However, there 1s also a large ventricular septal defect measuring some 4 cm
1n diameter, so large as to throw the two ventricles virtually into onc

An important practical feature 1n infundibular stenosis 1s the obliquity of the
septum between the infundibular chamber and the main body of the ventricle
This obliquuty 1s slight or absent 1n a high stenosis, but becomes quite marhked 1n
low stenoss, 1n fact 1n 1ts lower part this septum lics nearly parallel to the outer
wall of the ventricle with only a narrow space intervening  The stenosed opening
between the two compartments 1s higher up on the partition 1n such a way as te
make surgical access difficult Figure §3 illustrates the problem diagrammatic-
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53 Disgram

ally in the usual techmque of punch resection of the infundibuler stenosis the
plmchhmsmcdthmughthcvenu-iculuwnﬂbduwthcobstmmon,itwﬂl
be seen at what a disadvantage 1t may be. If 1t 13 inroduced from above, 1t
approaches the stenoss and the partiion much more favourably This tech-
mque can only be used if the infundibular chamber 1s large

Comblined valvar and infundibular stenosis

Since the deformity 1n Fallot’s tetralogy 15 due to maldevelopment of the
bulbus cordis which extends dustally to Include the pulmonary valves as well as
forming the infundibulum, 1t follows that malformation of the valves Is to be
expecied 1n combinstion with Infundibular steposis as well & an independent
condition

In the table on page 55 which gives an anzlysis of 168 cases treated by
direct operation, & combined valvar and infundibular stenosis was present 1n
37 (22 per cent)

The valvar stenosis has already been fully described the infimdibular stenoss
13 usually of high intermediate type. I cannot recall seemng a low infundibular
stenosts combaned with a valvar stenons, doubtless thus 1s because s really low
infundibular stenosis represents a leas severe malformation whereas a combined
vatvar and infundibular stenosis 13 ordinanly & more severe malformation

The presence of two stenoses may be recogmsed before operanon by angio-
cardiography or by cardiac cathetensation, or by both. At operation the combined
festures of the two lesions are to be recogused. The final disgnosis comes from
clectromanometric pressure recordings made with catheter and needle puncture;
1o this way, m eddinon to confirmng the presence of the double lesion, the level
of the infundibular steness and the relanve importance of the two stenoses can
be assessed (Fig 43 p $8)
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The septal defect

The defect 1n the septum 1s situated immediately behind the cnsta supra-
ventriculans and 1its lower margin and anterior and posterior boundaries are
rounded and muscular (Fig 38), 1ts upper marg 1s the aortic ring although 1t
has no real upper margin as 1t opens directly nto the aorta

The defect 15 usually smallest when the mfundibulum 1s well formed, this rule
15 not 1nvanable for 1n the specimen shown 1n Figure 52 1n which the obstruc-
tion 1s very low, there 1s a huge ventricular septal defect 4 cm wide

The anatomy of the septal defect has become of greater importance now that
direct operation for 1ts closure 1s possible Although 1t appears, especially 1n the
dead heart, to be a rigid round or oval defect, 1ts upper margin can be very easily
approximated to the aortic margin before fixation, and even the fact of the over-
niding aorta does not prevent thus In the extreme forms of dextroposition the
pulmonary artery 1s usually considerably hypoplastic, and closure of the septal
defect would then be unwise because the poor pulmonary channel would not be
able to carry the extra circulation effectively for the heart to readjust itself to such
profound alteration of 1ts mechanics Although there 1s usually no true upper
margin to the defect, the actual aortic ring provides strong and surtable material
for suturing It 1s also worth remembering that the right atrium 15 a direct
anterior relation of the aorta adjacent to the defect and sutures could 1n fact be
passed through this to help to close the upper septal margmn

An important posterior relation of the defect 1s the septal cusp of the tricuspid
valve with 1ts tendons and papillary muscle In Fallot’s tetralogy the septal defect
1s very close to the cusp and may extend under 1t, but rarely to the same degrec
as may occur 1n 1solated ventricular septal defect 1n which the septal cusp may
cover quite an appreciable amount of the defect, Figure 54 shows a specimen of
Fallot’s tetralogy 1n which the defect 1s covered by the tricuspid valve

When the defect 1s small 1ts posterior margm reaches no further back than the
atrioventricular rings, and sutures nserted for closure can pass directly from the
muscular wall of the defect to the aortic root When the defect 1s larger 1t extends
further backwards and 1n so doing comes to lie more and more under the atrioven-
tricular rings, 1 €. 1t extends beneath the mutral and tricuspid valves which fon;:
part of the roof, the septal cusp of the tricuspid covering its nght aspect Insuc '
cases 1t would be wrong to attempt to close the posterior part of the defect by
suturing to the aortic ring, this part must be closed by plchng up with the sumrc;
the part of the atrioventricular ring which gives common origin to the ncusps
valve on one side and the mutral valve on the other After the posterior part has

been closed 1 this way, the more anterior part can be closed by sutures which

pick up the aortic root . foct 15 the
Another structure with an important relauonship to the scptal defect s
atrioventricular bundle The nght branch has alrcady been mentioned }as
demarcating the junction between the sinus and infundibulum of the ng “f
ventricle. The main bundle bifurcates immediately behind the posterior hmito



THE ANATOMY OF CONGENITAL PULMONARY STENOSIS 71

overl
septal

54 Heart in Fallot s tetralogy to show that the ventricular scptal defect may be
covered by the septal cusp of the tncuapid valve
the defect and the right branch runs down the septum a fraction of a centimetre
1 front of the posterior margin, 1t s well belind the crista supraventriculans
The degree of dextroposition of the gorta or over nding vanes from case to
case, but 15 agam ususlly dependent on the degree of arrest 10 development of the
infundibulum. In the severe forms with a high stenosis and a large septal defect
the gorta seerms to over fde at least 50 per cent In additfon 1n these severe cases
the gscending sorta 1s usnally very dilated, a fact observed and commented upon
by Peacock. In Chapter XI (p 87) the sigmificance of dextroposition 1s more fully
drscussed, and especully the views of Lillehed ¢f of (1955) who have indicated
that 1t 1 apparent rather than real
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The septal defect

The defect 1n the septum 1s situated immediately behind the crista supra-
ventricularis and 1ts lower margin and anterior and posterior boundaries are
rounded and muscular (Fig 38), 1ts upper margin 1s the aortic ring although 1t
has no real upper margin as 1t opens directly nto the aorta

The defect 1s usually smallest when the infundibulum 1s well formed, this rule
1s not mvariable for in the specimen shown in Figure 52 1 which the obstruc-
ton 1s very low, there 1s a huge ventricular septal defect 4 cm wide

The anatomy of the septal defect has become of greater importance now that
direct operation for 1ts closure 1s possible Although 1t appears, especially mn the
dead heart, to be a ngid round or oval defect, 1ts upper margin can be very casily
approximated to the aortic margin before fixation, and even the fact of the over-
riding aorta does not prevent this In the extreme forms of dextroposition the
pulmonary artery 1s usually considerably hypoplastic, and closure of the septal
defect would then be unwise because the poor pulmonary channel would not be
able to carry the extra circulation effectively for the heart to readjust itself to such
profound alteration of its mechanics Although there 1s usually no true upper
margin to the defect, the actual aortic ning provides strong and suitable material
for suturing It 1s also worth remembering that the right atrum is a direct
anterior relation of the aorta adjacent to the defect and sutures could 1n fact be
passed through this to help to close the upper septal margin

An important posterior relation of the defect 1s the septal cusp of the tricuspid
valve with 1ts tendons and papillary muscle. In Fallot’s tetralogy the septal defect
1s very close to the cusp and may extend under 1t, but rarely to the same degrce
as may occur 1n 1solated ventricular septal defect n which the septal cusp may
cover quite an appreciable amount of the defect Figure 54 shows a specimen of
Fallot’s tetralogy 1n which the defect 1s covered by the tricuspid valve

When the defect 1s small 1ts postertor margin reaches no further back than the
atrioventricular rings, and sutures inserted for closure can pass directly from the
muscular wall of the defect to the aortic root When the defect 1s larger 1t catends
further backwards and 1n so doing comes to lie more and morc under the atrioven-
tricular rings, 1 e. 1t extends beneath the mutral and tricuspid valves which forrg
part of the roof, the septal cusp of the tricuspid covering 1ts night aspect Insuc '
cases 1t would be wrong to attempt to close the posterior part of the defect by
suturing to the aortic ring, this part must be closed by picking up with the suturc;
the part of the atrioventricular ring which gives common origin to the tricusps
valve on one side and the mutral valve on the other After the posterior part has
been closed 1n this way, the more anterior part can be closed by sutures which
pick up the aortic root

Another structure with an important relauonship to th
atrioventricular bundle The nght branch has already
demarcating the juncuon between the sinus and infundibulum o
ventricle. The main bundle bifurcates immedsately behind the posterior

¢ septal defect 15 the
been mentioned as
f the nght
hinst of
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54. Heart in Fallot s tetralogy to show that the ventricular septal defect may be
covered by the sepml cusp of the tncuspid valve.
the defect and the right branch runs down the septum a frection of a centmetre
1 front of the posterior margin, jt 15 well behund the crista supraventriculans
The degree of dextropositan of the sorta or over nding vanies from case to
case, but 1s agam usually dependent on the degree of arrest 1n development of the
infendibulum. In the severe forms with a high stenosis and a large septal defect
the sorta seems to over nde at least 50 per cent. In addrtion, 1n these severe cases
the ascending aorta 15 usually very dilated a fact observed and commented upon
by Peacock. In Chapter X1 (p 87) the ngnificance of dextroposition 1s more fully
discssed, and especially the views of Lilleher ef af (1955) who have indicated
that it is apparent rather than real.



The recognition and differential diagnosis of the type and
level of the obstruction i Fallot's tetralogy

forms of pulmonary obstruction emerge from a consideration of what

has already been said The subject 15, however, so ymportant that 1t 15
destrable to correlate the various features and to enlarge upon them by a morc
detailed consideration of some of the radiological and other aspects

Onc of the eastest pre-operative radiological dragnoses can be madc in the casc
of a large mfundibular chamber associated with a low stenosis. Figurc 55 shows
clearly how the chamber stands out from the left margin of the heart shadow n
the routine postero-anterior vicw, mn the past this shadow has often been looscly
described as being due to a ‘prominent conus region’, 1t 1s characteristic of an
infundibular chamber and 1t 1s brought nto cven greater promincnce In an
oblique view (Fig 55b), anglocardiograms again demonstrate 1ts presence €on=
cluswvely (Fig 55¢)

Figure 56 shows another example of a Jarge infundibular chamber In both
these cases the diagnosis was confirmed at opcration and the intervening fibro-
muscular diaphragm was punched away so as to relieve the stenosts, confirming
that the obstruction was diaphragmatic and not long and tubular.

That confusion and misunderstanding exist about what 1s really a stmple state
of affarrs 1s shown by Figure 57 As will be scen from the plain radiograph on the
left, ‘a’, a charactenstic bulge duc to an infundibular chamber 1s present, ‘b5 a

72

MANY of the details of the recogmtion of the type and level of the various
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The recogmtion and dyfferential diagnosis of the type and
level of the obstruction m Fallof’s tet: alogy

ANY of the details of the recognition of the type and level of the vanious

forms of pulmonary obstruction emerge from a consideration of what

has already been said. The subject 15, however, so important that 1t 15
desirable to correlate the varous features and to enlarge upon them by a more
detatled consideration of some of the radiological and other aspects

One of the easiest pre-operative radiological diagnoses can be made 1n the case
of a Jarge infundibular chamber associated with a low stenosis, Figure 55 shows
clearly how the chamber stands out from the left margn of the heart shadow 1n
the routine postero-anterior view, 1n the past this shadow has often been looscly
described as bemng due to a ‘prominent conus region’, 1t 1s characteristic of an
infundibular chamber and 1t 1s brought into cven greater prominence in an
oblique view (Fig 558), angiocardiograms again demonstratce 1ts presence con-
clusively (Fig 55¢)

Figurc 56 shows another example of a large infundibular chamber In both
these cases the diagnosis was confirmed at operation and the itervening fibro-
muscular diaphragm was punched away so as to rcheve the stenosis, confirming
that the obstruction was daphragmatic and not long and tubular.

That confusion and misunderstanding exist about what 1s really a simple state
of affarrs 1s shown by Figure 57 As will be seen from the plain radiograph on the
left, ‘@, a charactenstic bulge duc to an infundibular chamber s present, #7102
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55 To show the bulge on the heart contour formed by an infundibular chamber
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radiograph taken at cardiac catheterisation 1 which two crosses have been
marked, the top one shows the site of pressure change at the valve level and the
lower one the site of change from an intermediate pressure to the high pressure
of the right ventricle proper. Between the two crosses the pressure was constant
at 19/10 mm Hg and 1t was assumed by those concerned that this represented a
long tubular type of obstruction which would be very difficult to treat by direct
operation The problem was referred to me for comment
Obviously there 1s no evidence at all for a long stenosts, the pressure changes
merely mark the low tension to be expected as the catheter tip traverses the -
fundibular chamber so clearly shown in ‘@’, the abrupt rise at the lower x marks
the diaphragmatic-like stenosis before the body of the right ventricle 1s reached
Thus error of interpretation 1s common and arises from the preconceved 1dea,
almost superstition, which is engendered by the teaching that the stenosts of the
mfundibulum 1s typically long and tubular The falsity, of course, melts away
before reasoned observation of the true anatomical state and of simple thought on
the true nature of the pressure changes
That the catheter can be of value 1n localising the level of the stenosts 1s
shown by Figure 58, 1in which the catheter tip 1s seen 1n ‘@’ above the pressure
change and 1n ‘6’ below 1t, that this lies 1n the mfundibulum and not at the valve
1s clear
Figure 59 shows an electromanometric tracing obtained at operation from a
proven case of infundibular stenosis and in the upper tracing can be seen the
abrupt nise of pressure as the catheter enters the right ventricle, In this tracing,
taken before the stenosis was resected, the pressure 1n the pulmonary artery 15
so low that 1t does not emphasise that the low diastohc pressure 1n the in-
fundibulum 1s equal to that 1n the ventricle This 1s, however, clearly shown 1n
the lower tracing made after infundibular resection
It 1s also well shown 1 Figure 43 1n the tracing made at operation on a casc of
combined valvar and infundibular stenosis, the pulmonary artery pressure 1s not
much lower than the pressure in the mfundibular chamber but the drop 1n
diastolic pressure marks the transition from artery to infundibulum, the greater
pressure change as the ventricle 1s entered 1ndicates that the infundibular stenosis
1s the more 1mportant
It must be emphasised that pressure observations must be made at 0
to confirm the site and severity of the obstruction even though this may appear
obvious from cxternal examunation of the heart, certainly the presence of two
obstructions can be confidently elucidated only 1n this way Morcover, the cffect
produced by the operation on the stenosis or stenoses must be assessed at opera-
tion by further measurements and tracings
Just as an infundibular chamber should be readily recogmsed, so can a Val"'al:
stenosis when the artery shows post-stenotic dilatation This applics only \jll;
certainty to ‘pure’ pulmonary valve stenosis m which the artery can usually be
scen on the plain radiograph (Fig 27, p 39), and shows up well n the mim'
cardiograph as diagrammatised 1n Figure 604, 1t will be remembered that when

pCl’ﬂthﬂ
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59 Electromanometric tracing of infundibular stenosts

the heart 1s very large the artery 1s pushed up so as to be horizontal and 1s there-
fore seen end on or foreshortened (Fig 28), this also 1s shown in Figure 60B

I have only once seen 1n Fallot’s tetralogy sufficient dilatation of the stem of
the pulmonary trunk on a plamn radiograph to indicate a valvar stenosts. A
moderate or minor bulge 15 sometimes seen near the origin of the artery, but
never enough to differentiate from a high infundibular stenosis

If the type of valvar stenosis 1s as depicted in Figure 41, that 15 with a general
moderate dilatation of the artery, the angiocardiograph may reveal a general
ovoid dilatation (Fig 60c) stmular to that seen 1n ‘pure’ pulmonary valvar stencsis,
although the artery 1s much smaller As a simular dilatation may te caused by a
high infundibular stenosis 1t 1s important to try and assess whether the length of
the dilated segment suggests that only the pulmonary artery 1s affected or whether
1t extends below the valve level, thus including the highest part of the infundi-
bulum It may be difficult to decide this, especrally as the amount of foreshorten-
ing of the artery varies with the amount 1t 1§ pushed upwards by night ventricular
hypertrophy It 1s then helpful to consider the shape of the proximal part of the
opacity, a smoothly rounded end suggests a valvar stcnosis and a pontcd or
conical end suggests a high infundibular stenosis (Figs 6op andE) Figure 611s an
angtocardiograph of an undoubted case of high infundibular stenosis with much
general post-stenotic dilatation of the pulmonary artery and of 1ts left branch This
1s also shown 1n diagram 1n Figure 60F, the dilated left pulmonary artcry may be
visible as a ‘comma’ on the plain radiograph It can occurn cither valvar or high
infundibular stenosis and so cannot be used as a diagnostic feature

In Figure 62 a smooth globular termination 1s seen in a proven casc of high
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60 Disgram to show interpretntion of various angiocardiographic sppearances.
(For full description see text.)
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59 Electromanometric tracing of infundibular stenosis

the heart 1s very large the artery 1s pushed up so as to be horizontal and 1s there-
fore seen end on or foreshortened (Fig 28), this also 1s shown m Figure 60B

I have only once seen 1n Fallot’s tetralogy sufficient dilatation of the stem of
the pulmonary trunk on a plamn radiograph to indicate a valvar stenosis A
moderate or minor bulge 1s sometimes seen near the ongmn of the artery, but
never enough to differentiate from a high infundibular stenosis

If the type of valvar stenosis 1s as depicted in Figure 41, that 1s with a general
moderate dilatation of the artery, the angiocardiograph may reveal a genceral
ovoid dilatation (Fig 60C) simular to that seen 1n ‘pure’ pulmonary valvar stencsis,
although the artery 1s much smaller As a similar dilatation may ke caused by a
high infundibular stenosis 1t 1s tmportant to try and assess whether the length of
the dilated segment suggests that only the pulmonary artery 15 affected or whether
1t extends below the valve level, thus mcluding the highest part of the infunds-
bulum. It may be difficult to decide this, especially as the amount of foreshorten-
ing of the artery varies with the amount 1t 1s pushed upwards by night ventricular
hypertrophy It s then helpful to consider the shape of the prosimal part of the
opacity, a smoothly rounded end suggests a valvar stcnosis and a pointed or
conical end suggests a hugh infundibular stenosis (Figs 60D and g) Tagurc611san
angiocardiograph of an undoubted case of mgh infundibular stenosis with much
general post-stenotic dilatation of the pulmonary artery and of its left branch, This
15 also shown 1n dragram 1n Figure 60F, the dilated left pulmonary artcry may e
visible as a ‘comma’ on the plain radiograph It can occurin csther valvar or Jugh
infundibular stenosts and so cannot be used as a diagnostic featurc ‘

In Figure 62 a smooth globular termination 15 scen 1n a proven Case of high
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show interpretation of various angiocardiographic appcarances.
(For full description see text.)
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63 High infundibular stenosis,

nfundibuler stenosis but the shght extra length indicates this condinion although
1t would be difficult to exclude a valvar stenosis wath certamty before operation
(Fig 60G) In Figure 63 the length of the pulmonary artery 1 sufficent to
diagnose with fair confidence that the proxmal bulge 15 due to a small infund:-
bular chamber; this is also suggested by the uniform density of the pulmonary
art

?gm&shm:omnbm:dvﬂwrmdhlghmﬁmm’b\ﬂummthe
bilobed or cottage loaf appearance of the proximal shadow suggests thus and 15
supported by the shight but definite break 1n filling of the pulmonary trunk
immediately drstal to the smaller upper part of the swellmg (Fig. 6om)

A lateral view may help greatly in estmating any extension below the valve
level because 1n this view foreshortening i corrected. With an ordinary venous
angiocardiograph the shedow of the supenor vens cava may be supermmposed oa
that of the pulmonary outflow tract and 1t 13, therefore, better to use a selectrve
techmque m which the contrast medrum 13 1njected via a catheter in the nght
ventnde. Figure 65 shows such a radiograph of a valvar stenosis m which it
even possible to 1dennfy the lincar filhng defect due to the valve mself and also
the emergent jet. J8nsson ef al (1953) show some beaunful ilfustranons of selec-
tive angrocardiographic demonstrations of the types of pulmonary stenosis

The globuler type of valvar stenoss 13 the commanest 10 Fallot’s tetralogy
and has already been described and has been depicted m Figure 42 It is shown
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65 Selective angiocardiogram to show valvar stenosis

dragrammatieally 1n Figure 60p, instead of an ovord dilatation of the whale
length of the maln pulmonary artery there 13 only a globular swelling at 1ts base.
Another feature that may point to & valvar stenosss 18 persistence of the shadow
within the valve globe or coue after the pulmonary artery has empted, thes s, of
course, a reflection of the obstruction present.

At operution, recogmtion of a valvar sienosis may be easy and the crteds
already laid down for pure pulmopary valvar stenosis spply equally The most
cruaal test 1s actual palpation, either wath ane finger or between finger and thumb,
of the dome of the valve becommng hard and tense 1n systole. The greatest

difficnlty exusts when a small globular valve is present; at first glance the localised
a
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dilatation resembles persistence of the sinuses of Valsalva, perhaps somewhat
smoothed out and suggesting dilatation distal to a high infundibular stenosss
Careful palpation should, however, reveal that the stem of the pulmopary artery
1s under low tension all the nme, whereas the globular first part becomes tense in
systole and relaxes in diastole The reverse 1s the case if the siuses of Valsalia
are present, they seem to relax i systole and become shghtly more tense 1n
diastole. In addition certain other features of a high infundibular stenoss are
absent.

The bulge of a globular valvar swelling may often be seen and felt through the
mtact pericardium, but so can the bulge due to a lugh infundibular stenosts and
1t 1s 1mpossible to differentiate the two unless the pericardium 1s opened Then
the bulge of a high mnfundibular stenosis 15 seen to extend defimutely below the
level of the valve ring Usually it appears to be half above and half below the nng,
as 1s shown by the presence of a thinned-out layer of muscle fibres on 1ts surface,
becomung rapidly thicker proximally where a definite depressed groove appears
on the surface of the ventricle 1n systole This groove indicates the tethenng of
the outer wall of the infundibulum to the crista supraventricularis by the Iinear
fibrosis which constitutes the maximum obstruction Moreover, although the
sinuses of Valsalva are mnvolved i the dilatation it 1s stll possible to recognisc
their presence and structure. Palpation fails to 1dentfy the tense dome of the
stenosed valveinsystole, and although a jet-like thrill can be felt, 1t 1s not quite the
same as with a valvar stenosis; 1t 1s usually not so fine and precise, 1ts origin 1s fess
easily determuned and ¢ can be felt below the valve level of a finger 1s placed on the
proximal part of the bulge, especially at the level of the constriction Even when the
outer wall of the small chamber 1s thick enough not to form a bulge, light palpa-
tion will reveal that the wall 1s thinner than that of the mam body of the ventricle
and 1n this way the actual line of transition can be idenufied In doubtful cases the
transition can be found by electromanometric readings with a ncedle by ma’}:mcgl
punctures on each side and narrowing down the gap, a catheter can also be uscd
for securing a withdrawal tracing and the exact position of the stenosss idenufic
by measurement of the length of catheter within the heart when the pressurc
change occurs

'Ighe same techmque may have to be used when there 1s 2 large infundibular
chamber associated with a low stenosss but concealed because of good muscular
development of its outer wall, when the outer wall 15 thun there 15, of course, no
difficulty

Finally, 1f any doubt remains, a finger can be inserted through an n
down 1n the right ventricle and the exact site of the stenosis idenuficd ollos

It has been objected that the pattern of mnfundibular s1enosis do? nolln xh*;z
the descriptions given here, that such a description 1s €rroncous imna 1r'r‘nc z;’ o
the form of the stenosis 1s cnunently sunable for operausc r 50&10;1 [;':C o}:uﬂcm
small proportion of cases in which there 1s ertreme hypoplasia of ths

tract
110515 MUSt 1est
The success of operations for the direct relicf of pulmonary $t¢

c1ston low
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on the correctness of the surgical anatomy given above. My expenence of direct
operatve relief of the stenoss m cases of Fallot’s tetralogy makes me quite con
fident of the correctness of these observations, observations made on the living,
funcnoning heart. Analyms of the actual results of the direct operanons on the
stenosis shows good or very good results in some 75 per cent of cases (Brock, 1955)

Such a high proportion of good results would be impossible unless the operations
were well founded anatomcally



Forms of transposition; common ventricle

HIS chapter deals with a rather varied group of conditions 1n which pul-
monary stenosis plays a part but 1s usually not the most important anomaly.

Aorta and pulmonary artery both arising from right ventricle

This 15 a good example of the inadequacy, which was menuioned carhier, of the
term ‘Fallot’s tetralogy’. Climcally and radiologically a patient with this mal-
formation may appear to be a typical case of the tetralogy, but the actual mal-
formation demands separate classification Both ventricles arc present, but the
aorta arises wholly from the right ventricle, which also gives nise to the pulmonary
artery Blood can leave the left ventricle only through a ventricular septal defect
to enter the nght ventricle and thence to the two great vessels There are examples
of lesser sevenity in which the aorta arises perhaps 9o per cent from the night
ventricle and over-rides the left ventricle perhaps 10 per cent Some blood can,
therefore, pass directly 1nto the aorta from the left ventricle, but the greater part
has to pass through the septal defect It s difficult to say at what degree of ovm:-
niding a diagnosis of Fallot’s tetralogy becomes unacceptable Arbuitranly, 1t
might be said that anything more than 75 per cent over-nding of the scpium

moves the casc mnto a scparate group d
This 15 because such a large degree of over-riding clearly indicates a dominant
86
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m@.nofthcmmmconnccﬂonmrhthcﬂgbtmmdc;inthety'pica.anllot’u
tetralogy the sorta unquestionably anses primarily from the left ventnicle, and
indeed many think that the septal overlap 13 not real but 13 apparent or illusory
and resuls from the loss of fimstion of that part of the sornc rmg which has lost
its support due to the septal defect. In fact, if one excises this portion of the
ventricular septum in 2 normal heart, 1t creates the impression of an over nding
sotta if viewed from the right ventricle (Lillcher ef af , 1955) In these cases there
is no drfficulty m correcting the apparent dextroposition by suturing the margin
of the septal defect to the sortic nng In cases of genwine total or subtotal trans-
positton of the aorta 1n which 1t anses dominantly from the right venmicle, 1t
would be tmpossible to do such a repatr to separate the outflow tracts of the two
ventricles In fact if repaur were possible 1t would, m contrast, result 1n total
scparanan of the sorta from the left ventricle.

Total dextroposition of the sorta certamly demands separate classificanion,
the higher degrees of dextroposition m which the aorta arises almost eatirely from
the right ventricle would appear to belong rather to this group than to a straight-
forward Fallot’s tetralogy Certainly the prognosis 13 worse, both without opera-
ton and also after operation 1n which the immediate mechamical derangement
may be profound and even faml

The {s may be infundibular but has been valvar 1n 2 sufficientdy large
number of cases to suggest that 1t may be the commoner lesion 1n this type.
The valvar obstruction may be of such high degree that it constitutes almost an
atrena.

The aorta and pulmonary artery in these cases may hie side by side like a two-
barrelled gun, the aorta may then represent the nght reptilian aorta ansing from
the recess behind the arista supraventrculans which has already been mentoned
as representing the outflow tract of the reptilian nght sorta (p 7)

Transposition of the great vessels with pubmonary sterons

It 13 no part of this monograph to give a full account of the development and
anatamy of transposition of the great vessels, for this complex enomaly may exst
without any form of pulmonary stenosis

However 1t may also be sccompanied by a pulmonary stenosis which 1s
usually vatvar but may be mfundibuler The pulmonary artery lies directly
behind the aorta and 15 largely hidden both radiologically at operanon and
amatomucally

Cormemon ventncle (fusion of inflow partion of nght ventricle with left ventricle)

Vmousform;ofcommonvcntndcmlybemrththmwhxchth:reisllwn
pulmanary stenoms, but 1n the type selected here for speciol mention the leading
fmnuenabsmoeuflvmmmh:wpwmmthﬂ!hcmfundﬂmlummmun
tmxﬂmn:xcofuhrgecommouv:nmdc(ﬁg 66) There 1s no trace of the inflow
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66 Diagram to show common ventricle with
a small, partly separate, right ventricular
outflow tract, a low infundibular stenosis
1s seen,

portion of the right ventricle The infundibulum 1s always small and connccts
with the common ventricle by a small ostium which 1s simular to, perhaps dentical
with, the stenosed stoma usually seen in infundibular stenosis l?ctwccn the
infundibulum and the body of the night ventricle. In addstion there is usu?lly an
abnormality of the pulmonary outlet, either a high nfundibular stenosis or a
valvar stenosis, this may be of the nature of a valvar atresa.

This type must represent an early and severe abnormality of the bulb;&r
fusion for not only 1s fusion mcomplete but expansion of the bulbus 1s greatly
retarded In one case, of a child aged 8 with moderatc cyanoss and disability, the
infundibulum, viewed at operation, was raised and quite distunct from the cl;)m-
mon ventricular mass so as to form a small muscular channcl or mbcba1 ;ust
075 cm wide and 2-3 cm long, just hke a dimmnuuve and scparate ucoz-
cordss; clearly a high-grade atavism There was only a tiny proximal stoma o
necting with the ventricle and distally a high-grade valvar stenosis amounting
almost to atresta Life was supported by a small persistent ductus.



Summary Durect operations for pulmonary stenosts,
physiological changes due to direct operations

NVESTIGATION of the morbid anatomy of pulmonary stenosis reveals that the

obstruction 13 almost always due to meldevelopment of the bulbus cordis, the

dustal part of which forms the first part of the pulmonary artery including
the pulmonary valves, the proxmal part 18 mncorporated withun the right ventricle
1o form the mfundibulum, Stenosis mey occur at vanous levels, but, convemently,
cun be considered a3 affecting erther the distal or the promumal part of the bulbus
When the distal part 15 at fault, atress of some portion of the pulmonary artery
ozcurs, or pulmonary valve atresia or pulmonary valve stenosis  Pare’ pulmonary
valvar stenosis with an intect ventnicular septum 1s also due to malformaton of
the distal part of the buibus

Malformation of the proximal part of the bulbus gives rse to infundibular
stenosts Combined valvar and infundibular stenoses mply that both the proximal
and dntal portions of the bulbus are 2t fautt.

Although the infundibulum exhibuts vanous grades of under-development,
in every cuse the mammal obstruction is localised, being annuler or diaphrag-
mquiemrmmpanofthcdmm:]my:xhﬂntmmcuhxthlcbmngbm
base, but the actoal stenosis or ostrum 18 surrounded by fibrous tissue, In older
pauents this becomes progressively thicker, warty and even caldified. The normal
systolic contraction may add a functional infundibular stenosis or may aggravate
an exrsting anatomucal one.

89
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66 Diagram to show common ventricle with
a small, partly separate, right ventricular
outflow tract, a low infundibular stenosis
1S seen

portion of the night ventricle The mfundibulum is always small and connccts
with the common ventricle by a small ostium which 1s simular to, perhaps identical
with, the stenosed stoma usually seen in infundibular stenosis l?cnvccn the
infundibulum and the body of the right ventricle In addinox} there is usually an
abnormality of the pulmonary outlet, esther a lugh infundibular stenosts or a
valvar stenoss, this may be of the nature of a valvar atresia

This type must represent an early and severe abnormahty of the bulb[;u:
fusion for not only 1s fusion incomplete but expansion of the bulbus 1s grcah_‘y
retarded In one case, of a child aged 8 with moderate cyanosis and disability, the
infundibulum, viewed at operation, was raised and quite distinct from the com-
mon ventricular mass so as to form a small muscular channel or tube about
075 cm wide and 2-3 cm long, just like a dimnutive and scparate bull;::?
cordis, clearly a high-grade atavism There was only a tiny prosmal stomamm
necting with the ventricle and distally a high-grade valvar stenosis amounting
almost to atresia Life was supported by a small persistent ductus.



Summary Drrect operations for pulmonary stenosts,
physiological changes due to direct operations

NVESTIGATION of the morbid apatomy of pulmonary stenosis reveals that the

obstriction 15 almost always due to maldevelopment of the bulbus cordis, the

dmstal part of wiuch forms the first part of the pulmonary artery including
the pulmonary valves, the promimal part 13 incorporated waithin the nght ventnicle
to form the infimdibulum. Stenosts may occur at various levels, but, conveniently,
can be contidered as affecting ewther the distal or the proxumal part of the bulbus
When the distal part 11 at fault, stresia of same portion of the pulmonary srtery
oocurs, or pulmonary valve atresia or pulmonary valve stenosts ‘Pure pulmonary
valvar stenosis with an mtact ventricular septum 1s also due to malformation of
the diswl part of the bulbus

Malformanon of Jhe proxumal part of the bulbus gives rise to mfundibular
stenosis. Cambined valvar and infundibular stenoses imply that both the proximal
and distal pornons of the bulbus are at fault.

Although the infundibulum exhibits varlous grades of under-development,
1n cvery case the maxamal obstrucuion 13 localised, bemng annuler or dmphrag-
mafic; the narrowest part of the channcl may exhibit muscular thickening in 1ts
base, but the actual stenouts or ostum s surrounded by fibrous tissoe. In older
patents this becomes progressively thicker, warty and even calelfied. The normal
systolic contraction may add a functional infundibular stenosis or may sggravate
an existing anatomucal one,

89
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In one type (hypoplastic) the whole of the infundsbulum 1 atrophic and the
pulmonary channel 1s totally inadequate, although even 1 this type there 1s a
secondary zone of maximal fibrous stenoss or there 1s a valvar obstruction

Where the infundibulum 1s not so hypoplastic 1t 1s convensent to classify the
types on the basis of the level of the maximal obstruction This may be ‘high’, 1 ¢
immediately below the valves, no mnfundibular chamber 1s formed. At other
levels it may be ‘intermediate’ or “low’, 1n all of these a post-stenotic dilatation
occurs giving rise to an infundibular chamber which may be promunent externally
if 1ts outer wall 1s deficient 1n muscle It 1s imperative to recognisc that n all
types, although the infundibulum may be so much smaller than normal as to give
a reduced pulmonary channel, this 1s usually adequate and the cffective obstruc-
tion 1s always annular or diaphragmatic In the simplest and rarest form the
obstruction 1s at the junction between the body and the nfundibulum of the
ventricle, the cavity of which 1s then virtually separated into two parts by a
muscular septum perforated by an osttum with a nigid fibrous margin In this
type there may be no ventricular septal defect, 1n all the others a septal defect
€XISts

In a proportion of cases of Fallot’s tetralogy, probably betwcen 30 and 40 per
cent, the effective obstruction 1s not infundibular, 1n spite of the infundibulum
bewng small, but 1s valvar In some 20 per cent an nfundibular and a valvar

obstruction co-exist
These observations on the nature of the actual obstruction are fundamental

in considering operative treatment

The direct operative rehef of pulmonary stenosis

Ths 1s no place to debate the relauve values of the indirect anastomotic
operations and direct relief of the obstruction stsclf, this has been discussed clse-
where (Brock, 1954, 1955) It1s sufficient to point out that 1f the actual obstruc-
tion can be relieved the heart 1s directly benefited and the mechanics of the air-
culation are not further complicated by an artificial ductus arteriosus.

In ‘pure’ valvar and ‘purc’ infundibular pulmonary stenoss there can be no
doubt that valvotomy or infundibular rescction are the operations of choice If the
obstruction 1s not relicved and a short-circuiting operation donc, no relief 1s given
to the burdened night ventricle and an addttional strain 1s thrown on the Jeft
ventricle The already overtased nght heart has to cope with a further increase
of circulating blood and sooner or later fails '

Dircct relief of the obstruction, whether 1t be salvar, mfundnbulaf or the two
combined, 15 also feasible 1n a very hugh proportion of cascs of Fatfot's tetralags.
The anatomcal basis for these procedures has been sct out in the prcccdmg
chapters and summarised above and 1ts truth has been abundantly mr;f“:r;;::.g
during the cxpenience personally gamed in 168 direct epcmunn;! on‘ ““Cl
tetralogy dunng the last 7 years, That the anatommucal baas s mx:rr;; (‘; ct :;:Hcr:z
15 also proven by the hugh percentage (some 75 per cent) of p re
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3 |

67 Resection of a sepment of csta supraventriculans by means of a spur punch.
the sphinctenc like action of the infundibular muscle may
destroy the control mechanism

resulty obtamned The only lesions for which a direct operanon is not feasible are
those of tricuspid atresia pulmonary atresia and severe degrees of pulmonary
outflow hypoplasia, especally m mnfants and young children.

When the crista supraventricularis 13 involved mn the stenosis the question
arses of resecting part of it to increase the lumen. This 15 posible 23 a closed
procedure by using a punch forceps with a termunal bute (Fig 67) Whether it 1s
good surgery to divide this important muscular structure 15 perhaps doubtful, 1t
can be very effective In relievmg the infundibular stenosis

When it 13 being resected two structures are vulnerable; one is the septal cusp
of the sortc valve which Lies above; the other is the night branch of the atrio-
ventneular bundle This rums down the septum from the postenor part of the
septal defect well behind the crista and would be damaged only 1f an instrument
were directed well backwards It hes never been damaged on the numerous
occastons 1 have performed punch resection of the crsta

Darect operations on the stenoss are better done at an eatly age so that the
pulmonary outflow tract aan grow with the patient. Development must be pro-
gressively scverely arrested 1f the stenosis 18 not rehieved, for in eddinon to the
stenows becoming relafroely more severe as the pattent grows older, it becomes
absolutely more severe as a result of daily wear and tear on the stenosed paasage.
Ulumately the obstruction may become complete or so nearly complete as o be
virtually so

Valvotomy allows progresmve dilatation of the main pulmonary artery and
of 13 branches, infundibular resection, by correctmg 1he tethening of the walls
of the infundibulum by the fibrous nng which loops out from the crista
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supraventriculars, allows growth and expansion of the channel as the rest
of the heart grows In other words, normal growth and Progressive 1mproy c-
ment are favoured

In patients in the late teens and twenties, 1n addition to permanent arrested
growth of the mnfundibulum, secondary narrowing has occurred from progressive
fibrosis Direct operation 1s less favourable in these older patients when the
stenosis 15 high, 1t 1s more likely to be favourable when the stcnosis 15 low because
post-stenotc dilatation has produced a good-sized infundibular chamber. The
only disadvantage 1s that 1f the muscular wall of the distal part of this chamber 1s
thin and atrophic 1t may stretch under the influence of the increased pressure and
flow, and secondary functional pulmonary regurgitatton may develop (scc
Chapter XIIID).

That increase of size of the pulmonary artery does 1n fact follow a direct
operation has been observed 1n several cases when a second operation has been
performed Thus, 1n a young boy aged § years the pulmonary artery was Icss than
I cm 1n diameter 1n assoctanon with a valvar stenosis Valvotomy was followed
by a good result for 2 years and then cyanosis and disability began to return At
a second operation § years after the first one the pulmonary artery was found to
be of normal size, the valvar stenosis had been corrected, an infundibular stcnosts
was present and was successfully resected

This 1s an important observation for 1t means that cven though the pul-
monary outflow tract 1s severely under-developed, 1t can be restored to full
growth by a successful direct operation It should then be possible at a sccond
operation, should it be necessary, to close the ventricular septal defect without
fear that the pulmonary channel could not carry the additional flow of blood if
the stenosis 1s totally removed This must always be a fear 1n certamn cases of
Fallot’s tetralogy now that technical developments allow simultancous rescction
of the stenosts and closure of the septal defect Although a proportion of cascs
will be primanly suitable for such a one-stage defimuve curative procedure, there
will always be a proportion 1n which the pulmonary stenosis will have to be
relieved as a first stage and the septal defect closed as a second stage

It has been suggested that the simple direct operation for the rclicf of valvar
or infundibular stenosts 1n Fallot’s tetralogy 1s incomplete and therefore obsoles-
cent It 1s doubtful, 1 the light of the above obscrvations, 1f this 1s correct

Correction of the right-to-left shunt

In addiuon to lessening cyanosis and disabihty by increasing the blood- o
to the lungs through the normal channel, direct operations on the obstruction

beneficially by another mechanism ‘ ‘
Part of the cyanosis and disability 1s duc to deficient blood-flow to the funs,

> ulmonny

part 15 duc to the nght-to-left shunt through the septal defect ::’Sn At all of

" + e

valvar stenosis with a persistent foramen ovale there ¢an be no Q‘j 1 and an
this latter mechanism because cyanosis may appear only after many

flow
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be corrected completely by successful valvotomy In malformanons of the Fallot's
tetralogy type in which there 15 a ventricular septal defect, @ sunilar effect is pro-
duced (Fig 68) Thus, if there is considerable obstruction to the outflow mnto the
pulmonary artery, a large part of the output of the nght ventrcle inenimbly
pastes into the sorta with considerable mining of venous and arterial blood. If
the obstruction to the pulmonary ertery, whether valvar or infundibular,
relleved, @ greater part of the output of the right ventricle can pass to the lungs
and a correspondingly smaller amount 15 drverted mto the aorta; the artenovenous
minng 18, therefore, reduced.

If the optumum relief of the pulmonary stenosis 18 obtuned by operation the
nght to-left shant wall be completely abolished, cyanosts and disability will be
completely relieved.

In some cases the shunt 13 not only cosrrected, 1t may be reversed o that 1t

68 Diagram to show the effect of direct relief of the pulmonary stenows in Fallot s

in correcung the right w-lkft shunt in addition to improving the

blood flow A. Pulmonary atresis total shuntng B Fallot's
tetralogy, partlal shunting C. After operstion, lessened shunting

becames left to-nght; the pulmonary flow bemg slightly greater than the systermic
flow In occasional cases we have observed conmiderable reversal of the shunt so
that the pulmonary flow becomes too great. In some of these the pulmonary
artery pressure has been slightly raused as a result of the increased flow, not from
increased resistance. Thus 1n one cuse the oxygen saturation rose fram 86 per
centto 98 per cent, the pulmonary flow incressed from a half to double the
/tynumcﬂuw-themﬂma:ymcrypmsuxcmscfmmuﬂmm.ﬂgm
38/12 mm. Hg
Far from a severe rise 1n pulmonary artery pressure following direct relief of
the pulmonary stenoms the nse 1n pressure 13 more often disappointingly small,
mdwdxtnnyme:ollnjcthatthcdmimlrcsultwm.lldlppurtobcmmmbly
unsatisfactory Inflc(,wmhcvmamvzalmmpmminthcpuhnomrym:ry
the clical result may be excellent, d rating that 1t 1s pul ¥ flow rather
than pressure that matters In many such cases the penpheral pulmonary resist-
ance is 30 Jow that no pressure nse occurs The following case serves as a perfect
exsmple of this

The patient was & young man aged Ig years and a3 bad & case of Fallot’s
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tetralogy as 1t 15 possible to meet. He was quite mcapacitated and was wheeled
into the out-panent chinic 1n a charr He was so cyanosed, distressed and ill that
It was necessary to admut him to hospital at once In due course he underwent
operation and a pulmonary valvotomy was done Figure 69 shows the catheter
studies 1n July 1951 before operation and 1n November 1954 after operanon If
the pressure curves are examuned 1t will be found that there 1s but httle change.
the night ventricular pressure 15 75 mm Hg before and about 9o mm Hg after
operation, the pulmonary artery pressure was rather below zero and was between

:lgf—l }{H il o i Before Valvotomy
J¥a8 39 3 5

;—}""‘- LA fe » ‘"’ Q. Capacity 263 mt |

I A I (Hb  140',)

eil T i L Arterial O Satn 5%,
¥ N ~ Pul Blood Flow 171 min
IR ~; 7: Sys Blood Flow 60! mun
T TP R-vLShunt 431 min
| AORTA [ ;
g Lw:’ ]1” Y

251154

After Valvotory

!
i~
apacity 209 mt |
| ’ O Cina Togy
t-  Arterlat O, Satn 967,
I[" Pul Blood Flow 771 min
-}~ Sys Blood Flow $61 min

hﬂ- L~ L—> R Shunt 211 min
y T

, ; t’s
69 Catheter studies before and after successful pulmonary valvotomy 1n Tallo
tetralogy (For description and discussion sce teat )

B.A I

==

zero and § mm Hg after operation The chinical result, however, was a«dpc;f;cct
as onc could wish All cyanosis and disabihity were rehieved, he gmr;_c " 3 '1'\ .
3 stone 1n weight and from being a complete mvalid 1s now able to do : u“ c‘; -
work This improvement 15 reflected 1n the other catheter ﬁndmgcrgccm "
Figure 69 Thus the artenal onygen saturauon has misen froxs'n 54 :cm) o
95 per cent (hacmoglobin has fallen from 140 per cent to 10 ]}:fr:; " :;nnmc
striking still 1s that the pulmonary blood-flow has risen from 1 7] : e pcr e
to 7 7 htres per minute, n fact the nght-to-left shunt of'4 3h ;t xspdlﬂxcull .
has been changed to a left-to-night shunt of 2 1 hitres per ml.rf‘tjutc“ e nenpheal
imaginc a more striking example of the important part played by

pulmonary resistance 1n influcncing blood-flow.

It 15 possible that in Jater years we may ohsene '
pulmonary ressstance accompanied by a nisc in pulmor;arj} e
diminution of pulmonary flow, perhaps cven reverat @ lpuc'-cr e e for
recurrence of the night-to-left shunt and cyanoss “This, m«fx! (;(H”c o the
the future In the meanume the prospect of routne sutcenti

an mcrease n penpheral
artery pressure and 2
ars How and
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ventnculur septal defect under durect vision in these cases (Brock, 1954) makes it
probable that the onset of such sccondary changes may be entirely prevented.

Moreover the abiltty to close the ventricular septal defect will entirely remove
anxieties and Hmitations 1n regard to too generous relief of the pulmonary stenosis
The need to leave some protection for the pulmoenary circulanon will no longer
remain and the stenosts can be dealt with as radically as postible under the same
urect vision.

Annng further out of this question of slteration of the nght-to-left shunt
after successful operation for the relief of the pulmenary stenotic clement 1
Fallot's tetralogy (valvotomy or infundibular resection), interesting immediate
secondary physiologrcal changes may be observed Thus, on one oceasion at an
opemation 1n which mfundfbular resection had been completed, the anaesthenst
semasked that the penphersl blood pressure had fallen and the pulse was poor;
st first this was thought surpnsing becanse an excellent pulmonary blood flow
conld be felt as judged by palpation of the pressure and flow in the pulmonary

ko

© AORTIC PULSE
1] 4 1
0 OoN OFF

70 Acrtic blood pressure trucing in a case of Fallot’s tetralogy after infundibular
resection When the pulmonery outflow truct was campressed the aortic pres
wure rote 10 mm. Hg and fell agein when the pressure was released thus
demonstrating in the right ro-left shant.

anery The more usual observation is that deterioration 1n the patient’s general
condrtron 13 accompared by dimnution 1 the pulmonary flow, e there 13
geoenil depresuion of the arculation. In contrast m this case there was selective
depression of the systemic curculation.

Thus suggested that the incressed pulmenary fow was at the expense of the
systemic output, and this was confirmed quite simply by observing the aortic and
mlﬂﬁypmmwhﬂcnﬁnguwupmudunthcpulmnuyoutﬂuwm
mm;urclncd. Figure 70 shows the effect clearly in an electromanometric

This mechanism 1 1ntelligible of one ccepts that the combined ventrcular
::Pﬂl cinnot immedutely incresse to compensate for is redistribunion, thus if

Pulmonary flow increases the systemic flow must decrease by about the same
tmount. The caly way the ventrcles can correct this state 15 by increasng ther
output and thes may be difficalt m the early stages after thewr efficiency has been
m?i'@gb.fdhamﬁmmmdm

"md"“bﬂm 2130 the explanation of another phenomenon observable,
umyqdmiﬂdmdunngtheﬁrn&wdlyxlﬁuopmmn,thnhmc
cndummmuf Systemnc hypertension. Soon after operation the patent may show

greatly dummished peripheral blood flow as acen by pallor, some
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cyanoas and poar pulse volume; 1n contrust the blood pressure 13 high and may
reach 200 mm Hg systolic or even higher This 13 a remarkable occurrence in &
young petlent who has just undergone a major ventricular cardiotomy; 1t would
be not unreasonable to expect hypotension rather than Aypertension In one child
the systolic pressure 24 hours after operation rosc as high as 270 mm Hg, a
fignre which caused considerable alarm s to its effects on the heart and concern
s to whether some gross accident had occurred

The explanation seems to lie in an exaggerated response to the redistribution
of the ventricular output as mentioned .above the only way the ventncles could
th Ives correct the d hed systemuc flow would be to Increase the stroke
volume. This can scarcely be done so soon after ventricular cardiotomy Com
pensation 13 achieved by another mechamsm—penpheral vasoconstricnon, this
an help to muntam an adequate coronary flow while cutnng down the less
mmportant peripheral arculation. The penpheral constriction is obvious clmically

Figure 71 thows the blood pressure chart in such a case; the phase of
secondary hypertension and then gradual recession to normal pressure 13 thown.
Thus secondary rise 13 best seen in young chuldren but may be observed at all

In addition to the physiological and clmical interest of this phenomenon there
13 a0 important practical bearing After cardiotomy for pulmonary stencsis with
a ventncular septal defect (Fallot’s tetralogy) it would be casy to be content with
& normal or subnormal blood pressure; 1t could well be thought that this was to
be expected. Actually this should give grounds for alarm, for 1t would indicate
that the arculanon 1 not being readyusted satisfactorily Unless there 13 no doubt
that the patient’s conditron Is quite satisfactory 1t 18 better to take steps to rase
i::‘lood pressure, Le by transfusion, posture and, if necessary vasoconstnctor



——

CHAPTER XIII

Control mechamisms 1 the outflow tract of the right ventricle

plicated than 1s generally thought Indeed, it 1s doubtful if much thought

1n general 1s gtven to 1t, the usual conception 18 that of a simple muscular

THE function of the right ventricular outflow tract 1s somewhat more com-
lc In

canal which contracts to aid the expulsion of the blood 1t receives n diasto
actual fact, the function is more sensitive, more labile, than this and 1s particularly
concerned with a mechanism exerting a control on the pulmonary blood-flow
Although this 15 2 function 1n the normal heart it assumes greater importance
and 1s more readily demonstrable 1n the abnormal heart, especially when there s
some form of pulmonary stenosis
The anatomy of the normal right ventricle has been described (Chapter 111,
and Figure 16 (p 19) 1llustrates the way the infundibulum stands out 1n a mannct
which shows 1t 1s anatommucally partly separate from the rest of the night ventricular
muscle mass and which suggests 1t may also be functionally somewhat scparatc.
This arrangement of the infundibulum was fully eaplained by stmple refer-
ence to 1ts development It will be recalled (Chapter 1) that in the fish and the
amphubian heart the bulbus cordss cxsts as a separatc part or chamber which 15
not seen 1 the mammahan heart, in which st loses 1ts identity by becoming
absorbed into the musculature of the outflow tract of the right ventricle

98
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The finction of the mfundibulum
Secing that structure 18 related to funcuon, the obvious anatomucal difference
between the infundibulum and the rest of the nght ventnde suggests that this
may be related to different function, To Keth (1904¢) belongs the credit of
bavng drawn atiention to this He states, “The great development of the bulbus
wrteriosus 1 gill-breathmg vertebrates is due to the peculier nature of thar
crcalanon. The heart 1s pnmarily & respiratory pump, the ventnicle throws 1ts
load 1nto the short sorm leading to the gills To be able to receve the ventri-
cutar Ioad and to force 1t onwards, that vessel 13 endowed with enormous elasticity
%0 that no valves within 1t could be mechamcally competent were they not
furnrshed with & muscular or elastic support, such as 13 provided by the bulbus
arteriosus. The musculature of the bulbus, like that of the aorta, is always in
acuon but most o m diastole of the ventricle. In every way the pulmonary artery
resembles the shart gill aorm of fishes of which 1t 1s the functional representanive
in air bresthing vertebrates  Kesth then goes on to suggest that i man the
pulmenary valves are rendered competent only because they are reinforced by
the musculature of the ventnidle which extends up to them. In support of this
be quotes some experiments carried out by Gibson (1898) 1 which he showed
that the pulmonary valves allow regusgitation if they are exposed to the weght
of mare then & certam column of fiud This regurgitation could be controlled
by constricnng the pulmonary artery by tying a cord round it exactly at the
attachment of the valves Gibson felt that thus thowed clearly that the relanve
Incompetence of the valves was caused by distension of the clastic artery Tested
m the 1ame way the sortc valves never allowed any escape These obscrvations
led Gibson to suggest that a mechanism of readjustment to prevent regurgitation
B desizable 1n the pulmonary arculation and Keith supports this view He fecls
mﬁhmcfthcbu]busanmususinlowcrmtcbmamnmtmlydudnrgmg
bt regulatiog fibres that muntain their toniaty when the true fibres of the
ventnde have pussed into w state of diastole  when the right heart 13 distended
‘hturwhrﬁbramundthcbucofthcpulmomxynncﬂformafuncuoml
:‘;cm:e at the commencement of ventncular systole between the infundibulum
the greatly dilated artery and are  factor that must be considered 1n explaning
}’“’d‘”’m of pulmonary systolic brurts

h"“?“mdﬂltscnpcnmmm of Gibson and have been able largely to
verfy his findingy and certunly to venfy hus condlusions ‘The heart from a freshly
408 was waed and long lengths of gluss tubing were tied 1nto the gorta and
artery and then filled with water The pulmonary valves soon become
m and permit regurgitation. The aornc valves support a much higher
from those 'hfymubeoumcmoompetmt;thcﬁndjngnhmdﬁcrmthumpcct
of Gibson who stated that the aortic valve never allowed any escape.
uﬁh:ﬂm“ efficlency of the two systems 13 shown by the sumultancous heignt
mmlummlbcvecadlvﬂvc;inonccxpcnmmt[heaarnccu]umnm

%
tm‘,:"'dﬂ“1>ulmomr3 column was 20 cm When a flat ape was tightened
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72 Photograph of a dog’s heart in
which a column of water 1 a
glass tube tied 1n the pulmonary
artery 1s causing gross distension
of the pulmonary valve ring and
of the musculature of the
mfundibulum

round the pulmonary valve ring the onset of regurgitation could be greatly
delayed, as shown by Gibson If the tape 1s released when the valves have been
supporting a high column of water 1n this way, the weakness and inabihty of the
pulmonary ring and the infundibular musculature to support the valves 1s strth-
ingly seen, gross dilatation of the sinuses of Valsalva and of the pulmonary ring
1s seen at once (Fig 72

I have also c(:argeg t)he observations a stage further In an anacsthetised dog
the heart was exposed by a trans-sternal incision and the roots of the great vesscls
identified One needle was then nserted 1nto the pulmonary artery and onc into
the night ventricle so that stmultaneous electromanometric pressurc rccordn:}glgz
were made. The pulmonary artery was then partly occluded by a clamp so that "
pressure rosc, regurgitation at the pulmonary valve occurred rapidly, thus :rcd
an mtial pulmonary artery pressure of 16/14 mm Hg regurgiation occu o
when the pressure reached 26 mm Hg systolic In contrast, when thc'sa e
obscrvation was made on the aorta regurgitation did not occur until the systo sl;
pressure was over 300 mm Hg Thus the intial aortic pressure \\a; 9fn -
mm. Hg, there was no regurgitation at 261,/180 mmHHg, regurgitation began ¢

16/163 mm Hg and was more severe at 320 mm. Hg.

? gttg’mpts wcfc made to show that the onsct of pulmonary rcgurgna}:wn C(({)tz;f
be retarded when the tonus and power of the night ventricle was ¢n 'nnicc o
calcsum chloride or by adrenahne, although this appeared to be the c;zd o
results of the cxperiment were not enurely conclusive, adrenaline scem
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tamly to delay the onset of regurgitation. (I am indebted to Dr P Flemung for
assistance tn making these observations )

Walmesley (1929), m Quan s Anatomry, states that the developing myocardram
reaches the transition of the bulbus 1nto the truncus and then disappears m the
dumlplnofthcbu]buscvmbcforcnud.lﬁ'crcnuat\:dmtorecognuablcmuxdc
tissue. This retrogression of the bulbus myocardium 18 4 sgnificant feature of all
vertebrate hearts, 1t 13 probably to be related to the replacement of & muscular
sphincter control of the ent tube from the hegrt by a purely mechamcally val-
vular control. This conclusion that the control of the pulmonary outflow 13 @
purely mechanical function of the valve cusps and 15 not supported by muscular
action m the mammalian heart is almost certainly 1ncorrect; 1t 13 certanly incom-
plete. There 13 much to support Kerth s view of the probable function which the
muscle of the mfundibutum subserves

If Keith 8 view 13 correct, the infundibutum should not contract as a whole to
expel 113 contents but a wave of contraction should pass along 1t; almost a
penstltic wave. I have watched the action of the infundibulum on many hearts,
normsa! and sbnormal, exposed at operanon, under favourable condimons 1t 18
possible to see quite dearly & progressive wave of contraction and relaration
passing up the infundibutum. The conditions are, however, not very favourable
for recognusing this and even less favourable for demonstranng it. T was, there-
fore, cager to study the rapid cinematographic studies of the heart made by
Prinzmetal (1952) m which the heart contractions are photographed at up o
1,000 frames a second and are projected at the standard rate of 16 frames a
sccond, thus permittng detailed lesurely study and demonstration of cardiac
movements that are otherwise impossible to analyse. Prinzmetal s studies have
been wholly directed to the atrm, both 1n norma! function and m arthythmias In
hus films, however the whole heart can be seen and 1n certwin places 1t 13 poasible
to observe quite dlearly the action of the mfundibular portion of the nght ven
tricle up wiuch 1 wave of contraction passes, preceded by a wave of distension or
relaxation, It 18 unforturately not possible to reproduce in still pictures what can
be seen in the motion prcture.

Ifstis true that the musculatare of the infundibulum exercses thus controllng
action on the output of the right ventricle and the stabihity of the pulmonary
valve mechanism, it follows that 1n addition to actual waves of muscular contrac
tion and relaxanon playmng a part, muscle tonus must also be important. It is
possible to make observations in pathological climical states which tend to support
this supposttion that varying tanus in the night ventsicular outflow tract 18 of
functonal importance.

The mifundibulum wn pulmonary stenons

A charactenstic clmtcal feature of Fallot's tetralogy 13 vanation 1n the degree
of cyanosis and dusability, often from day to day, depending on enviranmental con-
dmons,andnlsothcocunmmuflmcbofdccpcylmnumdnnmmamnmn.
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73 Diagrams to show the effect of variations 1n form of the pulmonary outflow
tract, as the tonus increases—diagram on the right—Iess blood goes to the lungs
and more 1s shunted into the aorta

These attacks are of ill-omen and may be fatal. I suggest that therc 1s a
simple explanation for their occurrence, namely increase in tonus of the infundi-
bular musculature Thus, 1f the tonus of the already diminutive outflow tract
increases, the narrowed lumen becomes smaller as 1f by sphincteric action, less
blood passes to the lungs and at once the right-to-left shunt increases and more
venous blood enters the aorta (Fig 73) The cyanosts 1s, therefore, worsened mn
two ways and 1t 1s not surprising that unconsciousness occurs When the stcnosis
1s mtially severe, even a small increase in tonus will be serrous and 1t 1s just
in those pauients with severe stenosis that severe, frequent and perhaps fatal
cyanotic attacks occur Presumably the tonus must relax as cyanosis becomes pro-
found and as the coronary blood-flow becomes increasingly 1nadequate, general
cardiac tone would evitably fail as the coronary flow became poorer. .

The mlder variations 1 cyanosis depending on chimatic and other conditions
may also be due to variations 1n tonus of the infundibular muscle

We have been able to obtain actual direct evidence of variation n tonus of
the infundibular musculature, this has emerged from catheter studics made before
operation and at the tume of operation Thus the tracings shown 1n Figurc 74 can
be explained 1n no other way In the upper tracing, made at cardiac cathcterisa-
ton, a diagnosis of infundibular stenosis was made, 1t can be scen that there 1s
only one change 1n the systolic pressure although the drop in diastolic pressure
indicates clearly when the catheter passes from the pulmonary artery through the
valve to enter the infundibulum. The lower tracing was madc at opcration and a
double pressure change 1s shown, onc at the valve level and onc at the 131fundl-
bulum Combined valvotomy and infundibular resection were needed 1 he only
satisfactory explanation of this 1s that the tonus of the sfundibular muscle was
greater at catheterisation

Rodbard and Shaffer (1955) have reported interesting
’
obscryations made at cardiac catheterisation on cases of Falfot's tetralogs.

and corroborative
They
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AT CARDIAC CATHETERISATION

-

»
o

°
AT OPERATION

74. The top tracing taken at cardisc catheterisanon shows a single stenods—
infundibular The kower tracmg was taken at operation and two stenoses valvar
and infimdibular are shown. The only explanation s that at cardisc catheterisa
thon the infundibular muscle was in grester tonic contraction.

observed that 1n 10 out of 13 cases the pressure 1n the right ventnicle and 1n the
{nfundibular chamber began to nise together for a part of the epection phase but
the mfundibular pressure then began to fall, cven though the right veatncular
pressure continued to rise. These findings suggest that the infundibular stenosis
becomes mare severe dunng ventricular systole and Rodbard and Shaffer com-
ment, ‘Phylegenenc and electrocardiographic evidence suggests that the infundi
bular portion s one of the last portions of the nght ventricle to become activated
during systole’

They also comment that m the presence of & ventricular septal defect thus
dyname sequence may well be a factor m the production of the frequently
observed bidirectional shunts In early systole, shunt flow would tend to be from
left-to-nght. Then contraction of the mfundibulum increases the rewstance to
pulmonary flow decreating the shunt or even reversing 1t.

Certamly in Fallot s tetralogy it 1s likely that the degree of pulmonary stenous
incresses dunng the later phase of ventricular systole, causing the right to-left
shunt to become progressively more severe.

Figure 75 illustrates 2 possible trap that exusts in the catheter diagnosss of
infundibolar stenosis Thus a withdrawal tracing seems to show the pulmonary
artery pressure, then the diestolic pressure falls suggesnng that the mfundibutum
1 bemg traversed before the final major change to the high ventncular pressure.
A dusgn of infundibal is was made. At operanon a mmple valve
stenosis was found there was no infundibuler stenosis The explanaton 15 that
Lheﬁmpanofnhcmangthomth:pmmmmmcnghtpuhmmryum-y;
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75 Mistaken catheter diagnosis of infundibular stenosis The apparent infun-
dibular tracing 1s from the pulmonary trunk in which the low diastolic pres-

sure is due to a Ventur: effect

the next part with a low diastolic pressure was actually taken from the mamn
pulmonary artery and was due to a negative pressure 1n the artery and docs not
represent an infundibular chamber, 1t can be seen that it 1s lower than the truc
right ventricular diastolic pressure Dr L Brotmacher has pointed out to me that
when the electromanometric tracing 1s studied with a synchromsed clectro-
cardiogram 1t can be observed that the low diastolic pressure 1n the pulmonary
artery corresponds with the upstroke of ventricular systole, the explanation being
that 1t 1s 2 Ventun effect due to the rapid flow of blood through the narrow orifice
Elmshe-Smuth et al. (1956) have also made simular observations with simul-
taneous reading of the intracardiac electrogram and pressure pulse 1n patients with
pulmonary stenosts which they have found helpful 1n locating the level of the

stenosis

Secondary mfundibular stenosis after pulmonary valvotonty
Somewhat allied to the question of varying tonus 1n the infundibulum 15 tfhc

phenomenon of the development of a secondary infundibular stenosis alter

pulmonary valvotomy 1n cases of valvar stenosis with a normal aortic root,

was fully described and discussed 1n Chapter VI
That the same development of a secondary infundibular stenoss can

in Fallot’s tetralogy after a successful valvotomy 1s shown by the obscrv
of Fa

madce 1n Figure 76
Experiences 1n punch resection of infundibular .
tetralogy also provide another indication of the pro o s(ic?\
2
type

of the infundibular muscle Thus my ordinary pra
portion with a arcular punch On occasions, ho oo "
punch resection has appeared to be madequate I ‘L‘h
rcmov e a segment of the crista supraventricularss ¢m
be immediately followed by a great increase in flow

int
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76 Flectromanometric tracings before and after pulmonary valvotomy in a case of
Fallot's tetralogy to show the development of secondary wnfundibular stenoxs
just as may be seen In cases of pulmonary stenous with ntect ventricular
scptum. That & true Fallot’s tetralogy was present 15 shown in the pre-operanive
tracing in winch the catheter has entered the aorta.

pulmonary artery- in fact the pressure and flow may be excessive This cannot be
enurely expluned by actual removal of the infundibular stenows, 1t 13 more likely
to be due to drvision of the sphinctenc muscular mechanism and therefore com-
plete fudlure of 1ts controlling action on the outflow tract.

Disasion

It is submitted that enough evidence has been put forward to substantiate the
hypothens that & controlling mechansm exists 1n the musculature of the rght
ventricular outflow tract. When Keith onginally put forward this view he recom-
mended it to cimaans for thar consmdernnon and for spphicaton to such
problems as might appear pertinent. He himself suggested only that 1t might be
responsible for some functional systolic pulmonary brurts and lamented failure of
cmcrans to pay any attennon at all to the facts put before them by the anstomst
and morphologist (Keath, 1904%)

Basially from the point of view of pure science alone, 1t 13 important to
recognuse the presence of such an important function a3 1 mechantsm for 1n
fluencing and controlling the pulmonary outflow from the nght ventricle, There
are other applicatrons than the single one mentioned by Keth

For instance it 13 poteworthy that the pulmonary valve regurgitation occurs
rapudly when the pressure 1n the pulmonary artery nses only shightly Thes may
well be an important mechansm caesmg or aggravating cardiac distress following
cardu¢ operations, eny mechanical interference causing pressure on or distortion
ofthcpulmomrym:ryanﬂdbemyundamblcmdcouldthmwugrutam
strawn on the nght veatndle. In the commoner causes of msed pulmonary artery
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pressure there 1s time for compensation to occur, the secondary muscular hyper-
trophy of the night ventricle simultaneously improves the force of the muscular
support of the valve mechanism and so cancels the tendency to regurgitation
Eventually, however, as 1s so well known, decompensation occurs and pulmonary
regurgitation develops In perhaps its commonest form this 1s seen i the pul-
monary hypertension due to mutral stenosis and the eventual onset of pulmonary
regurgitation as shown by the Graham Steell bruit, or mn the pulmonary hyper-
tension secondary to a ventricular septal defect

Acute strain may be caused 1n association with direct operations for pul-
monary stenosis For instance, after infundibular resection 1n cases of Fallot’s
tetralogy an incision has been made into the outflow tract of the right ventricle
and part of the wall has been cut away, 1t 1s not surprising that some 1mpairment
of muscle tone follows and temporary pulmonary regurgitation can occur. This
may be recogmsed by the diastolic murmur for some days after operation, the
murmur gradually fading as tone recovers and compensation occurs Although
pericardial fricion may mimic the murmur of valve regurgitation there can be no
doubt that true temporary regurgitation occurs It 1s more likely to occur m a
significant form 1f there 1s a thin-walled mnfundibular chamber distal to the
stenosis and 1f this 1s suddenly exposed to a high pressure from too generous
relief of the stenosis If this 1s so the thin muscle 1n the infundibulum at the valve
level may stretch considerably, thus causing quite severe and prolonged pul-
monary regurgitation I have certanly seen this m one case 1 which the pul-
monary artery systolic pressure rose to 40 mm Hg, this 1s the only severe example
I have seen 1n cases of infundibular resection Although 1t 1s put forward as an
objection to the direct operations for Fallot’s tetralogy 1t 1s not a serious on¢
because of 1ts rarity, provided the stenosis 1s not relieved so much that the thin
infundibulum receives the full ventricular pressure

I have recently seen a quiet pulmonary diastolic murmur develop during
pregnancy 1n a young woman who had undergone successful open resection of a
pure nfundibular stenosts one year before Presumably this was due to the
increased blood-flow of pregnancy n the presence of the rather thin-walled -
fundibular chamber which had been present distal to the previous stenosis The
right ventricular pressure, as such, had been reduced to normal
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—— —— punch resection of, 91, 104~5

Cyanosis, correction of, 92

——1n Fallot’s tetralogy, 101-2

D

Ductus arteriosus, persistent, n tri-
cuspid atresia, 50

E

Electromanometric measurements, 28

readings at operation, 76, 84

in infundibular stenosis,

45, 57, 76

combmed  with
valvar stenosis, §57-8, 69,
76

—— 1n valvar stenosis, 32—4

Endocardial fibroelastosis, 32, 59, 63

‘Endocarditis, foetal’, causing fusion of

cusps, 31
Eperon de Wolff, 20

—

F

Fallot’s tetralogy, 26~7, 51~71

cardiac catheterisation 1n,
102—3

—— ——cyanosis and unconsclous-
ness in, 101-2

external appearance of heart
i, 36

———— ~—— operative relief of stenosis 1n,

84-5, 90, 92-7

by punch

resection, 9I, 103—4

hyperten-

sion following, 97

regurgita-
tion following, 106

over-riding of aorta and,
86-7

recogmition and differental
diagnosss of type and level
of obstrucuon 1n, 72-85

valvotomy for, infundibular
stenosis after, 104

—

—

INDEX

Fallot’s tetralogy, with combined valvar
and infundibular stenosts,
27, 53, 55, 57-8, 62, 69,
76, 81, 90

——— ——— with infundibular stenosss,
26, 52-3, 55, 58-69, 72-6

—— —— with septal defect, 27, 53,
68, 70-1

~—— —— with subdivision of right
ventricle, 52

—— —— with valvar stenosis, 26, 52,
54"8: 90

infundibulum 1n,

32

radiological diag-
nosis of, 78, 81

—— trilogy (sce Pulmonary valvar
Stenosis)

Fibroelastosis,
63

Fishes, bulbus cordis 1n, 3, 22, 98-9

‘Fleshy pons’, 20

‘Foetal endocarditis’ causing fusion of

cusps, 31

Foramen ovale, persistent, in pulmon-
ary valvar stenosis, 9, 4I, 92

1n tricuspid atresia, 50

endocardial, 32, 59,

G

Graham Steell brut, 106
‘Ground-glassing’ of endocardium, 59

H

Heart, anatomy of, nomenclature, 3,
18, 20

—— bifid apex to, 9

—— developing human, 8-14

~—— development of, after operation,
91-2

embryology of, 1~7, 8-14

—— examunation of hving, 27-8, 51-2

external appearance in  valvar
stenosis, 36

—— of fish, 3

—— primtive tubular, 2, 8

—— reptilan, 3

Hunter, William, 23

Hypertension, post-operative systemic,

Hypggla;a of infundibulum, 56, 58,

61-2, 90
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1
Infundibular chamber, 65 g0
—— —— openution In presence of 92
106
—~— —— wrth low stenoms, 66 72 84
—— muscle  sphincteric® action of,
104-5
—— obstruction  annular 51, 59, 63

65 89
~—— ——by hypertrophled muscle,

—— — diaphragmatic, s1
65 72,76 89

—— —— ‘muscular or tubular, §51-2,
62, 76

———resecnon 45 66, 69, 90, 95
104-5

59 63

regurgitation following 106
26, 52-3 55 $8-61

cardiac catheterisanon in 45
76, 84, 102—4

——— —— causation of 89

~—— —— combined with valvar sten

oslt, 27 31-6, 53 55 62

I

69 81,89

—— ——— —— — diagnmis of
57-8, 76

——— —— complicating  tricuspid
atresda 50

—— — functional 89

~——-——high 53, 58 63 71,90

“~——-—ndographic  appear
ance of 78-81

~ —— —— rccogninon of, at oper-

ation, 84
== —— hypoplastic, 56 §8 61~2 90
T ——Intermedinte 52 58 656

90

T —lw 52 58 669

“*-ﬂz large chamber
72 84,90

T~ — obliquity of septum In 68

—_—

T —— opermtlverelief of 9o-2

T resection of punch, 45 66,

045

— 69 91 1
after pulmonary
_ valvotomy 31-5 1045
‘W*ﬂlmmmonvmn-klc,ss

"“Bhdmwoﬂuonchmn,
7
— with normal soruc root 26,
42-6

IIX

Infundibulum 1§-16 22

—— arrangement of muscle fibres of
16-17

—— formanon of 2 12-13 89, 98

—— function of, 99-101

—— hypoplasia of §6 58, 61-2

~—— In pulmonary stenosis 101—4

— —— —— valvar, 31-3

—— maldevelopment of in Fallot’s
tetralogy, 52-3, 58-61

—— muscle tonus variations in 101-2

—— muscular contracnon and relaxa
uon of 101

—— nomenclature of, 20

—— post stenotic dilatation of, 59 61
656

—— relationship of atrioventricular
bundle to ¢

— seml vestinal, 27

—— surgical incision into 17-18

—— syatolic contracon of stenosed
14

—— thinmng of outer wall of 61
656

Interatrial commumication pulmonary

valvar stenosis with 26
Interventricular foramen relationship
with atrioventricular bundle 9

K
Keith Sir Arthur xil 2 9 13-14 42
9

L

Left to-nght shunt  post-operative
93-4
M
Mitral valve, septal defect extending
beneath 70

Moderator band, 15-16
Muscle comprensam de la valle tnn

cusprdale 20

Muscular  hypertrophy complicating
valvar stenosis, 34-6

Myocardium retrogression of 101

(o]
Over riding of sorta s1 70-1 86-7
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P

Palpation 1n diagnosis of valvar and
mfundibular stenosis, 83~5
Papillary muscle, antersor, 16
Pars membranacea septs, 12
Peacock, Thomas, 23-5, 42
Post-stenotic dilatation of infundi-
bulum, 59, 61, 65, 90
of pulmonary artery, 36-41
i infundibular
stenosis, 59, 63
radiological diag-
nosis of, 76
Pregnancy, pulmonary diastolic mur-
mur 1, after infundibular resec-
uon, 106
Pulmonary artery and aorta arising
from right ventricle, 27, 86-7
development after operation,
92
—— —— displaced by hypertrophied
right ventricle, 36
formation of, 8, 10-11, 13,
22
——— —— effect of dextroposed aorta
on, 25
post-stenotic dilatation of,
36-41, 56
in Fallot’s tetra-
logy, 59, 63
pressure, post-operative,
93-4
raised, 1056
secondary stenosis of, after
valvotomy, 32, 41
small, in Fallot’s tetralogy,
567, 62-3, 70
~—— —— transition to arterial root
from, 21
atresia, 26-7, 47-9, 52, 91
artenial, 22, 26, 47-8
causation of, 89
valvar, 26, 48-9
causation of, 89
with tricuspid atresia, 5O
—— canal, 20
—— hypertension, 106
outflow hypoplasia, 91
mechamsm controlling, 98~
106
sinuses, 21
stenosis, causal relationship of,
and septal defect, 23-5

—

—

INDEX

Pulmonary stenosis,*causauon of, sum-
mary, 89-9o

comparative anatomy of, 1

~——— —— diagnosis of type of, 27

~—— —— embryology of, 1

——— —— mnfundibulum 1n, 101-4

—— ———operative relief of, 84-s,

90-7

———

age for, 91-2

regurgitation fol-

lowing, 106

two-stage, 92

—— —— pure (see Valvar stenosis with
normal aortic root)

varieties of, 26-8

—— —— with common ventricle, 87-8

—— —— with transposition of great

vessels, 87

valvar (see Valvar)

valve, bicuspid, 56

—— —— fusion of cusps of, 29-31,
56

regurgitation, 99-101, 165-6

valves, formation of, 21-2, 89

valvotomy (see Valvotomy)

—

[N,

Q

Quain’s Anatomy, 3, 20~1, 101

R
Radiology 1n diagnosis of valvar sten-
0s1S, 3741
—— 1n Fallot’s tetralogy, 58, 66, 72-83

Reptile, heart of, 3, 14, 87
Right-to-left shunt, correction of, 927

S

Semmlunar valves, formation of, 10, 21
Scptal defect, closure of, 70
after rchef of stenosis,
92-5
in Fallot’s tctralogy, 27s 51»
53, 68, 70-1, 93
——— ——n tricuspad atresia, 50
—— —— significance of, relative, 23
— —— with aorta and pulmonary
artery ansing from rnight
ventricle, 86~7
— ——— with)nfundibular s1cnos1s, 90
with valvar stcnosis, 41

Septum intermedium, 11

———— q——

et
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—— ventricular 15 22

Sinuses of Valsalva (see  Valsalva,
smuses of)

Spapa intervalvylana 21

Spiral ridges 10

Spizer s theary of transposition of

‘Supernumerary septum 42

T
Trabecular muscle 16
Transpositon of sorta 86—
—— of great vesselt, 7, 27
—— —- ———wmth pulmonary sten
osls, 87
Tricuspid atresia 26 49-50, 91
to, W resection of
infundibular stenosis, 45
—— —— mechanusm 16
~—— —— wptal defect covered by 70
Trilogy of Fallot (se¢ Valvar stenosis)
Truncus 2-3
—— —— dmigon of 8, 10
—— — funcnon of with bulbus 22
Turtle, beart of 3 14

v
Valsatva sinuses of 21
—— —— oblueration of 37 56
v Pelpation of 84
Alvar atresua, 55 57
T —— with common ventricle, 88
“T— stenoss combined with infundi

T —— embryological  explanation
— of 12, 8y
T SXenior appearance of heart
in 36
:“—-inﬁllm'ucmlggy 26 §4-8
T ——globular 56,81
T T —— palpation of,

—_— 83—
T —— nadiology in diag
— Do, 78
— Obstruction In 29-31

:‘pﬂmlﬂlm:ryi.n 3641
SBUIC (e Vatoar eomminie
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Valvar stenosls radiologieal diagnosis
1n, 76-81

-—~— —— recognition of at operstion
83-4

—— ——~with closed atral septum
26, 41

—— —~ with common ventricle 88

—— —— with dextroposinon of sorta
87

—— —— with wnteratrial communica
ton 26 41
—— —— with normal sortic root 26,
29-41, 76

—— +—— ——— —— —— causation of
88

~—— —— —— —— —— operative iz

Lef of, 90-92 104
—— —— with persistent foramen
ovale 41 92
Valvotomy 90 94-5
—— blind trunsventricular 36
~—— infundibular stenosis after, 32-6,
fo4-5
-—— muscular hypertrophy and 356
—— open arterlal 36
Ventrick, common with pulmonary
stenous, 27, 87~8
—— left displaced by hypertrophied
right ventncle 36
——— —— fuslon of part of bulbus into

12

—~——of turtle 3 6 14

—— nght anatomy of normal 15-22

—~—— —— sorta and pulmonary artery
both arinpog from 27 86-7

—~—— ——— atresia of 49

~—— —— concealed benesth sterpum

36

—— —— fusfon of bulbus cordis 1n
2-3 8 12~14

—— —— ——of inflow portion of

with left 27
—— ~—— hypertrophy of 34-6
—— ————1n Fallots tctralogy

51-2
-~ ~—— In valvar stenosis 31-6
~— ~——— muscular constriction in 14

22
-~ ~— pomencisture of 18
—— ——outflow tract of
mechanisms in 98-106

o —— strurture of arternl oot of
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Ventricle right, subdivision of (see
Infundibular stenosis with normal
aortic root)

Ventricles, formation of, 8—9

musculature of, 13-14

unevenness of margin of, 21

of primitive heart, 2, 8

Ventricular foramen, closure of, 13

Ventricular septal defect (see Scptal
defect)

septum, absence of, 87-8

closure of, 8, 11, 22, 31

mcomplete, 23, 25

development of, 9

Ventur: effect causing low diastolic

pressure, 104

———

———







