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PREFACE

The Symposium on Sex Differentiation and Development the Proceedings of which
constitute this Memorr was arranged by the Soctety for Endocrimology and was so
designed as to brng together authontres n several different disciplines

To advance the frontiers of knowledge an effective strategy should first establish
communications between distantly separated salients and m this way yteld new per-
specttves on the mtervening ground that remams to be won Accordingly, 1t was
deaided that the subject-matter of the Symposium should range as widely as possible
should deat with single cells as well as complex orgamsms with structure and function
tncluding behaviour and with both endog and fl Such an
ambitious plan of campaign was clearly not possible of execution 1n detarl m the ume
available but 1ts adoption seemed justified because 1t offered unusual possibilitres of
stumulating and informative reconnasssance

The broad plan of the Symposium was developed m commuttee with Professor
F T G Prunty Dr] A Lorameand Dr W Klyne and the detals were filled 1n with
the very welcome help of discussions withDr M W H Brshop and advice from several
people especially Dr A S Parkes Dr A U Smuth DrG E W Wolstenholmc and
DB Lacey For their skulful conduct of the Symp grateful acknowled, 1
made to the four Chairmen Dr A § Parkes Professor ] D Boyd Professor F W
Rogers Brambell and Professor E C Amoroso Sincere thanks are due also to Dr P
Eckstemn for aid and gudance n the editing of this Memorr

C R AUSTIN

NATIONAL INSTITUTE FOR MEDICAL RESEARCH
MILL HILL LONDON
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A S PARKES CBE FRS
Chairman s itroduction

The Soctety for Endocrinology organizes each year a symposium on some subject
immediately related to the mterests of the Society In the past these symposia have
dealt with strictly endocrmologteal subjects such as hormones 1n relation to obesity
and methods of admunistering hormones This year a much wider field has been selected
and the papers to be presented cover ground ranging from bactera to mammals and
brophystcs to anatomy The thread binding together these varied topics can readily be
seen from the programme 1t 1s sex 1 many guises and many contexts
Thus symposum indicative of the wide interests of the Society will take us far
outside the boundaries of endocrmology even on the widest definttion of that word
Nevertheless we shallno doubt hear that hormones are a dommating factor 1n sexuality
not only m vertebrates but 1 more than one phylum of invertebrates The sexual
endocninology of the Crustacea for mnstance always of interest since the work on
parasitic castration seems to become more fascmating and even more fantastic every
day and 1t 15 salutary to consider how our knowledge of endocrine effects would have
developed had 1t been based on crustaceans rather than on mammals and birds We
may mndeed congratulate ourselves that mn the ammal world the complexities of
sexuality seem to be inversely rather than directly proportional to the size of the
orgamsm The crustaceans however have no monopoly of the curtosities of mverte-
brate crnology Among the msects an entirely novel principle appears the use of a
secreton not for the mtegration of the indtvidual but for the integration of a population
of mdmviduals Whether this type of organization should properly be regarded as
endocrinologtcal or exocrinological 15 not important The concept 15 awesome and 1t
15 fortunate that the use of queen substance to mamtatn all other females in subjection
as sexless workers appears at present to be restricted to msects
1 have already indicated that endocrmology does not exhaust the subject matter of
this symposium "We shall also hear of such diverse matters as sex m bactena the
possibilittes of separating X- and Y-spermatozoa m mammals recent work on mam-
malian oocytes and not least of sex chromatin 1n man and of the curious diagnoses
made with its aid
The selection of this theme we owe to Dr Awstn the Programme Secretary of the
Soctety who nightly regards sex as an important matter Moreover Dr Austin has been
tesponsible for the hard work and careful planning mevitably associated wath the
ful and the success of the present meetng 1s not

& ofa symp
Ithink m doubt
In the past the Society has been fortunate m secunng the partictpatton m st symposia
T







SEX DETERMINATION AND CASTE DIFFERENTIATION
IN THE HONEYBEE (APIS MELLIFERA)

By C G BUTLER

Over 100 years ago Dazierzon [1345] stated hus well-known theory that unfertihized
eggs of the honeybee always give nise to males—drones—whereas fertihzed eggs always
give rise to fernales which may become etther workers or queens depending upon the
manner m which the larvae concerned are fed by the worker members of thetr colony
Daterzon suggested that a normal mated queen can lay exther a fertiized or an un-
fertilized egg at will and that the kind of egg she lays depends on the kind of cell—
worker queen or drone—n which she 1s about to lay

The Dazerzon theory has, of course become well established although 1t 15 now
known that females can sometimes develop from unfertilized honeybee eggs In fact
1 two races of honeybees the South Afncan Cape bee (Apss mellifera capensis) and the
Turstan bee (A mellifera mtermssa) st has been reported that both queens and workers
are frequently reared from unfertihzed eggs {Jack 1916 Gough 1928] An American
worker Mackensen [1943] has also demonstrated that such impaternate females
occastonally occur 1n several races of European honeybees and he succeeded 1n reanng
queens as well as workers from such unfertiized eggs The mechanism by which such
impaternate females are produced 1n the honeybee 1s unknown but Rutmer &
Mackensen [1952] have suggested that perhaps the mechanism 1s stmular to that which
15 believed to occur mn the parasitic wasp Habrob m which Speicher & Speict
[1938] have obtamed cytological evidence indicating that they probably anse from
tetraploid tissue in the ovanes Perhaps the Cape and Tumisian honeybees tend to have
such tissue 1 their ovanes and as a result of reduction the egg becomes diploid and
consequently develops mnto a female without fertilizaton

According to Nachtsheim [1913] and various other workers the honeybee sperm
has sixteen chromosomes and the fertilized egg thurty-two

Two theortes of sex determination 1n the honeybee have been put forward In the
fist Manning [1949-50] has claimed that sex deternunation 15 dependent upon the
presence of a sex chromosome that 15 lost 1n the development of the sperm According
to lus theory both male and female possess only 2 sigle sex chromosome  although
the female has twice as many autosomes as the male He supposes that during the
formation of the ovum differential maturation results tn the sex chromosome always
remaming 1n the nucleus of the ovum with the result that 2 mature ovum contams
fifteen autosomes together wath a smgle sex chromosome and 1f unfertilized gives nise
to a male On the other hand, fertilized eggs contam thirty autosomes and a sex
chromosome and develop mto females However Sanderson & Hall [1951] have sub-
sequently confirmed their previous finding of sixteen chromosomes 1n the male and

The Ed 8 accepts o responsibil ty for the accounts f the papers te d at the Symposium Manuseripts re publ shed as recewed
£ om the autho s
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4 € G BUTLER

thrty-two i the fermale, and Rus & Kerr funpublished observations quoted by Ruttner
& Mackensen, 1952} have shown that Mannmgs sex chromasome does not stan with
Feulgen, although st does so with haematoxyln and they have therefore, concluded
that 1t 15 2 nuclealus and not a sex chromosome at afl

Some further evidence agamnst Manning’s scheme 1s provided by the gynandromorph
honeybees studied by Rothenbuhler Gowen & Park {1951}, who clum to have shown
that the male ussue of these gynandromorphs was produced by the entry mto the
ovum of supernumerary sperm  Since, on Manning’s hvpothests, maleness 1s due to 2
sex chromosome which 1 not contamned m the sperm, and the effect of the autosomes
mn the sperm 15 to make the egg female supernumerary sperms could only make the
zygote still more female

The other theory of sex determination m the honeybee has been put forward by
Mackensen {1951} Its theoretical mechanism resembles that shown by Whitmg {1940
1943} to exst in Habrobracon Mackensen suggests that m the honeybee a senes of sex
allefes exist that give female characterisies when heterozygous and are lethal m the
homozygous conditions a viable male only bemg produced from the unfertidized
haplord egg His evidence 1n favour of this theory hies in the rapidity with which on
close mbreeding the viability of the eggs latd dunishes towards 50%,

Whilst m our own bee breedng at Rothamsted some reduction 1 visbihity has
been observed on close inbreeding we have at present madequate data on which to
decide for or agamst Mackensen s theory

The ability of worker honeybees to rear both queens and workers from fernhzed
eggs has long formed the basis of pracuical queen reanng by beekeepers and there 1
no possible reason to suppose that differentiation of the queen and worker castes 1
determuned genenically as 2t has been shown to be m some of the so-called stingless
bees of the genns Melipona {Kerr 1946] Caste determination m the honeybee 15
determined 1 the feeding of the female larvae concerned

It has been shown exper iy that st 15 1 for diffe 1 feeding to begm
before the larva 15 3 days old of a perfect gueen 15 to result although queens with a
number of worker-ltke charactenstics can be produced from older larvae

Two principal theones to explam caste determination have been put forward In
the first 1t 1s suggested that the guality of the food recerved by a Jarva acts as the
detesmung factor and m the second that 1t 15 the quannty of the food receved that
matters

According to the qualiamve theory differences occur m the brood food (which
consists partly of a secretion nich 1 protemn of the pharyngeal glands of the worker
bees) fed 10 the larvae of queens and workers after the first 24 he ot so of larval life
[van Rhemn 1933} Butanalvses that have been carrted out by various workers gtve very
contradictory results and thus has led Haydak [1943] and others to conclude that brood
food vartes mn composttian quize fortwtously, and that such variations as occur cannot
be responsible for caste deter

Having decided that the quality of the food was unlikely to be the responsible factor
111 caste deter Haydal considered that 1t must be atributable to differences m
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the quantistes of the essential nutnients supphied to and consumed by worker and queen
larvae respecuvely He pomted out that, uneil about the 3rd day of hfe all larval
honeybees 1n prosperous colontes recetve an excess of food but that subsequently
while the queen larvae in their large cells contine to be supplied with more food than
they can eat the worker larvae 1n much smaller cells only recerve relatively small
quantities of food from time to time The result 1s that the queen and worker larvae
grow at approumately the same rate for the first day or two but subsequently whereas
the queen larva sur ded by an abund of food to grow rapidly the
much more frugally fed worker larva grows more slowly Haydak {1943] pomted out
that even after her cell has been scaled a queen larva continues to feed upon the surplus
of brood food i the bottom of her cell whereas a worker larva having no such source
of food, cannot feed any more once her cell has been sealed, and actually loses weight
In order to test hus hypothesss Haydak removed the larvae from queen cells that
were exther just about to be sealed or had just been sealed, so that they could not eat
any more food. Most of the larvac that he treated m this way died 1n the pupal stage
but he reported that seven of these pupae possessed worker rather than queen charac-
tenstics while several others were mtermediate m form between queens and workers
Nine adults were obtaned all except one of which were normal queens the exceptional
mdividual bemg intermediate between a queen and a worker Haydak reported that
the average mtil weight of those of the larvae that developed mto queens was 14%,
greater than that of larvac developing into individuals with worker or mtermediate
characteristics
From Haydak s results 1t certamnly appears likely that continuous liberal feeding of
those larvae that are destined to become queens plays an important role in their differen-
tation However von Rhewn [1933] who 1n the laboratory fed female farvae very
Liberally with brood food taken from queen cells faled to obtamn the queens one would
have expected 1f Haydak s hypothests were correct Indeed hus falure to produce
queens mn this way led von Rhein to suppose that some unstable, differentiating sub
1s fed by worker bees to those larvae that are destined to become queens and that this
fuginve substance had esther been destroyed (or perhaps lost duning storage) 1n the
brood food he took from queen cells and fed to his larvae
Simpson [1957] has also shown that abundant feeding alone even when 1t 1s carried
out by worker bees themselves 13 isufficient to cavse a female larva to develop 1nto a

queen,

Recently Weaver [1955 1957 has reported the results of some experiments simular
to those of von Rhemn [1933] 1n which he fed young female larvae taken from worker
cells on abundant brood food freshly collected from queen cells contaung larvae of
approxumately the same ages as the experimental ones In these circumstances queens
were produced On the other hand when sumlar larvae were fed abundantly with
brood food collected from queen cells and stored for some time only workers were
produced. These results clearly ful to support Haydak s conclusion, as the experimental
larvae were contmuously supplied with a superfluty of food so that quantitatrve
starvation could not have been the determining mechanism On the other hand they
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strongly support the conclusion of von Rhein [1933] that some substance {or substances)
contamed m the food fed by the workers to the larvae m queen cells controls ther
differentiation 1nto queens, and that at least some essential part of thus substance 1s exther
tughly labile or else 15 no longer available to Jarvae after the food has been exposed to
the air for some time even 1n a refngerator

It seems probable, therefore that i order that a given female larva may give mse to
a queen she must continually receive liberal supphies of fresh brood food i which the
differenuating substance 15 sull acve Furthermore, m order that a normal queen may
be produced thelarva must be fed on this diet from at least the 3td day of life onwards
[Weaver 1957]

Now, 1n a normal colony of honeybees the ovanes of the workers remain un-
developed and no eggs are laid by them and except under special conditions the
workers do not attempt to rear any new queens Butif a colony loses its queen perhaps
through accident or discase, two things normally occur First, within a few hours the
workers will have modified one or more worker cells contaming young female larvae
to form emergency queen cells and by specal feeding of these larvae wall cause them
to develop sto queens All bemg well one of them will replace the queen that was
lost the others will be destroyed Secondly the ovanes of the adult workers particularly
those of the younger ones wll develop shghtly [Hess 1942] Normally, when a queen
has been successfully produced, this processisreversed but should there be no larvae
present from which the workers can rear a new queen ot should they faid to do so for
some other reason then the workers ovaries contmue to develop untif useless drone-
producmg eggs ate lad Tt 1s clear therefore that normally the presence of a queen 15
suffictent to mhibit both development of the workers avanes and the production by
them of further queens The presence of open, occupied queen cells has a similar
mnbiting influence [Butler 19574}

It has recently been d ated that develop of the worker ovary 15 normally
mhibited by a remarkably stable substance that the workers of a colonv obtam by hicking
the bodv of their queen [de Groot & Voogd 1954 Pamn 1954], and Butler [x954 1956
1957b) has shown that ths substance 15 passed from bee to bee i regurgitated food
Furthermore, exther the same or some very sumlar substance called queen substance’
by Butler {1954] that 1s collected 1n the same way by the workers from therr queen
and also distributed 1n regurgitated food 15 responsible when 1n sufficient supply for
mhibiting workers from reanng further queens {Butler 1954 1957¢ Butler & Gibbons
1958 Sunpson 1958] It seems probable that a smgle substance 1s mvolved and biologi-
cally effective extracts have been obtamed both in acetone and 1n aleohol [de Groot &
Voogd 1954 Butler 1057b Butler & Gibbons 1958)

The exstence of similar ovary-mhibiting substances has recently been demonstrated
by Buer [1954) m several species of ants and Luscher {1953 1956] and others have shown
that certam queen termtes produce a substance that nhubits the development of
supplementary reproductives in their colomes

Agan Carlsle & Butler {1956] have obtaned evidence suggesting that honeybee
queen sut ) hangeable wath 2 sut found 1n the sinus glands 1n the
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eyestalks of prawns (Leander serratws) winch mhibits development of their ovartes and
Butler [unpublished] has obtamed evidence indicating that the mubttory substance
produced by at least some specics of queen ants 1s mterchangeable with honeybee queen
substanice It looks indeed as if certam mhibitory substances produced by the queens
of at least some social msects and which play 1mportant roles n the organtzation of
therr colomes are to some extent interchangeable Perhaps they are chemcally simular
this we do not know as none of them has yet been isolated and rdentified

Dr Callow and Miss Johnston of the National Institute for Medical Research and
the author are trymng to identify the actve pnnaiple m queen substance We have also
tested 2 number of steroids to see whether they produce sumilar effects on bees So far
we have been able to mimic the action of queen substance m inhubiting ovary develop-
ment in worker bees with androsterone but have not been able to demonstrate that this
substance prevents them from reaning queens
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COMMENT

Peacock 1 should like to draw your attention to certam long-standing problems of
sex mn nvertebrates For example how far the theores of sex determnation m the two
hymenopterans the honeybee and Habrobracon discussed by Dr Butler, can be applied
to other arthenotokously parthenogenetic organisms, e g saw-flies, ants and other
Hymenoptera rotifers thrips remains unknown

Regarding sex determunation m other msects two partrcular cases m the Lepidoptera
are of mterest Goldschrmdt [Bib! genet Lpz, 1934 11, 1] obtamed mtersexes of the
gypsy moth by crossng different geographical races which differed m the strength of
their female- and male-determining factors More recently Seiler [Experientia 1049 5
425) obtamned different results with Solenobia moths For example a tetraplosd female
of a parthenogenetic race crossed with 2 male of a diploid race gave triplotd intersexes
Goldschmudt held that all members of a given hybrid brood showed the same degree
of intersexuality and that the degree of mtersexuality was finally attamed only after
the competing female- and male-producing determuning factors had reacted over 2
certam pertod of time In contrast Seiler found all grades of mntersexes mn the same
brood and no swatch-over of sex duning the larval and later stages each mdividual
intersex begmnmg and remainmg at the same fixed grade Seiler therefore suggests that
there operate phenotypic factors at present unknown

In certam Crustacea other than the decapods to be dealt wath by Dr Catlisle as well
as 11 other mvertebrates we find alternatton between the parthenogenetic and bisexual
modes of reproduction (heterogony) Environmental factors certamly determmne ths
alternation By refined culture techmques m whach the effects of food hight tempera-
ture excretory products etc were tested von Dehn [Zool Jb 1937 58 241 Natur-
wissenschaften 1950 37 420) and Buchner [Z mdukt Abstamm VererbLehre, 1936 72
141] respectively for the crustaceans Daphnia and Moina and certain rotfers found that
the females of 2 long—continued parthenogenetic culture can be switched to male
production the mam factor mvolved bemg the quality of food the fatstuff content of
the latter bemng important 1n Moma Also effective to a certam extent m Moina were
Light deficiency associated with food defictency and darkness In the gall-mudge
Oligarces paradoxus the larva of which 1s parthenogenetic (paedogenesis) the swatch-
over to adulthood and bisexmality 15 effected by the quantity of food or more strctly
by the constellanion of environmental factors (age of parent population density etc)
that together mfluence the food avarlable [Ulnich Naturwissenschaften 1940 36 569
37 $86] In the bean aphis where a succession of parthenogenetic generations occurs
on alternate host-plants Davidson [Ann appl Biol 1920 16 104] showed that after
prolonged parthenogenetic reproduction sexual females and males could be produced
by reducing the amount of hight or by lowerng the temperature

No hereditary factors determumg sex have so far been observed by von Dehn
Buchner nor Ulrich 1n their experimental matenal How the environmental factors
mentioned produce their effects of sex change or change m the method of reproduction
by wfluenang chromosomal andjor endocrine processes 15 unknown




SEXUAL DIFFERENTIATION IN
CRUSTACEA MALACOSTRACA

By P B CARLISLE

The ficld of study about which I am gomg to talk today must be so unfamiliar to most
of you engaged m vertebrate endocrmological rescarch that I feel 1t may be worth
while to present bricfly the whole picture of the hormonal control of sexual differentra-
tion 1n Crustacea of the Order Malacostraca so far as 1t 15 known rather than deseribe
1n detarl my own work on the subject The Malacostraca are the higher Crustacea and
include such forms as crabs lobsters shrmps and sand-hoppers Apart from my own
mvestgations most of the research mvolved has been pecformed by French workers
and I would refer particularly to the recently published thesis of Mme H. Charniaux-
Cotton [1957] who has brllantly elucidated much of the sexual endocrmology of the
sand-hopper Orchestia

Four organs have been shown to produce hormones mfluencing the sexual develop-
ment 1 Crustacea The first to be so imphicated was the ovary As early as 1926
Haemmerhi-Boven castrated Crustacea by irradiation as others also did m the years
Just before the war [Roux 1933 Callan 1940 Knowles & Callan 1940] Takewaki &
Nakamura [1944] and Charnmux-Cotton [Chammux 1952 19530 b Charmaux-
Cotton 19544 b 1956a b 1957] castrated Crustacea by surgical means a most difficult
techrcal feat All are agreed that the only effect s the non-development of the secondary
brooding ct the pregnancy cl as 1t were—of the gonadectomuzed
females Castrated males are not affected 1 any way not even in behaviour Both
males and females after castration develop all the approprate secondary and accessory
sexual charactenstics Hence the control of the diffe on of sexual ch mn
Crustacea does not lie 1 any hormonal secretion of the gonads We must look else~
where but first 1t should be mentioned that 1t 15 the ovary undergomng vrtellogenests
that secretes the hormone responsible for the develop of the brooding characters

The organ most recently mmphicated m the sexual differentiation of Crustacea 1s the
gland first deseribed without a name by Chamuaux-Cotton [1954b] adjacent to the
vas deferens m Orchestia 1 have called 1t the vas deferens gland [Knowles & Carlisle
1956] while Charsaux-Cotton [1956¢] has referred to 1t as the glande androgene
The former name seems preferable for 1t 15 customary to name an organ after 1ts
posttion and anatomical relationships rather than its presumed function Charnmaux-
Cotton like myself has also obscrved the gland mn decapod Crustacea, In all 1t lies m
or alongside the wall of the vas deferens It betrays hustologteal signs of secretion which
vary with the sexual state of the animal We ow e most of our knowledge of its function-
mg to Charntaux-Cotton who has expenmented exclusively upon Orchestia Brefly
she finds the gland responsible for the entire develop of the male ¢} both
pnmary and secondary Removal of both glands from males whether castrated or not

]
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hey to the Circulatory Diagrams

1 Artenal blood (fully saturated)

. Arterial blood with some admurxture of venous blood but
not a sufficzent amount of reduced bemoglobin to give
visible cynosis

3 Artenal blood with a sufhcient amount of reduced he
moglobin to grs e vistble cyanosis

]

st Venous blood with but a shight admiture of oxygenated

blood (This combinatton of shadtng 1s used 1n only one

dagram m Volume 11 1n which there 1s increased cya
nosis 1n the upper extremities as compared wath that sn
the lower extremuntes )

4 Venous blood 4 \\\\\\\\

provtmately 70 per cent saturated that 1n an nfant with a complete transpost
tion of the great vessels may contan little or no oxygen No attempt has been
made to indtcate the actual saturation of the venous blood or that of the mixed
venous and artersal blood Hence the circulatory diagrams show only the relanive
difference between venous blood and artersal blood whether the arterial blood
15 fully oxygenated, whether 1t contams such a small amount of venous blood
that there 15 no visible cyanosis, or whether the admixture of venous blood with
artersal blood 1s sufficient to produce visible cyanosis As i the first edition the
word venous arterial 15 used to denote the flow of blood from the ventous to the
artersal circulatson and the term arteniovenous 1s used to denote the flow of
blood from the arterial to the venous side

All < rays were taken at seven feet The photographs of the x rays have been
retouched m order to make the final plates true reproductions of the originals
Outhines have been sharpened but no new lines added

Angtocardiograms howeser are not taken at seven feet therefore there 1s
distortion 1n the size of the heart and the great vessels Asn the < rays no new
lines have been 2dded, but the angiocardiograms too have been sharpened so as
to clanify the outhnes of the various chambers Moreover, it should be remem
bered that the author has selected classic examples and sofar as possible she
has adhered to her prinaple with the angiocardiograms as with the < rys of
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showing examples in which the diagnosis has been proven at operatton or at
autopsy In many instances 1t 1s not easy to identify all the outlines with cer
tainty, under such crcumstances, emphasis should always be placed on the
clear cut, unquestionable findings
All x rays and fluoroscopic studies are discussed as 1f the patient were facing
the observer Therefore, throughout this book, night refers to the patient s night
and left refers to the patient s left Hence, the term antenior posterior position
1s retamned In all illustrations the patient s nght 1s on the left hand side of the
page Throughout this book the primary consideration 1s to present the patient
as he presents himself to the physician
It 15 to be remembered that all ¥ rays and all angios are two dimensional
mages of three dimensional objects The drawings of the normal x ray contours
are based upon the work of many persons—principally Evans Palmer, Bedford,
and Parkinson 1n England, Assmann in Austria, and Roesler formerly of Aus
tr1a and now of the United States—and upon various models and autopsy studies
The drawings of the contours of abnormal hearts are based on the authors
observations All our examinations have been made on lning subjects Infants
have been exammed 1n the recumbent position, children and adults 1n the erect
position The changes 1n the contour of the heart have been recorded during life,
and the sigmificance of the changes has been checked at the autopsy table The
dotted lines show the approximate contours of the chambers of the heart These
lines are dotted as they are only estimates  the actual boundaries of the chambers
of the heart cannot be visualized upon fluoroscopy
In Volume 1 a chapter on the basic information to be dernved from angiocar
diography and carduac catheterization has been added Dye dilution curves are
not discussed as the author has had no expernience with them and she has ad
hered to her principle of basing the book on her own experience Furthermore
this book 15 not mtended to be one on the physiology of malformations of the
heart Left heart catheterization 1s but breefly mentioned It will probably be used
with increasing frequency The basic principles of the analysis of the mnforma
tion are the same as those of nght heart catheterszarion
In Volume 11 a brief discussion of the physiology and the hemodynamics of
each malformation has been added to each chapter and the findings on angio-
cardiography and cardiac catheterization 1n each of the speatfic malformations
are discussed It should be remembered that both tests are of greatest value when
undertaken to eluadate a specific point Nevertheless we must not be blind to
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the unexpected As i most things a balance must be maintained betwcen the
search for the specific and an objectv e analysis of what 1s actually found

The surgical correction of cardiovascular defects 1s discussed from the clinical
aspect namely, the indications and contrandications for operation and the
amount of benefit to be derved therefrom No attempt 1s made to discuss surgt
cal technique, as that 1s the province of the surgeon, not the chntcran This book
15 wntten for the beneht of the climeran and the author hopes also for the benefir
of the patsent
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Diacrast a

Normal csrculation

In the normal circulation the blood from the night aunicle passes 1nto the night ventn
cle and out by way of the pulmonary artery to the lungs where 1t 15 oxygenated The
oxygenated blood 1s returned from the lungs by the pulmonary veins to the left auricle
thence 1t passes to the left ventricle and out by way of the aorta to the systemic circula
tion The blood from the head and upper extremities 1s returned by the superior vena
«ava to the right auricle and that from the trunh nd lower extremutees by the inferior
vena cava to the same auricle There the cycle starts agam

Although the foramen ovale may not be complerely sealed 1nasmuch as the vahve
opens from right to left 1t always remains closed unless the pressure 1 the nght auricle
becomes higher than that 1n the left uncle Only if the pressure 1n the night auncle be
comes greater than that 1n the left auricle 15 there a right 1o left shunt So long as the
valye ssantact the shunt 1s never left to right
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CONGENITAL MALFORMATIONS
OF THE HEART

Volume I






CHAPTER 1

EMBRYOLOGY, ETIOLOGY, BASIC PRINCIPLES
OF ANALYSIS AND FETAL CIRCULATION

MALFORMATIONS of the heart follow spectfic patterns just as other

malformatons do As alt harehps and all cleft palates follow a defi

nite pattesn so the same malformation of the heart 1n each mstance
alters the stsucture of the heart and the course of the circulation 1 much the
same manner Furthermore, just as there are all gradauons 1n the seventy of a
harehp or a cleft palate, so with each and every malformauon there are grada
tsons 1n the seventy of the abnarmality The ductus artertosus which remans
patent may be lasge or 1t may be small The pulmonary stenosts may be extreme
or 1t may be shight Indecd, w almast every type of malformavon the abnormal
1ty may be so slight as to cause hittle or no stramn upon the heart or so severe as
to be compattble wath Ife for 1 short time only The varation i the seventy of
the abnormality affects both the symptoms produced by the malformation and
the prognoss

Embryologeal studies tndicate that malformations result from develop

mental esrars ewther arrests or retardations 1n the growth of the embryo at some
spectfi. pant or some abnormahity s the rate of growth or differentiauion of the
various parts of the embrye Malformanons may be caused by defecis mn the egg
ar by faulty environment Corner states that the 1dentical malformation may
result from 2 bad eggr 1n 2 good environment as from a good eggin a bad en
vironment * The experiments which prove this pont have been performed only
on lower animals There 15, however no reason to behieve that the human em
bryo differs i this respect from all other embryos or that the human heart dif
fers from other organs of the human body

EMBRYOLOGY

Virtually the entire development of the heart occurs betw een the twenty first
and the forueth day of embryonc Ife During this brief pertod the embryo grows
from 3 mm i length to approvimately 15 mm crown rump length For a de
tailed discussion of the embryology of the heart, the reader 1s referred to the
works of Streeter, Harnilton, Boyd and Mossman * Patten * and others

it 1s amportant to semembes that the entire embryo 15 smultaneously under
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gomng rapid differentiation Because of the simultancous growth of the various
organs, Strecter ntroduced the conception of horszons , that 1s, he recorded
the extent of the development of the various organs seen 1n embryos of successnve
ages and sizes Each horizon covers a two day pertod 1n the deselopment of
the human embryo The salient features in the development of the heart may be
summarized as follows
According to Streeter during the first three weeks of ife the embryo 1s so
munute that all the cells can recene therr nutrition by smple diffusion As soon
as the growth of the embryo 1s such that this 1» no longer possible, that 1s, at
about the twenty first day of embryonic life, the aggregation of cells destined to
form the heart begms to differentiate near the cephalic end of the embryo
Shortly thereafter when the embryo ts only 2 to 4 mm 1n length the heart begins
to pulsate At this stage, which Strecter terms Horizon xr the heart passes
caudo cranmally through the pericardial sac and 1s fixed to the percardial wall
only at 1ts venous entrance and at 1ts artersal outlet The portion of the tube
which 15 free from the pericardial sac grows more rapidly than does the pert
cardual cavity Consequently 1t 1s bent first 1n a U shaped loop and then 1n an
S shaped curve as shown m Figure 1-1 This loop, which mvolves mainly the
ventricles and the bulbus portion of the heart, 1s known as the bulboventricular
loop
The ventricle bulges fors.ard and to the left and swings back to the nght to
form the bulbus cordis (see Figure 1~2) By the fifth week of embryonuc life the
anlage of the various chambers can be discerned Shortly thereafter a muscular
ridge appears 1n the foor of the bulboventricular cavity, the two porttons of the
sentricle dilate, and the ventricular septum starts to develop (sce Figure 1-3) By
this time the embryo 15 approximately 1o mm n length
While the bulbus cordis and the ventricular loop are developing the venous
end also undergoes rapyd differentiation The atrium hies behind and above the
ventricles and the atrioventricular canal leads into the common ventricle The
aurtcles* expand rapidly and by the time the embryo1s 4 mm 1n length, that 1s,
at Honzon xm the begmning of the septum primum can be discerned (see Fig
ure 1-4) In the next horizon (sec Figure 1~5) the nght and left sinus venosus
have become fused and open 1nto the right side of the common atrium By the
fifth week of embryonic hfe, when the embryo 1s approximately 7 mm 1
length and thirty days of age, that 15, at Horizon v, the superior cardinal ven
#The word auricle 1nstezd of atrium 15 used throughout thiy book to deseribe the
differentiated cavity as it now 1s a generally accepted term 1in cardiology
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Ficure 1-1 S shaped curve of the embryome heart

C ytm 1 By 4w
Ficure 1-2  Ventral aspect of the heart of a human embryo
5mm crown rump length
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Fioure 1-5 Human embryo 6 mm 1n length 28 days of age (Honzon
xn) Postenor infenior view showing that the septum
primum now separates the two auricles

opens 1mto the right aunicle and the single pulmonary vem opens mto the left
auricle and the left common cardinal vemn can be seen to course posterorly to
the nght to open 1nto the coronary sinus Ths stage 1n the development of the
heart 1s shown 1 Figure 1-6 Two days later at Honzon 1 the opening at the
base of the auricles that 1s the ostum primum, has closed and that higher up
n the auncular septum namely the ostium secundum  has opened

As the auncular and ventnicular cavines expand the atrioventricular canal
becomes the atrioventricular ring At about this ime the endocardial cushions
of the atnioventricular canal divide to form the anlage of the tricuspid and the
mutral valves By the thirty sixth day when the embryo 1s approuimately r4 mm
i length the mitral and tricuspid valves lead from the left and nght atna nto
their respective ventricles

As previously mentioned, the heart begins to pulsate while st 1s but a primy
tive tube Thus, from the very beginning while the two ventnicles are forming
the blood 15 being pumped through the heart At thus stage 1n the development
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of the heart the bulbus cordis leads 1nto a common truncus Nevertheless, as the
ventnicle contracts the posterior portion of the ventricular loop, which 15 destined
to become the left ventricle, directs the blood forward toward the antersor por
tion of the bulbus cordis from which the aorta 1s destined to anse the anterior
portion of the common ventricle, which 15 destined to become the night ventricle,
directs the blood posteriorly 1n the direction of the future pulmonary artery as
shown by the arrows 1n Figure 1-3 Thus, at an early stage sn the development
of the heart the forces are set 1n moton for the separation of the streams of
blood which subsequently flow to the body and to the lungs

While the heart 15 forming, the blood vessels begin to make their appearance
everywhere, the vascular bed 1s forming the Jung buds are developing the
liver 1s being differentiated and so forth The relation of the development of the
various organs to the development of the heart 1s shown in Figure 1

The vascular bed, including the aortic arches and the aortic sac from which
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Foure 17 Developmental honizons of the human embryo Neill s
modification of Streeter s chart
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the great vessels are derived, 15 undergomng differentiation at the same ume that
the heart 1s bemng formed Streeter has repeatedly emphasized that the vascular
bed of the embryo 15 extremely rich and blood vessels are Jaid down according
to the hnes of stress and stran Congdon® has show n that the artersal end of the
heart at first lies below the cransal end of the pharyny and later shifts backward
to occupy 1ts ulttmate position withm the chest As the heart shifts posteriorly,
the aoruc arches desvelop 1n regular order from before, backward, these arches
connect the aortic sac and the primitive heart with the paired dorsal aortae [he
chuef cause of the disappearance of the first and second aortic arches seems to be
the shift of the blood stream to the more caudal arches which occurs 1n conjunc
tion with the caudal movement of the heart and aortic sac Normally, the dnv
sion of the current of blood which Rows forward to the head and that which 1s
directed to the trunk and lower extremuties occurs betw een the third and fourth
aortic arches The dorsal aortae approach one another and become fused from
behind forward Normally, 1t 1s the fourth lefe aortic arch which forms the arch
of the aorta and establishes the permanent connection between the heart and the
posterior descending aorta The fifth aortic arches are mconstant, transitory ves
sels which atrophy at an early date The sixth aortic arches extend, as do the
fourth aortic arches, from the aortic sac to the dorsal aortae It 1s from the sixth
aortic arches that the pulmonary artenies develop Duning the fifth week of em
bryonic life the sixth right aortic arch distal to the pulmonary artery atrophies
and disappears the sixth left aortic arch distal to the pulmonary artery persists
as the ductus artersosus and leads to the descending aorta
Simul Iy with the develop of the heart and great vessels the lung
buds develop These can be detected by the tme the embryo 15 3 to 5 mm m
length that1s by the tweney sixth day As everywhere there are nch vascular
channels around these primittve lung buds Accordmng to Nedll,® 1n the 6 mm
human embryo these channels fuse together and form 2 single vessel which
meets an outpouching from the left auncle (see Figure 1-5) Thus at the very
beginning the pulmonary veins open snto the left auricle by a single ven ths
vessel bifurcates and each branch in turn divides again As the auricle expands
these four branches of the pulmonary veins become 1ncorporated 1nto the wall
of the left auricle
Thus as previously mentioned virtually the entire development of the heart
and great vessels takes place between the twenty first and the fortieth day of
crbryonie life By the second month of embryonic Iife the heart has assumed the
adult configurauon Thereafter the heart muscle continues to differentiate 1nd
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to condense The musculature of the heart does not assume the adult structure
until at or near term At birth of course, the ostium secundum and the ductus
arteriosus are still patent

RELATION OF MALFORMATIONS TO EMBRY OLOGICAL DEFECTS*

Ectopia cordis represents an arrest 1n the development of the heart of such a
nature that it fails ta complete 1ts descent into the thorax Lattle wonder that such
aseverc anomaly which must completely alter the forces of stress and strain, 15
usually associated with some gross and bizatre cardiac anomaly Such was the
situation 1n the only ectopia cordis the author has ever seen

Dextrocardia occurs when there 15 a reversal 1n the direction of the primitive
cardiac loop with the result that the apex of the heart lies on the rght side and
not on the Jeft

Anomalies of the aornc arch are due to varations 1n the development of or to
atrophy of one or more of the primitive arches For example a nght aomic arch
15 due to persistence of the fourth right aortic arch and atrophy of the corre
sponding left aortic arch A double nortic arch results when both the right and
left arches persist A fruncus artersosits communis 15 explicable on the basis of
abnormality 1n the growth of the aortic septum and the manner 1n which 1t de
velops 1n relation to the ventricles as well as to the pulmonary artery Complete
or parnal rotation of the great vessels occurs when there 1s an abnormality 1n
the direction of 1n the degree of rotation of the aortic septum or 1n the manner i
which 1t meets the bulbar septum Since both the aorta and the pulmonary artery
onginate from the bulbus cords, 1t 15 not surpnsing that 1n such abnormalities 1t
15 relatnvely commion to find that the aorta artses 1n part from the nght ventricle

Malformanons of the pulmonary tenous return are explicable on the basis of
abnormaliues 1n the development of the pulmonary veins and the manner 1n
which these veins connect with the grow ing heart

Subaorse stenoss 1s believed to be due te a farlure of the bulbar septum to
atrophy whereas pulmonary stenosis 1s thought to be due to an arrest 1n the
growth of the bulbus cordis

Auricular septal defects represent arrests or farlures in the growth of the
auricular seprum

Ventricular septal defects are due erther to farlure of the musculature which

*A mare detaled discussion of this subyct s gwen in the respectne chapters dealing
with cach of the specific anomalies
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with 2 single auricle, 1nd of splenic agenesis'® with malformations of the great
vessels
Although all the above examples could be caused by extrinsic factors acting
on the embryo the malformations which are compatible with Iife frequently re
appear 1n successive generations, as, for example, Marfan s syndrome and the
Ellss van Creteld syndrome
Studics on the chromosomal patterns 1n Mongolian 1diots, first undertaken
by Lejeune, Gauter, and Turpmn' and promptly confirmed by others, have
demonstrated that these indwiduals have a small extra chromosome This
method of study opens up an enurely new approach to human genetics
The curious sex incrdence which occurs in certamn malformations must reflect
some sensitvity 1n the development of the heart which 1s associated with certam
chromosomes or genes or whatever ultimately proses to be the basts for the dif
ferentiation of the sexes Although the phenomenon 1s not understood 1t 15 well
known that there are striking varations 1n the sex nadence 1 certan malfor
matons For example, coarctation of the aorta ts far more common i men than
m women 1t occurs relatively frequently in women with ovarian agenesis, and
least frequently of all 1n normal women Perststent patency of the ductus arters
osus and aunicular septal defect of the ostium secundum type are more common
in women than 1n men Ultimately an explanation for these observations will un
doubtedly be forthcoming and almost certainly i some way 1t will be related to
the factors which concern the etiology of malformations
Extrinsic factors are also of great importance These factors may affect the
embryo by direct penetration or by transmission through the placenta Although
the mother s blood and the placenta protect the fetus from many msults certan
external factors may penetrate the placenta and affect the growing embryo Ob-
viously, for any substance to mjure the embryo 1t must be operatnve carly 1n
gestation wlule the heart 1s formung that 1s 1n the first months of intra uterine
life Furthermore the noxious agent must be of such toxtaty that 1t 1s severe
enough to injure and not so severe as to kil the uny embryo Furthermore, if the
noxious agent 15 a foreign substance circulating 1n the mother s blood 1t must
be of proper size to penetrate the placenta There are, however, 2 number of sub
stances which may be injurious to the embryo
X ray and radiation may serously injure the fetus by direct penetratton Car
drac abnormalities may result from such exposure during the period when the
heart 15 undergong differentiation that 15 during the first tamester Further
more 1t 15 1mportant to remember that radiation may injure or hll the fetus at
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any age, and therefore all such exposure should be avorded as assiduously as 1s
possible
There 15 great unammity of opinion among the workers 1n atomic energy
that radiation not only may 1njure the embryo but also may injure the repreduc
tnve organs of either sex 1n such a manner as to cause stertlity or to lead to the
production of monsters In brief, radiation may 1njure a good egg or lead to the
production of a bad egg Furthermore, such 1njury may be transmutted to future
generations In this age of atomuc energy the danger of wnjury from radiation 15
of increasing magmude and of increasing difficulty to control
Virns infections n carly pregnancy affect the development of the embryo
Gregg' and Swan et al ™ have shown that German measles 1n the first two
months of pregnancy are assoctated with an extremely high ineidence of con
genital cataracts and congemtal malformations of the heart Indeed, if the infec
tion occurs during the first month of pregnancy, the fetus 1s defectne 1n nearly
100 per cent of the cases When the infection oceurs 1n the third month of preg
nancy, there 1s a fifty fifty chance that the mfant w1ll be normal Infection after
the third month of pregnancy apparently carnies no habahity of mjury to the
fetus When st1s recalled that the entire development of the heart occurs during
the first two months of embryome Iife, 1t 1s readily comprehensible that thas 15
the period duning which infection 1s hable to affect 1ts development The earher
the infection occurs the greater 15 the probability that the fetus will be abnormal
By far the most common combination of abnormaliies which results from a
maternal infection by the rubella sirus in early pregnancy 1s microcephaly, con
genttal cataracts, and perststent patency of the ductus artenosus This extraord:
nanly speafic dexclopmental abnormality occurs at an extremely early stage i
embryonic hfe This injury which causes the failure of the ductus arteriosus to
obliterate occurs long before the aortic arches have developed 1ndeed almost
before the pimitive cardiac tube can be discerned The speaificuy of this injury
15 espeanally remarkable because the tissue concerned with the obliteration of the
ductus arteniosus cannot be detected until the nfant has nearly reached term *
Vstanun deficiencies n the diet fed to expenmental ammals dunng preg
nancy have been shown to produce a high inadence of abnormalites 1n the off
spring of these animals The first such expeniments are credited to Hale ° Since
then many experments of a similar nature have been performed with a wide
vartety of substances The clinteal aspects of such studhes have been emphasized
by Warkany * Such diets are grossly deficient Normually the mother s blood

Personal commumcation Dr B M Patten
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offers protection to the cmbryo,‘ 1t remarns to be determined whether or not
munor dictary deficiencies are of importance to man It 1s, howeser, concenvable
that prolonged dietary msufficiencies may be a factor 1 the production of mal
formations Chronic dietary deficiencies were sustained n concentration camps
and may readily occur 1n countries where famine 1s common

Many substances given to pregnant ammals at specific umes have been
shown to increase the incrdence of malformations in the offspring For a de
tarled review of the subject, the reader 15 referred to the report by Kalter and
Warkany ° One of the most mteresung of these experiments as regards malfor
mations of the heart 1s the production of various types of transpositions of the
great vessels by the mjection of trypan blue into pregnant rats at specific times
Fox and Goss  hasve shown the similarity between the transposition complexes
produced by this method and those which occur 1n man

In brief, all these experiments ndrcate that extrinstc factors and specific al
teration 1n the metabolism of the mother at a spectfic ume during pregnancy
may affect the development of the embryo Furthermore, extrinsic factors may
be such as to injure both the embryo and its genes *

The Kartagener triad ™ of situs iy ersus, bronchiectasts, and sinusitis has high
famihal incidence but notably occurs 1n a single generation It has been repeat
edly emphastzed that 1ts occurrence mt a single generation points to an environ
mental rather than a genetic factor

Arr travel wath the change in atmospheric pressure and the constant vibratton
of the plane has been questioned as a cause of malformatons of the heart I st 15
a factor, 1t would be operative only while the heart 1s developing, that 15, duning
the first timester

8y phlts and fetal endocardinss once considered so unportant, are relatiely
unimportant or non cxistent factors

BASIC PRINCIPLES IN THE ANALYSI5 OF MALFORMATIONS

Inasmuch as a malformatson of the heart results from faulty devclopment at
some specific point in the formation of the heart, the remainder of the heart de
velops 1n as nearly the normal manner as 1s possible under the altered ctrcum
stances Consequently unless there has been an error 1n the direction or 1n the

* The fact that specific injury to an embryo may ure the future generations of that
offspring gives hope that when these factors are better understood the reverse may be pos
sible namely that by the correction of a fetal abnormality 1t may ultsmately be possible to
endow the future generattons of its offspring with a sound heredity
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degree of the rotation of the primitive cardrac loop, as 1n cases of dextrocardia or
dextrorotation, the malformed heart occupies the same position as the normal
heart the apex pomnts to the left, the nght ventricle (or what remains thereof)
lies anteniorly, the left ventricle hes posteniorly, and the aorta arches over the
pulmonary artery and descends upon the left The fact that 1n the vast majority
of 1nstances regardless of the type of the malformauon, the heart does occupy
1ts normal position renders 1t possible to analyze which chambers are enlarged
and which are small, this information 1s of prime importance in the analysis of
the nature of the malformation

Any part of the heart or the vascular bed may be affected The abnormahty
may be shght or 1t may be great There may be a malformation of one of the
chambers or of the great vessels There may be an anomaly of the artenal trunk
or of the venous return It 1s, of course possible to have two or more malforma
tons in the same heart, but by and large this 15 rare When 1t does occur each
malformation affects the circulation 1n a speaific manner It 1s the recognition of
the clinical features charactenstic of each of the different malformations which
renders 1t possible to make the correct clinical diagnosss For this reason, each
abnormality 1s presented as a separate chinical entity Na attempt 15 made to dif
ferentiate minute anatomical vanations The problem s approached from the
clinical angle the diagnosis 1s made on a broad functional basts

DIFFERENCES IN THE APPROACH TQ THE PROBLEMS OF ADULTS AND OF INFANTS

One of the serious obstacles to the correct diagnosis of cardiac abnormalities
i infants 1s that the same methods of diagnosts which have proved useful in the
case of adults are often applied to infants In adults the quality the time the
location, and the transmussion of the murmur are often of great diagnostic ad
Anyone who has used these critena for the diagnosis of the nature of a malfor
mation 1 mfants must admut that accuracy 10 diagnosis 15 only 1 accord with
the laws of chance The malformations which can be diagnosed by these findings
must wait until the growth and development of the indvidual have rendered the
findings significant In wnfants although the occurtence of a murmur may sug
gest an abnormality 1n most instances the heart 1s too small, the blood pressure
toolow and the chest wall too thin for special characteristics of the murmur to
be of diagnostic aud

Most of the cardiac malformations fatal 1n early infancy are assoctated with
alterations 1n the size and shape of the heart and 1n the vasculanity of the lungs
Such changes can be demonstrated by x ray and flucroscopic studies The use
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fulness of these studies 15 reatest in those cases 1 which the heart occupres its
normal positton If the heart 15 rotated upon 1ts axs these studies mdicate only
whether the anterior or the postertor portion of the heart 15 enlarged, but the as
sumption that the right ventricle ltes anteriorly and the left ventricle postertorly
1s no longer justified Fortunately these cases are rare, mn the vast majonty of
mstances the posion of the heart 15 normal Consequently, 1n early nfancy
when murmurs and thrils are of Iitdle ard 1n diagnosss, ¥ ray and fluoroscopic
studies are of great value This method of analyss 1s considered 1n detail 1n
Chapter it

CHANGES OF CARDIAC CONTOUR WITH GROWTH

The age at which the heart assumes 115 charactersstic size and shape varies
with the nature of the malformation The fundamental shape of the heart 15 de
termned duning intra uterine bife The stze and shape of the heart at birth de
pend upon the nature of the malformation and the amount of strain which the
fetal circulation placed on the malformed heart The ultsmate size and shape of
the heart depend upon the duration of hife and the load placed on the malformed
heart by the extra utermne circulation

Although 1 the normal arculation the same volume of blood 15 pumped out
of both ventricles this 1s no longer necessarily true when there 1s an abnormal
opening between the two ¢irculations In most malformations the blood which
1s shunted from one side of the heart to the other 1s returned to the side from
which 1t was shunted For example, 1f the shunt 1s from left to right, the blood
which 1s shunted from the left stde to the right 1s pumped around the lesser cir
culation and 1s returned to the left side of the heart and there the cycle starts
agan Stmularly of the blood 15 shunted from right to Jeft 1t 15 pumped around
the systemic arrculation and 1s returned to the nght side of the heart Thus if x
equals the volume of the shunt the volume of blood 1n one airculation 1s 1n
creased by v and that 1n the other 15 decreased by x Nesertheless, so long as the

size of the opening and the relative pressure 1n the two circulations are constant
the volume of the shunt will reman constane The volume of the shunt deter
munes the amount of the load, which 1 turn determines the degree of cardrac
enlargement Most such malformations place a constant lord upon the heart
once the heart has adjusted to the load further increase 1n the size of the heart
15 proportional to the growth of the ndiidual Such malformations do not
cause pl’ngCSSl\ 4 CJr(]IJC Cn]ﬂl'gcmcnt

To analyze the strun placed on the heart by a malformanon requires a
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knowledge of both the normal fetal crrculation and the changes which take
place at birth

NORMAL FETAL CIRCULATION

The ferid heast duffers from the adult heart both 1 steucture 2nd 1n fuaction
During fetal life the lungs do not function for the oxygenation of the blood The
entire exchange of nutntien and waste products and also the exchange of
otygen and carbon drotde takes place in the placenta The sole function of the
heart 15 to pumnp the blood around the body of the fetus If the heart 1s unable to
do this the fetus dies

The structure of the fetal heart 15 adapted to the requirements of fetal life
The flow of blood to the lungs 1s minimal The foramen ovale and the ductus
arteniosus both are normally open The blood which eaters the 1, ht side of the
beart has ample opportunity to pass to the left ssde The blood 1n the nght auncle
can pass directly to the left auncle and also 1nto the right ventricle The blood
from the nnght ventricle 1s pumped mto the pulmonary artery Nevertheless, only
a small amount of the blood 1t the pulmonary artery flows to the lungs, the
greater part passes directly through the ductus arteriosus mnto the descending
aorta

The normal fetal circulation shown 1n Dragram -1 may be briefly summa
rized as follows The blood which enters the righe auricle through the supertor
vena cava flows wmta the night ventricle and 1s pumped out nto the pulmonary
artery Inasmuch as the fetal lungs are collapsed only a small amount of the
blood 1n the pulmonary artery flows through the two main branches of the pul
monary artery to the lungs most of the blood 1n the pulmonary artery flows
through the ductus arteriosus to the descending aorta Some of the blood 1s re
turned by the inferior vena cava to the right aurcle the remunder of the blood

flows through the hypogastric artery to the umbilical arteries and thence to the
placenta where the waste products are given off and ovygen 1s taken up The
blood from the placenta 1s returned by the umbihical veins to the Iner then
through the ductus venosus to the inferior vena cava and thence to the nght
auricle Most of the blood from the infertor vena cava s directed across the right
auricle through the foramen ovale to the left aunicle where 1t meets the small
volume of blood which 1s returned from the fungs by the pulmonary vens The
blood from the left auricle flows inta the left ventricle, 1s pumped aut thraugh
the aorta to the head and the upper extremuties, and flaws through the descend

ing aorta to the trunk and the lower extremiies The blood from the head and
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Diacram 1-1

Normal fetal errculatron

During fetal e the lungs do not function The fetus receives oxygenated blood from
the placenta by way of the umbilical veins The umbrlical vemns pass through the hver
and join the inferior vena cava by way of the ductus venosus Thus the inferior vena
cava as 1t enters the nght auricle contains a muxture of oxygenated blood from the
placenta and venous blood from the fetus
Most of the blood from the inferior vena cava 1s directed across the nght auricle
through the foramen ovale to the left auricle Here 1t meets the venous blood which 15
returned from the lungs this combination of parually oxygenated and venous blood
passes from the left auricle to the lefe ventricle and out by way of the aorta to the head
and upper extremuties and some blood also flows through the descending aorta to the
trunk and lower extremities
The blood from the head and upper extremuties 1s returned by way of the supenor
vena cava to the nght auricle The greater part of the blood from the supertor vena cava
1s directed to the night ventricle The blood 1n the night ventecle 1s pumped out nto
the pulmonary artery Part of the blood in the pulmonary artery passes through the
matn branches of the pulmonary artery to the lungs through which it creculates but
from which 1t recetves no oxygen and 1s returned by way of the pulmonary vemns to
the left aunicle Most of the blood from the pulmonary artery passes through the ductus
arteriosus to the aorta thence the blood flows through the descending aorta to the
trunk and lower extremities Here again the stream divides  pare of the blood 1s re
turned to the night aurscle by way of the inferior vena cava and part flows through the
hypogastric artenies to the umbilical arterses and out to the placenta for oxygenation
Duriny, fetal ife the work of the right ventricle 1s sncreased because the nghe ven
tnicle not only pumps the blood against the bigh pressure of the collapsed lungs but
also pumps blood through the ductus artertosus to the trunk and lower extremties In
contrast to this the left ventricle pumps the blood to the head and upper extremuies
and only part of the blood to the trunk and lower extrenmuies Hence duning ntra
utertne hfe the left ventricle does less work and the night ventricte does more work
than after birth Consequently at burth the wall of the nght ventricle 1s of approu
mately the same thichness as that of the left ventricle Although the electrocardiogram
at birth and during the neonatal period normally shows a righe axis deviation the um
polar leads sndicate that the two ventricles are of approximately equal thickness
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the upper extremuties 1s returned by the superior vena cava to the right auncle
and thence to the right ventricle The blood which 1s directed to the trunk and
lower extremities meets the blood which 1s pumped from the right ventricle
through the ductus arteriosus into the descending aorta Part of the blood 1n the
descending aorta flows to the placenta, and part 1s returned by the infertor vena
cava to the night aurcle
There are two points i the fetal arculation which are controverstal first, the
extent of the separation of the blood 1nto two streams n the right auricle, and
second, the extent to which the fetus breathes tn utero The work of Barclay,
Franklin, Prichard, and their associates * * indicates that in a number of the
lower animals there 1s an almost complete separation of the two streams In
some spectes the foramen ovale 15 not merely a valve but a tube which directs
the stream of blood from the infersor vena cava into the left aurcle, whereas the
blood from the superior vena cava ss directed 1nto the nght ventricle Conse
quently 1n these ansmals the oxygen content of the blood 1n the left ventricle 15
higher than that in the nght How closely the anatomical structure and the func
tional capacity of the human fetal heart resemble those of the lower animals 15
notknown Nor st known to what extent the lungs expand during intra uterine
Dife Certamn 1t 15 that the Iungs do not serve for the oxygenation of the blood
The blood which goes to the lungs 15 returned unoxygenated by the pulmonary
vens to the left auricle The partially oxygenated blood frem the inferior vena
cava which 1s directed into the left auricle mixes with the venous blood which 1s
returned from the lungs Therefore, 1t seems probable that there 15 no significant
difference i the oxygen content of the blood in the left and the nght side of the
fetal heart The supply of oxygen to the fetus from the mother s blood 15 ex
tremely meager, 1t 15, however adequate for the normal growth and develop
ment of the fetus
Furthermare both sides of the heart pump the bload througlt the body of the
fetus The left ventricle pumps the blood nto the rorta and hence pumps agamst
the systemic pressure Inasmuch as the lungs are collapsed and the blood which
cannot pass to the lungs 1s pumped through the ductus arteriosus to the descend
ing aorta the nght ventricle also works agamnst systermic pressure Thus the
work required of the two ventricles 15 approximately the same Consequently at
birth the walls of the two ventricles are of approximately the same thickness
The wall of the left ventricle 1s proportionately not as thich as in adult Iife and
that of the nght ventricle 15 proportionately thicker These changes are reflected
1n the electrocardiogram Although during the neonatal period 1t 15 normnl for
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the electrocardiogram to show a right axis desiation, the precordsal leads inch
cate that the tw o ventricles are of approximately equal thickness

The fact that the lungs are of no functional importance during mtra uterine
life means that many of the malformatons which affect the night side of the
heart place no straw on the fetal arculaton Such malformations are readily
compatible with fetal Iife For example not until birth and the establishment of
resprration does 2 pulmonary atresia place a serious stramn on the arculation
Consequently a fetus with such a malformation usually Iives to term  hence,
such malformations are relatncly common 1n newborn babtes

CHANGES IN CIRCULATION AT BIRTH

‘The Fact that 1 malformation places no strain on the fetal crrculation does not
mean that the same will be true after birth In order for an mfant to live untl
term 1t 15 necessary only that the structure of the heart be such as to meet the
needs of the fetal circulation, that 1s the heart must be able to pump the blood
around the body of the fetus

At brth a fundamentat change 1n the arculanon occurs Not only does the
heart pump the blood throughout the body but a mechanism must immeduately
be set 1n motion for the exchange of oxygen and carbon dioide 1 the lungs
Instead of one arculation two crrculations are estabhished  the systemic circula
uon which carries oxy genated blood to the body and the pulmonary circulation
which enables the blood to gise off carbon diexide and take up oxygen

With the expansion of the lungs and the consequent fall 1 the pulmonary
pressure the blood 1n the pulmonary artery 1s disected to the lungs An increased
volume of blood 1s returned to the left auncle, which raises the pressure m that
auricle With the rise of the pressure in the left auricle, the valve covening the
foramen ovale tends to close Whether this 1s the mechantsm by which the clo-
sure of the foramen ovale 15 accomplished or whether there 1s something inherent
10 the structure of the left auricle 15 not known The work of Barclay Frankln
and Prichard ! indicates that the contraction of the left aurtle i stself tends to
close the f ovale The equal on of the g 1n the two aurscles

acts to keep it closed during drastole

Be that as st may, with the establishment of respiration, the pressure 1n the
pulmonary arculation becomes less than that n the systemic airculanon Conse
quently the direction of the flow of blood through the ductus artertosus 15 re
versed Soon the pressures on the two sides of the heart become approvimately
equal Thereupon the flow of blood through the ductus artertosus virtually
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ceases All the present experimental evidence indicates that although anatoms
cal closure of the ductus artertosus may not be completed for two months, func
tional closure of the ductus arteriosus occurs shortly after birth

EVALUATIONS OF THE STRUCTURE OF THE HEART FOUND AT AUTOPSY

Anatomical patency of the foramen ovale and the ductus artertosus are
normal 1n the neonatal persod Fatlure to appreciate the normality of these find
tngs i the first weeks of life has led to 2 widespread misconception that 1n 1n
infant dying of a congenital malformation of the heart the dignosts of a patent
ductus arteriosus or a patent foramen ovale 15 the one most likely to be substantt
ated at autopsy Although 1t 1s anatomically a correct diagnosis, the condition per
se 15 seldom fatal an early infancy Moreover, the diagnosss of a patent ductus
arteriosus 1s likely to give false hopes to the parents or discredit to the phystcian,
since 1t 15 widely known that the disturbance 1n the crrculaton caused by the
persistent patency of the ductus artertosus can be corrected by surgery As a
matter of fact, 1n most infants who show persistent cyanosis and die at an early
age, the patency of the ductus arteriosus ards 1n the airculation of the blood to
the lungs Under such circumstances, ligation of the ductus would be a fatal mrs
tzke The conditions under which patency of the ductus arteniosus or of the
foramen ovale should be considered as malformations are discussed 1n detasl 1n
theur respective chapters in Volume it

It 15 also 1mportant to remermber that the structure of the heart found at
autapsy does not necessarly represent the structure of the heart throughout the
fant s life In a number of malformations the patency of the ductus artersosus
or of the foramen ovale 15 essential for the mamtenance of the circulation As
one or both of these structures undergoes normal obliteration, the condition may
become so extreme as to render the malformation incompatible wath life, and
death ensues

SUANARY

Malformations of the heart follow speaific patterns There are however all
grades of severnty of almost all malformations

Embryologcal studies indrcate that malformations are the result of develop
mental errors—arrest or defectve development at some spectfic point

Virtually the entire development of the heart occurs between the twenty first
and the fortieth day of fetal ife Hence this is the time when malformations oc

cur
1
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The sahient features 1n the embryology of the heart arc reviewed
The relatsion of malformatians of the heart to embryolagcat defects 15 pre
sented
Although the etwolagy s not clear bath inteinsic factors and heredsty play a
role The accurrence of the various syndromes mndicates that injury may be both
speaific and widespread Extringic factors also affect the cmbryo Thus develop
mental crrors may be due to defective genes ar ta abnosmalities 1 the envizon
ment German measles during early pregnancy s associated with a fugh ma
dence of congenital cataracts and congental matformations of the heart
{nasmuch as malformations of the heart result from localyzed arrest m the
development of the heart the remander of the heart develops as nearly as pos
sible sn the normal manner It follows that m most anstances the malformed
heart secupies the normal posiwon Ths renders st possible 1o analyze which
chambers are enlarged which absent By this means 1t 15 often possible to mahe
a relatnvely accurate chinical diagnosis as to the nature of the malformation
The age at whch the heart assumes ats charactenstic shape vanies with the
nature and the severity of the malformanon The size and shape of the heart at
birth depend upon the stramn placed on the abnormal heart during fetal hfe The
ultzmate size and shape of the heart depend upon the duration of life and the
stran placed upon the abnormal heart by the extra utenme crculatton Fartw
nately many malformations place a constant load upon the heart In such
stances once the heart has adjusted to sts load the further increase m the size of
the heart 15 proportsonal to the grov th of the mdnidual
A brief review of the fetal oreulation and of the changes which take place
atbirth 1 given
In the evaluation of the nature of the malformation found at autopsy it 15
tmportant to bear in mund that the ductus arteniosus and the foramen avale are
normally patent durmg the neonatal period Morcover the extreme condition
found at autopsy docs not necessartly represent the condattan present throughout
hife When the arculation becomes incompatible with hfe the infant dies
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CHAPTER [I
METHODS OF DIAGNOSIS

HE possibility of a congemtal malformation of the heart 1s suggested by

the detection of an unusual murmur or thrill, by the occurrence of cyano-

s1s with or without clubbing of the extremuties, or by an abnormality in
the size, shape, or position of the heart Any of these findings may suffice to
make a posttive diagnosis of a cardiac abnormahty Detarled study 1s, however,
usually necessary to determine the nature of the malformation A large number
of malformations can be differennated by careful analysis of the information ob
tained from the history, phystcal examination, « ray or fluoroscopic studies, and
electrocardiography In some instances additional studies, such as the determina
tion of the oxygen saturation of the arteral blood, the circulation time, cardrac
catheterizatton  angiocardiography or aortography are necessary for accurate
duagnosis These are discussed in Chapter 1 and the phystological factors are
analyzed 1n Chapter n This chapter 1s concerned with basic information de
rived from physical exammation < ray fluoroscopy, and electrocardtography

Physical Evamination

The normal physical findings 1n adults are familiar to all The following dis
cussion 1s concerned primanly with the vanations which occur 1 mnfants and
young children

An infant s heart 15 larger in proportion to the chest than 1s that of an adult
Nevertheless accurate percussion of the cardiac borders 1s difficult Furthermore
the actual size of the heart 1s extremely small The length from base to apex may
be only 4 cm Thus an error of one centimeter in percussion 1s relatnvely great
Moreaver, the small size of the heart makes 1t virtually impossible to different:
ate between a basal systoltc murmur and one that originates beneath the sternum
1n the third or fourth interspace In additton the chest wall 1s so thin that the
heart sounds and murmurs are widely transmutted The consequence 1s that al
though 1 older mdiiduals the character of the murmur 1its Jocanon and 1ts
transmmission are of great sgnificance 1 mnfants the heart 15 so small and the
wall of the chest so thin that these findings have Iittle dragnostic smportance
Furthermore murmurs assocated with congemital malformatons of the heart
depend upon the relatne pressure tn the two crrculations In infancy the differ



1l METHODS OF DIAGNOSIS 29

ence 1n pressure 15 shight, with sarations in the systemic and pulmonary pres
sures murmurs come and go Thercfore, too great emphasis should nat be
placed on murmurs
A murmur whick 15 audible 1 the nconatal persod may or may not be of
sigmficance It 1s 2 well known fact that a loud systolic muemur may be heard
shortly after buth and subsequently disappear Such murmurs are believed to
be associated with the flow of blood through the ductus arteriosus Immediatelv
after burth, as the Jungs expand there 15 an abrupt lowenng of the pulmonary
pressure, indeed normally the pressure 1n the pulmonary circulation ma, be
come sufficently Jow to allow the blood to flow from the aorta through the
ductus artersosus to the lungs With the full expansion of the Jungs and the e»
tablishment of the pulmonary circulation the pressure in the pulmonary artecy
tends to nase, and the difference between the pressures in the pulmonary and sys
temic crrculations becomes relatvely stight Normally the ductus arteriosus un
dergoes obliteration but even while 1t remains patent during the ensutng wechs
the pressures n the two crculations become sa nearly equal that the murmur
usually disappears Functional closure of the ductus arteriosus occurs Jong before
anatomucal closure of this pathway
The persstence of a murmar for a perrod of ueeks 1s usually dicative of 2
congemtal malformation of the heart Most of these murmurs are systolic n
time Pecause of the small size of the heart it 1s virtually impossible, with the
single exceptton of a dextrocardsa, to localize 2 murmur wath sufficent accusacy
for 1t tobe of dragnostic signtficance Furthermore the mtensity of the murmur
although affected by the size of the opening depends prumanly upen the rcla
tive pressure in the greater and the lesser arculavons When the pressures 1n the
wwo arculations become equal the murmur disippears Therefore only rarely
15 the location of the mumur or 1ts intensity of dragnostic aid
Duastolee murmars are of significance but such murmurs are comparatively
rare 1 mfants under 2 year of age In imfancy an early dustolic murmur max
mal along the Jeft sternal border 15 more frequently due to pulmonary msuffi
crency than te aortic insuffictency  True presystolic murmurs are very seldom
heard because congenttal mutral stenosis 1s rare Furthermore, when muteal
stenosts ss extremely severe there may be no murmur
Continuons murmurs are of significance Although such a murmur s always
suggesine of persistent patency of the ductus artersosus 1n early nfancy a con
tnuons murmur 15 quite as frcqucnﬂ) heard mn a truncus arterosiss or an aortic
septal defect as n 2 patent ductus arteniosus Furthermore, such a murmur may
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be produced by a congemtal anomaly of the pulmonary onfice The author has
seen one infant who had a loud, nnging diastolic murmur which was continu
ous with a systolic murmur over the pulmonary area Autopsy revealed a malfor
matton of both the aortic and the pulmonary valves The cusps of the aortic valve
were of unequal size, and one cusp was placed at a lower level than the other
two, thus the aortic valve appeared to be insufficient The pulmonary enfice was
dimmutive 1n size, and the pulmonary valves entirely absent Consequently, al
though great difficulty was encountered in the expulsion of bload through the
pulmonary orifice during duastole there was nothing to prevent the free re
gurgitation of blood nto the nght ventricle The continuous murmur was
readily accounted for by the pulmonary stenosis combined with pulmonary
sufficiency, and possibly by the aortic insufficiency No remnant of the ductus
artersosus was found

Breath sounds in infants are frequently confused wath heart sounds This may
lead to the mistaken diagnosts of a continuous murmur At the apex 1t 1s ympor
tant to differentiate between a true diastoltc murmur and the gallop rhythm of
a poorly funcuiomng heart Because diastolic murmurs are rare and subject to
musinterpretation and because many of the systolic murmurs are extremely var
able and 1mpossible to locahze with accuracy, the man importance of a murmur
15 to direct attention to the possibility of a malformation Further studies are
necessary n order to ascertain the nature of the malformation

In mnfancy the features which are of diagnostic sigmificance are the rate and
the action of the heart and the quality of the heart sounds A loud murmur, espe
crally if accompanted by a thrill or by the occurrence of cyanosts 15 always of sig
mficance

The heart rate should be counted A slow, regular heart rate (30 to 50 per
mtnute 1n an adult 60 per munute 1n a child, and 8o per minute 1 an nfant)
should suggest the possibility of @ complete heart block Excessively rapd rates
oceur with cardiac failure Cardiac arthythmia aurscular fibrillation paroxysmal
tachycardia and even excessive sinus tachycardia are prone to occur when one or
both aunicles are enormously dilated (see Chapters v and xxxv)

The forcefulness of the heare sounds 1s often of diagnostic sigmficance Al
though 1 early infancy the heart sounds are normally relatis ely loud extremely
loud heart sounds may be the only indication that the heart 15 laboring under
great difficulties The forcefulness of the heart action may thus arouse suspicion
before the development of a murmur or the recognitton of cardiac enlargement

The quality of the second sound at the base also grves useful information The
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reduplication of the second sound 1s clear evidence of the castence of both reat
sessels It 1s never heard when there 1s atresia of one of the great vessels or a
truncus artertosus The converse s not umformly true the absence of redup'ica
tion of the second sound 15 not posinve proof that there 15 but one great vessel
However, the purtty of the second sound 1n cases of atresia of one of the grear
vessels 1s strihing
Accentuation of the second sound ocer the pulmonary area usually means
that the nght ventricle 1s worhing agamnst an abnormally hugh pulmonary pres-
sure Itis however, smportant to remember that the accentuation of the second
sound may be due to an abnormal rotation of the great vessels such that the
closure of the 2ortic valve 1s better heard to the left of the sternum than to the
nght
A murmur always directs attention to the heart Even 1n mfancy, functional
murmurs must be differentiated from those caused by 2 congemtal malforma
tion of the heart In young children it 15 also important to differentiate murmurs
due to congenttal malformation from those due to acquired heart disease
Functional murmurs are common They are sometsmes difficult to differents
ate from murmurs produced by congemtal malformations If however, the pres-
ence of a murmur 1s the only abnormality of the heart 15 of normal size and
shape, and 1f 1ts functional capacity 1s good the existent malformatton 1f pres-
ent, 1s prabably shght. If, however, there 1s any doubt the baby should be kept
ander close observation Nevertheless 5o long as the baby 1s doing well and the
heart remamns normal 1n size no further stodies are necessary
Murmurs of acquired heart disease follow the pattern of vaivular Jesions
The murmur of mutral snsufficiency 1s well transmutted to the awlla that of
mutral stenosts 1s localized just within the apex and 1s heard best 1 the left
lateral position after excrase The early diastolic murmur of aortic insufficrency
1s heard along the left sternal border and that of aortie stenosis 1s maximal at the
base of the heart 10 the right of the sternum and 15 transmutted o the great ves-
sels A systolic murmur over the pulmonary area or along the left sternal border
ifintense 1s always suggestive of a congenital malformation of the heart
Ins infants mest murmurs which are clearly mdicative of 2 malformation of
the heart are loud rasping systolic murmurs which have the quality com
monly thought charactenstic of 2 small ventricular septal defece of the mala
die de Roger type This malformation 15, 1n reality by no mesns as common as
might be expected from the frequency of loud precordial systolic mursnurs
The presence of a pronounced thrill 1s almost always mdicatne of the exse
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ence of a cardiac abnormality Care should be taken to palpate over the entire
precordium The mustake 1s often made, espectally 1n the examnation of older
indnaduals, of palpating at the apex only and neglecting to palpate along the
sternum and over the base of the heart The time of the thnll 1s ymportant Most
thrlls are systolic 1n time A continuous thull over the base of the heart 15 sug
gestrve of a patent ductus arteriosus Broadly speaking thnlls are mndicatrve of
loud murmurs and of a considerable disturbance in the flow of blood For this
reason a murmur often becomes audible before the development of a palpable
thrill Indeed, 1t 1s unusual to feel a thrill 1n a baby less than four months of 1ge
Left ssded chest deformty 1s always indicative of great nght sided cardiac
enlargement It 1s only when the right ventrcle 1s so greatly enlarged that 1t
presses agamst the antertor chest wall that the heart causes deformuty of the
chest Furthermore such pressure must occur while the bones are soft and plia
ble therefore, left sided chest deformity 15 always indicatrve of right sided car
diac enlargement which has occurred at a relauvely early age This, howeves,
does not mean that the enlargement 15 due to a congenttal malformation of the
heart 1t may be the result of a sesere rtheumatic infection
The rate of growth and the degree of development of the individual may
offer a clue to the severity of the cardiac anomaly Prolonged severe anovenia
frequently causes stunting of growth In addition stunting of growth may be
due to a huge left to night shunt of such magnitude that the body lacks an ade
quate supply of oxygenated blood as for example 1n a patient with a large
patent ductus artertosus or wath a large septal defect
Chanosis and clubbing* are always suggestive of a severe malformation of the
heart Cyanosis always precedes clubbing of the extremities Indeed clubbing of
the extremities although a characterisuc finding m older patients, 1s seldom
seen 1n early infancy In infancy, i the vast majonty of instances, persistent
cyanosis mdicates not only that there 1s some abnormal communication be
tween the two sides of the heart, but also that a large volume of venous blood 15
being pumped directly tnto the systemic airculation The commonest causes of
such shunts are malformations of the great vessels and the manner 1 which they
meet the ventricles
The ntensity of the cyanosis espectally in relatton to the concentration of the
hemoglobin, should be considered Shight cyanosts with 2 hemoglobin level of 10
gm may be far more serious than deep cyanosis with a hemoglobn level of 17
m
The distribution of the cyanosis should be studied with care A difference,
The factors v hich produce cyanosis are discussed 1n detail sn Chapter v
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even though not always pronounced, in the intensity of the cyanosis of the upper
and lower extremities grves valuable information concerning the course of the
arculation When the feet are more cyanotic than the hands, senous blood 15
flowing from the pulmonary artery through the ductus arteriosus into the de
scending aorta When there 1s a complete interruption of the 1sthmus of the
aorta and the descending aorta 1s continuous with the pulmonary artery through
the ductus arteriosus, the difference 1n cyanosis betw een the upper and the lower
extremties 1s matked because the lower extremities recewve only venous bload
from the pulmonary artery The reverse distribution of cyanosts may occur 1n
assoctation with a complete transposition of the great vessels (see Chapter )

In patients with pulmonary hypertension and patency of the ductus arten
osus (see Chapter xum), the pressure n the lesser airculation may be so high
that some of the venous blood which flows from the pulmonary artery 1nto the
aorta 15 forced back 1nto the left subclavian artery, thus, the left hand becomes
more cyanotic than the nght Occastonally the right hand 1s of normal color, the
left hand shghtly cyanotic and the feet definitely cyanouc In most nstances the
difference 1n cyanosis 1s shight but becomes readily apparent when the right hand
15 placed beside the foot

The strength of the pulse especnlly that in the arm compared with that 1n
the leg 1s significant A strong pulse 1n the upper extremuties combined with a
weak or absent pulse in the lower extremitues 15 charactenstic of coarctation of
the aarta In contrast to this, 1n an infant with aortic atresia the pulse eseryw here
may be so weak that 1t 1s difficult to palpate With cardiac failure also the pulse
may be extremely weak

Carduac failure 1s mdicated by a gallop rhythm, by the rapidity of the respira
nons by the enlargement of the liver by rales 1n the lungs and by edema of the
extremities (see Chapter v)

Gallop rhythm 15 mdicatve of 2 poorly functiomng heart It 15 commonly
heard when the heart 1s greatly enlarged 1n a heart of normal size 1t 15 indicative

of 2 poorly functioning heart

The respiratory rate mn infancy and childhood 1s the most sensitive index of
cardiac decompensation Although infants breathe more rapidly than adults, ex

tremely rapid respirations are alw ays suggestive of cardiac failure Many infants
breathe quietly therefore, the rapidity of the respiratory rate 1s frequently not
apprectated unless 1t 1s counted A respiratory rate of 6o per minute 15 a sign of
distress 1f the respirations are grunting in character, they call for differentianion
from those assoctated with pneumonia

Rales in the lungs sesult from pulmonars congestion In order to have pulmo-
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nary congestion, there must be adequate arculation to the lungs Many malfor
mations, notably most of those which cause persistent cyanosts, e ssociated
witha marked dimimnution 1n the flow of blood to the lungs For this reison, pul
monary congestion and the rales at the bases of the lungs are extremely rare m
patients with pulmonary stenosts or atresia The converse1s also true n the pres
ence of cyanosss rales in the lungs 1re suggestsve of 1 mlformation 1n which
therc 1s adequate or excessise pulmonary blood flow For eximple, rales in the
lungs are relatively common 1n patients with complete transposition of the great
vessels Pulmonary congestion also occurs an patients wath Jarge Ieft to right
shunts

Fngorgement of the lieer 1s the usual early sipn of cardiac farlure in infancy
and childhood It 1s indicative of a right ssided heart fulure and occurs long be
fore there are rales in the lungs or demonstrable edemn of the extremities

Pulsations as the margin of the liver when they oceur, arc of dingnostic ard
They are indicative of an abnormality of the tricuspid valve—either of tricusprd
msufficiency or of tricusprd stcnosis or atresta with 1 well formed aurscular
septum  In patcnts with tncusprd msufficency the pulsations 1t the margmn of
the Iiver are systolic 1n ime, whereas in patsents with tricuspid stenosts or atresia
they are presystolic in tme Furthermore 1 tricuspid msufficieney the right
ventricle 1s enlarged, wherets in tricusprd stenosts or atrest the night ventricle 1s
small or absent Tricuspid msufficiency 15 usually assocrted with engorgement
of the lver When the liver s of normal size, pulsations 1t 1ts margin are
strongly suggestive of tricuspid stenosts or atresta with a well formed auricular
septum 1 which there 1s only a small opening between the two aurcles (see
Chapter viir)

In summary physical eximination usually reveals a cardiac abnormality The
detection of 1 murmur Aways arouses suspicton The occurrence of chest de
formuty, the abnormal location of the apex bet, or the presence of cyanosis and
clubbing immedntely suggests the cxistence of some congenital malformation
of the heart Accurate diagnosts of the nature of the malformation, especially 1n
infants and young, clildren, s seldom possible without the ud of the fluoroscope
and the electrocardiogrim

Fluoroscopre and X Ray I'vamnations
Fluorascopic and x ray exyminations 1n the antertor posterior position dem
onstrate the stze of the heart and the great vessels and in the oblique posiions
1t 15 possible to determine which chambers and vessels are enlarged and which
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are absent Such changes are of prime importance 1n the dingnosts of the major
1ty of the severe malformations of the heart

Fluoroscopsc examrmnatton 15 generally more valuable than ¥ ray exammna
tion because 1t permuts the examination of the pattent in a number of positions
and also because artifacts produced by the rotatton of the head and shoulders,
and vanations 1 the size of the heart produced by respiration or crying can be
chmmnated In addition, 1t 15 possible to detect pulsations i the lung fields and
any actual changes 1n the shape of the heart which may occur 1n the various
phases of the cardiac cycle

Although fluoroscopy 15 of greater aid 1n diagnosts than 1s < ray 1t must be
remembered that the patient recewves far more radiation from a fluoroscopic ex
amination than from an v ray Image intensifiers greatly reduce the danger of
radiation, but without such protection repeated fluoroscopy 1s contraindicated

CONTOQUR QF THE NORMAL HEART

In order to evaluate the changes 1n the < ray shadows produced by the mal
formed heart, 1t 15 essential to understand the contour of the normal heart * The
main differences betw een the adult and the infant are that 1n the infant the chest
1s rounder, the diaphragm 1s higher, and the heart lies 1n a more horizontal posy
tion than 1n the adult Indeed,n the mfant the chest 1s wider than 1t 1s long 1
the child approximately as long as 1t1s wide and 1n the adult longer than 1t 15
wide In the antenor posterior positiont the night ventricle always lies antertor to
the left ventricle Thus, the left border of the cardiac shadow 1s composed of the
pulmonary conus the margin of the right ventricle and the apex of the left
ventricle Theterm pulmonary conus 15 used to denote the second curve to the
left of the sternum which lies at the base of the heart normally 1t 15 composed
of the main pulmonary astery and the outflow tract of the nght ventricle It 15
however, frequently impossible to determine exactly where one ends and the
other begins The studies of Robb and Steinberg” demonstrate that normally 1n
adults the tip of the left auncle 1s not visible in the antenior posterior position
certatnly 1t 15 not visible in infants and children The nght auricle 1s seen to the
night of the sternum  Above the nght auricle the superior vena cava may project

The discussion of the contour of the normal adult heart 1s based on the work of Evans 1
Palmer Bedford and Parkinson® Assmann 4 and Roesler ¢ and on studies of various
models and autopsy materials The discussion of the contours of the hearts of nfants and
children 15 based on the observations of the author

+The tesm antertor postertor s used throughout the book to describe the patient s pos:
tion when he 15 facing the screen
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slightly to the right of the sternum In adults the 2ortic knob 1s normally seen to
the left of the sternum, 1n 1nfants 1t 15 normally not visible The contours of the
heart and chest of the normal mfant, child, and adult 1 the anterior posterior
position are shown in Figure 11-1, the antenior posterior posttion relative to the
fluoroscopic screen 1s show n sn the upper drawing of Figure -2
In the left ansersor oblique position the patient 1s placed so that hus left shoul
der 15 toward the screen and he 15 facing the left shoulder of the observer (as
shown i the muddle drawing of Figure n-2) The patent 1s rotated so that his
shoulder meets the screen at an angle of 45° Thts position makes 1t possible to
differentiate between the right ventricle and the left In this position the two
ventricles he side by side and the apex pomnts toward the observer, the nght
ventricle projects toward the anterior chest wall, and the left ventricle extends
toward the spinal column Therefore, the nght border of the cardiac stlhouette,
that 15, that portion which projects toward the antertor chest wall, 1s formed by
the night ventricle The left margin of the cardiac shadow, that portion which
projects posteriorly toward the spinal column, 1s cast by the left ventricle Thus,
each ventricle contributes 1ts specific component to the cardsac sithouetre On
deep 1nspiration 1t may be possible to visunalize the mterventricular groove and
thereby accurately rdentfy the portion of the cardiac sithouette contributed
by each of the ventricles This position also grves the best visualization of the
ascending aorta and the aortic arch The pulmonary artery lies antertor to the
ascending aorta and although not clearly visualized adds a component to this
shadow The pulmonary window 1s also visualized 1 this posttion, 1t lies pos
teror to the mamn pul y artery, liately below the arch of the aorta
The putmonary window 1ncludes the aortic window and the regron normally
occupied by the pulmonary artery The left auricle consututes part of the pos
terior shadow at the base of the heart and 1ts upper margin forms the lower
boundary of the pulmonary window but the left auricle 1s not sufhcently
clearly delineated to be of diagnosuc significance The right auncle normally 1s
not visible, 1t lies almost directly behind the right sentricle Figure 112 shows
the position of the child relatn ¢ to the fluoroscopic screen and the contour of the
heart in each of the three positions
In the right anterior oblique posinon the patient 1s rotated so that hus right
shoulder 1s tow ard the screen and he faces the right shoulder of the observer (as
shown 1n the bottom drawing of Figure n-2) In this posiion the major part of
the cardiac shadow 1s cast by the nght auricle and the night ventricle The right
auncle forms the postertor part of the cardiac shadow and lres just 1n front of the
spinal column and projects forward toward the observer The anterior portion
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of the cardac shadow, that 15, the portion which hes close to the anterror chest
wall, 15 composed of the right ventricle In this posiuon the night aurscle and the
nght ventnicle completely obscure the left ventricle The shadow at the base of
the heart 1s composed of the pulmonary conus, that 1s, the outflow tract of the
right ventricle and the man pulmenary artery Immedrately below and pasteriar
to this shadow, the portion of the cardiac sithouette wuch ltes close to the spral
column 15 a compostte shadow cast by the zorta the iifurcation of the trachea,
the pulmonary arteries, the esophagus, and the Ieft aunicle The differentiatron
of the various components of this shadow 1s difficult Nesertheless when the
esaphagus 15 filled with an opaque mixture * st1s possible to visualize ats position
relatnve to the course of the aorta and the left auncle Normally the aorta as 1t
arches postertorly may slightly indent the esophagus The left auncle hes adpa
cent to the esophagus and may pulsate agaimst 1t, but does not alter the course of
the esophagus Enlargement of the left auricle causes backward displacement of
the esophagus (sec Figures 17 1-9 1~10 and page 47)

The above review of the contour of the heart shows that by examuation 1n
the anterior postertor and the mo oblique posttions all four chambers of the
heart can be visualized The antertor posterior posiion gises the size of the two
ventricles and the nght auncle The examunation 1o the left antenior-obhque
posiion show s the relatne size of the nght and the Jeft ventricles In the nght
antertor-oblique position 1t 1s possible to visuahze the size of the left auncle The
contour of the normal heart of the infant and adult in the left and night antertor
abhique posttions ts shown i Figure 1-3 By studies 1n these three posions 1t
15 posible 10 hfferentiate the changes in the contour of the heart whach result
from the enlargement or absence of each of the various chambers

It 15 also important to bear 1n mind the changes 1n the contour of the heart
which occur with growth As the nfant grows to childhood the duaphragm
drops down and the heart occupies a more vertical postion This means not only
that the apex Lies at a lower level and that the heart 1s smaller 1n proportion to
the chest but also that the great vessels become clongated The pulmonary
conus 1s Jess consprenous and the shadow cast by the great vessels 15 narrower
Furthermore as the ndnidual grows the aorne knob becomes more readnly
wsible These changes are show n 1n Figure n~r

*4 small quantsty of bartum should be mived with an approvimately equal amount of
water this should be sncetened and fiavored to make 3 palatable mrxture Three teaspoon
fuls of banium sulphate three teaspoonfuls of water and one teaspoonitul of sw eetened covoa
ss 2 muxture which most children enjoy
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ENLARGENENT OF THE RIGHT VENTRICLE

The right ventricle 1s well outlined 1n both the anterior postenor and the
left antenor-oblique positsons In the antertor postertor posttion enlargement of
the pulmonary ariery and of the outflow of the right ventncle 1s indicated by an
accentuation of the shadow cast by the pulmonary conus (Figure 11-4) Since the
remainder of the right ventricle lies anterior to the left ventricle, the anterior
posterior position shows the size of the heart and enlargement of the ventncles
when present, but gives no evidence whether 1t 1s the night or the left ventricle
which 15 enlarged Exarmatton in the left anterior obhque position permuts the
differentiation between right and left ventricular enlargement In this position,
as previously mentioned, the nght ventricle projects toward the antersor chest
wall the left ventricle toward the spinal column (see Figure 11-4) The relation
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of the right ventricle to the aorta 15 a useful guide 1n the estimation of the size
of that chamber With marked enlargement of the night ventrcle, the shadow
cast by that ventricle projects further and further forward beyond the ascending
aorta untl with tremendous enlargement, the right ventricle presses against the
antertor chest wall When progressive enlargement of the nght ventricle occurs
carly in hife, 1t will sooner or later push the anterior chest wall forward As previ
ously stated, left sided chest deformuty usually means right sided cardrac en
largement If the enlargement of the right ventricle occurs after the chest wall
has lost its flexabality, the right ventricle becomes flattened against 1t, and with
further enlargement the left ventricle 1s displaced backward When this occurs,
the antenor margin of the cardiac sithouette has a straight border, and the ven
tricular groove can usually be seen to lic abnormally far posteriorly This phe
nomenon 1s most frequently scen when the enlargement of the right ventnicle
1s due mainly to progressive hypertrophy such as occurs 1 a valvular pulmonary
stenosts with an intact ventricular septum (see Figure 11-5)

ABSENCE OF THE RIGRT VENTRICLE

Absence of the night ventricle also causes a distinctive change 1n the carchac
silhouette (see Chapters viand 1¥) In the anterior postertor posiion the stgnifi
cant feature 1s the absence of the shadow cast by the pulmonary conus The ab
sence of this portion of the heart causes the upper margm of the cardrac shadow
to the left of the sternum to change from the normal convexity to a concavity, as
shown in Figure 6 It 15 important to remember that the development of the
outflow tract of the right ventricle 1s intimately assoctated with the development
of the normal pulmonary artery Absence of the pulmonary conus occurs when
ever the pulmonary artery fails to meet the right ventricle in the normal fashion
It indicates that the pulmonary artery 1s absent, diminutnve, or musplaced Thus
the absence of the shadow cast by the pulmonary conus may be assoctated with
a pulmonary atresia and a non functiontng right ventricle, or with a complete
transposition of the great vessels and a greatly enlarged right ventricle It fol
lows that the absence of the pulmonary conus gives no 1ndrcation of the size of
the right ventnicle In order to ascertain whether or not the night ventnicle 1s
diminutise examtnation 1n the left anterior-oblique position 1s essential When
there 15 a defective development of the night ventricle the cardiac shadow never
projects toward the antertor chest wall beyond the margin of the ascending
aorta It 15, however 1mportant to remember that when the right ventncle 1s
absent, the left ventricle 15 always enlarged Owing to the enlargement of the
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left ventricle the cardrac silhouctte 1s not smaller than normal, but the contour
15 changed The enlargement extends postertorly The anterior portion of the
cardrac shadow does not project toward the anterior chest wall beyond the mar
g of the aorta (see Figure u-6 and Chapter viury

ENLARGEMENT OF THE LEFT VENTRICLE

The left ventricle as well as the night 1s visuahized 1n both the anterior pos-
terior and the left anterior oblique positions The bastc contour of the left ventrt
cle 1s seen 1n cases 1n which the night ventricle 15 absent (see Figure n-6) In the
normal heart, 1n the anteror posterior position, 1t 1s the lower left margmn of
the cardiac shadow which 15 cast by the left ventricle As the left ventricle en
larges when the heart occupies a transverse positton 1n the thorax the cardiac
shadow extends further and further outward If the diaphragm 1s depressed the
pulmonary conus becomes 1nconspicuous but as the outer margmn of the heart
approaches the lateral chest wall, the apex has a round contour and 1s shghtly
upturned (see Figure 1~7) The princspal enlargement of the left ventricle takes
place posteriorly and therefore can be best demonstrated in the left antenior
oblique pasition In this positton the size of this ventricle can be estimated by the
amount of rotation necessary for the left ventricle to clear the spinal column
With progressive enlargement of the left ventricle, 1t 1s necessary to rotate the
patient further and further toward the lateral position 1 order for the heart to
clear the spinal column In the normal child, according te Wilson,’ ? the angle
of clearance 15 50° plus 55 or more 1s considered abnormal Although there
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Fieure 117 Great enlargement of the left auricle and the left ventricle Infant

are no exact figures for infants the method permits a rough but useful means for
the estimation of the size of the left ventricle When there 1s enormous enlarge
ment of the left ventnicle, the cardiac shadow 1s seen to extend posteriorly far
beyond the spinat column (see Figure 1-7)

PEFECTIVE DEVELOPMENT OR ABSENCE OF THE LEFT VENTRICLE
Absence or defectnve development of the left ventricle 1s rare When 1t does
occur, there 15 always enormous enlargement of the night ventricle Under these
circumstances 1n the anterior postertor posttion the heart appears enlarged and
the pulmonary conus may be abnormally full The small size of the lefe ventrcle
15 appreciated only 1n the Jeft anterior-oblique positton In this position the nght
ventricle projects nearly, +f not all the way, to the antertor chest wall, 1n add:
tion the right ventricle projects further postentorly thin normal Thus the nght
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ventricle fills the area normally occupsed by the left ventricle Nevertheless
there 15 a striking discrepancy between the stzes of the two ventnicles There 15
enormous enlargement antertorly, whereas posteriorly the contour of the heart
15 essentially normal (see Figure 11-8 and Chapter <ur)

ENLARGEMENT OF THE RIGHT AURICLE

Enlargement of the right auricle 1s best seen 1n the anterior posterior post
tion 1 this position 1t extends outward to the nght beyond the margin of the
sternum In the left antersor-oblique posttion the right auricle 1s normally hidden
by the right ventricle When the nght auricle 1s greatly enlarged, 1t may occa
sionally project above the margmn of the outflow tract of the right ventricle and
thus cause a sharp anterior bulge at the upper margin of the cardrac silhouette
In the night antertor oblique position the right auricle lies postertor to the ven
tricles Usually 1t 1s not specifically outlined an this view At umes, however, 1t
15 seen to extend posteriorly to the spinal column and occasionally beyond st If
the cardiac sithouette extends abnormally far posteniorly the shadow 1s always
caused by enlargement of one or both aunicles Delncation of the esophagus with
a radio-opaque myxture such as barum permuts the differentiation between the
two auricles If the shadow 15 caused by the enlargement of the nght auricle,
there 15 no deviation of the esophagus, the esophagus will be seen to lie behnd
the cardiac shadow (see Figure n-5) If, on the other hand, the left aunicle 1s
enlarged there will be backward displacement of the esophagus (see Figures
117 1-g and 1-10)



11 METHODS OF DIAGNOSIS 47
ENLARGEMENT OF THE LEFT AURICLE

Although 1 adults with mutral stenosis the tip of the left auricle, when
greatly enlarged, 15 visible 1n the anterior posterior position to the left of the pul
monary conus, 1t 1s rately seen n children (see Figure u—) In mfants the left
auricle 1s seldom visible 1n this position (see Figures 1-7 and 1-10) Even when
the pulmonary artery 1s misplaced and the pulmonary conus 1s absent and the
left auricle 15 enormously enlarged the up of the aurnicular appendage 1s not
wsible to the left of the pulmonary artery The left auricle, however, may occa
stonally be seen to extend to the right of the sternum beyond the margn of the
nghtauricle as mdicated 1n Figures 17 and 11-g Enlargement of the left auncle
can always be demonstrated by the dehineanon of the course of the esophagus
with a radio-opaque mixture As the left auricle enlarges 1t displaces the esopha
gus backward Although on rare occasions the enlargement of the left auricle 15
seen 1n the left antertor-oblique position the backward displacement of the esoph
agus s usually best seen 10 the night anterior-oblique position Such displacement
ifduetoalargeleftauricle 1s stll visible when the patient takes a deep breath (see
Figures -9 and 11-10)

Tt noteworthy that scoliosts seldom, if ever causes displacement of the
esophagus Therefore 1f backward displacement of the esophagus 1s found 1n a
patient with extreme scoltosis the probability 15 that the devianion of the esopha
gus s not due to the scoliosts but 1s caused by enlargement of the Jeft auricle

Backward displacement of the esophagus 1s almost always accompamied by
lateral displacement of the esophagus In the right antenor-oblique position such
lateral deviation may not be appreciated because 1t 15 toward or away from the
observer In the antertor posterior posiion the backward displacement of the
esophagus 1s not apparent but any deviatton to the right or left 1s readily ap
parent Although the esophagus may be displaced exther to the nght or to the
left (see Figure 1—10) the deviation to the right 1s more common Inasmuch as
backward displacement 1s visualized in the night antenor oblique position and
lateral displacement 1n the anterior posterior position 1n order to ascertain the
course of the esophagus the patient should always be examined 1n both positions

'

STRUCTURE OF THE AURICLES RELATIVE TO THE DEVELOPMENT

OF THE AURICULAR SEPTUM

From the functional aspect, abnormalities of the aunicular septum may be di
vided 1nto three groups a patent foramen ovale that 1s a foramen ovale covered
by avalve which 15 not completely sealed a gross defect n the aunicular septum
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Esopfiagus

Anterior posterior position Right antertor-oblique postuon

ADULY

Antenor postenor posiion Antertor posterior position

CHILD

FicLre 11— Large left aunicle Aduleand child
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Anterior posterior position Anterior postersor position

Right antertor-oblique position

Ficure n1-10  Large leftauncle Infant

Note the variations 1n the course
of the esophagus

with no valve or membrane covering the defect and an absence of the auric
ular septum or such a rudimentary septum that functionally there 15 but a single
auricle Information concerning the structure of the auricular septum can be
deduced from the size of the nght auricle and the distention of the superior vena
cava, and also from rhythmic changes in the size of the nght auricle
A patent foramen osale guarded by a ralte 1s normally present at birth

The normal process for the closure of the foramen ovale 15 the formation of a
membrane on 1ts left side This membrane does not become completely adherent
to the wall of the left auricle for many months Indeed an opening through
which a probe can be passed remains throughout hife 1n at least 10 per cent of
all imdividuals 2 ** Therefore, strctly speaking this condition cannot be con
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sidered a malformation It can be correctly described as a foramen ovale which
1s anatomically patent but functionally closed It 1s of 1mportance only when the
pressure 1n the nght auricle becomes greater than the pressure 1n the left auncle,
under such crrcumstances, the valve opens and permuts the flow of blood from
right toleft

There 1s a group of malformations of the heart 1n which this mechantsm 1s
important Any abnormality of the night side of the heart sooner or later 1n
creases the work requured of the nght aurtcle For example, Ebstein s anomaly
of the tricuspid valve causes difficulty mn the expulsion of the blood from the
nght auncle Stmilarly pulmonary stenosis with an intact ventricular septum
and primary pulmenary hypertension increase the work of the right ventricle
and then as the pressure 1 the right ventricle nises, that n turn mcreases the
pressure 1n the nght aurscle In all three of these conditions, if the foramen ovale
15 not completely sealed, when the pressure i the nght aurcle exceeds that 1
the left aurtcle, the valve covertng the foramen ovale 1s forced open, and a right
to-left shunt 1s established

In complete transposition of the great vessels, the mechamsm of the shunt
through the foramen ovale 1s shightly different because as the pressure 1 the
night auricle rses, that mn the left auncle falls Consequently, when the differ
ence between the pressures 1n the two auricles becomes sufficiently great, the
valve guarding the foramen ovale 1s forced open and blood flows from the right
auricle to the left, thereupon the pressure 1n the right aurtcle falls abruptly and
the right auricle collapses simultancously the pressure m the left auricle fises
and the foramen ovale 1s closed Thereafter the pressure 1 the nght aurcle agan
builds up and the cycle recurs This phenomenon can be observed upon fluoros
copy The night auricle can be seen to dilate and collapse and dilate again 1n
rhythmic succession Such rhythmic changes 1n the size of the night aurcle
which are independent of the heart rate, strongly suggest that the foramen ovale
15 covered by a valve which 1s at times functionally closed and at times function
ally open and permuts the flow of blood 1n one direction only, namely from nght
to left

Gross defects in the anrieular septum are discussed 1n detasl 1n Chapter v
Inasmuch as shunt res ersal 1s more frequent 1 this condition than 1n ventricular
scptal defects, any abrupt reversal 1n the drrection of the shunt suggests the pos
sibality of an auricular defect

A single anricle 1s considered to exist when there 15 no vestige of an aurscu
lar septum Under such circumstances the two auncles function as a single
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Ficure 11 Dilatation of the superior vena cava absence of the
auncular septum and absence of the nght ventnicle Infant

chamber, but the right side of the auricle appears to bear the brunt of the pres
sure Ths 15 especially true mn cases of mcreased intra aurscular pressure, as, for
example with atresta or hypoplasia of the matral or tricuspsd valve When there
1s functronally only a single auricle not only does the nght side of the auricle
become distended but also the increased pressure impedes the flow i the su
perior vena cava and 1t too becomes dilated The engorgement of the superior
vena cava causes a conspicuous mcrease in the width of the shadow to the nght
of the sternum (see Figure n-11) In early infancy, 1 the absence of cardiac
failure, dilatation of the superior vena cava suggests the existence of a huge de

fectan the auricular septum

ANALYSIS OF SHADOWS AT THE BASE OF THE HEART

The differentiation of vascular shadows from medustnal glands should
cause no great difficulty Vascular shadows pulsate glands do not The single
exception to this statement 1s the thymus gland

The thymus gland 1n contrast to medrastinal glands, may show some pulsa
ton at 1ts margin Moreover when enlarged 1t may widen the shadow at the
base of the heart What constitutes a thymus of normal size 15 controversial The
aspect which concerns us here 1s the differentiation of an enlarged thymus from
vascular abnormalities It 1s not always possible to differentiate the two cond:
tions with certainty sndeed occastonally angiocardiography may be necessary
to prove that the shadow 15 not vascular m ongn Usually however with
marked enlargement of the thymus the shadow at the base of the heart 1n the
antersor posterior position may be widened both to the nght and to the left of
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Ficure 112 Thymus Anterior postertor posiion Infant

the sternum It 1s more commonly visible to the right of the sternum, as shownn
Figure 1-12 Morcoser exammatson i the left anterior-obhique posiion usually
clanfies the situation If the shadow 15 caused by the thymus, there 15 almost al
ways a flange visible beyond the aorta, as shown 1n the dragram of Figure n-13
Such a wing like projection beyond the aorta 1s never produced by a vascular
abnormality

THE GREAT VESSELS

Normally 1 nfancy the great yessels are concealed behund the sternum Upon
rotatton of the head to the night, the superior vena cava can be brought into
16w, UpON rotation to the left the aorra and the pulmonary artery become vist
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Ficvre p1-13  Thymus Left antenor-oblique po stion Infane

ble to the left of the sternum Thus by turning the head from side to side, 1t 15
possible o estimate the size of the great vessels By the same token to obtain a
true picture of the heart and great vessels, 115 important to have the head 1n hine
with the shoulders In older chuldren the aortic knob 1s visible to the left of the
sterntim, and 1n adults the ascending aorta 1s frequently visible to the nght The
teft laterat position (when the patrent 15 standing at right angles to the screen
with the left shoulder toward the screen) grves the best sisualization of the 2orta
asitarches postertorly and descends upon the left This position 15 also best for

the visualization of the pulmonary artery which 1s seen to fie directly 1n front of
the aorta

53
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Inasmuch as there are only two great vessels, the number of possible varm
tions 1s limited There may be enlargement or diminution 1n the size of, or ab
sence of, etther the aorta or the pulmonary artery, there may be a partial or a
complete transposition of the great vessels, or there may be a single truncus ar
teriosus The gorta occasionally descends on the right mnstead of the left but 1t
always carnies blood to the body, the pulmonary artery always leads to the lungs
These possible variations may exther increase or decrease the width of the shadow
cast by the great vessels 1n one or both positions

ABNORMALITIES OF THE AORTA

Marked enlargement of the aortic knob 1s usually visible 1n the anterior pos
terior position Inasmuch as 1 nfancy the aortic knob 1s not normally visible,
1ts presence 1s indicative of marked enlargement of the aorta and immediately
suggests the existence of a truncus arteriosus When the transverse arch of the
aorta 1s enlarged, as 1s usual when the aortic hnob 1s promtnent, the arch of the
aorta may markedly indent the esophagus This can be visualized 1n the esopha
gram 1 the anterior postertor position and usually 1n both the left and nght
anterior-oblique positions (see Figure 11-14 and Chapter xn)

Enlargement of the ascending arch of the aort1 10 an adult usvally causes a
conspicuous shadow to the nght of the sternum  this shadow can usually be
traced behind the sternum to the aortic knob It 15, however noteworthy that
marked dilatation of the ascending aorta may even 1n adults, be enurely con
cealed behind the sternum, as in the cases reported by Baer, Taussig and Oppen
heimer*

Marked hy poplasia of the ascending aorta occurs in combination with atresta
of the aortic onfice or with defective development of the left ventricle

Aortic atresia 15 rare but may occur 1n combnation with defectnve develop-
ment of the left ventricle Under such aircumstances there 1s always great hyper
trophy of the nght side of the heart and of the pulmonary artery Consequently,
the diminutive size of the ascending aorta may be difficult to demonstrate Fur

thermore, the infant 15 often so critically all and the duration of hfe so short that
only the bricfest examination 15 possible The existence of marked hypoplasia of
the ascending aorta 1s not directly observed by fluoroscopy The diagnosis 1s de
duced from a combination of the physical findings and the fluoroscopic examina
tion (see Chapter )

A right aortsc arch means that the aorta arches to the nght mstead of to the
left The position of the aorta can be determined by ¥ ray examination When
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Leftantenor-oblique position Right anterior-oblique position

Ficure 11-14  Truncus antenosus Infamt

the aorta arches to the night 1t descends close to the spinat column and displaces
the supenor vena cava to the nght Consequently, the aortic hnob 1s frequently
concealed within the broad ribbon hike shadow of the superior vena cava ® Nev

ertheless, carcful examination usually reveals the shadow of the aortsic knob
within the shadow of the supetror vena cava Visuahization of the esophagus
aids 1n the diagnosis because the aorta displaces the esophagus to the feft and
mdents 1ts night margin (see Figure n-15 and Chapter xxvi) Furthermore the
aorta no Jonger smping,es upon the esophagus in the nght anterior-oblique posi

tion The impingement may be seen 1 the left anterior-oblique positon bue this
does not alw ays accur because alchough the aorta descends upon the nght the
heart sull occupies 1ts normal posinon Although the anomaly 1s comparatively
tare 1n malformations 1 which there 15 no cyanosts, 1t oceurs m approvimately
20 per cent of all malformations in which cyanosis 1s due to some abnormality of
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Ticure 1-15  Tetralogy of Fallot with a ight aoruc arch Adult

Note the course of the esophagus
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the greatvessels Therefore, the possibility should always be borne i mind and
the determination of the course of the aorta should be a routine procedure

4 right aortic arch combined with aleft descending aorta causes a conspicu
ous change 1n the course of the csophagus When the aorta arches to the nght
and then descends upon the left, it crosses behind the esophagus and displaces it
antenorly Consequently, 1n the oblique positions the esophagus appears to lie
m front of the shadow cast by the great vessels The abrupt deviation of the
esophagus toward the antertor chest wall if sought for, 15 always readily visible
(sec Fagure 1-16 and Chapter 1)

A retro-esophageal aorta may also occur when a right descending aorta per
asts in combination with @ normal left aortic arch Under such arcumstances
the aorta arches to the left 1 the normal manner and then passes behind the
trachea and esophagus to descend on the nght This anomaly was first described
by Paul** In the oblique views this condition causes an antertor displacement
of the esophagus which 1s closely stmular to that which occurs m a nght aortic
arch with a left descending aorta The two conditions however can be differ
entated 1n the antenior posterior view When the aorta arches to the left, the
aortic knob occuptes sts normal position on the left then the aorta passes
abruptly to the nght, posterior to the trachea and esophagus and consequently
the esophagus courses downward along the left border of the sternum Upon
dehneation of the esophagus with a radic-opaque material, the esophagus can
readily be seen to the left of the sternum, where 1t lies between the aortic knob
and the upper border of the cardiac shadow, as shown in Figure u-1y7

The artery may occ lly pass behind the esophagus and
cause 1 stmilar but less conspicuous dastortion of the esophagus Moreoser, since
the rnonunate artery anses from the upper margin of the 2orta antenior dis
placement occurs at a shightly hagher lev el than that produced by the aorta

The right subclassan artery occasionally anses from the arch of the aorta and
not from the innominate artery Under such aircumstances 1t generally artses
from the left side of the aortic arch and passes behind the esophagus and then
along the nght clavicle to the nght arm Such an anomaly causes anterior dis
placement of the esophagus at or immediately above the arch of the aorta The
ndentation1s however considerably smaller than that caused by a retro-csophag
cal aorta or even by the innominate artery It 1s the location and also the size of
the indentation or the extent of displacement of the esophigus which guwe the

clue to the diagnosis
Retro esophageal vessels which course from the descending aorta to the lungs,
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£Es pliagus

Left anter or-oblique positron Right anterior-oblique position

Ficure 116 Tetralogy of Fallot with a right aoruc arch and
aleft descending aorta Adult

Note the course of the csophagus
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Froure 11-18  Truncus artertosus Child

Note displacement of the esophagus by a
retro-esophageal vessel

when sufficiently large, cause anterior displacement of the esophagus Because
of the small size of these vessels and the angle at which they press upon the
esophagus the displacement 1s frequently detected only 1n one oblique position
Therefore, 1t must be carefully sought for n the right and 1n the left antertor
oblique posiions These vessels may be located at any level Such vessels may
cause shight distortion of the esophagus as they press against 1t (see Figures n-14
and 11-19), or the esophagus may be caught between two or more of the vessels
and displaced 1n a bizarre manner (as shown 1 Figure 1-18) When there 15
slight antertor displacement of the esophagus hagh up, such shadows may re

quire differentiation from a retro-esophageal subclavian artery or from the 1n

nominate artery Localized antersor displacement of the esophagus in the lower
thoracic regron s usually indicatnve of an abnormally large bronchsal artery
which passes to the lungs behind the esophagus (sce Figures n-14 and 1t-19 left
anteror-oblique views) The demonstration of such vessels in combination with
an abnormally prominent aortic knob 1s almost diagnostic of a truncus artersosus
(see Chapter xiv)
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Left antenior oblique position Righe antenor-oblique position
Ficure n-1g Truncus artertosus Child
Note the anterior displacement of the
csophagus by a retro esophageal
el 1n leit anterior oblique
position
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ABNORMALITIES OF THE PULMONARY ARTERY

Pulmonary atresia causes an absence of the fullness of the pulmonary conus
and a narrow aortic shadow Inasmuch as there 1s but one great vessel, the
shadow cast by the single vessel 1s narrow both 1n the antertor postertor and 1n
the left anterior oblique posttions In the latter position, the absence of the pul
monary artery renders the pulmonary window abnormally clear (see Figures
1-6 and 1-20) ‘The lack of the shadow normally cast by the pulmonary conus
and the pulmonary artery causes a sharp angulation to the upper border of the
cardiac silhouette 1n the nght anterior-oblique posttion (Figure 1-20)

An abnormally small pulmonary artery causes a stmilar change in the con
tour of the heart In a tetralogy of Fallot the pulmonary stenosts 1s usually com
bined with an abnormally small pulmonary artery and a reduction m the size of

Tphoa

Leftantenior-oblique position Right anterior-oblique position

Ficure n-20  Tetralogy of Fallot with sesere pulmonars stenosis
or pulmonary atresia Infant
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the outflow tract of the right ventaicle Consequently there 15 a concave curve at
the base of the heart to the left of the sternum and a clear pulmonary window
(see Chapter v1)

When the pulpronary artery 1s misplaced as 1t 1s in a complete transposition
of the grear sessels changes in the shadow cast by the great vessels are distinc
tse In this anomaly there 15 a rotation of the great vessels i a counterclochw ise
direction so that the aorta anses from the nght sentnicle and the pulmonary
artery from the feft ventricle The result 1s that the pulmonary artery comes to
liebehind the a0rta

Ininfancy, when the diaphragm lies at a high level the abnormal position of
the pulmonary artery causes the shadow cast by the great vessels to appear ab-
nDrmally parrow 1n the anterior postenor siew In addition there 1s an absence
of the fullness of the pulmenary comus Thus 1s duc to the fact that the aorta sel
dom lies as far to the night as does the normal pulmonary artery Therefore the

Lett antenor-oblique position Right anteror oblique postion

Fiouse n-21  Complete transposition of the great vessels Infant
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Froure 122 Complete transposition of the great vessels Child

shadow at the base of the heart to the left of the sternum 1s concave The contour
of the heart 1n a case of complete transposition of the great vessels 15 shown 1n
Figure n-2r

Upon rotation 1nto the left anterior oblique position the tw o vessels come to
be parallel to one another Consequently, the shadow cast by these vessels mark
edly mncreases in width By placing one finger behind the other and rotating the
hand 45 , the cause of the increase 1 width of the great vessels becomes readtly
apparent (see Chapter x)

In children as the diaphragm descends the contour of the heart and great
vessels changes These changes are due 1n part to the elongation of the great ves
sels and 1n part to the fact that only if the heart ceases to enlarge 1s the conditron
compatible with Iife for a number of years Therefore the heart, although
shghtly enlarged, 15 not huge Owing to the absence of the fullness of the pulmo-
nary conus 1n the antersor postertor view 1ts contour closely resembles that of a
tetralogy of Fallot (compare Figures -2z and 11-23) Moreoser, when the great
vessels are transposcd, the pulmonary artery nstead of arching over the aorta s
1t normally does, passes directly posteriorly to the lungs The result 15 that as the
heart comes to occupy a more vertical position, the pulmonary artery lies at an
abnormally low level, cansequently, in the left antenor oblique position there 1s
no merease 1 the width of the shadow cast by the great vessels Thus, 1 con
trast to the findings i infancy the sortic shadow remains narrow and the pul
monary window large and clear (see Figure u-22 and Chapter x)

Partial transpostion of the great tessels 1s more difficult to determune It s
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Ficure 1123 Tewalogy of Fallet Chuld

however usually associated with stenosis of the pulmonary artery and with ob-
struction 1n the outflow tract of the right ventricle, as i the tetralogy of Fallot
Under such carcumstances, 1n the anterror posterior position there 1s an absence
of fullness of the pulmonary conus In the left anteror-oblique positian the

duminutive size of the putmonary artery renders the pulmonarv window abnor

mally clear In the nght antenor oblique posiwon the dimiutive s1z¢ of both the

pulmon 1y artery and the outflaw tract of the nght ventricle produce 2 sharp

concave angulation at the upper margin of the cardiac sithouene (see Figures

B-20and ni-23 and also Chaptervi)
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In brief, a coneave curve at the base of the heart to the left of the sternum
means that the pulmonary artery 1s absent, diminutve, or misplaced

The size of the pulmonary artery vartes with the volume of the pulmonary
blood flow and hence with the vasculanty of the lung fields When the pulmo
nary blood flow 15 increased, the lungs appear excessively sascular, whereas
when there 15 severe pulmonary stenosis and muimal crrculation to the lungs,
the lung fields are excessively clear

The tascularsty of the lungs 1s therefore, extremely important By the exam
mation of the lung fields and the hilar shadows it 1s possible to determine
whether the pulmonary blood flow 1s approuimately normal, markedly reduced,
or greatly increased The pulmonary vessels, of course, increase i size with the
growth of the ndividual so that the vascular markings must be judged relatine
to the age and the size of the patient The vascular markings are exaggerated
when the pulmonary blood flow 1s increased and they are minimal when the
pulmonary blood flow 1s markedly reduced Furthermore when the circulation
to the lungs 1s excessive and the pulmonary resistance 1s low, the vascular mark
ings extend far out into the lung fields, whereas when the pulmonary blood flow
1s approximately normal or but slightly increased and the resistance in the lungs
1sincreased the pulmonary sessels rapidly decrease m size and the periphery of
the lungs remains clear

Thus careful study of the pulmonary vascular markings gives valuable m
formation concerning the volume of pulmonary blood flow Ths s true regard
less of the position of the pulmonary artery and hence regardless of whether or
not the patient 1s cyanotic

Dil, of the pul 'y artery combined eith p e of the pulmo
nary ¢onus means that the pulmonary artery 1s enlarged and 1s normatly placed
This may occur as an 1solated anomaly Usually however dilatation of the pul
monary artery 1s assoctated with increased pulmonary blood flow and enlarge
ment of the right ventricle (see Figure 11-24) The main pulmonary artery s
also drlated when there 1s stenosis of the pulmonary valve and poststenotic dila
tation of the pulmonary artery (sce Figure 1-5) When there 15 enormous dila
tation of the pulmonary artery both the lefe and the right branches of the pul
monary artery are greatly dilated, the vascular markings extend well out into
the lung fields (see Figure n-25) and there 1s usually a consprcuous  hilar
dance  When there 1s pulmonary stenosis or pulmonary hypertenston, although
the pulmonary artery and sts main branches may be greatly dilated and may
even show definite pulsations, the periphery of the lungs remains clear
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Esoptagus
<

Left antenior-oblique position Right antertor oblique position

Ficure 1124 Large nght ventricle (dilatation and hypertrophy)
and dilated putmonary artery Chuld

Promnence of the pulmonary conus also oceurs when the aorta 1s trans
posed far to the left and occupres the positton of the normal pulmonary artery
This may occur when there 15 2 so-called corrected transposition that 15 a
transposition of the ventricles with a rotation of the great vessels as shown 1n
Figure n—26 (see also Chapter x¥x1) and also oceasionally when there 1s a com
plete transposttion of the great vessels with the aorta transposed far to the left
and pulmonary stenoss as shown 1n Figure 11-27 In the former instance the
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Esophages
" Trachea

Anterior posterior position Right antertor-oblique posttion

Ficure 125 Enormous dilatation of the pulmonary artery Adult

Esophogus  ~~
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Ficure 51-26  Corrected transposition of the great vessels Child

vascularity of the lungs 1s normal, and 1n the latter the lungs are excessnvely
clear

Absence of the fullness of the pulmonary conns combined with excessive vas
cularity of the lungs and dense hilar shadows shows that although the pulmo-
nary blood flow 15 increased, the pulmonary artery 1s misplaced Hence, 1t means
that there 15 a complete transposition of the great vessels 1nd a large posteriorly
placed pulmonary artery
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Fiotee 5.7 Complete transposwion of the great sessels with pulmonary
stenosis and the aorea tar ta the left Child

The density of the hilar shadows vattes with the positon of the pulmonary
astery with the volume of the pulmonary blood flow and with the extent of the
collateral carculatton When the pulmonary artery 1s normally placed and the
pulmonary blood flow 15 increased the hular shadows ase conspicuous, and hatar
pulsatons when present are readily visible When the pulmonary artery 1
postersorly placed, not only 15 there absence of the fullness of the pulmonary
conus, but there 15 also a mass of lung tissue which lies antentor to the pulmonary
artery and obscures these vessels

The extent to which the lung ussue may obscure the vascular structures 15
shown mn Figure 1-28 In ths mstince there was 2 congenntal absence of the
ught lung and the overexpansion of the left lung completely obliterated the
carduac shadoy , nevertheless the casdiac impulse was readily felt to the night of
the sternum Under normal aircumstances the lun,, tissue does not ablsterate the
pulmonary vessels but 1t does render thetr autlnes less distinet Often the vascu
lar markngs appear as great blotchy hular shadows

When the pulmonary artery hies deep withun the chest many blood ve sels
are viewed on end as they course to the antenior portian of the fungs These ves
sels appear as a number of discrete circular shadows Such findings are character
151c of a complete transposition of the great vessels when both great vessels ase
of normal size The same findings alsa occur when a complete transposition of the
great vessels 1s combmed with a valvular pulmonary stenosis as under such ar
cumstances the pulmonary arteries themselves are usually of normal size Such
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haght lateral posiuon

Fievrr 128 Congental absence of the nght lung and over
expansion of the left lung Infant

Note the absence of the cardiac shadow
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sessels cause increased vascular markings which upon fluoroscopy may appear
extremely dense i the hilar regrans, w the < ray films the vascular markings
will be seen to extend to the persphery of the lungs This finding clearly differ
entiates these shadows from those of collateral areufation

The derelopment of collateral crrcidation especially when ut oceurs by way
of the postenior medsastinal sessels also mcreases the density of che hslar shad
ows The development of collateral asrculation goes hand 1 hand with the de
velopment of palyeytherma Hence increased bilar shadows should never be at
trbuted to collateral errculation 1 a patient with 2 normal sed blood cell count
In the absence of polyeythema an ncrease m the sascular markings 15 almost
mvarably due to an increase in the volume of blood 1 the pulmonary artenes
and not te cotlateral cirenlation Pul mn these vessels however may pot be
wistble because of the shnormal pastion of the pulmonary artery

Hilar pulsations should atw ays be sought for after the observer s eyes are well
accommodated Therefore on reuttne fluoroscopy this 1s the last pount 1 the
eammnanon Shght hular pulsations are normally siuble 1 older children and
adults For thisreason the extent of the hilar pulsations should be evaluated m e
tauon ta the age of the child and the size of the vessels Shght movement in these
vessels 15 not to be confused wath the expansile pulsations which occur an lasge
pulmonary asterses assoctated with excessnve arculanon 10 the lungs

Hhlar pulsations or the socalled dancng  hilus occus when there 1s marked
dilatation of the pulmonary artery and increased pulmonary bload flow The
strength of the pulsatsons vanes not only with the volume of the pulmonary
blaod flow but tith the pulse pressure in the pulmonary artery that 15 with the
magnimde of the difference between the systolic and the dastolic pressures i
the pulmonary artery A canspicuous hular dance 15 usually present when m
ereased pull v blood flow 15 combined with a normaily placed pulmonary
artery sn which the pressure 1s normal or shghtly increased, as for example, i the
Lutembacher syndrome or 1n anomalies of the venous return In a complete
transposition of the great vessels not only 1s the mam pulmonary artery deep
within the chest and the main branches udden behind the lung tissue but the
diastalic as well as the systohe pressure 1 the pulmonary artery 1s elesated there
fore, unless the pulmonars artery s tr dously enlarged pul 1 these
vessels are seldom vistble

Inbrief the study of the stze and shape of the great vessels and of the vascular
shadows grves valuable anformation cancernng the strctuse of the heart and
the valume of the putmonary blood flow it also gnes some tndication of the re
sistance encountered 1n the lungs




72 GENERAL CONSIDERATIONS

Electrocardiography
The electrocardiogram 1s of great value 1n the analysis of malformations of
the heart, 1t gives basic information which cannot be dernved from xray or
fluorascopy The latter reveals the size and shape of the vartous chambers of the
heart and gives an indication of the volume of the pulmonary blood flow, but 1t
does not help to differentiate cardrac dilatation from hypertrophy The electro-
cardiogram grves information concerning the relative thickness of the two ven
trscles and hence of the relats e amount of work required of each This informa
tion 15 basc to the analysis of m1lformations of the heart, 1t 1s best obtained from
the unipolar precordial leads The development of these leads by W H Craib
of South Africa®™ and F N Whlson™** has tremendously enhanced the mfor
matton derrved from the electrocardiogram For a detailed discussion of electro-
cardiography the reader 15 referred to the vanous authorities of the subjece ?* *
The following discussion 15 concerned only with the basic electrocardiographic
findings which are of a1d 1n the analysts of malformations of the heart
The P waces give mformation concerming the auricles Hegh peaked P
evares of normal duration 1n congemtal malformations of the heart are, n the
author s experience, usually indicattve of difficulty 1n the expulsion of blood
from the nght auncle High peaked Himalayan P waves (5 to 10 mm 1
hesght) arc frequently scen 1n tricuspid atresta when there 1s only a small defect
i the auricular septum Broad high P uaves occur 1n cardine malformations m
which there 15 both an nerease 1n the duration of the auricular contraction and
an 1ncrease 1n the force of contraction Such P waves commonly occur when the
night aurscle pumps the blood 1nto the right ventricle aganst increased pressure,
as for example, when there 15 pulmonary stenosis or pulmonary hypertension
We have called such waves pyramidal P waves as they resemble the pyramids
Notching and prolongation of P wates of normal amplitude frequently occur
with hypertrophy of the left auricle, as 1s common 1 mutral stenoss
Incersion of the P wates n the standard leads 1ndicates an abnormal ongin
of the aurieular contraction™ or a grossly abnormal position of the night auricle
The atrioentricular conduction 1me (the P Ranterval) 1s usually normal in
patients with congenital malformations of the heart Nevertheless prolongation
of the conduction time may occur mn patency of the ductus artertosus and
Ebsten s anomaly of the tricusprd valve 1t 15 also common 1n assocration with
gross defects in the aunicular septum In the last mentioned condition, however,
1f the conduction time 15 prolonged the possibility of a superimposed rheumatie
infection should be cansidered
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A right axis decianon 1s physiological in infancy and childhood Hence, un
less accompansed by evidence of nght ventricular hypertrophy 1 the unipolar
precordal leads 1t should not be constdered abnormal

A left axis deciation 1n a patient with persistent cyanosts 15 always suggestive
of tricuspid atresta or gross underdeselopment of the nght ventncle Indeed 2
left avis deviation 1s so rare 1n early childhood that its occurrence even 1 the
absence of cyanosts 15 usually an indication for further studies * ® However 1t
tsimportant to remember that the thickness of the left ventricle relatie to that
of the night normally ncreases with age, and consequently a left asis deviation
occurs with increasing frequency 1n older individuals

Right sentricalar hypertrophy 1s best determined mn the precordial leads Vs
and Vax  The presence of a tall R wave in these leads 1s mndrcative of hyper
trophy of the right ventricle The finding of an R-S ratio greater than r and a
total duration of the QRS complex of less than 0 12 second 15 generally indica
tve of naght ventricular hypertrophy A tall R wave i Vi s usually accompansed
by a deep S wave 1n Vs and Ve this finding 1 indicative of nght ventncular
dominance The finding 1n V1 of a high R wave accompanied by a delay 1n the
onset of the sntrinsicord deflection of more than 0 04 second combined with a
slightly increased total duration of the QRS complex, and an 1m ersion of the T
wave, 15 indicative of extreme right ventricular hypertrophy It occurs frequently
when the nght ventricle pumps agamst an mereased reststance This finding
which was described by Cabrera and Monroy * as  systolic over load’ of the
right ventricle, 1s common 1n severe pure pulmonary stenosts and 1n pulmo-
nary hypertension

Widening of the QRS complex 1n Vi wath an RsR* configuration and a dura
ton up to 0 08 second may occur :n normal nfants and 1 young children Fur
ther notching or prolongation of the QRS complex 1s usually pathcloglcal Such
polyphasic deflections are frequently seen when the night ventricle 1s required to
pump an excessively large volume of blood as 1n an aurtcular septal defect or an
anomaly of the venous return Under such crrcumstances there s dilatation as
wellas hypertraphy Complexes of this type are considered by Cabrera and Mon
10y to be indicative of diastolic over load™

Lefs ventricalar hypertrophy 1s best determined 10 the precordial leads over
the left ventricle that s 1n Vsand Ve When there 1s left ventricular preponder
ance V and Ve show a tall R wave which 1s usually preceded by a small Q wave
and V1 generally shows an tnerease n the depth of the S wave The latter, when
present 1s confirmatory evidence of left sentncular dominance, but 1t 1s a less
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constant finding With excessive left ventricular hypertrophy there 1s a delay 1n
the onset of the intrinsicord deflection of more than 0 04 of a second 1 Vs and
Vs, but the total QRS complex 1s not usually increased, the R wase progresstyvely
mcreases 1n height, and, in additton, there may be an inversion of the T wave
combrned with depression of the ST segment

Combined ventricular by pertrophy 1s indicated by the combnation of tall R
and deep S waves n V. and Vs Not infrequently there 1s 2 similar pattern of
tall R and decp § waves in Vi At imes evidence of night ventricular hy pertrophy
15 seen 1 Vi, and left ventricular hypertrophy in Vs and Ve, this finding, too 1s
usually indreative of hypertrophy of both ventricles Thus, the pattern of com
bined hypertrophy 1s extremely vanable Broadly speaking tall deflections i the
precordial leads are usually indicative of increased thickness of the ventricular
myocardium

Electrocardiography 1s also of prime importance 1n the dtagnosis of a few
specific conditions It offers proof of a complete heart block and of a true dextro-
cardsa such as occurs with a situs inversus

Electrocardiographic signs of acute anterior myocardial mfarcuion are found
when the left descending coronary artery arises from the pulmonary artery *
Therefore when such a pattern 15 seen 1n early snfancy 1t 1s always strongly sug
gestrve of this anomaly (see Chapter xxrx)

Abnormally small deflections of relaticely long duration 1n Vi and Vs com
bined with deflections of normal amplitude 1n Vs and Ve, are characteristic of
Ebstein s anomaly of the tricuspid valve ° (see Chapter xix)

Evaluation of the Physical Examination Fluoroscopy
and Electrocardiography

The final diagnoss of the nature of a cardiac malformation 1n an infant 1s
made on a broad functional basts All the possible facts are collected The size
nd the shape of the heart are studted to determune the presence or absence of the
vartous chambers and the degree of enlargement The size and position of the
great vessels are studied 1n a sumilar manner Over a period of time, changcs m
the size of the heart relative to the growth of the infant are carefully evaluated
The vasculanty of the lung fields 1s carefully studied and all possible informa
tion 1s collected concernsng the dynamics of the arculation The nature of the
malformation 1s figured out by a process of stern logic The laws of physics and
physiology are not to be violated For example, 1f the aorta or the pulmonary
artery 1s to function 1t cannot anse from a chamber which does not function
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Furthermore, Iife demands that the blood be purped through bath the systenuc
and the pulmonary circulations by means of the existng chambers of the heast
and the artersal pathways It cannot be trapped 1n any chamber If there 1s puf
monary atresta, there must be some other wy by which the blood can reach the
lungs 1f there 15 tricusprd or mutral atresta there must be a defect i the aurcu
lar septum 1n order that the blood can escape from the auricle which lacks it
normal outlet

1€ all factors are given due consideration a large number of severe malforma
t1oms of the heart can be diagnosed on a broad functional basts In some malfor
mations specta) tests such as cardiac cathetenzatron and/or angtocardiography
may be necessary for accurate diagnosts (sce Chapter i) 1f however, the infant
1sdong well and growth and development are normal and the heart remarns
normal in size, carly diagnosis of the nature of the malformation 1s not impor
tant In such instances 1t 15 advisable to keep the child under observation Fre
quently as the child grows sygns and symptorns will develop which wall permut
the diagnosts to be established with certamty without resorting to further diag
Rnustic procedures

The constant aim of mediane should be the simplest method of diagnosis
which will gave a hagh degree of accuracy

Summary

The castence of 2 congenital malformatton of the heart 15 suggested by the
detection of unusual murmurs and thalls by the presence of cyanosis and club
bmg, ar by alteration 1n the size shape, or posttion of the heart Accurate diag
nos1s of the nature of the malformation 15 frequently possible on the basis of the
wformation derned from physxcal exarmnation X ray ﬂuaruscup) and electro-
cardrography

Physteal exammation grves an ndtcation of the size of the heart and of its
functional capacity In infants the heart 15 Jarger in proportion to the chest than
115 1n adults and murmurs are more widely transmitted Murmurs vary with
the relative pressure 1n the systemic and pulmonary crculations Therefore al
thaugh murmurs and thrills are often of dhagnostic aid mn adults 1n infants these
Endmgs serve only to drect attentton to the heart They are seldom of value 1n
the analysis of the nature of the malformation A loud, clear sccond sound at
the base of the heart 1s suggestive of the eustence of one great vessel Reduplica
tion of the second sound 1s posttive proof of the existence of both great vessels

Cyanasss and clubbing ndacate that there 1s dufficulty i the dircction of an
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adequate supply of oxygenated blood to the systemic circulation Cyanosts 1s
usually indicative of 2 venous artenal shunt The distribution of the eyanosis may
offer a clue to the course of the circulation
The presence of a strong femoral pulse excludes the exstence of a coarctation
of the aorta
The respratory rate 1n infancy 1s a sensitve 1ndex to the state of compensa
tion Rales in the lungs 1n cyanonic infants are alw ays suggestis e of adequate pul
monary blood flow
Engorgement of the liver 1s an early sign of cardiac farlure 1n young patients
Pulsations at the margin of the liver occur 1n tricusprd insufficiency and also
i tricuspid atresia and a well formed auricular septum wath a small opemng
betsween the two auricles
Fluoroscopic examination reveals changes 1 the size and shape of the heart
and the great vessels which are of prime importance 1n the diagnosts of congent
tal malformations It 1s essential to study the contour of the heart 1n the anterior
posterior position and 1 both the left and the r1ght anterior-obhique posiuons
In the antertor posterior position the combined size of the two ventricles, the
presence or absence of the fullness of the pulmonary conus, 1nd the size of the
night auricle are readily seen The contour of the upper left margun of the cardiac
shadow gives valuable information concerning the size of the pulmonary artery
and of the outflow tract of the nght ventricle Promunence of the pulmonary
conus usually means that the pulmenary artery 1s normally located and carrying
1ts full quota of blood A concave curse at the base of the heart to the left of the
sternum indzcates that the pulmonary artery 1s duminutive, absent, or misplaced
Evamination 1n the left anterior-oblique position shows the relative size of
the ventricles Enlargement of the nght sentricle 15 indicated by the projection
of the cardrac shrdow toward the antenior chest wall The amount of rotation
necessary for the left ventricle to clear the sptnal column gives an mdication of
the size of the left ventricle This position 15 also best for visualization of the
ascending aorta In cases of pulmonary atresia the aortic shadow 15 narrow and
the pulmonary window 1s abnormally clear
Examsnation 1n the nght antersor-oblique posiion offers evadence of the
course of the aorta and the size of the left aunicle To determune these 1t 1s essen
tal to delineate the esophagus with a radio-opaque mixture Enlargement of the
left auricle causes bachward displacement of the esophagus which persists dunng
deep mspirauon Backward displacement of the esophagus 1s almost always ac
companied by some lateral displacement
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The occurrence of a simple nght aortic arch the combnation of either a
nght aortic arch and a left descending aorta or a normal left aortic arch and a
oght descending aorta are readily differentiated by an esophagram Small re
troesophageal vessels can alsobe detected by thus procedure

The s1ze of the pulmonary artery vanes with the volume of the pulmonary
blood flow and hence with the vasculanty of the lung fields Greatly increased
vasculanity of the lungs 1s indicative of increased pulmonary blood flow, whereas
excessively clear lungs indicate that the pulmonary blood flow 1s reduced This 1s
true regardless of the position of the pulmonary artery

When the pulmonary artery 15 normally placed dratation of the pulmonary
conus and mcreased sascular marhings indrcate excessive pulmonary blood flow
Dilatation of the pulmonary conus  also occurs when the aorta 1s transposed far
to the left Under such aarcumstances the pulmonary vasculanity 1s uswally nor
mal or decreased

The denstty of the hilar shadows vartes with the positon of the pulmonary
artery, the volume of pulmonary blood flow, and the extent of the collateral crr
culation through the postertor medrastinal vessels

The hlar pulsations vary with the position of the pulmonary artery the vol
ume of pulmonary blood flow and the pulse pressure within the pulmonary
astery Such pulsations should always be sought for Pulsations in the main pul
monary artery are seen when there 1s a large left to-nght shunt and also occa
sionally when there 1s pulmonary stenosis and poststenotte dilatatton Pulsattons
10 the hula of the lungs may or may not be wstble when 2 complete transposs
tion of the great vessels occurs 1n combination with a greatly dilated pulmonary
artery

Electrocardiography adds valuable information which cannot be obtained by
X ray or fluoroscopy as the precordial leads mdicate the relative thickness of the
two ventricles and hence the relative amount of work required by each ventricle

The size and shape of the P waves ndicate the amount of work required of
the auricles Inversion of P waves in the standard leads indicates an abnormal
Ol’lg‘ln Of thC aunmhr contractions

Varation in the A-V conduction time occurs in certan malformations

A night axs deviation 15 phystological 1 childhood A left axis deviation 1n
mfancy and early childhood 15 always abnormal

The umpolar prccordml leads indicate the relative thickness of the two ven

trcles Vi and Vs grve evidence of the amount of work required of the nght
ventricle and Vs and Ve give the same information for the left ventricle
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In addition, the electrocardiogram offers proof of a complete heart block and
of a dextrocardia The pattern of acute anterior myocardsal infarction 1n infancy
15 charactenistic of the origin of the left descending coronary artery from the
pulmonary artery The electrocardiogram 1s also of great ad 1n the diagnosts of
Ebstein s anomaly of the tricusprd valve

The final diagnosss of the fundamental abnormality 1n most of the severe
malformations of the heart 15 based upon the proper evaluation of the informa
tion obtamned from physical examination, X ray, fluoroscopy, and clectrocardiog
raphy The structure of the heart must be such as to perrmt the continuous ar
culatton of the blood under the altered conditions
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CHAPTER Il
SPECIAL DIAGNOSTIC PROCEDURES
ANGIOCARDIOGRAPHY, AORTOGRAPHY, AND CARDIAC CATHETERIZATION

PECIAL diagnostic tests are sometimes necessary to determune the nature
of the malformatron It 15, however, a mistake to assume that angtocardiog
raphy or cardiac catheterization or even a combination of the two pro-

cedures grves the diagnosis Both are ards to diagnosis, but neither 15 a substitute
for a carcful evaluation of the physical findings Neuther procedure should be
undertaken without a knowledge of the patient s condition and the diagnostic
problem volved Both are of greatest value when undertaken to clanfy some
specific point In a very real sense the more accurate the imtial chnical diagno
s1s, the greater 15 the information obtawed from these procedures The final
analysis of the information dersved from these tests should be evaluated 1n con
junction with the condition of the patient and the phystcal findings

Angrocardiography

Angocardiography 1s the visualization of the heart and great vessels by the
mjection of radio opaque matersal Ths 1s usually pesformed by an injection nto
the venous arculation In order to demonstrate the various chambers of the
heart a radio-opaque substance 1n high concentration must be injected so rapidly
that virtually all the marersal passes through the various chambers of the heart
as a conglomerate mass only slhightly diluted by blood Under such arcum
stances 1f a series of x ray pictures 1s tahen with sufficient rapidity, 1t 1s possible
to visualize the sequential filling of the vanous chambers of the heart In the
normal heart the nght auricle 1s delineated first, then the right ventricle, and
next the pulmonary artery The normal visualization of the right side of the
heart in the anterior posterior and lateral positions 1s shown mn Figure m-1 A
few seconds later the substance 1s returned 1 high concentration to the left
aurcle, the left ventricle, and then to the aorta, as shown in Figure -2

This techruque was first developed by de los Reyes Castellanos, and Pereiras
1n Cuba for the diagnos:s of congenital malformations of the heart It was intro-
duced 1nto this country by Robb and Stemnberg™ 1 the study of cardiovascular
disease 1n adults and has been extensnvely used and further perfected by Suss-
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man Stemberg and Grishman ® by Neuhauser and Jennings * by Dotter and
Stenberg ® and by others ® ' When the accurate diagnosts of congental malfor
mations became of clinical importance, the techmque was further perfected both
here and abroad, especially in Sweden Many improvements have been made n
the machine, the methods of changing cassettes, the speed at which the films
can be taken, the method of injecung the radio-opaque matenal and the radio-
opaque matersal 1tself Discussion of the technical problems 1s beyond the scope
of this book For such information the reader 1s referred to the vanous authon
ties ' Ths book 15 concerned with the chimcal application of angrocardiog
raphy to the analysis of malformations of the heart and the great vessels
The delincation of the vanous chambers of the heart and the great vessels
guves information concerning the size of the various chambers, the thickness of
the walls the rate at which the dye airculates and the course which 1t follows It
15 above all the order 1n which the vanious chambers and the greit vessels fill
which aids 1n the diagnoss of congenital malformations of the heart
The rate at which the films are taken 1s extremely important In order to ob-
tan any sigmificant information 1t 15 essential to have the films tahen at 2 rate of
at least two per second and preferably three or four per second With some ma
chines 1t 15 now possible to take eight, ten or even more frames per second
When films are taken at a rate of three per second or faster, 1t 15 usually possible
to differentiate between systole and diastole Obviously, for proper interpreta
tion of any senies of films 1t 1s essential to know both the order and the rate at
which the films were taken
Broadly speaking when there 1s a shunt the more rapidly the films are
taken and the longer the sertes the greater 1s the information obtaned If, how
ever, the arculatton time 15 abnormally slow or if the visualization of the left
side of the heart 1s desired 1t 15 equally desirable to be able to lengthen the ume
interval betw een exposures Therefore 1n order to take the films at the optimum
time sntervals 1t 15 essential to know the systemic circulation ttme and what spe
cific abnormality 1s to be visualized
The pulmonary arculation time 15 usually so short, and our methods of
measurement are so maccurate that determunation of the pulmonary cireulation
ume 15 of lttle value The determnation of the systemic circulation nme 15 1m
portant 11 order to obtamn optimum visualization of the aorta
Furthermore, 1t 15 usually desirable to obtain a sertes of films 1 both the an
terior postertor and lateral posiions ‘Thas may mean that two series of films are
necessary A machine has been perfected 1n Sweden which permuts films to be
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taken smmultancously 1n the antenor posterior and lateral positions, thereby
climnaung the necessity of two injections
The radio opague matersal used to delineate the course of the arculation 1s
commonly spoken of as dye There are a number of such substances on the
market, and new preparations are constantly being made 1n an effort to lesscn
the towicity of the material and to smprove the clanty of the pictures Neverthe
less all such substances avalable up to 1960, when given 1n a sufficrently large
amount and 1n sufhcrently high concentration to delineate the chambers of the
heart are toxic The dose vanes with the preparation, 1t must always be regu
lated according to the body weight of the patient and not aceording to the size
of the heart
Dufficulues anse when the heart 15 greatly enlarged Under such arcum
stances the dye 15 so greatly diluted by the increased volume of blood 1n the en
larged chamber that 1t 1s difficult to visuahize as 1t crrculates through the heart
Dufficulties may also artse in the presence of a shunt, as the dye may be so rapadly
dissipated to both the systemic and the pulmonary circulations that sts subse
quent course cannot be traced
The dangers in this techmque are real and serious
Deaths have been reported 1n almost every cltnic in which this technique has
been extensively used The fatalities are remarkably few and notably less 1 non
cyanotic than 1n cyanotic patients Nevertheless, there 1s always the possiblity
that the patrent will develop ventricular fibrillation the instant the dye reaches
the ventnicle and therefore every angiocardiographic laboratory should be
equipped with a defibrllator Most deaths, however, are due to hypersensivaty
or to the tovcity of the drug
The possibality of hypersensitraty should neser be forgotten Because of this
danger 1t 15 a wise precaution to gne the patent a small test dose prior to tie
first injection Furthermore the patient should be retested sf there has been a
lapse of weeks or even of several days between the successine angrocardiograms
as sensits ity may have developed from the previous test Needless to say, a pa
tient who has had a severe reaction to one injection should not recetve another
It 15 extremely important to remember that adequate time must be allowed
for the ehmination of the dye between successive series of angiocardiograms
With good hidney function 1t requires fully an hour to excrete @l the dye there
fore, this amount of time should always clapse between two mjections Fven
though the matenal s raprdly excreted the effect of the dye appears to be curmu
latne It has been the repeated cxperience almost everywhere that the rish of 2
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fatal reaction 15 increased by repeated injections For this reason more than two
njections should never be gven 1 one day This precaution 1s especially impor
tant to bear 1n mind 1n case of technical errors for example if the films jam or
the patient moves Under such arcumstances although there 1s a natural desire
to repeat the procedure immediately 1n order to dbtain a good picture, this
should never be done when the difficulty occurs at the ume of the second njec
ton
The reactions are apparently of two types ' an early immediate reacnon and
alate or delayed reaction The early reaction 15 1n the nature of hypersensinaty
or excesstve tovaity If a large amount of dye passes directly up the caroud ar
tertes to the bramn 1t may cause convulsions, coma and death The delayed reac
tions are duc to slow excretion of the dye Therefore, 1t 1 1mportant to mamtan
flud intake after the procedure If vomiung occurs intravenous flurds are 1ndt
cated
The greatest danger of tovic reactions seems to occur 1n those malformatons
n which dye hingers for 2 long ime n the night ventricle’ and 1n those in which
the arculation of the dye through the lungs cuts off the supply of oxygen to the
indwidual Consequently, the procedure 15 especially dangerous 1n extreme pul
monary stenoss and 1n cor pul le It 1s also dang: 11 any patient 1
whom the oxygen saturation of the artersal blood 1s extremely low Further, 1t 15
tmportant to remember that a parent feels worse 3f a child dies 1n an effort to
ascertain whether or not he can be helped than if he dies from an operation un
dertaken to save hus hfe It 1s indeed tragic to lose the child and obtain a film
which shows that an operation might have saved the chuld s ife For these rea
sons angiocardiography 1s conzraindicated 1n an extremely 11l cyanotic cluld who
suffers from a great reduction 1n the oxygen saturation of the artenal blood 1t1s
also contraindicated 1n severe cor pulmonale
The rapidsty with which the dye 1s mngected greatly affects the clanty of the
pictures If the mnjection 15 made too slowly, the dye becomes so diluted with
blood that tracing 1ts airculation through the chambers of the heart may be 1m
possible ‘The apparatus for the rapid injection of dye developed by heith and
Munn* markedly [essens this difficulty
In adults 1t 15 haghly desirable to take the films during deep inspiration, and
obviously the patient must remain still throughout the procedure Since the dye
causes flushing and a sensation of great heat the pauent 1s likely to move as the
dye reaches the systemic aarculation Consequently his cooperation 1s a real asset
Inmfants or young children, however the chest 1s so thin walled that the phase
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of resprration 1s less smportant, and the crrculatton 1s so raprd that the coopera
tion of the patient 1s not essential

The information derived from angrocardiography as previously stated per
tains to the order of filling of the various chambers and the great vessels the
length of ume the dye hngers i anv place, the size of the several chambers, and
the thichness of their walls Tt 1s usually possible to visualize the sequential filhing
of the chambers of the heart up to the location of the first abnormality, be 1t a
constriction or a shunt Thereafter, the Lingering of the dye 1n one chamber or its
dissipation 1n two or more directions frequently renders 1t difficult to trace the
subsequent course of the dye

Anomalies of the supertor vena cava are usually well demonstrated Inas
much as a left superior vena cava 1s not rare in malformations which cause per
sistent cyanosis, 1t 1s usually desirable to nject the dye into the left brachial vein
or the left yugular vein Thereby, the left supertor vena cava, when present, 15
readily delineated It may jomn the night supenor vena cava or it may open dt
rectly into the coronary sinus (as shown in Figure m1-3) or into the posterior
wall of the nght aunicle Although the abnormal pomnt of entrance of the supe
rior vena cava into the right aurcle does not alter the course of the circulation,
knowledge of the exstence of this abnormality 15 extremely 1mportant 1f open
heart surgery 1s to be undertaken Occastonally, the two superior venae cavae
open 1nto different auricles the right supertor vena cava opens into the rnight
aunicle 1n the normal manner (Figure m-1), and the left superior vena cava
opens into the left aunicle (as shown in Frgure u~4)

Absence of the inferior tena cava 1s extremely rare when both the heart and
the abdorminal viscera occupy their normal positions Nevertheless, 1t does occur
(see Chapter xxxir) The absence can be readily demonstrated by angiocardiog
raphy or by cardiac catheterization if esther of these tests 1s performed through
the saphenous sein Under such circumstances the catheter follows an abnormal
course (as shown 1n Figure 11-5)

Anomalies of the right aurscle are usually relatively easily demonstrated In
the presence of a large aurcular septal defect dye may pass into the lefe auncle
which 15 opacified simultancously with the night aunicle (as shown n the upper
plate of Figure m-6) this 1s commonly scen n tncuspid atresia Usually, how
eser, the left aunicle 15 not completely delineated but dye may be seen to pass
from the nght auricle through the defect into the left auncle (as shown n the
Tower plate of Figure m-6) In other instances the reverse may be truc the shunt
from left to ripht may be so large that there 15 an arca 1 the night auncle oppo-
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Ficure s1-3  Anomalous drainage of the left supenior vena cava
1nto the coronary stnus Child

8
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Ficure m-4 Anomalous drainage of the left superior vena cava
mto the left auricle Chdd

site the defect 1n which the dye 1s displaced or diluted so as to cause a temporary
filling defect ‘Thus 1s usually best seen 1n the anteror posterior view (sec Fig
ure 11~7) When the defect 1n the aunicular septum hes high up in the septum
close to the entrance of the superior vena cava, dye may pass from the supenor
vena cava into both auricles (as shown 1n Figure m-8) Such a lugh aurscular
defect 15 frequently assoctated wath a partial anomaly of the venous return in
which the upper nght pulmonary veins drain into the right auricle at ats junc
tion with the superior vena cava In this type of partial anomaly of the pulmo
nary tenous return angrocardiography frequently reveals an indentation at the
margn of the nght auricle due to the displacement of the dye by the entrance
of blood 1nto the night auricle from the pulmonary veins (as shown 1n the upper
plate of Fagure m11-9) Occasonally 1f the pressure in the nght auricle 1s unduly
tugh dye may pass from the night auncle into the pulmonary scin (as shown in
the Jower plate of Figure 111-9) In Fhstein s anomaly of the tricuspad valve dye
may linger for a long tme 1n the greatly enlarged night auncle Figure 110
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»
Hepah’c Vein

Ficure m-5  Abscace of intenior vena cava Chuld

Note the abnormal course taken by the catheter
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Fioure 116 Aurtcular septal defect



Ficurs m~7  Auncular septal defect Child
Arrow points to filling defect
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Auricular
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Ficure -8 High 1uricular septal defect Adule

Note dye passing trom superior
vena cana into both auricles
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Fieere su-t0 Huge nght auriclein a suspected Ebstein's
anomalv of the tricuspid valve Chuld
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tllustrates enormous enlargement of the right auricle 1n a patient suspected of
Ebstein s anomaly of the tricuspid valve In this mnstance the night auricle was so
large that st was not enurely filled with dye, but the location of the tricuspid
valve to the left of the mud sternal line 1s clearly visible
The right sentricle 1s usually well visualized (as m Figure mi-1), and thereby
information can be gamed about its size, the thickness of the ventricular wall,
whether there 1s difficulty 1n the expulsion of dye from the nght ventricle, and
whether there 1s early visualization of the aorta Failure to visualize the right
ventricle 1s indicative of tricusprd atresia
The pulmonary artery normally anses from the nght ventricle Under nor
mal conditions the main left and right branches of the pulmonary artery fill
promptly, and the dye passes raptdly to the lungs (as shown 1n Figure mi-1) In
valvular pulmonary stenosts with an intact ventricular septum, the pulmonary
artery 15 promptly visuahzed, and thereafter the dye lingers for a long time 1n
the matn pulmonary artery and 1ts branches (as shown 1n Figures mi-1x and
=12, 1n which the dye 15 still visible 1n the pulmonary artery m the film taken
seven seconds after the injection of the dye) Although such a finding 1s char
acterisiic of pure pulmonary stenosts, the same finding occurs n cor pul
monale because the increased resistance 1 the persphery of the lungs greatly re
tards the flow of blood
Dextroposition of the aorta or transposition of the aorta can usually be well
demonstrated because there 1s prompt visuahizaton of the aorta ltaneously
with or prior to visualization of the pulmonary artery (see Figures =13, n-14
m-15) In the lateral view the aorta 15 seen to arise from the extreme anterior
portion of the ventricle (sce Frgures ni-14 and mm-15) When the aorta arises 1n
part or entirely from the nght ventricle there 1s early dense visualization of the
aorta followed by prompt emptying of the aorta In contrast to this when there
1s patency of the foramen ovale, as 1n pulmonary stenosis with an ntact ventricu
lar septum  there may be famnt prolonged visualization of the aorta, but dye
neser appears 1n great concentration tn the aorta, whereas dye m high concen
tration hingers in the pulmonary artery for a long ttme Therefore angrocardiog
raphy may be of aid 1n the differentiation of a tetralogy of Fallot from pure
pulmonary stenosts In a patient with a tetralogy of Fallot angtocardiography
does nat, however, give relable information concerming the size of the pulmo-
nary artery At times the pulmonary artery may appear relatively large and at
aperation be found to be extremely small The reverse may also occur the pul
monary artery may appear very small whereas i reality 1t 15 relatnely farge
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At one second

At two seconds

Froure m-1x Pure pulmonary stenosis Child
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At seven scconds

Ficure m-12 Pure pulmonary stenasis (scries from Figure mi-11 conunued)

Note dye sull visible 1n the main pulmenary artery at seven seconds
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Fictre mi-14  Complete transposiion of the great vessels Infant
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Fioure mi-15  Taussig Bing malformation Child

Notc the pulmonary artery 15 concealed by
the aortain the lateral view
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Furthermore when there 1s pulmonary atresta, dye obviously cannot pass from
the night ventricle directly to the lungs Under such circumstances the amount of
dye visuahized n the lungs will depend upon the size and the location of the
vessels of the collateral crrculation
Atruncus arteriosus with reduced pulmonary blood flow shows prompt opact
ficatton of the truncus 1mmediately after the dye enters the nght ventricle
(sce Figure n1-16) Occasionally, the anomalous vessels of the collateral circula
tion may be demonstrated but generally this 15 not possible Consequently, 1t 1s
frequently impossible to differentiate a truncus arteriosus with reduced pulmo
nary blood flow from a tetralogy of Fallot with pulmonary atresta
A truncus arteriosus i which the pulmonary arteries arse directly from the
aorta s extraordwnasily difficult to demonstrate by angiocardiography Although
all the dye from the right side of the heart 1s pumped 1nto the common trunk, 1t
1s immediately mixed waith a large quannty of blood from the left side of the
heart, and moreover the dye 1s raptdly dissipated to the lungs and to the body
Consequently, 1t 1s frequently 1mpossible to trace the dye beyond the right ven
tricle and yet st does not linger there
Malformations of the left side of the heart are usually well visualized only if
there 1s no major abnormality on the right side of the heart In the presence of
extreme nutral stenosis or secere mutral insufficency (see Figure wi-17) dye
may linger for a long time 1n the Jeft auncle The lower plate of Figure u-17
shows a large left auricle and a relatively thick walled lefe ventnicle Sometimes
1n such extreme cases the left ventricle and the aorta are not visualized Opact
ficatton of the left ventricle grves information concerning the size of that ventn
cle and the thickness of 1ts wall Morcover, if the films are taken sufficiently
rapudly one can see the change in the size of the ventricle from systole to dias
tole For example, 1n a case of aortic stenosts with great hypertrophy of the wall
of the left ventricle (see Figure mi-18) a distinet change in the size of the ven
tricle betw een systole and diastole can be seen, n contrast to this, when the left
descending coronary artery arises from the pulmonary artery, the Jeft ventricle
becomnes enormously dilated the wall 1s extremely thin (see Figure mi-19) and
there 1s virtually no change 1n the size of the cavity 1n the vanous phases of the
cardnac cycle
Coarctation of the aorta usually occurs as an 1solated malformation Under
such arcumstances the course of the arculation 1s normal untif 1t reaches the
aorta Therefore 1t 1s usually possible to demonstrate the location and the length
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In systole

Fioure 1i-15  Acrtic stenosis wath thich walled left ventricle Infim

Arrow points to the aortc stenosis
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Ficure in-1g  Huge thin walled left venericle due to an anomalous onigin
of the left coronary artery from the pulmonary artery Infant

of the constriction 1n the aorta Figure 1r-20 shows a coarctation of the aorta of
the adult type and Figure 21 one of the mfantile type
Selective angrocardiography has been develaped by Chavez et al ** in order to
trace the course of the arculation more accurately  Selectne  angiocardiog
raphy means that the dye 1s injected through a catheter placed withmn the heart
at the optumum pamt for the dehineation of some spearfic feature
Although a smaller amount of test material 15 used when the dye 15 injected
directly nto the heart than when 1t 15 injected 1nto a vemn, the techmique 1s not
without danger as there 15 less ditution of the dye by the blood The greatest
danger 1s that the citheter may prerce the endocardium, and the dye may be 1n
jected tnto the myocardium  Although such accidents are remarkably well tol
erated they are certamnly to be deprecated No tests are devord of iisk In thus n
stance the tnformation gawned 15 frequently well worth the nsk mvohed
Dye may be placed in the night ventricle 1n order to determine whether or not
the aorta arises from that chamber thereby the possibility of a shunt at the auric
ular fevel 1s ehiminated Under such arcomstances 1f the aorta 1s visuahzed from
the nght sentrcle 1t 1s obvious that blood from the nght ventncle can enter the
1otz The injection of dye directly 1nto the right ventricle also gives the best
delineation of the outflow tract of the nght ventncle and thus gnes accurate
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Ficure m-.0 Coarctatton of the 10rta of the adult tpe
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Freure i1-21  Coarctation of the aorta of the infantile type

Arrow potnts ta the coarctation

formation concerning the presence and size of an infundibular chamber (sce
Chapter vi) Similarly dye may be placed sn one of the pulmonary arteries i or
der to determine whether the pulmonary veins from that lung enter the nght
auricle or the left

The wnjection of dye into the left auricle may ad 1n the differentiation of an
osttum sccundum defect from an osttum primum defect because when the left
auricle 1s completely filled the lower rim of the auncular septum if present, can
usually be discerned (see Chapter xx1i1, Section B)

It 1s somettmes possible to pass the catheter from sthe left auricle to the left
tentricle and thereby obtamn angrocardiograms of the left ventricle and the ves
sel or vessels which anse therefrom Angiocardiograms of the left side of the
heart may also be obtamed by the retrograde passage of a catheter from an artery
back to the base of the aorta and through the aortic valve into the left ventricle
The tnecnion of dye directly into the lefs centricle 1 the best technique for the
sisualization of ventricular defects 1n which the shunt 1s from left to right, fur
thermore such an angiocardiogram reveals whether the blood 1s shunted inte
the nght ventricle or mto the nght auricle The mnjection of dye into the left
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ventricle also clearly delincates the relation of the aorta to the left ventricle and
shows abnormahities of the aortic anfice

Selective angtocardiography, however, gives imited information For exam
ple, angiocardiography will nat reveal the presence of an auncular septal defect
when the dye 15 1njected into the nght ventricle For such a techmque to be help
ful the clinical diagnosis must be relatvely accurate For thus reason, selective
angrocardiography 15 of greatest value to confirm a diagnosis or to delineate a
specific portion of the heart

Cineangrocardiography was first developed by Janker' 1n 1936 and has been
petfected by Sones'” especially for use 1n infants with malformanons of the
heart By thus technique one can actually see the blood as 1t errculates through
the heart, study the action of the heart and the valves, and visuahze the direction
of a shunt under specific controlled conditions The techmque has the disadvan
tage that one cannot view several screens simultaneously and compare what 1s
wvisible at one second with what occurs a fraction of a second earher or later Fur
thermore, cineangrocardiograms do not give as much detail as do separate angio-
cardtographic films It 1s often only by careful study of an anglocardiogram that
all the details 1n a single film are appreciated and the full value of the informa
tion revealed in the angrocardiogram obtained

The technique requires a special machine for viewing the aneangiocardio
graphic reel Consequently 1t1s not as useful for teaching and study as a senes of
angrocardiograms which the student can study quietly by himself for as long as
he desires and compare one picture with another

Thus specialized technique gives a beautiful demonstration of the blood as 1t
arculates and opens up a new avenue for the study of the heart Nevertheless,
great experience and keen observation are required to detect any new and unsus
pected abnormality Therefore 1ts greatest use lies i the confirmation of a diag
nosis 1n the visuahization of the action of the heart and 1n research studies

Aortography

Aortography 15 the visualization of the aorta by the injection of radio-opaque
material directly into the systemic carculatton

The test matenal must be injected under hgh pressure Stnce the dye must be
forced 1nto the aorta 1n the opposite direction of the flow of blood the force of
the injection must be greater than the systolic pressure 1n the systemic crrcula
tion Keith et al** ™ have devised an excellent apparatus with the necessary
safety valves which permuts the rapid injection of dye under hugh pressure This
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technique 15 extremely satisfactory for aortography m infants, 1t removes the ne
cessity of passing a catheter 1nto the 1orta and thereby lessens the inherent danger
of the technique Needless to say af the visuahization of the aortic arch and the
ductus arterosus 1s desired the films must be taken 1n rapid successton rmmedt
ately upon the injection of the dye, as the blood which 1s ejected from the left
ventricle flows through the arch of the aorta with great rapichty
The wjection 1s always made on the left side, generally through the left ca
roud or the left brachial artery During the procedure the carotid arreries distal
to the pont of the mjection should be momentanly occluded to prevent the pas
sage of dye to the brain If the injection 15 made on the night side, in spite of this
precaution all the dye may be carried up the carotid vessels to the bram Indeed
the dye may pass so raptdly and so completely to the brain as to give the appear
ance of a complete interruption of the aorta when none exists
In order to obtain a satisfactory aortogram n children and adults 1t 15 usually
necessary to pass a catheter through an artery, esther the femoral or the radual
artery, to the base of the aorta In this way the entire arch of the aorta can be
visuahized
The danger of tmjury to the bran from aortography s real Every preparation
of radio.opaque matenal avarlable 1n 196015 tovac If a large amount of such a ma
tertal reaches the brain, convulsions, coma, and death may result Therefore, pre
cautions should always be taken to check the exact position of the catheter by
fluoroscopy , furthermore during the njectron the carotd arteries should be
momentanly occluded Even wath these precautions the danger of mjury to the
bramn 15 so serious that an extremely high concentration of 70 per cent radio-
opaque matersal should never be used Even if the patient has had an angrocardio-
gram with nountoward symptoms 1t docs not mean that he can tolerate a stmlar
dose mnjected directly into the cerebral vessels The procedure does not appear to
be unduly dangerous if the concentration of the material 1s regulated according to
that whach has proved safe for cerebral angiocardiography  Excellent visualiza
tion of the aorta 1n infants and young children can be obtaned with such con
centrations
Aortography properly performed, gives a beautiful visuahization of the aorta
and the vessels which arise from the aorta Therefore, this technique 1s of great
value 1n the demonstration of the location and the length of the constriction in a
coarctation of the aorta
Aortography 1s also of great help mn the d ration of a ¢ ation
between the aorta and the pulmonary artery Under such crcumstances dye




I SPECIAL DIAGNOSTIC PROCEDURES 109

jected into the aorta immediately passes through that opening 1nto the lungs
consequently the aorta and the pul y vessels are 1 A
(as shown tn Figure n1-22) Thus test has proved extremely useful 1n the demon
stratton of patency of the ductus arterosus especially an young infants who do
not hase a continuous murmur Stmultaneous visuahization of the aorta and pul
monary artertes also occurs 1f there 1s an aortic septal defect or a true truncus
artenosus Consequently, these three conditions may require differentiation
from one another At imes the aorta 1s so sharply dehineated that the exact posi
tion of the communication can be seen If this 1s not possible, cardiac catheteriza
tion as well as aortography may be necessary to establish a diagnoss

Occasionally aortography may aid in the demonstration of the anatomical
cause of a diastolic murmur If there 15 an aortic insuffictency the left ventricle
will be promptly visualized, whereas if there has been 2 rupture of an aneurysm
from the right sinus of Valsalva into the nght auncle or the nght ventnicle that
chamber will be visuahzed

Coronary artertography has been perfected by Dotter and Frische ° These
investigators have devised a method by which the aorta 1s momentanly occluded
at the time of the mnjection of the dye 1nto the coronary arteries This techmque
gives beaunful visualization of the coronary vessels It 1s useful primarily in
adults with disease of the coronary arteries It may well be the best means for
evact diagnosts of coronary arteriovenous fistulae (see Chapter wxix) Obviously
the chimcal diagnosis must be relatively accurate before this techmique 15 em
ployed

Further advances 1n the technique for the demonstration of various abnor
malities will undoubtedly be developed The more specialized the techmque the
more accurate must be the clinical diagnosis before the special technique 15
utiltzed For this reason, such techniques may offer strong confirmatory evidence
but will probably not be the methods of chosce for the imtial dragnosis

Cardiac Catheterization

Dr Werner Forssman, a German urologist was the first to pass a catheter
mntothe heart He had the courage to perform the expersment upon himself He
sat1n front of a fluoroscope slipped a ureteral catheter into hus brachsal vern and
watched 1t pass 1nto hus heart Moreover, he did 1t twice to prove to s colleagues
that 1t was not 2 dangerous procedure That was 1n 1929

Andre Cournand * envisioned the tremendous possibilies for the advance
ment of physiological knowledge offered by this techmque and he together
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Fioure ni-2z  Aortogrim showing patency of the ductus arterrosus Infant
Note dye passing from the aorta to the pulmonary artery
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with Dichinson Richards, developed and perfected the techmique of cardiac
catheterszation This method of 1nvestigation has contnbuted so greatly to our
basic knowledge of cardiac physiology that these three doctors were awarded
the Nobel prize for medtcine and physiology in 1956
Although the mitial delay between Forssman s expertment and Cournand s
and Richards deelopment of the technique of cardiac cathetenization was long
once the techmque had been proved both safe and useful, 1t was rapidly adopted
by others Indeed, 1t has become an accepted method of cardiac 1nvestigation
Bing et al, ® Dexter et al, * Wood et al, and others both 1n this country and
abroad have added greatly to our hnowledge of the physiology of congenital
malformations of the heart
Cardiac catheterizanon mvolves passing a small catheter through one of the
large veins usually the brachsal vein, nto the nght side of the heart Thus pro-
cedure renders 1t possible to obtain samples of blood and pressure tracmgs from
the various chambers 1nto which the catheter passes For details of techmque the
reader 1s referred to the various authoritics
Tt s important to appreciate that the exact position of the catheter, even with
the aid of fluoroscopy, cannot alw ays be determuned with certanty Inasmuch as
fluoroscopy gives a tw o dimensional image of a three dimensional object even m
the normal heart there may be some question as to the exact position of the cathe
ter Accurate determination of the positton of the catheter 1s far more difficult in
the malformed heart Moreover 1n the presence of a shunt 1t 15 impossible ta de
termmne whether the catheter hies directly in the center or at the periphery of the
stream of blood entering the chamber X ray pictures taken to show the position
of the catheter at the moment the determination 1s made increase the validity of
the information obtamed but such spot films should not be considered infallt
ble
Cardiac cathetenization should not be hghtly undertaken although when
properly done the risk 1s remarhably shght nevertheless the test 1s not without
danger Deaths have been known to occur during and immedately after the pro-
cedure Strict asepsis must be observed It 15 always a wise precaution to gne
some antimicrobial agent in therapeutic doses for the ensutng twenty four hours
Occasionally 10 cyanotic patients air emboli may be introduced and cause 2 hermt
plegia Fortunately however even though the hemiplegia may be severe, the
patient usually recovers without residual paralyss as the tissues are not deprved
of oxygen by the embolus The manipulation of the catheter espeaially in the
regton of the tricusprd valve and the night ventnicle, may mitiate an arshyth



112 GENLRAL CONSIDERATIONS

mia For this reason 1 continuous electrocardiographic recording should be
made throughout the proccdure Should anv untoward reaction occur the pro-
cedure should immediatchv b terminated Inasmuch as panients occastonally de

velop ventricular fibrllsnon the mstant the catheter tonches the nght veatnds,
every cathetenzation fabv 1 11 should always have a defibrillator avarlzble for
immediate use Fortunwe ! uch acadents are rare Wath reasonable preca
tions, the procedure s u v 1t I tolerated, and much useful information an
be obtained

In wddinon to arrhytly 1+ 0 patients with severe pulmonary stenosts the
passage of the cathcter thy « b the pulmonary valve may occlude the palme-
narvonifice and cutoff 1« 1iwon to the lungs, thereby causing a severe drop

1 the oxygen saturwon { the slood 1n the pulmonary artery

Frnlly, 1t should be 1 m1abered that when a farge number of samples o
blood are taken from 1 vl intant the procedure may be the equnalent o
veneseetion Therefore 1 vmill infant should be gren 2 transfuston durng of
mmmediately after the procedure This 15 especially smportant 1f prior 10 e
tenzation the infant had an ancmia

Analysis of the oxygen conrent of the blood obtained from vanaus gl
within the heart offers a chue o the structure of the heart The oxygen contrt!
theblood 1n the inferior venn cava s generally ngher than of that n the supent
venacava When the catheter 1s pissed below the diaphragm ast approsct 3%
femb veans, dhe otygen content of the venous blood 15 creased, therefo6 S
effort shauld be made to obtun the sample at the level of or just 2bor¢ e
phragm The sample should, how ever, be taken below the cardiac shade®
the oxygen content of :

h
o, ® the blood returned to the coronary sinus 15 €
ow Oonscquend) N

orifice of f the sumple of night auncular blood 15 taben neaf g
iy ce of ﬂl\c coronry sinus, 1t too may be abnormally low Inasmuch as &%
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e avyg wary 10
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artery (see Figure m-23) If the hemoglobin 1s low, the oxygen capacity of the
blood 1 reduced and the oxygen content of the blood 15 proportionately lower
Slight varruons in the oxygen content of blood obtained from auricular sam
ples should not be considered of great importance because of the normal varia
tion 1n the oxy gen content of the venous blood returned to the nght auricle and
also because of the possibility of laboratory errors In many laboratories vana
tions in the oxygen content of the blood of less than 2 volumes per cent are not
considered significant If, however, the oxygen content of the venous blood 15
abnormally hugh or that of the artenal blood abnormally low, the difference be
tween the oxygen content of the artenal and venous blood may be only 3 vol
umes per cent Under such circumstances an increase of 2 volumes per cent rep
resents a 66 per cent increase It 1s equally obvious that shight errors 1n technique
may invahdate the values Therefore, the results of cardiac catheterization should
be interpreted wath care
In general, if the oxygen content of the sample of blood from the right aury
cle1s more than 2 volumes per cent higher than that obtamed from the supertor
\vena cava, 1t 1s strong evidence exther that there 1s an aurcular septal defect or
that some of the pulmonary veins enter directly 1nto the nght aunicle Similarly,
when the oxygen content of the blood 1 the nght ventricle 15 significantly
higher than of that i the right aurscle, 1t 15 strong presumptive evidence of a
ventricular septal defect
The oxygen content of the blood 1n the pulmonary artery 15 the same as that
n the nght ventricle unless some blood from the left side of the heart 1s shunted
into the pulmonary artery, as, for example when there 15 patency of the ductus
arteniosus or an aortic septal defect Occasionally a high ventricular septal de
fect may be so located that the shunt 1s almost directly 1nto the pulmonary artery
Under such circumstances there may be little alteration 1n the oxygen content of
the sample taken from the right ventricle as compared with that from the right
auricle, whereas the oxygen content 1n the pulmonary artery may be markedly
higher than that 1n the night ventricle The oxygen content of the blood 1n the
pulmonary artery 15 of course abnormally high 1n patents with a complete
transposition of the great vessels or with a partial transposition of the pulmonary
:mcry
The calculations of the systemic and pulmonary blood flows offer useful an
formation concerning the hemodynamics of the arculation and the magnitude
of the various shunts For a detailed discussion the reader 1s referred to the works
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Ypper extremitios

Oxygen conlent expressed in Vol %,
Blood pressure expressed un mm Hyg

Frcure ni-.3  Diagram givng the oxygen content and the blood pressure

1n the various chambers of the normal heart
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of Cournandetal, ! "Bingetal,® ®Dexterctal, * Wood etal, * and others
According to the Fick prinaiple, 1f the oxygen content of the mixed venous blood
1n the nght aunicle and the oxygen uptake by the tissues 15 known, 1t 15 possible
to calculate the volume of the systermic blood flow per square meter of body sur

face per minute Under normal conditions the volume of the systemic blood flow
equals the volume of the pulmonary blood flow Thus, under basal conditions
the oxygen consumption by the tissues 15 equal to the oxygen uptake by the
lungs The oxygen uptake 1n the lungs 1s measured by the difference between the
oxygen content of the blood returned from the lungs and the oxygen content of
the mixed venous blood which flows to the lungs Thus the amount of the pul

mmonary and systemic blood flows can be expressed by the formulae *

Oxygen consumption

Pulmonary blood fow =
Oxygen content of blood 1n pulmonarv veins minus

oxygen content of blood in pulmonary artery

Oxygen consumption
Systermic blood flow = ——-0——
Oxygen content of arteral blood minus

oxygen content of mexed venous blood

Normally the oxygen content of mixed venous blood 1s the same as the oxy
gen content of the blood 1n the pulmonary artery and the oxygen content of the
blood 1n the pulmonary veins s the same as the oxygen content 1n the left auricle,
the left ventricle and the systemic arrculation Thus, under normal conditions
the systemic blood flow equals the pulmonary blood flow In the presence of a
shunt this 1s no longer true The two may be different, either of the two may be
the greater

Bing etal ® have emphasized that the factor of vital importance to the 1nd:
vidual1s the amount of mixed venous blood which eventually becomes fully oxy
genated in its passage through the lungs Bing has called thisthe effective flow
This too can be calculated by a formula

Oxygen consumption
Effectne flow = b P

Oxygen content of blood 1n pulmonary veins
minus oxygen content of mixed venous blood

As just mentioned under normal conditions these three flows are equal, but
n the presence of a shunt there may be 2 large systemic blood flow or a tremen
dous pulmonary blood flow and the effectrve flow may be extremely meager



116 GENERAL CONSIDERATIONS

When any two flows are known, the vanous flows may be calculated as fol
lows
Pulmonary flow = Effective flow plus left to right shunt
Systemuc flow = Effective flow plus right toJeft shunt
Pulmonary flow minus effective flow = Left to nght shunt
Systemic flow munus effectrve flow = Right to-left shunt
The overall shunt = Difference between left to-nght shunt and night to-left

shunt

The volume of the systemic and pulmonary blood flows are of great impor
tance as regards the work required of the heart The data concerning oxygen
content of the senous bloed are obtaned from tracardiac catheterszation The
arterial blood should never be assumed to be fully saturated 1ts content should
always be determined It 15, however, the effective flow which measures the oxy
gen supply available to the indiv1dual

In order to compare the cardiac output of one indnvidual with that of an
other, 1t 15 necessary to take into consideration the size of the individual For this
reason cardsac output 1s determuined 1n relation to the surface area of the body *
The measurement of the output per square meter of body surface area 1s called
the cardiac index In the nermal idrvidual the minute output of the heart per
square meter of body surface 1s approvimately 2 5 to 3 0 liters, or 2500 to 3000 ¢c
per minute, per square meter of body surface

Although the calculations of flows are relatively accurate for the normal indy
vidual 1n w hom there 1s no shunt and 1n whom the difference 1n oxygen content
between the arteral and venous blood 1s approximately 6 volumes per cent, this
15 no longer necessarily true i the presence of an arteriovenous shunt When the
arteriosenous difference 1s shight, any error in the determination of the oxygen
content of the blood 1s greatly magmified Consequently, when the oxygen con
tent of the blood 1n the pulmonary artery approaches full saturation (95 to 98
per cent), and the artertovenous difference 1s less than o 5 volumes per cent, 1t
15 impossible to calculate accurately the magnitude of the shunt Furthermore,
there may be other factors at present unhnown or poorly understood which
alter the validity of such calculations

*The number of square meters of body surfacc area 15 determuned by the height and
weight of the person The tables for the measurement of body area are those commonly used
1n the d of the basal bolic rate A child of 50 to Go Ibs usully has a surface
area of 15q m The surface area of an adult 15 approuimately 15 to 17 sq m Its rare to
find an adult wuth a surface area of more than - sq m

Oxygene p 15 d d by of the basal bolec rate
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The direct measurement of pressure 1s of great value It guves information
concerning the pressure i the various chambers of the heart and i the great
vessels and thereby offers confirmatory evidence as to where the sample was ob
taned, 1 ¢, from the right auricle, the right ventricle, the pulmonary artery or
even from the left side of the heart

A conunuous pressure tracing taken as the catheter 1s withdrawn from the
pulmonary artery to the nght ventncle or from one chamber to another, also
gives valuable information

The normal mean pressure 1n the right auncle 1s approaimately 1 or 2 mm
of mercury whereas according to Cournand, Baldwin, and Himmelstein *' the
normal mean pressure 1n the left auncle 1s approamately 4 mm of mercury
Thus the pressure n the left auricle 1s normally shightly higher than that t the
nght auricle

The normal pressure 1n the nght ventricle 1s approximately 28/2-0 mm of
mercury with a mean pressure of 7 The pressure in the nght ventricle depends
upon the volume of blood 1t 1s required to pump and the resistance agamst which
1t must work Thus, the pressure vartes with the magnitude of the flow and the
amount of resistance encountered For example, the systolic pressure in the right
ventricle 15 elevated if the solume of the blood flow remains constant and there
15 obstruction at the onfice of the pulmonary artery The systolic pressure 1 the
nght ventricle may also be clevated even though the pulmonary onfice 1s of
normal size and structure, 1f either the volume of the blood which enters the
nght ventricle 15 greatly increased or the pulmonary resistance 15 increased

The diastolic pressure in the night ventricle remams normal as long as the
pulmonary valve 1s competent and the nght ventricle empties itself completely

Thus, an elevated dastolic pressure within this chamber means either the pres
ence of pulmonary 1sufficiency or the falure of the night ventricle to empty 1t
self with each ventricular contraction

The systohic pressure tn the pulmonary artery 1s normally the same as the
systolic pressure 1n the night ventricle, namely approximately 28 mm of mer
cury The pulmonary vascular bed 15 so large that the drastolic pressure in the
pulmonary artery 1s normally very low approumately 7 mm of mercury
Hence, the mean pressure 1n the pulmonary artery 15 1n the range of 12 mm of
mercury The normal pressures in the various chambers of the heart and 1 the
vessels are shown 1n Fagure m-23

The tremendous size of the pulmonary vascular bed causes the pressure
the pulmonary artery to drop very rapidly Consequently even with a Jarge pul
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monary blood flow and a lugh systolic pressure 1n the nght ventricle and 1n the
pulmonary artery, the diastolic pressure in the pulmonary artery can remain
approxumately normal Hichman and Cargill * and Riley et al * have estimated
that the capaaty of the lungs 15 so great that the flow of blood through the lungs
must be more than three times the basal pulmonary bloed flow 1n order to raise
the pulmenary pressure Thereafter, the pulmonary pressure progressively in

creases The pressure i the pulmonary artery 1s directly proportional to the
amount of blood gomng through the lungs and to the resistance in the pulmonary
vascular bed This 1s 2 simple restatement of Porseutlle s formula that

Pressure = Resistance x Flow

Pressure

Resistance = ———
Flow

A number of factors affect the pulmonary resistance Evidence 15 increasing
to show that there may be a neurohumoral control of the pulmonary vascular
bed of such a nature as to cause vasoconstriction or vasodilatation *® Further, the
pulmonary vascular resistance 1s normally high at birth and drops rapidly with
the expansion of the lungs An anatomucal basts for these changes has been found
by Crvin and Edwards * These investigators have shown that duning fetal hfe
and at birth the smallest muscular artertoles have thick muscular walls and small
lunina and that normally as the lungs expand the lumina of these vessels in
crease 1n size and the walls become thin (see Chapter n)

In addition to the normal changes pathological changes may alter the re
sistance 1n the pulmonary vascular bed Edwrds® has shown that when bleod
15 ejected mnto the lungs under systemic pressure over a pertod of years there 15
timal proliferation which narrows the pulmonary vascular bed and mereases
the resistance

Recently Arvidsson, karnell and Moller™ have shown that there may be
multiple perspheral stenoses 1n the branches of the pulmonary artery which may
be so severe or so numerous as to cause a sngmﬁcﬂnt 1ncrease 1n resistance to the
pulmonary blood flow

When the pressure 1n the left auncle 15 elevated, 1t 15 transmutted back
through the pulmonary veins to the capillaries of the lungs and of suffictently
clevated 1t increases the resistance to the circulation through the lungs Itis quite
possible that other factors not now understood may also alter the pulmonary

resistance

The determination of the pressure taken when the catheter 15 wedged so far
1nto the terminal branches of the pulmaenary artery that fully oxy genated blood
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15 obtuned gives an indication of the pressure 1n the pulmonary capillanes
which 1n turn reflects the pressure 1 the pulmonary vews and the left auncle
The normal pulmonary capillary pressure, or more accurately the normal
wedge pressure 154 mm of mercury , an elevatson of the pressure to 12 mm of
mercury or above 15 indicatve of increased resistance Pulmonary hy pertension
of this nature occurs when there 15 obstruction to the venous return to the left
side of the heart, as, for example, 1n mutral stenosts
1f the pressure 1n the pulmonary artery 1s elevated and the wedge pressure
1s pormal the increased pressure 1s due exther to an increase in the volume of the
pulmonary blood flow above the capacity of the lungs or to an abnormality on
the arternal side of the pulmonary vascular bed or to both Thus, the abnormality
of the pulmonary vascular bed may be so severe that even though the pulmonary
blood flow 1s normal or even less than normal, the pressure 1 the pulmonary ar
tery may be elevated Such a finding frequently occurs 1n primary pulmanary
hypertension (see Chapter xvmt) If on the other hand, the wedge pressure is
elevated there must be some abnormaltty on the venous stde of the pulmonary
vascular bed The relative smportance of these factors must always be carcfully
evaluated
Failure to catheterize the pulmonary artery does not necessanily mean that
the pulmonary artery 1s abnormally placed 1t may anse normally from the nght
sentricle, but the pressure withun that chamber may be so high or the pul
monary artery so small that the catheter cannot be passed wnto the pulmonary
attery Furthermore, an abnormal current of blood may direct the catheter away
from the pulmonary onifice
The left aunicle may be catheterized from the night auricle when there 1s a
gross defect 1n the auricular septum or when there 1s functional patency of the
foramen ovale Passage of the catheter through the foramen ovale 1s relatrvely
easy when the test 1s performed through the saphenous sem It 15 the high oty
gen content of the blood 10 the left auncle which enables one to know that the
left auricle or a pulmonary vein has been entered Pressure tracings are of md 1n
determimng whether the catheter passed from the pulmonary ven through the
left auncle to enter the nght aunicle or whether 1t passed directly from the pul
monary vein to the right auricle
The left ventricle may occastonally be catheterized by the further advance
ment of the catheter from the left aunicle 1ato the ventricle The systolic pres
sure 1n the left ventricle 1s normally the same as that 1n the aorta and the femoral
artery As long as the aoruc valve 15 competent and the patient 1s compensated
the duastolic pressure 1n the left ventricle 1s approvimately zero Furthermore, 10
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the normal indnidual the blood returned by the pulmonary vems to the left
rurrcle 1s fully or nearly fully saturated and remains so throughout the left side
of the heart Hence 1t 1s the high pressure in the left ventricle and the high oxy
gen content of the blood which indicate that the Jeft ventricle has been entered
In rare mstances the left supenior vena cava opens into the left auricle Under
such circumstances 1t 15 easy to cathetenze the lefr ventricle by way of the left
Superior vena cava
Catheterization of the left ventricle directly from the night side of the heart
15 possible only when there 1s some defect mn the aurnicular or the ventricular sep
tum In the case of a ventricular septal defect, the flow of blood through the de
fect 1s usually from left to nght, and consequently 1t may be difficult to pass the
catheter against the stream of blood If the defect 1s located low 1n the auricular
septum, as 1n an ostium primum defect or an ostium atriosentriculare com
mune defect, the catheter may readily slip from the right auricle into the left
ventricle Obviously the passage of the catheter 1nto the left side of the heart in
creases the mformation obtained from cathetenization
Left heart catheterization™ * 15 now being performed through the left aurt
cle, which can be entered direetly through the left chest wall or through the left
mun bronchus It 1s a more difficult and probably a more dangerous procedure
than nght heart catheterizanion Nevertheless, 1t has been done with remarkable
success i adults especially when the left auricle 1s enlarged Ininfants and small
children the procedure 1s more difficult As previously mentioned, during i
fancy left heart catheterization can frequently be performed from the right side
of the heart as the foramen ovale remains anatomically patent for several
months As long as the foramen ovale 1s patent, of the cathetenization 15 per
formed through the saphenous vein 1t 15 relatvely easy to pass the catheter from
the nght auricle into the left aunicle An experienced investigator can frequently
pass a catheter from the left auricle into the left ventricle and esen 1nto the aorta
Either of the above techmiques offers the possibtlity of studying the left side
of the heart 1n the same manner as venous cathetenization permuts the study of
the right side of the heart Left heart cathetenization 1s of greatest value 1o pa
tients with 1salated lefe sided cardiac lesions especally when abnormalities of
the aortic onfice are suspected This technique permuts the measurement of the
pressure n the left ventncle Even if the aorta 15 not cathererrzed, it 1s posstble
to compare the left ventricular pressure with the systemic pressure by determin
ing the pressure in the femoral artery or the braclial artery and thereby to dem
onstrate whether or not there 1s an obstruction at the aornc orsfice
Simultancous catheterization of the right and left sides of the heart™ sull fur
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ther increases the information obtained The more complete the physiclogical
data obtarned, the better 1s the understanding of the hemodynarmics of the heart

Intracardiac electrocardiograns obtained by the introduction of an mtra
cavity electrode aid 1n the determination of the location of the catheter wathin
the heart In a few instances, intracardhac electrocardiograms are of specific
value For example, the pomnt within the heart at which the change 1n the elec
trocardrographic pattern from the ricular to the ventnicular type 15 obtained 1s
of diagnostic value in Ebstein s anomaly of the tricuspid valve™ (see Chapter
XIX)

Intracardiac phonocardiography 1s also possible and gives information con
cerning the vibrations set up within the heart This technique 15 another method
of analyzing cardiac hemodynamics The introduction of a new procedure al
wavs opens up the possibihity of further study and further additions to our
Rnowledge Each new tool, however requires tesung to learn its patfalls as well
as s advantages

EVALUATION OF CATHETERIZATION DATA

Cardiac catheterization 1s of great aid in the diagnosis of malformations
when 1t 15 undertaken to obtain specific informanon The information gained
from cardiac cathetenization vanes greatly wath the skill of the phvsician who
does the catheterizanon and with his know ledge of the physiology of the various
malformations of the heart In the hands of a skilled investigator much valuable
nformation can be obtained but when cardiac catheterization 1s done as a rou
tine procedure without consideration of the specific problem involved the pit
falls are many The ease with which the catheterization 1s performed greatly af
fects the relability of the varous determinations For sound evaluatton the
samples must be truly representatnve of the chambers from which they are taken
and the pressure tracings must be obtained stmultancously with the withdrawal
of each sample It 1s however, dangerous to jump to conclustons when only 1n
complete formation has been obtamed

In any attempt to analyze the nature of the malformation on the basis of the
oxygen content of the samples of blood t2ken from the various places 1t 15 1m
portant to remember that the varatsons are mfinite “There may be one auricle or
two there may or may not be a single ventricle A single auricle may occur
combination with two ventriles, or 1 single ventricle may be combmned with two
aunicles Moreover the position of the tricuspid and mutral valves may be such as
to produce pronounced separation of the two streams of blood as they enter a
common ventricle The differentiation of an auricular septal defect from ~n
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anomalous entrance of the pulmonary vens mnto the right auncle may be ex
tremely difficult Furthermore, the flow of blood through a shunt may be such
that the samples taken from the vartous places may even give an erroneous 1m
pression of the direction of the main shunt or even the chambers 1n which the
shunt occurs For example, 1 the presence of a marked night to-left shunt 2
sample taken from the stream of a tny left to-night shunt m1y give a false 1m
pression of the direction of the over all shunt In rare instances in the presence
of an auricular defect the increase 1n the oxygen content of the blood may not be
demonstrated 1 the auricular sample but may be found 1 the sample taken
from the ventricle

Frnally, 1t must be remembered that all the flows are caleulated on the as
sumptions that there 1s a normal crossing of the two circulations and that the
blood 1n the left auricle 1s fully oxygenated Neither of these assumptions 1s al
ways true In pavents with a large pulmonary arteriovenous fistula the oxygen
saturation of the blood that 1s returned to the left 1uricle 1s not fully saturated 1n
cases of complete transposition of the great vessels the formulae are not valid It
must also be borne 1n mind that the anemalous return of one or mose pulmonary
vems to the nght aurncle 1s not rare, therefore, the sample of night auncular
blood 15 not always representatve of the mived venous blood returned to that
chamber

Inbrief the dangers are real and the pitfalls many Correct interpretation of
all the information obtatned 15 not easy Nevertheless a gaod cathetertzation
may be of real aid in diagnosts

Chotce of Specral Procedures

When the heart 15 abnormally rotated or the malformation extremely com
phcated, an angrocardiogram prior to cardiac cathetenzation 15 of great value 1n
demonstratng the postuon of the vartous chambers wnd great vessels Such
Anowledge helps the physician to direct the catheter properly and thereby
greatly mcreases the chances of a successful catheterizanon and also lessens the
nisk to the patient as 1t eliminates needless prabing of the intertor of the heart

On the other hand the type of angrocardiogram which will best elucsdate the
malformatson vanes with the nature of anomaly Often, m order to obtamn the
full value of a specal angrocardiographice technique a previous catheternization 1s
necessary

It should, however, be remembered that special diagnostic tests are not al
ways necessary for diagnosis or for treatment None of these tests arc without
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nish, and all of them are expenstne Therefore none should be performed as a
routine procedure for the analysis of cardiovascular defects

It 15 the responsibility of the cardiologist to evaluate the patient s condition
and determine whether speaial procedures are necessary, when they should be
performed, and which procedure 15 likely to yield the most information If more
than one test appears to be necessary for accurate diagnosts, he should decide
which should be done first

If the patent s condition 1s precarious the nsk of the procedures must be
evaluated Cardiac catheterization carries wath it the danger of arrhythmias but
it has the advantage that the procedure can be terminated at any moment,
whereas 1n angiocardiography once the dye 15 snjected 1t can be climinated only
through the kidneys For this reason the margin of safety 1s usually greater 1n
cardrac catheterization than i angrocardiography

When all possible tnformation has been obtaned the final responsibility for
the analysis of the data, the diagnosss of the nature of the malformation, and the
treatment of the patient rests with the cardiologst

Summary

Angiocardiography aortography, and cardiac cathetenization are useful ad
juncts i the diagnosis of malformations of the heart Each 1s of greatest value
when used to eluaidate some spearfic pownt

Angocardiography which 1s usually performed by the wnjection of a radio-
opaque substance 1nto the venous side of the heart demonstrates the sequential
filling of the vartous chambers of the heart and the great vessels For thus to be
effective, the films must be taken 1n rapid succession

Al such radw-opaque substances known 1n 1960 are toxic Deaths have oc
curred from their use Therefore due caution must be used in regard 1o the dose
and the frequency of adminsstration This techmique 15 especrally dangerous 1n
cases of primary pulmonary hypertension and of very severe pulmonary stenosis

The technique gives good dehineation of the chambers of the heart up to the
pomt of the first major shunt

Anomalies of the superior vena cava and the night auricle are usually well
demonstrated

Delineauon of the ventricles gives information concerning the size of the
chambers and the thickness of therr walls

The visualization of the pulmonary artery from the right ventricle 1s normal
If the aorta 1s visualized smmediately after the nght ventricle, this indicates the
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presence of a shunt, either the aorta anses 1 whole or part from the nght
ventricle or there 1s a shunt at the auricular level Under the latter crcumstances
dye wall be seen 1n the left auncle before 1t appears in the aorta
Angocardiography shows the size and position of the aorta but gives lutle
information about the exact size of the main branches of the pu]monary artery
when they are abnormally small
When coarctation of the aorta occurs as an 1solated abnormality 1t can usually
be demonstrated by angrocardiography
Selective anglocardiography means the njection of dye through a catheter
placed within a specific chamber or great vessel This techmque gives accurate
and detarled 1nformation concerning the course of the circulation at a spectfic
pomnt The chintcal diagnosis, however, must be relatively accurate 1n order to
hnow the pomt at which to place the catheter 1n order to obtarn the desired infor
mation
Cineangiocardiography offers beautsful visualization of the crculation of the
blood and the action of the valves It contributes specific information, but does
not give as much detail as the regular angrocardiogram, and 1t 1s difficult if not
imposstble to compare one film with another Thus, 1t has some advantages and
some disadvantages
Aortography gives excellent delineation of the aorta and offers clear mforma
tion concerning any shunt between the aorta and the pulmonary artery above
the semilunar valves It 1s of great value 1n the demonstration of patency of the
ductus arteriosus 1 mfants before the development of the continuous murmur
It may also demonstrate an aortic msufficiency or a communication betw cen the
aorta and the right side of the heart
Coronary arteriography has been perfected 1 order to visualize the coronary
arteries and abnormalities 1n these vessels Its greatest use 1s 1n coronary artery
diseases 1t also beautsfully visualizes coronary arteriovenous fistulie
Further techmques will undoubtedly be developed The more specialized the
techmque the more accurate must be the clinical diagnosis prior to the test
Carduac cathetenization, first performed by Forssman and subsequently de
veloped by Cournand and Rechards gives information concerning the hemody
namucs of the crrculation If a number of s2mples of blood are taken and if pres-
sure tracings arc obtamned from the vanous chambers and great vessels mto
which the catheter 15 passed, useful snformation can be gained concerning the
location 1nd the volume of the shunt and also concerning the relative pressures
1n the various chambers Hence cathetertzation must be done under fluoroscopic
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control Monntoring the catheterization with an electrocardiogram 1s also essen
tial as there 15 real danger of the imuation of arrhythmias and even ventricular
fibnllation Because of the latter danger, a defibrillator should always be avail
able for immediate use
Analysis of the oxygen content of the blood and of the pressures obtained 1n
the various chambers permits estimation of the location and volume of the shunt
and caleulation of the systemic pulmonary, and effective flows These three
flows are sdentical under normal basal conditions but may differ widely 1n var
ous malformations
Care 1s needed 1n the interpretation of the results, not only because of possible
errors 1n techmque but also because of the location from which a sample 1s ob-
tained 1n relation to the shunt For this reason, small shunts are difficult to eval
uate Large shunts may also be difficult to evaluate if there 15 only a small artens
ovenous difference
Left heart cathetenzation can be performed by direct puncture of the left
aurcle In adults with left aunicular enlargement the procedure does not appear
unduly dangerous but tn young children with a left auricle of normal size, the
procedure 1s much more difficult and may be dangerous
In infancy 1t 15 frequently possible to cathetersze the left aunicle through the
foramen ovale if the cathetenization 1s performed through the inferior vena cava
Sometimes st 15 possible to advance the catheter from the left aurtcle into the left
ventrcle and thereby to cathetenize all four chambers
Simultaneous left and nght heart catheterization offers valuable information
concerning the hemodynamucs of the two sides of the heart
Intracardiac electrocardiography and phonocardiography also mcrease the
knowledge obtuned from catheterization
The amount of informatton obtamed from cardiac catheterization vartes
with the skill of the operator and hus know ledge of the physiology of the various
cardac malformations
When the heart 15 abnormally rotated angiocardiography may be desirable
before cardiac catheterizauon 1s performed On the other hand the type of angio-
cardiogram desired depends on the type of malformation
If the patient s condstion 15 precartous the relative risk of the procedures must
be evaluated It 1s the o s responsibility to evaluate the patient s condition
and to determine which procedures 1f any are necessary and when they should
be performed 1t 1s also his responsibility to evaluate all data and to advise the
patient
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cence Recent phystologcal studses have shown that difficulty 1n the oxygenation
of the blood 1n the lungs 15 not the usual cause of the late development of cyano-
sis because 1n such patients, whenever 1t has been possible to catheterrze the left
auricle, the blood 1n the left aunicle has been found to be fully saturated
Secondwn ki ge 1n the lungs do, however, occur when the blood 1s directed
to the langs undi r 1bnormally high pressure and occasionally when the pulmo-
nary blood w1 0y csetne Edwards® and Ius associates 1 ther studies of the
lungs of normat | rens wd of patients vesth vartous types of matforma sons ot
the heart hwe r ith ol uined the nature of these changes
Covan e b s wids o therr study of normal lungs found that in early m
fancy the pulty s ry v wal bed contams a large pumber of the smallest of the
musculy uienoles 1 which the medral wall ss thick and the lumen small, but
the mtuna thin and drlicace As the lungs expand, these v essels dilate, therr wally
become thinner and the lumina enlarge These changes normally occur sapidly
after burth  nevertheless the lungs continue to c‘(pmd throughout wnfancy and
indeed do not reach their maximum expansion for twenty years .y acds* has
shown that when these 15 excessive pulmonary blood flow ora high cjectle force
from the night ventsicle the pulmonary vascular bed opens up more slowly thar
under normal condions Nevertheless for several years the lung stall has e
potentiality for normal expansion Consequently, 1 the early stages the
changes 1re considered to be reversible Over a penod of years the long cont™®
ued high pressure 1n the lungs leads to intmal proliferation Such changes ¢
irreversible and cause progresstie narrowing of the pulmonary vascular bed and
ever increasing pulmonary hypertenston As the pressure on tht nght side of the
heart nises, 1f there 15 a ventricular septal defect, as soon as the pressuee It the
nght ventnicle excends that m the left ventricle 2 nght toleft dhunt 1s esta
lished, 1f the ventricular septum 1s 1ntact, no shunt wall be established n the
pressure  the nght auricle exceeds that in the left auncle and the valve coventh
the foramen ovale 15 forced open As the right to left shunt increases the oxyg”
unsaturation of the arterial blood 1ncreases, and the patent developt cyance
Such 15 the commonest cause of the cyanosis and polycythemia winch de €lop
duning childhood or adolescence or even during adult life
Nevertheless, Latson* has found that 1n voung mfants with 2 Targe It
nght shunt cyanosts may be due to failure to oxygenate the blood m the lund® 3
10 a pumber of such 1nstances he has found the blood m the pulmontty v
was not fully saturated He reports that such findings are relatnely commo?
*Personal commumcation Dr Joseph K Latson
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CHAPTER 1V

CYANOSIS

ence of reduced hemoglobin 1n the arculating blood The altered color

becomes visble as the blood arculates through the capillanies For
this reason cyanoss 1s most easily seen where the capillary loops are numerous,
as 1n the tips of the fingers and toes, the lobes of the ears, the tip of the nose, and
the buccal mucous membranes The ease with which this blussh color can be
detected vanes wath the degree of dilatation of the cutancous capillares and also
with the thickness of the skin and 1ts prgmentation It 1s a well established fact
that there must be at least 5 gm of reduced hemoglobin per 100 cc of arculating
blood to produce visible cyanosts Consequently, since the blood normally has
a hemoglobin content of 15 gm per 100 cc, one third of the blood which circu
lates through the capallaries must be 1n the form of reduced hemoglobin to cause
cyanosis

C\ ANOSIS 15 the blush color of the skin which 15 produced by the pres-

Anatomical Causes

Inasmuch as a relatnvely large amount of reduced hemoglobin must be pres
ent 1n the arculaung blood for cyanosis to become apparent, cyanosis when due
to a congenital malformation of the heart 15 indicative of a severe malformation
In the vast majonty of nstances there 15 some malformation of the great vessels
of such a nature that the great vessels anse from the ventricles 1n an abnormal
manner Frequently the malformation 15 of such a nature that only a small vol
ume of blood reaches the lungs and a large volume of venous blood 1s pumped
drrectly 1nto the systemic airculation In such instances the greater the reduction
1n the pulmonary blood flow and the greater the venous-artenal shunt, the more
mntense 1s the cyanosis When there s a complete transposition of the great ves
sels, the pnimary difficulty 1s not the volume of blood that reaches the lungs for
oxygenation but the amount of oxygenated blood that 1s returned to the systemic
arculation after its passage through the lungs In such instances, the greater the
shunt the less 1s the cyanosts Secondary changes in the lungs of such a nature as
to hinder the exchange of oxygen n the alveols were formerly considered an
mportant factor 1n the production of cyanosis which develops during adoles-
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cence Recent phystological studses have shown that difficulty m the oxygenation
of the blood 1n the Iungs 15 not the usual cause of the late devclopment of cyano
s1s because 1n such patients, whenever it has been possible to catheterize the left
auricle, the blood 1n the left auricle has been found to be fully saturated
Secondary changesin the lungs do, however, occur when the blood 1s directed
to the lungs under abnormally hugh pressure and occasionally when the pulmo-
nary blood flow 15 excessive Edwards® and his assocates 1n therr studses of the
Jungs of normal persons and of patents with various types of matformations of
the heart have greatly clanfied the nature of these changes
Crvin and Edwards 1n their study of normal lungs found that 1n early in
fancy the pulmonary vascular bed contains a large number of the smallest of the
muscular arterioles, in which the medial wall 1s thick and the lumen small, but
the intma thin and delicate As the lungs expand these vessels dilate, their walls
become thinner, and the Jumina enlarge These changes normally occur rapidly
after birth, nevertheless the lungs continue to expand throughout infancy and
ndeed do not reach their maximum evpansion for twventy years Edwards' has
show n that when there 1s excessive pulmonary blood flow or a high ejectile force
from the sight ventricle, the pulmonary vascular bed opens up more slowly than
under normal conditions Nevertheless, for several years the lung stil has the
potentiality for normal expansion Consequently in the early stages these
changes are considered to be reversible Over a pertod of years the long conun
ued hugh pressure m the lungs leads to intumal proliferation Such changes are
wrreversible and cause progressive narrow ng of the pulmonary vascular bed and
ever increasing pulmonary hypertension As the pressure on the right side of the
heart nises, f there 15 a ventrscular septal defect, as soon as the pressure 1n the
nght sentricle exceeds that 1 the left ventricle a night toeft shunt 15 estab
lished 1f the ventricular septum 1s 1ntact, no shunt will be established until the
pressure 1n the right auncle exceeds that in the left auricle and the valve covering
the foramen ovale 1s forced open As the right to-left shunt increases, the oxygen
unsaturation of the arteral blood ncreases and the panent develops cyanosts
Such 1s the commonest cause of the cyanosss and polycythemia which develop
during childhood or adolescence or even during adult ife
Nevertheless, Latson* has found that 1n young infants with a large left to-
nght shunt cyanosis may be due to farlure to oxygenate the blood in the lungs, as
1n a numbser of such mnstances he has found the blood 1n the pulmonary vens
was not fully sarurated He reports that such findings are relatnely common
Petsonal communication Dr Joseph R Latson
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during the first year of life, arc less frequently encountered during the second
year of ife, and rarely, sf ever, occur after the third year

Further, Riley* reports that there 1s increasing evidence that of the lungs are
not penodically properly expanded all the abseols 1n the lungs are not always
oxygenating the blood This phenomenon may cause a shight lowening of the
oxygen saturatton of the arternal blood, but this seldom occurs under normal
ctrcumstances

There are, 1n addition certamn pathological conditions notably a pulmonary
arterioyenous aneurysm or an extensy e cystic discase of the lungs, 1 which fail
ure of the blood to be oxygenated 1n 1ts passage through the lungs 15 the cause of
the cyanosis

Normal Physiological Constderations

RELATION OF THE OXYGEN CONTENT OF THE BLOOD TO THE AVAILABLE HEMOGLOBIN

Under normal condtions the blood which passes through the lungs 1s fully
or nearly fully oxygenated The blood which 1s returned by the pulmonary veins
to the left auricle 15 94 to g7 per cent saturated with oxygen The fact that the
artersal blood 15 not 100 per cent saturated has long been believed due to the fact
that the bronchial verns pour some venous blood 1nto the pulmonary veins there
15, however, considerable evidence® * which indicates that the shight oxygen un
saturation may be due mainly to technical errors As the blood cireulates through
the capillanies approvimately 22 per cent of the oxygen 1n the arterial blood 15
gwven off to the tissues It follows that the oxygen saturation of normal senous
blood 15 72 to 75 per cent Thus, normal artersal blood contains 94 to g7 per cent
oxyhemoglobin and 6 to 3 per cent reduced hemoglobin and normal venous
blood contains 72 to 75 per cent oxyhemoglobin and 28 to 25 per cent reduced
hemoglobin

Inasmuch as 1 cc of oxygen 1s taken up by 075 gm of hemoglobin 1 gm of
hemoglobin takes up 133 ¢c of oxygen, and 15 gm of hemoglobin carries 20 cc
of oxygen It follows that blood with 2 normal hemoglobin of 15 gm per 100
cc carrtes 20 volumes per cent of oxygen 1n other words the oxygen capacity of
normal blood with 15 gm of available hemaglobin per 100 cc of arculating
blood 15 20 volumes per cent Since the oxygen saturation of the arterial blood 15
94 to g7 per cent ats oxygen content 1s approximately 19 volumes per cent Inas-

Personal communication Dr Richard Riley
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much as 22 per cent of the oxygen 1n the artennal blood, or approvimately 5 vol
umes per cent, 15 grven off 1n the tissues, normal venous blood has an oxygen
content of 14 to 15 volumes per cent and 5 to 6 volumes per cent contains re
duced hemoglobin *

Expressed m terms of grams, artenal blood normally contatns shightly less
than 1 gm of reduced hemoglobr, and venous blood normally contains ap
prouimately 4 gm of reduced hemoglobin The average amount of reduced
hemoglobin in the capillartes 15 intermediate between that i the artenies and
the veins, that 15, 1t 1s slightly less than 3 gm As previously mentioned, 1t takes
5 gm of reduced hemoglobin 1n the arculating blood to produce wsible cva
nosts It follows that sn the normal mdividual the oxygen unsaturation of the
blood airculating mn the caprllaries 1s msufficient to cause cyanosts

Wuth exercise there 15 an mcreased demand on the part of the muscles for
oxygen This is obtamed by an increase 1n the heart rate, 1n the minute output of
the heart, and 1 the arculatory rate, these mcrease the volume of blood which
csrculates through the lungs and thereby the oxygen uptake i the lungs, thus
mereasing the total amount of oxygenated blood supphed to the muscles With
SUTENUOUS eXercise more oXygen 1s given up n the capillaries, and there 1s an 1
crease 1n the oxygen unsaturation of the venous blood, but not until an excessive
amount of oxygen 15 extracted 1n the capillarses 1s there shight cyanosts

In a person with a cardiac malformation of such a nature that a varying
amount of unoxygenated blood 1s pumped directly 1nto the aorta the blood in
the systemc airculatton 15 no longer fully oxygenated In an effort to ncrease the
supply of oxygen to the tissues there 1s an increase 1n the number of red blood
cells and 1n the amount of available hemoglobin Thus, 1n turn, mncreases the
amount of reduced hemoglobtn 1n the blood and renders the cyanosis more
readily apparent

*The relation of hemoglobrn to oxygen
075 ym of hemoglobin takes up 1 cc of oxygen

1

1 gm of hemoglobin per 100 cc of blood take up; = 1 33 volumes per cent of oxygen
7

3 gm of hemoglobin per 100 ¢c of blood take upo—i-— = j o volumes per cent of oxygen
7

5 gm of hemoglobin per 100 ¢ of blood take up o—i—— = € 7 volumes per cent of oxygen
™

15
075

15 gm of hemoglobin per 100 c¢ ot blood tahe up == 20 volumes per cent of oxygen
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Basic Physiological Factors 1n the Production of Cyanosis

Vistble cyanosss, as previously mentioned depends upon an absolute
amount of reduced hemoglobin 1n the penpheral arculation Consequently the
occurrence of cyanosis depends upon the total amount of avarlable hemoglobin
and the percentage of the oxygen unsaturation of the artenal blood

CONCENTRATION OF THE AV AILABLE HEMOGLOBIN

Since there must be 5 gm  of reduced hemoglobin per 100 cc of blood 1n the
penpheral arculation to produce ssible  cyanosis, a patient with 15 gm of
hemoglobin per 100 cc of blood will show no cyanoss until one third (33 3 per
cent) of the crrculating blood 15 1n the form of reduced hemoglobin, whereas 1f
the hemoglobin content of the blood 15 20 gm per 100 cc, or 133 per cent only
one-quarter of 1t (25 per cent) needs to be 1n the form of reduced hemoglobin to
produce cyanosis Conversely, as the hemoglobin drops 1t 1s necessary to have a
larger percentage of reduced hemoglobin 1 the airculaung blood to gne vist
ble cyanosis Therefore, the height of the hemogloban 1s of great importance
esumating the degree of anoxemia For example any panent who shows per
sstent cyanosis must have 5 gm  of reduced hemoglobin per 100 cc of arculaung
blood Ths absolute amount must be subtracted from the hemoglobin determ
nation when considering the amount of available oxygen 1n terms equivalent to
that of 2 normal individual Thus if a patient with a hemoglobin of 10 gm (66
per cent) shows persistent cyanosts, he has a maximum hemoglobin of 5 gm as
far as available oxygen 1s concerned In other words even though the hemo
globin determination 1s 10 gm per 100 cc of blood, the patient has 2 very severe
anerma 1n terms of the oxygen content of the blood

If the anema 15 severe cyanosis may entirely disappear It has been stated
that if 2 patient had a hemoglobin of less than 5 gm (33 per cent), even though
none of the blood was oxygenated there would be no cyanosis Such an example
tllustrates the importance of the amount of hemoglobin but 15 purely hy pothets
cal since the condition would be mncompatible with life Actually, as previously
stated, the amount of reduced hemoglobin in the arculating blood 15 dependent
upon two varmables the total concentration of the available hemoglobin and the
degree of the oxygen saturation of the artersal blood

OXYGEN SATURATION OF THE ARTERIAL BLOOD

The amount of reduced hemoglobin 1n the capillanies depends upon the
amount of reduced hemoglobin 1n the arterial blood the rate of utilizatron of
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oxygen 1 the capillarses, and the rate of flow of the blood Under resting con
ditrons by far the most important factor 1 the production of cyanosis 1s the
amount of reduced hemoglobin in the arterial blood This, 1n turn, depends upon
the volume of the venous artenal shunt, the volume of blood which reaches the
lungs for oxygenation and the extent of oxygenation of the blood 1n the Tungs
Thus, the oxygen content of the arterial blood 15 affected both by factors which
opesate 1n the systemic circulation and by factors which operate m the pulmo
nary arculation

FACTORS WHICH OPERATE IN THE SYSTEMIC CIRCULATION

The colune of the tenous artersal shunt 1s an ymportant factor 1n the produc
tion of cyanosis and 1s almost mvarsably operattve 1n patients who from birth
show persistent cyanosis These severe malformations are usually of such a na
ture that some of the blood from the nght side of the heart, which 1s normally
destined to go to the lungs for oxygenation, 1s pumped directly into the systemrc
arculation This means that a large volume of venous blood 1s pumped drrectly
1nto the systemic carculation, and only a small volume of blood reaches the lungs
for oxygenation Both factors act to increase the cyanosts

If the malformation 1s of such a nature that the volume of venous blood
pumped mto the systemic circulation results in the presence of 5 gm of reduced
hemoglobin per 100 cc of blood 1n the pertpheral circulation, there wall be slight
cyanosts This does not mean that there must be 5 gm of reduced hemoglobin
per 100 c¢ of artersal blood but only that the arteral oxygen unsaturation 1s such
that when the blood has gnen up its normal complement of oxygen to the us
sues the oxygen unsaturation 1n the caprllaries will be such that there are 5 gm
of reduced hemoglobin per 100 cc of arculating blood This will occur when 2
to 3 gm of reduced hemoglobn are shunted 1nto the systemic arculauon Un
der such circumstances, as the blood circulates through the capillaries, the aver
age amount of reduced hemoglobin 1n the capillanes will be ancreased by thus
amount, and consequently cyanosts will become apparent Any reduction 1n the
oxygen saturation of the arternal blood means that there 15 a stll further reduc
tion 111 the oxygen content of the venous blood Consequently the amount of re
duced hemoglobin 1n the venous blood 1s mereased If the volume of the shunt
1s hept constant, an mcrease 1n the amount of seduced hemoglobin 1n the venous

blood 1nereases the amount of reduced hemoglobin shunted into the systemic
arculation Cyanosis becomes progressively more 1ntense as the amount of re
duced hemoglobin 1n the artertal blood 1s increased Thus both the volume of
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the shunt and the amount of reduced hemoglobin 1o the venous bload affects the
mtensity of the cyanosss In most malformauons the greater the shums, the more
1tense 1s the cyanosts
In Jess severe malformations 1n whach there 15 adequate arrculation to the
lungs and shght over rihing of the aorta only a small solume of senous blood
with relatn efy normal venaus saturation 15 pumped 1nto the systermc axculation
In such snstances cyanosts 1s not perceptible and the oxy gen unsaturation of the
artersal blood can be demonstrated only by the determmation of 1ts oxygen con
tent The accurrence of shght persistent cyanosis with a normal concentration of
hemoglobin means that the oxygen saturation of arteral blood 15 cansiderably
reduced usually st 15 betw een 66 and 75 per cent
The amuant of blood which reaches the lungs for oxygenanon 15 wrersely
praportional to the valume of the venous antenal shunt ¥f only a small amount
goes to the lungs 1 15 mevrtable that only a small volume 15 oxygenated When
thas 1s mived wath a Jarge amount of unoxygenated blood cyanosis unless modt
fied by anemua 1s always intense The reserse s always true if a large amount
of oxygenated blood ss mixed with a small amount of s enous blood cyanoss 1s
mimmal For example of there 15 only a single ventncle and there 15 complete
admssture of venous and artersal blood within that chamber the oxygen content
of the blood directed to the lungs will be the same as theat disected 1o the bady
The presence or absence of cyanasis will depend upon the amount of oxygenated
blood retuened from the lungs hence on the volume of the pulimenary blood
flow®
The rate of nubization of ox) gen by the penipheral nissues affects the amount
of oxygen taken ont of the blood as 1t careulates through the tissues and hence the
amount of reduced hemoglotn i the capiilanes Normally the increased de
mand of the perspheral ussues for axygen 1s met by an increase 1n the heart rate
which increases the rate of blood flow to the lungs and to the ussues
Pertpheral stasts may also play a role 1 the production of cyanosis Ina pa
uent with persistent cyanosts and a compensatory polycythemra there are en
gorgement and dilatation of the capitlaries and also an ncrease 1w the total num
ber of capillaries which are open The sncrease in the capillary bed combined
with the dimimshed rate of blood flow through the capsllanes has a twofold ef
fect Furst the difatayon of the capitlanes and the 1ncrease 1n the nembes of
capilfaries whuch contan blood make the color of the blood more readsly ap
parent and therehy lower the threshold st which cyanosss ss pesceptible Second
the slowing of the crculation enables the tissues o take wp an ncreased amount
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of axygen, hence, there 152 greater degree of oxygen unsaturation m the venous
blood and a proportional increase 1n the quantity of reduced hemoglobmn in the
capiilaries

FACTORS WHICH OPERATE IN THE PULMONARY CIRCULATION

Although under normal conditions the blood which passes through the lungs
s fully or nearly fully oxy genated, there are a number of factors which may alter
the extent of the ox genation of the blood 1n 1ts passage through the lungs Some
are physiologteal, some due to disease, and some due to changes 1n the pulmo-
nary vascular bed Physological changes and those caused by pulmonary disease,
although of great importance, are beyond the scope of this book hence, these
factors are only briefly mentioned For a detalled discussion the reader 1s referred
to the vartous authorittes®  n ths field
The vital capacity of the patient 15 obviowsly mmportant A fall in the vital
capacity lessens the exchange of oxygen and carbon dioxide 1n the lungs
The rate of blood flow throngh the Jungs also affects the volume of blood
oxygenated in the lungs With an 1ncrease 1 heart rate and an ncrease 1n the
munute output, the increased rate of blood flow through the lungs mcreases the
rate of oxygen uptake and hence the amount of oxygen which 1s supplied to
the body Occasionally with severe exercise, the rate of the crculation through
the lungs may be so raprd that 1n spite of maximum ventilation there 15 no longer
time for complete oxygenation of the blood This may be a potent factor in the
production of the cyanosts which occastonally occurs i the normal 1ndividual
upon strenuous exercise In a patent with pulmonary stenosts and a venous
artersal shunt, the cyanosis which occurs with exererse has 2 quite different on
gin The pulmonary stenosis prevents the normal increase m the pulmonary
bload flow and consequently the sncrease n cardhac output which occurs with
exerarse mstead of causing an increase tn the pulmonary blood flow causes an 1n
crease 1n the venous artersal shunt, which 1o turn causes a fall in the oxygen satu
ration of the artenial blood
Partsal pressure of the atygen 1 the mspired ar affects the rate of diffusion
of oxygen through the pulmonary alveoli For this reason the reduction mn the
partaal pressure of the oxygen which occurs at ugh alutudes produces cyanosis
Ths factor 15 even more vitally important to patients whose cardiac condition
causes some deg ree of oxygen unsaturation than 1t 1s to normal mdivsduals The
fact that infants with severe malformations of the heart may be born, Inne, and
dic at ngh altitudes does not mean that altitude has no effect upon the oxygen
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saturation of the artertal blood Alutude appears to be umimportant only be
cause thus factor 1s constant throughout the hife of the individual Nevertheless a
malformation which 15 incompatible with life at a high alutude may be compat
ble with life at sea level Conversely, because an infant with persistent cyanosts
can hve at sea level, 1t does not mean that he will be able to adjust to or neces
sanly survive the reduction 1n the partial pressure of the oxygen which occurs at
high altitudes Without exception all patients who show perststent cyanosis wall
suffer a further wncrease 1n arterial unsaturation as the partial pressure of the
oxygen 15 reduced Therefore, high altitudes and air travel without supple
mentary oxygen are contraindicated
The concentration of the blood 1s also important The number of red blood
cells per cubic millimeter of blood may be so great that in all probability the red
blood cells no longer pass thraugh the pulmonary capillarses 1 ssagle file All
recent experimental evidence sndicates that this 1s not a factor of great smpor
tance 1n the oxygenation of the blood

Pulmonary diseases such as pneumonia, advanced tuberculosis actinomyco
sis extensive cystic disease of the lungs, and 1n some instances extreme pulmo-
nary sclerosis or endarteritis cause cyanosis

Failure of the blood 0 be oxygenated as 1t passes through the lungs was em

phasized by Lundsgaard and Van Slyke® in ther classic studies on cyanosts as
a factor of great importance in patients with polycythemia They showed that in
most patients with marked polycytherma, the oxygen saturation of the arterial
blood could be markedly elevated by the prolonged nhalation of 100 per cent
oxygen This observation can be readily confirmed Recent physiological studies
however, have shown that 1n panents with 2 marked polycythemia 1 whom
the mhalation of oxygen lessens the cyanosts, whenever 1t has been possible to
catheterize the left auricle the blood 1n the pulmonary vetns has been found to be
fully saturated For this reason 1t seems that in many nstances the mhalation of
oxygen may alter some nervous or neurohumoral mechanism™ 1n the lungs, and
thereby alter the volume of the pulmonary blood flow rather than the permeabil
1ty of the capillanes Indeed the effect of the mhalation of oxygen on the pul
monary blood flow 1s now (1n 1960) used as a method to determune the flexibil
1ty of the pulmonary vascular bed (see Chapter xxiv)

The deposit of hyaline matersal as a membrane 1n the alyeolar ducts 1s 3 com
mon cause of cyanosis during the first three days of ife 1n premature babies and
1n babies of diabetic mothers These babies suffer from severe respiratory distress
and 1ncreasing cyanosts X ray reveals duffuse fine stippling throughout the
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Moderate degree 1n a shghtly premature infant
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Severe degree 1n a small premature
wnfant one hour after birth

Ficure n-1  Hyaline membrane Infant

lungs, as shown m the upper x ray of Figure -1 Some babtes wath thesc
changes recover with no apparent residual abnormahiey Usually however, the
condition progtesses to a fatal termmation When the condion 1s severe the
shadows coalesce leaving the arr filled bronchial tree sharply outlined (see lower
x ray of Figure 11 -1) Autopsy 1n such instances shows a hyaline membrane lin
ing the alveolar ducts

Congental anomalies in the pulmtonary vascular bed as, for example, a pul
monary arteriovenous aneurysm (see Chapter wu1), may be a potent factor 1
the production of cyanosis Extensive cystic disease n the lungs may alter the
permeabality of the alveols to such an extent that the pauent develops ntense
cyanosis under such circumstances the 1ahalation of oxygen causes the prompt
disappearance of the cyanosis
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Broadly speahing, there are three main abnormalies which lead to the pro-
duction of cyanosts The first 1s inadequate airculation to the lungs, the second 1s
difficulty 1n the return of oxy genated blood to the systemic circulation, and the
third 15 failure of the blood to be fully oxygenated 1 its passage through the
lungs

Inadequate cirenlation to the lungs combined with a venous-arterial shunt s
the cause of cyanosts 1n a tetralogy of Fallot The greater the reduction i the
arculation to the lungs, the greater 15 the venous artenal shunt The 1mportance
of the reduction in the pulmonary blood flow 1n the production of cyanosis has
been clearly illustrated by the Blalock Taussig operation 1n which a marhed 1n
crease 1n the oxygen saturation of the arteral blood occurs upon increasing the
volume of mixed venous blood directed to the lungs Indeed, 1n all malforma
tions 1n which there 15 pulmonary stenosis and 1n whach the aorta recenes some
venous blood from the right side of the heart even though the defect within the
heart remains unchanged, an increase 1n the volume of venous blood which
reaches the lungs immediately lessens cyanosis

Difficulty in the return of the oxygenated blood to the systemc circulation 1s
the pnmary cause of cyanosis when there 15 a complete transposition of the great
vessels Under such arcumstances plenty of blood reaches the lungs for oxygena
tion, and a large volume of axygenated blood 15 returned to the left aunicle and
the left ventricle Nevertheless, inasmuch as the pulmonary artery anses from
the left ventricle, most of the blood 1s pumped durectly from the left ventncle
wnto the pulmonary artery and re-circulates through the lungs (see Chapter x)
Under such aarcumstances, 1t 15 difficult for oxygenated blood to reach the sys
temic circulation and for venous blood to reach the lungs

Failure of the blood to be fully oxy genated n 1ts passage through the lungs
occasionally occurs 1n young infants with a large left to nght shunt, and may

also occur in older persons during prolonged shallow breathing Furthermore 1t
occurs in PJ[\CH(S with arteriovenous nneurysms or Wl[h C)’SUC dlSCaSCS of the
lung

Pulmonary tascular changes were formerly belicved to hinder the oxygena
tion of the blood 1n the lungs Recent physiological studies indicate that the pul
monary vascular changes per s¢ do not alter the permeability of the alveolar
capillaries but lead to intimal proliferation which increases the resistance 1 the
pulmonary vascular bed and thereby increases the pressure agamnst winch the
nght ventricle must work As the pulmonary sessels become progressively nar
rower, the pulmonary resistance steadily increases When the pressure 1n the
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right ventrucle equals or slightly exceeds thac m the lefe ventricle, of there 15
communication between the two sides of the heart, a nght to left shunt ss estab
lished Thereafter the further constriction of the pulmonary vascular bed 1n
creases the night to left shunt Such 15 the most usual cause of the cyanosts which
develops duning childhood or adolescence

The above analysts andicates that reduction of the volume of venous blood
reaching the lungs or failure of oxygenated blood to be directed to the systemic
circulation 15 the usual cause of cyanosis 1n infancy and that alteration mn the pul
monary vascular resistance combined with an intracardiac shunt 15 the principal
factor operative 1n the development of cyanosss in later life

Methods for the Determunaron of the Canse of Cyanosis

X RAY EVIDENCE

The size of the pulmonary artery as visuahzed in the < ray gives an important
clue to the volume of blood which reaches the lungs Absence of fullness of the
pulmonary conus means that the pulmonary artery 1s diminutive, absent, or mis
placed If 1t 1s diminutnve or absent the main branches of the pulmonary artery
are small and the hilar shadows are quict If, on the other hand, there are large
blotchy hilar shadow s w hich upon fluoroscopy may show pronounced pulsations
1t means that the pulmonary arteries are large and that the pulmonary blood flow
15 excessne This finding when combined with a concase curve at the base of
the heart to the left of the sternum, 15 sndicative of a posteriorly placed pulmo-
nary artery and hence of a complete transposttion of the great vessels

On the other hand, fullness of the pulmonary conus usually means that the
pulmonary artery anses 1n 1ts normal posison Under such arcumstances the
marn branches of the pulmonary artery are usually readily seen In panents with

pure pulmonary stenosts there may be conspicuous pulsations of the pulmo
nary conus but minimal pulsations 1n the branches of the pulmonary artery
whereas 1 patients with excessnve pulmonary blood flow there 1s generally a
definite hilar dance In the presence of fullness of the pulmenary conus and a
hilar dance cyanosts, 1f present, 1s due to a venous-artertal shunt at erther the
aurcular or ventricular level, to an over riding or transposed aorta or 1 rarc 1n
stances to a pulmunnry arteriovenous ancurysm The hilar dance indicates ex
cessive pulmonary blood flow and may mdicate increased pulmonary pressure
Occasionally, a transposed aorta arises so far to the Ieft that 1t occupies the post
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tton of the normal pulmonary artery Under such circumstances, although there
15 fullness of the pulmonary conus, the lungs usually appear disproportionately
clear

PHYSIOLOGICAL TESTS

Cardiac catheterization has contributed more to the understanding of the
phystology of malformations of the heart than any other single procedure By
cardiac catheterization information 15 obtamned concerning the location, direc
tion, and volume of the shunt or shunts and concerning the pressures in the varn
ous chambers and vessels 1nto which the catheter 15 passed This technique and
the mnformation dertved from 1t are discussed in detail 1n Chapter 1 The fol
lowing discussion 15 concerned with the simpler tests which are of aid in the de
tection of venous-arteral shunts

The red blood cell count, the lesel of the avatlable hemoglobin and the
hematocrst reading are of dagnostic value When the oxygen saturauon of ar
tertal blood 15 below 66 per cent or falls below this level wath exeraise polycy
thenua develops As polycythemia mereases the oxygen saturation of the arterial
blood nises, so that 1n older patients with deep persistent cyanosis the oxygen
saturation of the artenial blood 1s frequently between 78 and 88 per cent, whereas
1n the absence of polycytherma this degree of artertal unsaturation does not pro
duce visble cyanoss but usually causes a slight clevation in the red blood cell
count and 1n the level of the available hemoglobin

In infants and young children the finding of a slightly elevated or even nor
mal red blood cell count and hemoglobin level at a time when anemna 15 physio
logical should suggest the possibility that the arterial blood 15 not fully saturated

The determination of the oxygen saturation of the arterial Blood demon
strates the presence of reduced hemoglobin 1n the arculating blood which 15 1n
sufficent to cause visible cyanosts Furthermore, when there 1s cyanosts the
degree of oxygen unsaturation of the artenal blood 15 important It 1s difficult to
estimate clinically the seventy of the oxygen unsaturation, partly because vana
tions 1n the mtensity of the cyanosts are not casy to determine and partly because
the intensity of the cyanosis vanes with the amount of available hemoglobin and
the height of the red blood cell count

The oxygen saturation of the artersal blood 1n infants with malformatons of
the heart which cause persistent cyanosss 15 frequently extraordinarily low An
oxygen saturation of the artenal blood of 30 per cent obtained from a ¢cyanotic
mfant when he 1s crying 1s not unusual and generally not dangerously low Such
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a saturation 15, however, seriousty low if obtamned under basal or nearly basat
condiions An artersal oxygen saturation of under 20 per cent 1s always cause
for concern and one of 10 per cent or less 15 of grave prognostic import Those
who are unaware of how low the oxygen content of the arterial blood may be
frequently assume that because the saturation 15 far lower than cxpected, the
blood must have been taken from a vein and not from an artery Such an as
sumption i a sertous mustahe On the contrary 1t should always be remembered
that if the oxygen content of the femoral vein 1s extremely low, that of the ar
tenal blood cannot be very much higher
Although under normal conditions the arterial oxygen saturation 1s the same
1n both the upper and lower extremuties, 1n a few malformations 1t makes a pro
found difference from what artery the sample of blood 1s drawn There are two
conditions m which the blood 1n the brachal artery can show full saturanon
and that in the femoral artery definite unsaturation The first occurs in an infant
with a complete interruption of the 1sthmus of the aorta, and the second occurs
10 a patient with marked pulmanary hypertension and persistent patency of the
ductus arteriosus 1 whom the flow of blood 1s from the pulmonary rtery
through the ductus artertosus into the descending aorta
The effect of crercise upon the oxy gen saturation of the arserial blood offers
important evidence as to the nature and the severtty of the malformation In pa
tents with pulmonary stenosis and an aorta winch arses in part or entirely from
the right ventricle, exercise causes a marked reducton m the oxygen saturation
of the artersal blood This 15 so untformly true that of a patient shows mimmal
or no cyanosts, a simple exercise test and observation of changes 1n the pauent s
color gnve sufficient iformation to determine whether cyanosis 1s due to periph
eral stasts or a severe cardiac abnormaiity Thus this test may ehminate the
necessity for the determunation of the oxygen content of the artertal blood
The effect of the inhalation of oxygen upon the oxygen saturation of the
artertal blood Jepends upon the volume of venous blood shunted into the sys
temic arculation and the ability of the blood to take up oxygen mn ats passage
through the lungs The prolanged inhalatton of oxygen can never alter the oxy
gen unsaturation whuch results from the direct shunting of venous blood from
the nght ventricle nto the systemic circulation but 1t may markedly lessen the
unsaturation due to pulmonary factors Therefore this smple test gives informa
tion as to the relatise 1mportance of systemic and pulmonary factors but docs
not indicate the nature of the pulmonary factors
Recent ph)sxologlc:n] studies have shown that :n most matformations nclud
wng those i which there 15 pulmonary hypertenston the blood returned to the
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teft aurtcle 1s usually fully saturated These obsersations clearly andicate that the
ovygenation of the blood m the lungs 1s generally normal Therefore, the bene

fit dertved from the snhatation of oxygen must be through sts snfluence on the
vohume of blood directed to the tungs, this in turn suggests the cwstence of some
nervaus contsol over the volume of the pulmonary blood flow Certamn 1t 35 that
the changes 1 the oy gen saturation of the artersal bload assecated with the i

halation of oxygen should not be assumed to offer a sumple means for measuring
the volume of the pulmonary bload flow or be used as proof that cyasosss 15 due
to the faifure of blood to be completely ovygenated i 1ts passage through the
lungs

CRCULATION TIME

Determination of the circulation tume 1s 2 sumple and useful test When there
15 2 night todefr shunt the arculanon vme 13 uswally markedly shortened For
example if the aorta over nides the nght sentricle some blood from the night
wentricle 1s puaped dacectly into the systemmc cereufation Therefare the circula
tioh time from the arm to the systenme arculation 1s abnotmally short Such a
finding does not mean that the circnlation of the blood through the systemic air
culatson 15 unusually rapid, it merely demonstrates the exustence of a nght to-feft
shunt

Vartous tests have been devised to study the arculation tme Most of these
methods start with the mjection of some material inta the vein that s, they start
onthe venous side

The pulmanary cireulation time may be measured by the myection of ether
mto the vewn The mntesval betw een the mjection of ether and 1ts detection on the
patient s breath indicates the pulmonary errculation time In realaty the arcula
tion tune 15 much shorter than this Ether must not only reach the lungs, it must
be exhaled by the patient sohaled by the operator, and then the reaction re
corded In contrast to the seven to ten seconds required for the observer to record
the circulaton tme visnahization of the pulmonary vessels by angiocardiog
raphy normally occurs 1n a second or two after the mjection of the dye In cases
ofavenous arterial shunt the injection of ether mto the sy stemic arrculation may
canse a serious reacton ‘The patient usually p} of a severe headach
hemmplega and even sudden death have resulted from thus procedure For this
reasan the dose must be low 1 drop of ether 1n 3 ¢c of normal saline solution 15

usually adequate Actually st 15 seldom necessary to measure the pulmonary
calatson npe

The systesme ewenlanion gime 1 measured by the myecuon of some type of
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test matenal mnto a vemn, this matenal circulates through the lungs and 1s re
turned to the left side of the heart and thence to the systemc circulatton When
so measured the normal circulation time 1s twelve to twenty seconds, depending
upon the heart rate and the rapidity with which the matertal 1s injected The
more rapid the heart rate, the shorter 1s the circulation time On the other hand
the systemuc arculaton time 15 markedly prolonged 1 patients with cardiac
farlure

A marked shortening of the systemic arculation ume occurs wheneser 2
sufficient quantity of test material passes directly from the right stde of the heart
nto the systemtc arculation without passing thraugh tie Jungs It follows that
an abnormally short circulation time 1s an ndication of a venous arterial shunt
nstead of the usual twelve to twenty seconds the arculation ttme will be three
to five seconds, or even less

Various substances may be used to measure the systemuc crculation ime

Saccharine (210 4 cc of a 50 per cent solution) produces a sweet taste 1n the
mouth °* The me when 1t 1s first noted measures the circulation time from the
arm to the tongue

Decholins (2t0 3 ¢cc of 120 per cent solution) also gives the circulation time
from the arm to the tongue ** It 15 a safe method but requires a certam amount
of coaperation on the part of the patient Although a young child my fail to
speak when he first tastes the salt, lus facial expression usually reflects the un
pleasant taste

Fluorescern (0 sto2cc of a 20 per cent solutien) or Riboflacsn (08 mgm per
Lg of body weight), when injected 1nto the circulation can be detected by ts
yellow color as 1t airculates through the body * This color ¢an readily be seen
when the patient 1s viewed 1n a darkened room beneath a mercury vapor lamp
The circulation tume 15 usually measured by the ume required for the dye to
reach the hps and tongue because the color 1s easily scen 1n the buccal mucous
membranes Thas test has the great advantage of being a stmple objectnve test It
occasonally causes nausca but seldom causes any serious untow ard reactions

Caletum gluconate (3 cc of a 10 per cent solution), when injected rapidly
causes 2 ingling sensation an the mbs® Thus simple test gives an indication of
the rate of circulation to the vanious parts of the body but requires the coopera
on of the patient

The use of the csrerdation fime to esumate the volume of the shunt has been
suggested by Prinzmetal ** In 2 patient with a venous artenal shunt the short
cned crrcutation 1s demonstrated only provided a sufficient amount of test ma
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teral 15 passed durectly through the shunt to gne a prompt seacton Therefore
by starting with a small dose and gradually mcreastng the dose, 3 poat wsll be
reached at whach an abrupt shortemung of the arculauon tme wilt occur The
smaller the dose required to reach ths lesel, the larger 15 the volume of the
venous arterial shunt Such tests are safe with decholin or saccharine but should
never be attempted with any materzal whach 1s excreted slowly

In the author s expenence ths test has not gnen rehable results Indeed,
the method 1s of hitle value in mnfants or children because the normal areutation
time 15 much shorter than m adules At times 1t may be difficult to determne
whether the short cirenlation time 15 dus 1o a shunt or merely to the rapidity of
the heart rate Cardiae catheterizanon gres so much more snformation con
cerming the volume of the shunt that the above mentioned method 1s seldom uet
hized

Chinical Mamfestations

The appearance of the patent 1s characterssie The mdndual has a dusky
ruddy complexion Delayed closure of the fontanelles and frontal bossing 15 com
mon when polycy thema develops early This may be so extreme that the mnfant
or young child looks as 1f he had hydrocephalus The occurrence of cyanosis and
clubbng of the extremittes howeves, unmeduately suggests that the condition 15
duc to 3 congemtal matfermation of the heart

Cyanons caused by 2 cardiac malformation always precedes clubbiag When
cyanosts 15 not pronounced 1 1s most readily observed mn the buccal mucous
membranes and the pharyngeal wall, which are of a deep mulberry color Usu
ally these 15 suffusion of the conjunctnae Examination of the eye graunds re
veals dilatation and congestion of the retinal vessels (see Figure n2) 'The capd
tanes thraughout the body become ddated Thus 1 readily appacent beneath a
capillary macroscope Everywhere on the surface of the body the capallanies are
seen to be far more numerous and the numbes of red blood cells i the ndnad
ual capilfasses 15 increased Nerertheless 1 wfants cyanons 15 often difficult to
see and 1t 15 surprisng how severe the malformaton of the heart may be with
out the develaprent of conspicuous cyanasts

The age at which cyanosis appears ges a chue to 115 ongan Cyanosts due to
the direct shunting of vencus blood from the night ventricle 1o the zorta usu
ally 1s apparent m infancy Occasionally of the fotamen ovale 15 swidely patent
and there 15 evtreme pulmonary stenosts cyanoss may date from bireh 1 how
ever the shunt is through a foramen avale whch 1s held open by the high pres.
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Fioure n-2  Changes in the eye ground due to polycythemta n
a pauent with a congenital malformation of the heart From a
colored drawing, by Annette Burgess

sure 1n the right auricle, cyanosis generally develops msidiously between tsvo and
seven years of age Evenaf it ss present at birth, 1t usually disappears and does not
recur unul the patient s a year and a half or tw o years of age

Cyanosis which develops at puberty or 1n early adult Iife 1s usually due to sec
ondary changes in the lungs It1s however, not due to inability to oxygenate the
blood n the lungs The secondary changes m the pulmonary vascular bed are of
such 2 nature as to cause progressne narrowng of the small muscular artenies
and ever increasing pulmonary hypertenston The cyanosts 1s due to the develop-
ment of or an ncrease 1n the night to-left shunt which results from the increased
resistance 1n the pulmonary vascular bed Even in patients with severe pulmo-
nary hypertension, ¢yanosis occurs only when there 1s a nght to-left shunt 1If
there 1s a ventricular septal defect, blood 15 shunted from the nght ventricle into
the aorta If the ventricular septum 1s mntact, the increased pressure in the night
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sentnicle sooner or later clevates the pressure m the nght aurcle Then, of the
foramen ovale 1s not completely sealed, the vale 1s farced open and a nght to-
Seft shunt established at the auncular Jesel
The distributron of the eyanosi should be observed with care When the pres
sure m the pulmonary artery 1s greater than thatan the descending aorts and the
ductus artersosus s patent, blood flows from the pulmonary artery to the de
scending aoata
When this occurs the hiead and the upper extreminies recenve w elb-ovy genmed
blood from the ascending aorta and the trunk and the lower extremiues recesve
amuxture of astersal blood from the aorta and venaus blood from the pulmonary
artery Consequently the head and the upper extremtes ase of normal color
and the lower extrenuties are cyanotic If the pressure 1n the ascending aorta 1s
jower than that i the pulmonary astery some venous blood 1s forced back o
the left subclavian artery Under such aircumstanees the left hand 15 more ¢ya
notic than the nght hand If the conditon 15 marked 5t gues the tupression of
a longrtudinal dustribution of the cyanosss of the chest and thorax In realiy the
left hand and both feet are cyanotic Fusthermore of the back 1s examuned wath
care 1t will be found that the top of the shoulders are of normal color and the
remainder of the thorax and trunk are cyanotic The hne of demarcation of the
cyanosts postersorly les across the shoulders and extends slightly lower down on
the right shonlder than on the left (see Chaprer win) Frequently when the
cyanosss 15 less mtense the difference 13 cyanosts between the two hands may
not be ohvious and that between the lefe hand and the feet wmay be shight buta
comparsson of the nght hand and the fect will show a defimte difference 1n
color
In pavents with complete transposition of the great vessels the pulmonary
artery arsses from the leftventricle and carries ovygenated blood Consequently
whenever the ductus artessosus 15 patent and blood flows from the pulmonary
actery 1o the descending aorta avy genated bload 15 carred to the lower extremms
ues {see Chapter ¥) Under such ascumstances the difference n the cyanoss
of the hands and the fect 15 seversed the upper extremitics are more cyanote
than the lower extremuties Qwing to the fact that m complete transposiion of
the great vessels the pressure m the two arculations 13 approvimately equal
there 15 no back pressure of asterml blood 1nto the left subclavian artery Swnce
the skan of the runk and abdomen secerses 1ts nutsition through the small
branches of the subscapular arteries the mternal mammary artenes and the
superficial epigastric arteres all of which anse from the aorta above the en
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Ficure n-3 Clubbed fingers

trance of the ductus arteriosus, the line of demarcation of the cyanosis hes at
the brim of the pelvis

The hands are frequently more cyanotic than the feet in children with
marked polycythemia Ths 1s probably due to the fact that the children use
their hands more than their feet Hence there 1s greater deoxygenation n the
pertpheral tissues of the hands than of the feet In such patients the hands show
intense cyanosts which gradually diminishes over the forearm, but there 1s no
line of demarcation of the cyanosts betw een the upper and the lower extremities

Clubbing of the fingers and toes 1s an outstanding feature 1 older patients
with severe congenital malformations of the heart of such a nature that there 1s
a persistent senous-artersal shunt The terminal phalanges become bulbous, and
there 15 a longitudinal curvature of the nails (see Figure rv-3) These changes,
however, tahe trme to develop

Clubbing 1s never present at birth and 1s rarely seen during the first months
of life The imtial changes are due to dilatation and engorgement of the capil
lanies associated with polycythemia In anfancy the development of a severe
anemia which increases the ~ hut lessens the polycytherma may cause
the disappearance of n one infant the clubbing of the
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fingers and toes (the most pronounced the asthor has ever seen at one year of
age) completely dusappeared upon the development of a secondary anemna due
to a terrunal mfection This obsenation shows that 1 mnfancy the presence or
absence of clubbing 1s not an dex of the duration of the cyanosss but of the de
gree of the polycythemua ‘The ymportance of the dilatanon of the capillanes 15
demonstrated by the fact that 1 patent with pulmonary hypertension and re
versal of blood flow through the ductus astenosus may show naotenly cyanosis of
the feft hand but also clubbimg, of the fingers of that hand The red blood cell
count 1s uniform throughout the bady but the capilaries m the Ieft hand be
come engorged and ditated

In older persons the absence of clubbing 15 sspmificant It indacates esther that
the polycythermia has abways been shight or that 1t has only recendy occusred In
tense cyanosts without clubbing afrer the age of two ndicates that the cyanosis
has been of short duration Tt 1s suggesine exther of a reversal m the direcuon of
the shunt or of the develop of some acute pul y pathology Clabbing
due 1o a congemtal malformation of the heart without cyanoms rarely of ever
occurs Indeed a1 15 seen only smmediately aftes a rapid fall 1 the hemoglobn
For example after a successful Blalock Taussig operatton, cyanosts promptly
dsappears and aver a pened of months clubbing regresses and may eventually
dusappear If clubbing ss present wathout eyanosis some other explanaton far the
clubbimng should be sought as for example a lung abscess Clubbing and cyano-
s1s when they occur tagether are ahways suggestnve of a severe malformaton of
the heart

Polycythemia develops 10 compensate for anoverma Panents with threshold
cyanosis and an oxygen saturation of the artenal bleod of 66 per cent to 55 per
cent who can mawta thss level upon exerase seldom develop polycythemsa
Infants may have an exteaordinandy low ovygen content of the artersal blood be
fore they develop clubbing or polycythemia Nesertheless 1t appears that the
persistence of an artersal otygen saruration below 66 per cent over a period of
time leads to the development of polycytherma and of collateral csrculanon Fur
thermore i the author s expenence there 15 some evidence which suggests that
actertal 03ygen unsaturanon ta the trunk and lower extremities Jeads to the de
velopment of palycythemsa but when the arteral snsaturation 15 hnted 1o the
head and upper extrernsties thys stmulus 1s not present This observation how
ever sequires further study before any tmportance should be attached to 1t

Polycytherma may be present from early infancy bat usually develops duning
early childhood The red blood celf count ss frequently 610 8 million per et mm
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and may reach 10 mithon and occasionally 12 million, but seldom goes hgher
than that There 15 a proportional increase 1n the concentration of the hemo-
globin and 1n the level of the hematocrit The hemoglobin 1s usually above 100
per cent and may be over 140 per cent The hematocrit reading (the volume of
packed red blood cells per 100 cc of blood) may reach 8o and occastonally go
The high hematocrit 15 almost entirely due to the tnereasc 1n the number of the
red blood cells, the whte blood cell count remains unchanged
The spleen contrary to cases of polycythemia vera 1s not enlarged

Factors wiich Affect Cyanosis
FACTORS W HICH LESSEN CYANOSIS IN THE NEONVATAL PERIOD

The ductus artertosus 1s normally patent at birth and often acts in a com
pensatory manner In virtually all malformations 1n which there 15 obstruction
1n the pulmonary circulation and the pulmonary pressure 15 low, blood flows
from the aorta through the ductus arteriosus to the lungs Therefore, in cases of
pulmonary stenosts or atresta assoctated with a venous arteral shunt, so long as
the ductus arteniosus remains patent, this pathway ncreases the volume of ve
nous blood which reaches the lungs for oxygenation, and thus lessens the cyano
sis

The hemoglobin s normally high at birth and 1mmediately thereafter drops
rapudly Although in an infant with persistent cyanosss the fall m the hemoglo-
bin may not be as abrupt and may not reach as low alevel asina normal 1ndt
vidual, any decrease in the hemoglobin lessens the 1ntensity of the cyanosis

Atelectasis often occurs duning the first days of Life and may be the sole cause
of cyanosis With the complete expansion of the lungs such cyanosts disappears
When present 1n an infant with a severe malformation, atelectasts increases the
intensity of the cyanosis Cyanosis due to atelectasis can be differentiated from
that due to a congenitt! malformation of the heart by the degree of cyanosis 1n
duced by eryg If the cyanosis 1s due to atelectasts, 1t 1s decreased by erymg, if
1t 15 due to a congenital malformation of the heart, crying intenstfies the dusky
hue The development of, or an increase 1n the intensity of the cyanosis upon
nursing or crying 15 2 common phenomenon Howeser, it 1s due not to a shunt
reversal but to an increase 1n the venous-artersal shunt in which, at rest, the quan
tty of reduced hemoglobin is insufficient or barely sufficient to produce cyanosis

In brief 1mmeduately after birth the various factors concerned with the pro-
duction of cyanosis usually operate 1n such a manner as to lessen cyanosts during
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the neonatal period In early mfaney 1t 15 not easy to detect cyanosts unless 1t 1s
very intense Even if there 15 ntense cyanosts at birth  the cyanosis frequently
lessens during the neonatal pertod Occasonally st may entirely disappear

FACTORS W HICH CAUSE DISAPPEARANCE OF CYANOSIS

There are a few malformations which may cause extreme cyanosis m the
early months of life but 1n which the cyanosis ss not persistent Persistence of
cyanosis 1s commonly attributed to the failure of the valve covering the foramen
ovale to close Such 1s the cause of cyanosis only if the pressure 1n the nght aun
cle 1s abnormally hugh Indeed only so long as the pressure 1n the right auricle
15 greater than that 1n the left auncle 1s there a night to-left shunt With the ex
pansion of the Jungs and the fall 1n pressure 1n the lesser arculauon, blood 1s
directed to the lungs, all the blood from the lungs 15 returned to the left auricle
Just as soon as the pressure n the left auricle exceeds that in the night auricle the
valve which covers the foramen ovale even though not completely sealed 1s
functionally closed and there 15 no longer any admuxture of venous and arteral
blood Thus, under normal circumstances a balance between the two sides of the
heart 15 promptly established wsually within the first few cardiac cycles of extra
uterine hfe

In the author 5 expenience, infants who have shown intense cyanosts during
the first months of Iife and 1n whom the cyanosts has gradually disappeared have
had some severe malformation of the heart Such may be the course of eventsin a
patient with a large defect 1n the aunicular septum A similar sequence of events
may occur 1n a patent w1th valvular pulmonary stenosis and an intact ventricular
septum A patient with the former malformatton will remain acyanotic whereas
one wath the latter abnormality wall usually again develop cyanosis duning child
hood Cyanasss of this origin generally recurs imstdiously betw een two and seven
years of age and thereafter becomes persistent

Although slight lessening of cyanosis 1n the neonatal period 1s common, un
fortunately the disappearance of cyanosss 1s rare The improvement 1s usually
but temporary withmn a few weeks the cyanosis reappears and thereafter be
comes progressively more intense

FACTORS WHICH INCREASE CYANOSIS

Ananfant who shows no cyanosts in the neonatal period may show cyanosis
when he nurses or cries and later develop intense cyanosis

The development of cyanosis duning mfancy 15 usually due to structural
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changes which take place after birth After the establishment of the pulmonary
crrculation, the pulmonary pressure rises, and less blood flows through the ductus
arteniosus to the lungs During the ensuing weeks or months, the ductus arters
osus undergoes obliteration In many malformations the obliteratton of the
ductus arteriosus decreases the volume of blood which reaches the lungs to such
an extent that the conditton becomes incompatible with life In some tnstances
the hemoglobin which drops abruptly in the neonatal pertod, tends to rise,
thereby rendering cyanosis more and more readily apparent In other nstances
cyanosts does not become apparent until the nfant starts to walk During the
first year the later the appearance of cyanoss, the less severe 15 the malforma
tion In still other nstances cyanosis may not become apparent until childhood
or even adolescence

Cyanosis frequently develops duning childhood 1n patients with isolated right
sided cardiac lestons 1n whom the foramen ovale has not become completely
sealed Under such circumstances as the pressure 1n the night ventricle nses, the
pressure 1n the night aurncle 1s also increased When the pressure 1n the right
auricle exceeds that 1n the left auricle the valve covering the foramen ovale 15
forced open and a right to-left shunt 1s established Such 15 the ongin of the
cyanosts 1n valvular pulmonary stenosis with an ntact ventnicular septum, i
Ebstein s anomaly of the tricuspid valve, and also 1n primary pulmonary hyper
tension

Cyanosis usually becomes visible duning adolescence 1 pitients wath an
Essenmenger complex, that 1s, a ventricular septal defect with increased pulmo-
nary blood flow and high pulmonary pressure Indeed, 1t 15 the ejection of blood
wto the lungs under high pressure which causes intimal proliferation of the very
small pulmonary artertoles, this 1n turn increases the resistance 1n the lungs
Thus a vicious cycle 1s setup The pulmonary hypertenston increases the pressure
agamnst which the night ventricle must work and consequently the pressurc 1n
that chamber 15 sull further increased and this 1n tarn still further njures the
lungs Under such circumstances a septal defect acts as an escape valse and per
muts the establishment of and the gradual increase in the volume of the right to-
left shunt Cyanosis of this ongin 15 of grave prognostic import because 1t 15
indicative of severe and progressive injury to the pulmonary vascular bed

DURATION OF CYANOSIS

Rnowledge of the duration of the cyanoss 1s important 1n order to differents
te cyanosts W hich 15 due to a temporary reversal in the direction of the shunt
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From cyanosis which results from a persistent right to left shunt A clue to the
duration of the cyanoss can be obtained from the rate of growth of the mfant
Although at Inrth an infant with a senous malformauon of the heart may be of
notmal size, persistent anovemta cavises stunting of exra utenne growth This
phenomenon 1s so constant that +f the growth of the snfant has been normal 1t
s evidence that severe anovem:a has not been present throughout hic

In older children the presence or absence of clubbing and palycythemia offers
valuable informatzon The anovemya associated with persistent cyanosts leads to
polyeythemia and clubbing of the fingers and toes Intense cyanosss due to a
reversal i the direction of the shunt causes no wamedtate sncrease w the num
ber of the red blood cells nor does 1t produce clubbing Cyanoss appears before
clubbing, therefore when cyanons develops Jate 1 hfe there 15 a ducrepancy
berween the antensity of the cyanosts and the degree of the clubbing n these
ndsvduals after the appearance of cyanosis the duration of life may be so hmued
that this discrepancy 1s never overcome

COMPLICATIONS SECONDARY TO PERSISTENT CYANOSIS

The outstanding complications which accur sa patients with persistent cyano-
sis are due to anoxemna and pobycytherma The following discussion 15 con
cerned with the phystalogy of these comphicatians Thesr treatment s discussed
m the chapter on medscal care

Anoxenua i infants 1s usually far more severe than ss inducated by the 1n
tensity of the cyanosis Indeed many nfants die from lack of oxygen before the
development of polyeythenua, and consequently wathout wtense cyanons In an
safant with a tetralogy of Faffot 1t 5s not unusual to find an artenal axygen satu
ration of 30 per cent and i those with 2 complete transposion of the great ves
sels 1t oay be far losser The author has seen one wnfant s whom the oxygen
satvration of the arterial blood was less than 1 per cent the day before death
Needless to say severe anovernsa 15 an mdication for surgery if 1t 1s posstble (see
Chapter vi)

Feser may be caused by anoxemia when 1t 15 severe and of long duratson

Attacks of paroxysmal dyspnea are commen sn infants with a venous arterial
shunt and severe pulracnary stenosss or putmonasy atresa and oceasionally occur
mnfants with a pseudo truncus artestosus

These atracks appear 1o be assocated with a reduction n the pulmonary
blood flow “They occur most frequently at the tme the ductus arterosus 15 un
dergumg oblsteration It seems as though during the process of obhteration the
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ductus artenosus periodically clamps down and then opens up This impression
15 based upon the fact that the author has seen several infants wath pseudo truncus
arteriosus who suffered from attacks of parovysmal dyspnea during which the
conunuous murmur disappeared (see Chapter xov) In those pattents the attacks
of parovysmal dyspnea were clearly related to a sharp reduction m the pulmo-
nary blood flow and a consequent abrupt fall in the oxygen saturation of the
arternl blood
Furthermore durig the attacks of paroxysmal dyspnea the oxygen satura
ton of the artersal blood may drop to an extremely low level In most mstances
when a sample of blood 15 obtained during an attack, the oxygen saturatson of
the artenal blood 15 between 8 and 14 per cent When the arterial oxygen satura
uon falls abruptly to less than 10 per cent infanes generally suffer from loss of
consciousness Most of these nfants get their breath better 1n the knee-chest post
tion Many of them prefer to sleep m this position The treatment of attacks of
paroxysmal dyspnea 1s discussed on pages ryo-171
Dy spneais the result of cerebral anoxta Under normal condrtions the oxygen
supply to the body 15 regulated by the rate of oxygen uptake in the lungs Nor
mally with exercise there 1s an increase 1n heart rate, an increase i the rate of
the pulmonary blood flow, and a corresponding increase mn the oxygen uptake 1n
the lungs The increase 1n the minute output of the heart increases the oxygen
supply to the brain A patient with severe pulmonary stenosis and an sntact ven
tricular septum cannot significantly increase the pulmonary blood flow with
exeraise, and consequently becomes dyspneic on exertion In a patient with pul
monary stenoss and a venous artersal shunt dyspnea may be due to an actual fall
1n the oxygen saturation of the arterial blood Such a child squats when tired
Polycythenia by which the body tries to compensate for anocermia, increases
the oxygen capacity of the blood and thereby increases the supply of oxygen to
the ussues The capillaries throughout the body become dilated The mcrease i
the number of red blood cells increases the viscosity of the blood The ncreased
sscostty of the blood may become so great as to cause thromboses and also leads
to compensatory changes 1n the cloting mechamsm of the blood
Thromboses may occur anywhere by far the most common site 15 1n the
bratn (sce pages 173-176), but mesenteric and pulmonary thromboses' also oc
cur The latter are usually small but widespread throughout the lungs
Brain abscesses age prone to occur when the brain has been previously in
yured Consequently the repeated mmnute thrombi 1n the bram which occur scc
ondary to polycythemia mnesease susceptibility of the indiidunl to a bran ab-
scess (see pages 176-178)
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Purpuric erupnions and dilated hemorrhagie renules especally on the lower
extremttes, are common mn pattents with long standing polycytherma These
phenomena oceur 1n older patients as the shan loses its normal turgor

Changes i the clotting mechanism of the blood also occur These changes
are 1n 2 sense compensatory to the polycythemia in that they lessen the danger
of thromboses

The blood platelets become reduced 1n number Not infrequently the platelet
count may be only 40,000 to 50 000 platelets per cu mm

The blood fibrinogen 1s also reduced Hartmann® and his associates found
that the serum fibrinogen content remamed normal but the total blood fibrino-
gen content was frequently reduced

The clotnng time remains normal and the cloz retraction 15 also normal The
clot, however, may become extremely friable and disintegrates casily * The re
duction n the tensile strength of the clat 1s undoubtedly an important factor n
the hemorrhagic tendency which many of these pattents develop It 15 1 all
probability a potent factor 1n the severe postoperative bleeding which frequently
occurs 1n older patients with long standing polycytherma

Although these changes seldom become extreme until early adult hfe, they
occur primanly 1n patients who have always suffered from oxygen unsaturatton
of the arterial blood and a severe reduction i pulmonary blood flow These
changes are frequently absent 1n 2 pattent who has had a successful shunt opera
ton even if he fails to mamtain the improvement and polycythemia agam be
comes severe Nevertheless the clotting mechamism should always be studied
Prior to any operation

Summary

Cyanosis 15 due to the presence of reduced hemoglobin 1n the crrculating
blood 1 such amounts as to give a bluish discoloration to the skin at least 5 gm
of reduced hemoglobin per 100 cc of circulating blood are necessary to produce
this color

The occurrence of cyanosis 1n 1 patient with a congenital malformation of
the heart 15 indicatise of a gross cardiac abnormality In the vast majority of such
cases there 15 some malformation of the great vessels, and a large volume of ve
fous blood 15 pumped directly nto the systermic cireulation The intensity of the
cyanosis varies with the height of the available hemoglobin and the degree of
the oxygen unsaturation of the artersal blood

The oxygen saturation of the artenal blood 15 altered by factors which act on
the systemic circulation and those which act on the pulmonary eirculation The
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princtpal factors which operate on the systemic circulation are the volume of the
venous blood shunted imto the systemic crculation and the amount of reduced
hemoglobin n the blood so shunted, the rate of circulation of the blood, the rate
of uubization of oxygen in the penipheral uissues, and the rate of removal of
venous blood The factors which operate on the pulmonary circulation are the
sital capacuty of the individual, the rate of the flow of blood through the lungs,
and the partial pressure of the oxygen n the nspired air In addition to these
there are three gutstanding causes of cyanosis which are the result of abnor
malities 1n the pulmonary circulation (1) an nadequate volume of venous
blood directed to the lungs, (2) difficulty 1n the return of oxygenated blood to
the systemic arculaton, and (3) failure of the blood to be oxygenated as 1t
passes through the lungs
The pulmonary vascular changes which commonly develop in patients with
malformations of the heart are related to the pressure under which the blood 1s
¢jected to the lungs When blood 1s ejected to the lungs under abnormally high
pressure, there 15 inumal prokiferation and narrowing of the small pulmonary
artenioles These changes further rause the pressure 1n the pulmonary arteries and
tncrease the venous artersal shunt, but seldom, if ever, alter the permeabality of
the capillaries Hence, the blood which 1s returned from the lungs 1s fully oxy
genated
In arteriov enous aneurystns and 1n extensive cystc disease of the lungs there
13 farlure to oxygenate the blood 1n 1ts passage through the lungs
X ray examunation offers information as to the size of the pulmonary artery
and hence of the volume of blood which 1s directed to the lungs When the pul
monary conus 1s concave, the pulmonary artery 1s small, absent, or musplaced
If 1t 15 small or absent, the lung fields are abnormally clear If there are large
blotchy hilar markings, the pulmonary artery 1s misplaced It must anse posten
arly, hence there 15 a complete transposition of the great vessels Fullness of the
pulmonary conus and a hlar dance 1n a patient with persistent cyanoss are usu
ally indicatine of pulmonary hypertension
Cardhac cathetenzation 1s the best method for the study of the physiology of
the malformations of the heart It permuts the determination of the location, vol
ume, and direction of the shunt, and of the pressure in the various chambers and
vessels into which the catheter 1s passed
The red blood cell count, the Jevel of the available hemoglobin, and the
hematocnit also gnve an indication of whether the arteral blood 1s fully saturated
The determmation of the oxygen saturation of the artenal blood demon
strates the presence of oxygen unsaturation which 15 insufficient to cause vistble
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cyanosts The effect of exercise upon the oxygen saturation of the artenal blood
may offer evidence as to the existence and the sesenity of the shunt The effect of
the nhalation of oxygen upon the oxygen saturation of the artersal blood shows
the estence of some putmonary factor, but does not indicate 1ts nature
The airculation time may also gnve evidence of a senous artenal shunt With
alarge v enous arterial shunt, the systemic airculation time 1s marhedly shortened
The blussh discoloratton of the shin 1s best seen i the fingers and toes and
1n the buccal mucous membranes With perssstent cyanosts, there 1s compensa
tory polycytherma, and the patient deselops clubbing of the extremities Club
bing and cyanosis occurring together 1n mfancy and childhood are indicatve of
asevere malformation of the heart Cyanosis alw ays precedes clubbing Cyanosis
without clubbing indacates that the cyanosis has been slight or 1s of recent otigin
The distribution of the cyanosts may offer a clue to the course of the crrculation
A difference 1n the intensity of the cyanosts in the upper and lower extremuties
oceurs when the ductus artenosus 1s patent and blood 1s flow ing from the pulmo-
naryartery to the aorta If the feet are cyanotic and the upper extremities of nor
mal color, the patient has severe pulmonary hypertension and persistent patency
of the ductus arteriosus The distribution of the cyanosts 15 reversed 1 patents
witha complete transposition of the great vessels and a patent ductus arteriosus
In the neonatal period the phystological fall in the hemoglobin tends to lessen
cyanosts Atelectasts tends to mcrease 1t Conversely the complete expansion of
the lungs lessens cyanosts Occastonally there 1s cyanosts at birth but with the
establishment of the extra uterine circulation there 1s a reversal in the direction
of the shunt which causes cyanosts to disappear This however, 15 rare Although
cyanasis may decrease during the first few weeks of life, 1t usually reappears and
becomes more 1ntense as the ductus artertosus undergoes obliteration and thereby
lessens the volume of mixed venous blood which reaches the lungs for oxygena
tion
Persistent anoxemua causes stunting of extra uterine growth Therefore, the
rate of growth of the infant may give a clue as to the duration and severity of
the anoverma
Complications secondary to ¢yanosts are mainly due to anoxemia and polyey
themia
Anovermia s frequently far more severe i early infancy than s indicated by
the Intensity of the cyanosis Some mfants i of anovemia before the develop
ment of polycythemra and hence without intense cyanosts
Fever may occur from severe anoxenuia
Attachs of paroxysmal dyspnea occur i an infant with 2 venous arterial shunt
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when there 1s an abrupt fall in the oxygen saturation of the artersal blood For 1
discussion of treatment, see page 171

Dyspnea s due to anoxi, etther because of further lowering of the oxygen
content of the artersal blood or because of mabality to increase the rate of blood
flow to the lungs and hence to increase the oxygen supply to the brain

Polycythemia occurs 1n an effort to compensate for anoxernia The increased
number of red blood cells and the increased viscosity of the blood 1n turn cause
thromboses Thromboses may occur anywhere the most common place s the
brain When such thromboses are large they cause a hemiplegia, when small
they injure the brain and inerese its susceptibility to abscesses For a discusston
of treatment, see pages 173-178

Changes 1n the clotttng mechanism of the blood occur mn patients with leng
standing polycythemia There 1s a decrease in the number of platelets a lower
g of the fibrinogen content of the blood, and an increase 1 the fragility of the
blood clot These changes lessen the chance of thromboses but increase the rish
of severe hemorrhage The latter possibility must be taken 1nto account at the
ume of any operation or injury

References
1 Edwards | E - Funcuonal pathology of the pulmonary vascular tree 1o congemtal car
drac disese (Leswss A Conaer memonal lecture)  Crreulatron 15 164 1957
Comn W H and ] E Edwards  Postnaral stru tural changes 1n intrapulmonary ar
tertes and arterroles AMA Arch Pach 51 192 1951
Comroe | H Jr and R D Duapps Jr  The oxygen tension of artenial blood and
alvealar asr 1n normal human subjects  Am J Physiol 142 700 1934
Drabhin D L and C F Schmudr  Spectrophotometric studies <1 Obsersations of
arculating blood 1n vivo and the direct determination of the saturation of hemoglobin
martertal blood | Brol Chem 157 69 1945
Tausag H B and A Blalock  Observations on the volume of the pulmonary ciscula
tion and 1ts importance tn the production of cyanosis and polycytherma  Am Heart ]
33 413 1947
Lundsgaard C and D D Van Slyke Cyanosis (Medicme Monographs sol 1)
Balumere Willams and Wilkins 1923
Lilienthal J L Jr and R L. Riley Discases of the resprratory system  curculation
through the lung and diffusion of gases  Ann Rev Med 5 237 1954
Comroc ] H R E Forster A B Dubors W A Buscoe and I Carlsen The Lung
Clinical Phystology and Pulmonary T'unction Tests  Chicago Year Pook Publishers
195
\serbuch § H and W Fredman  Circulavon tune 1o notmal children Am ] Dis
Child 49 361 1935

'

w

-

“w

N

~

=

e



3

=

&

>

IV CYANOSIS 159

Tarr L. B S Oppenheimer and b V Sager  The circulation ume n vanous clhineal
conditons determined by the use of sodwm dehydrocholate  Am Heart | 8 766
1933

Winsor T W Adolph W Ralston and G M Leiby  Fractional circulation wumes
vsing fluorescent tracer substances  Am Heart] 34 8o 1947

Bacr S and B G Shipahoff Measurement of circulauon times and the agents used 1n
their determinaion Am Heart } 16 29 1938

Prinzmetal M Caleulation of venous arterial shunt in congenital heart disease ]
Clin Tnvest .0 y05 1941

Rich A R A hitherto unrecogmized tendency to the development of widespread pul
monary vascular obstruction n pauents with ongenital pulmonary stenosis (tetratogy
of Falfot)  Buli Johns Hopkins Hosp 82 389 1948

Hatmann R € A hemorrhagic disorder occurnng in pattents with cyanotic con
genreal heare disease  Bull Johns Hophins Hosp 9t 49 195



CHAPTER V

MEDICAL CARE

HE sound management of patients with congenital malformations of the

heart 15 extremely important Asan ever increastng number of malforma

ttons can be helped by surgery 1t becomes of real importance not only to
enable these children to survsve until the opumum age for surgery but also to
have them grow to be well adjusted, useful citizens Expenience has shown that
the better adjusted a child 1s prior to operation, the more easily and the better he
adjusts to society after operation Fear of death should never be permutted to en
ter hts mind Self pity should not be allowed The child should be treated with
the confident expectation that he wall e to grow up and become a self support
ng citizen

By and large the prognosts 15 far better than most people can concenc Im
mediately after burth the heart may enlarge rapidly to adjust to the work re
quired of 1t by the abnormal extra uterine crrculanion Although a complete trans
position of the great vessels and an obstructive valvalar lesion, especially valvular
pulmonary stenosts usually lead to progressive cardiac enlargement, most antra
carduac shunts place a constant load upon the heart Once the heart has adjusted
to the load further increase 1n the size of the heart 1s proportional to growth
Thercfore although the heart may be greatly enlarged at two years of age, 1t
does not follow that the child will die of cardiac farlure within the next few
years On the contrary, 1n most mstances the heart has become adjusted to 1ts
load before two years of age, thereafter there 1s no further cardiac enlargement
Morcover as in normal indnviduals the cardiothoracic ratio usually decreases as
the child grows Such 1s the favorable sequence of events If, however, there 1s
evidence of progressne cardiac enlargement the nature of the malformation
should be studied to ascertain whether operation could be of benefit, if so, st 1s
probably indicated
Although bacternal endocardiuss, acute and subacute, does occur n patients

with cardac abnormalities, the rish of death from this cause 1s not as great as
from an automobile accrdent Consequently this danger should not be allowed to
cast 2 gloom oer the person s ife Sudden death s extremely rare
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CENERAL MANAGEMFNT

A cheerful serene atttde helps the culd to djust to hus imstations A con
genital malformation 15 a conditian with which 1 person 1s born 1nd unfess cor
rected by surgery, 1t 15 4 condition wth which he must live throughout hus hfe
The more normal his hife can be, the better

If the child s color 1s normal and he 15 not marhedly stunted m growth,
fnends and nerghbors are unaware of the condinon, and therefore he can readily
be surrounded by a normal atmosphere On the other hand, the cyanotic child
who must rest frequently, needs to be handled with particular tact and cheerful
conhdence It ss of the utmost smportance not to spoul the child Spothing mevita
bly sncreases has <ifficulty 1 adjustment to society and to other children Fur
thermore, even after successful surgery he will desire spectal attention Th~
mother should be urged te love her child as she would a normal child and not to
spotthim more than a noemal child

The physician, on hus part should be both pauent and tolerant with the
mother and the chld if the child is badly spoiled Many a physictan and nurse
ha ¢been afrad to give medicatton to a cyanotic baby for fear of precipitating &
spell 1 the doctor 55 afrad of the spell he should realize how much more the
mother fears one No mother v ishes to be the cause of the death of her chuld As
amatter of fact, the physician 1 able not only to treat but also to present a spell
by the admusteation of morphme Jf the child 15 subject 1o frequent severe
spells, st15 w15 to gn e morphune prior to a treatment and sometimics esen pror
1631 examination Fortunately mast infants who suffer from such a severe de
Bree of anoxema can and should be helped by eperation Whenever operation 13
planned the mother and cluld deserve every cansuleration before operation
After the condition has been corrected or alleviated 1s the tume ta wope with be
havior problems Indeed many of these difffeulties will automatically disappear,
thereafter the mamn problern 1s not to fet them recur

The imount of exercise which these Juldren should and can take vaties with
the nature of the malformation For young children a rest pertod before, as well
asafter the sudday meal 1 often helpful If the heart 1s of normal size and there
1510 cyanosts there 15 usually no nced for bmitation of actnaty If the heart 5
enlarged 1t 1s wise to ehiminate competiave games and al} actrvines which place
strain upon the normal chuld The two outstanding maltarmattons which may
fead to progressive cagdhac enlargement are pulmonary stenasis with an intact
venteicular septum and aortc stenosts Furthermore in both conditions cardiac
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enlargement precedes symptoms, therefore, a patient with erther of these mal
formations should be observed at yearly mtervals for cvidence of cardmc stram
and not relied upon to lumit hus own actrvity Exerase sufficient to deselop one s
strength 1s important, but 1t should not be carrted to the point of exhaustion
The exerise tolerance of patients who suffer from persistent cyanosts and
reduced pulmonary blood flow varies considerably, not only from patient to pa
uent but also for the same pauent from day to day The extremes of heat and
cold atmost always cause difficulty for cyanotic chuldren Damp days markedly
reduce their exerase tolerance This 1s such a constant finding that 1t seems as if
the atmospheric pressure or humidity must affect the volume of the pulmonary
bload flow Dry air 1s 2 great boon to these children Indeed, the dry air of a ugh
altitude may be better tolerated than the damp air of the seashore Almost esery
child will say on good days he can do thus and so, but on bad days he 1s
much more limited These children hmut their own actvity, there 1s no need for
the doctor to do so
An infant with an abnormal heart should never be forced to learn to walk at
an early age, but should be permutted to follow hus own inchnations It 1s quite
as ser1ous not to permut a cyanotic child to walk as 1t 15 to force hm to learn to
walk at the earliest possible moment Although such a chuld becomes more cya
notic upon exertion 1t 1s essential for him to develop muscular strength If not
exeraised, muscles become flabby This places an additional handicap upon the
child If the muscular development 15 poor, graded exercises are often of great
benefit This 1s quate as true after surgery as prior to 1t
Squatting 1s a common habit among children wth a tetralogy of Fallot Irss,
however, not limited to this group Patients with other types of pulmonary steno-
s1s which cause a reduction 1n the pulmonary blood flow and an increase in the
systernic blood flow find relief 1n the squatting position The reason for this 15
not clear It may be that the cutting off of the circulation to the low er extrematies
increases the pressure 1 the systemic arculation and thus mcreases the left to-
night shunt and hence the flow of blood to the lungs Be that as 1t may, for this
group of children 1t 15 an almost instinctive reaction As the children become
older they tend to outgrow the habat, partly because 1t 1s no longer necessary and
partly because 1t 1s unsightly Successful operation eliminates the necesaity to
squat
Constant squatting may cause fallen arches and weahness of the ankles Such
children may need orthopedic care
Good posture s hughly destrable ‘The occurrence of spinal deformaties 1 pa
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tients with malformations of the heart 1s not rare, for example, 2 hemvertebra
15 relatrsely common i patients with malformations which involve the great
vessels In such nstances 1t 15 quite possible that 1t was the skeletal abnormality
which caused the malformation of the heart by an alteration 1n the stress and
strain on the embryonic vascular bed (see Chapter 1) Regardless of etiology, a
real effort should be made to prevent serious deformuty 1 a patient with a hemu
\ertebra

Specal attention should also be paid to the posture of any patient who has
had chest surgery Even though a r1b 15 not resected and the bones become nor
mally unsted, chest deformty 1s very common after cardrac operations Breath
mg exeraises and a conscious effort to make the child stand erect help to prevent
curvature of the spine

EDUCATION

Education 1s smportant Whenever possible parents usually desire to have
cardrac surgery performed before the chuld enters school When this 15 not pos
sible or advisable the normal atmosphere of a regular school 1s always desirable
Most of these children can be readily adjusted to a regular school Thercfore, only
under exceptional circumstances should the child be placed m a spectal cardiac
class If the cluld 15 cyanotuc, 1t should be explamned to the teacher that the conds
tion 15 not dangerous that consideratton 1s necessary but that there 15 no cause
for undue concern Oserprotection or exclusion from school because of the dan
ger of mfection 15 a grave mustahe Other children 11t the household usually 1n
troduce the common ¢ g diseases of childhood Furthermore, children

with carduac defects usually survive such infections remarhably well

IMMUNIZATION

Prophylactic immunization 15 quite as umportant for these children as for the
normal child the presence of a cardiac abnormality 1s not a contrandication to
immunizatton

Diphthenatoxord or combined dip htheria and tetanus toxord should be gunen
regardless of the nature of the malformation Diphthena 1s more not less serious
for these children than for the normal child

Pertusas ¢ accine and vaccination against poliomyeliuis are also strongly 1ndr
cated

Smallpox taccination 1s given preferably in early infancy and 1s usally re
quired before the child enters school If the condition of the infane appears pre




164 GENERAL CONSIDERATIONS

carious or the child has had repeated illnesses, vaccmnation cin be postponed In
the average Amertean city smallpox 15 s0 completely under control that one un
saccnated child 1s no menace to socrety Should an eprdemic oceur, the child can
be immedrately vaccinated

DENTAL CARE

The teeth should recene good care Although the passibibity of subacute bac
terial endocarditis following dental extraction 1s well known, 1t 1s a grave mus
tahe to refuse to fill or extract a tooth because the chuld has a malformed heart
Indeed a decayed tooth 1s a potential source of infection which may cause sub
acute bacterial endocardits or a brain abscess Therefore, goad dental hygiene 1s
essenual Filling a cavity 15 preferable to extraction Should the child develop
severe dental caries, there 15 no malformation of the heart in which extraction 1s
contraindicated or n which the use of a local anesthetic ss dangerous

Prior to dental extraction the prophylactic admunsstration of a switable ann
microbial agent 1s always indicated For young chuldren 1t 15 a wise precaution
for thase over ten years 1t 1s imperative Penuerllin 1s now (1n 1960) the drug of
choice It should be adminustered prior to extraction 1n a sufficiently large dose to
give a hugh concentration of the drug 1n the blood stream at the ume of extrac
tion, and an effective level should be mantamned until the wound has healed
Fmland s' recommendanion of 600 000 units of aqueous procaine penicilin com
bined wath 200,000 umts of sodrum penitliin G or potassium peructllin G with
or without the addition of 0 yto 1o gm of streptomycin grven as a single 1npec
tion just before dental extraction 1s hughly satisfactory The addition of strepto-
mycin 1s recommended especially for patients who are on continuous penteillin
prophylaws at the tume of the dental extraction

Such prophylactic therapy should be grven not only to every patient with a
cardiac abnormaliry but also to every pauent who has had cardiac surgery, with
the possible single exception of a closure of the ductus arteriosus During a ten
year pertod no case of subacute bactenial endocarditis has been reported i a pa
uent after successful closure of the ductus arteriosus  therefore, prophylactic
therapy may not be necessary for these patients Nevertheless during this ten
year period most of these indniduals have recened the benefit of prophylaxs
Withaut thus precaution the record might not have been so good For thus reason

1t scems to the author wise to continue to gise these pattents the benefit of pro-
phylacuc therapy
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TONSILLECTO\ Y

Repeated throat fections are bad for any cluld For a person with a cardin
abnormality there 1s the added danger of subacute bactenal endocarditis Ener
mous tonsils lessen the breathing space 1n the nasopharynx and thereby may in
themselves cause respiratory difficulty Therefore the indicattons for tonsitec
tomy are shghtly greater for these chuldren than for a normal chid with the
single exception of a child with a truncus arteriosus and reduced pulmonary
blood flow In a truncus artertosus the pulmonary crrculation depends upon the
pressure n the systenuc arculaton ¥ the putmonary arenlation 15 meager a
sudden drop mn systemic pressure such as can occur during operation may be
fatal (see Chapter xn )

Every chuld wth a malformation of the heart should have the benefit of 2
longer hospital stay than 1s usually indicated for the normal child It 1s extremaely
tmportant for the patent to recenve therapeutic doses of some anumycrobsal
2gent immediately prior to and following tonsillectomy The dosage and the
prineaple of the admuntstration of these agents are the same as for dental extrac
ton Asn dental extraction, the antimicrobtal agent should be continued until
the wound has healed

OTHER OPERATIONS

Patients with congemtal malformations of the heart usually tolerate opera
uons quite as well 2s normal ndividuals Therefore routine operavions such as
appendectomy need not canse undue concern If the operative field 1s sterile
there 15 1o need for the prophylactic admimstration of anubiottes or chemo-
therapy When the operatian 1s to be long, and severe and the cardtac reserve 1s
low digitalis may be mndicated prior to operation The important exception to
thys statement concerns cardiac surgery in which the sentricle s opened under
such crrcumstances the use of digitalis 1s controversial (see Chapter xxn)

ANESTHESIA

Anesthesta ss generally well tolerated provided it 15 given by an expenienced
anesthesologrst In general cyanotic children should recerve otygen 1 high con
centratton throughout the pertod of anesthesia The chowce of the anesthetic
agent should be left to the surgeon and the anesthesiologist They should use
whatever they find 1s most satisfactory both wilt operate better under famihar
condrtions
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Pauents with secere pulmonary stenosis and eyanotic children with increased
arculation to the Jungs are slow 1n their response to the mhalation of any nes
thetic agent thes calls for care, but should not cause undue concern

Primary pulmonary by pertension 1s virtually the only abnormality which
calls for special anesthesta These patients are prone to be extremely sensitive to
basbiturates Deatls have been reported from the use of sodrum pentothal When
ever possible 1t 15 usually ads sable to operate under local anesthesia

An anricular sepral defect 1s virtually the only malformation m which there
1s no vistble cyanosts and in which operation may cause a reversal m the drec
tron of the shunt Thus danger 15, however, quite as likely to occur i assoctation
with the psychic disturbance of a local anesthesta as with a general anesthesia
Such a shunt reversal 1s usuatly of short duration and 1s not a contrmndicatton to
surgery

INTERCURRENT ILLNESS

Children with malformations of the heart survive intercurrent illnesses re
markably well Indeed, a malformation of the heart seldom sigmficantly alters
the prognosts All such linesses should be handled according to the best known
therapeutic measures It 1s only the susceptibility of these patients to acute and
subacute bacterial endocarditis and to brain abscess which increases the herent
danger of any sllness It 15, howeer, worthy of note that with the single excep
tion of the occurrence of subacute bacterial endocarditis following dental ex
traction, both bactenal endocarditis wnd brain abscesses occur more frequently
without any known antecedent sliness than following an acute infection Never
theless, the susceptibility of these pauents to such infectons 1s real, and the diffi
culty of cure 1s great, therefore, the prompt admunsstration of adequate chemo
therapy or animicrobual agents in full dosage 1s strongly indicated whenever a
septicemia 1s suspected

PNEUMONIA AND PULMONARY INFECTIONS

Pattents with great cardrac enlargement, especrally those with increased pul
tmonary blood flow are extremely suscepuble to pulmonary infections Such in
fections should be treated with appropnate measures mncluding antimicrobral
agents Indeed, 1n this graup of patients continuous prophylas 1s usually of
great benefitn the prevention of infection

It 15 also important to remember that the differential diagnosis betw een car
diac farlure and a pulmonary infection 15 not always easy Rales in the Tungs
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may be due to the pulmonary infection or they may result from decompensation
Moreoser, the x ray shadows 1 the two conditions may be closely similar With
decompensation the respiratory rate wncreases out of proportion to the other
findings and the dilatation of the alae nasae 1s less consprcuous than 1n pneu
monia In infants and young children engorgement of the lver 15 one of the
early stgns of cardiac farlure Therefore, the size of the Iner usually offers a clue
as to the state of compensation If repeated bactersological studies fail to reveal
any pathogenic organism, the strong presumptive evtdence 1s that the condstion
ts pmacily the result of decompensation Often the 1llness 1s due to a combina
tion of a pulmonary infection and cardiac failure The pulmonary infection
should be treated with sts appropriate therapy and the cardiac farlure with dige
talis and other appropriate therapeutic measures (see pages 182 ff )

ACUTE AND SUBACUTE BACTERIAL ENDOCARDITIS

Patients with cardiac abnormalities with the single exception of those with
auncular septal defects, are extremely susceptible to acute and subacute bacterial
endocarditis Whenever bacterta enter the blood stream, there 1s danger that the
bactensa which circulate through the heart will be driven by the abnormal cur
Tents mto the interstices of the myocardum or be caught on the roughened en
docardium of the malformed heart, causing endocardstts This 1s notoriously true
of the relatvely avirulent alpha streptococcus A transttory septicemua due to
this organism 15 of no sertous consequence to the normal indmvadual If, however,
the organisms become lodged within the heart the fungating mass 1s difficult to
eradicate, the resultant bacteral endocarditis 1s proportionally difficult to cure

Although a treatise on subacute bactenial endocarditis 1s beyond the scope of
this book, there are a few factors which have special bearing on congenital
malformations of the heart Inasmuch as the myocardium 1s not diseased the
prognosts for recos ery 15 far better than when the infectton 1s superimposed upon
a heart previously damaged by rheumatic fever Nevertheless the fungaung
mass 1s likely to lodge at a pomt of constriction and thus increase the obstruction
There 15 also the danger that the infection may njure the valves and thereby
place an additional strain on the heart Consequently a patient should be kept
under close obsersatton after the mnfection has been cured m order to ascertain
whether there has been anv alteration 1 the work required of the heart

The location of the vegetations vanes with the nature of the malformation
The bacterra lodge where they are driven by the abnormal currents of blood For
example 1n ventricular septal defect the vegetations usualtly form mn the outflow
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tract of the night ventricle, where the blood which 1s shunted through the septal
defect impinges aganst the wall In a patent ductus arteriosus the first vegetations
usually develop at the pulmonary end of the ductus, whereas 1n subaortic stenosis
they are caught on the subaortic shelf or on the valve above 1t
The cardiac findings may be altered by the development of acute or subacute
bactersal endocarditis These changes depend upon the location of the fungating
mass For example, with a ventricular septal defect the fungating mass develops
bencath the pulmonary valve, thus causing a murmur and thnil maximal over
the pulmonary area stmular to those of pulmonary stenosis In panents with a
tetralogy of Fallot who have had a Blalock Taussig anastomosts, the fungating
mass may develop at that site and cause thrombosis of the anastomosts
A positive blood enlture 15 usually obtained more easily from a cyanotic than
from a non-cyanotic patsent In the former the shunt 1s usually from nght to
left consequently, the bactera are thrown off into the systemic arculaten In
most instances n which the patient shows no cyanoss, the shunt 1s left to nght,
and therefore the first bacteria are thrown off nto the lesser circulation Under
such crrcumstances pneumonta and pulmonary nfarcts are early signs of acute
or subacute bactenal endocarditis petechtae and enlargement of the spleen are
late manifestations In cases with a left to-right shunt, in the early stages of the
disease 1t may be extremely difficult to obtain a posittve blood culture Even
when the bacterta reach the systerme circulation they may be filtered out through
the capillanies of the body, thereby rendering the venous blood stersle Under
such ctreumstances an artenal blood culture may be posttive when a culture
taken from venous blood 1s sterile In all cases 1n which subacute bacterial endo-
carditss 1 suspected an assiduous effort should be made to establish or exclude
the existence of the disease and to determune the nature of the nfecting organtsm
because the treatment 15 long and both the prognesis and the treatment vary
with the infecung organism
In the vast majority of cases a positsve blood culture, if obtamable at all, 1s
obtarned on the first or second blood culture Indeed Gnffith and Levinson
showed that 1n a series of over one hundred cultures, 98 per cent of the positive
blood cultures were obtaned 1n the first five cultures Therefore, regardless of
whether or not a posiive blood culture 1s obtained 1n the presence of chinial
evidence of subacute bactertal endocarditss, treatment should never be withheld
for more than one week Indeed, after resection of a coarctation of the aorta 1if
acute bactersal endocarditis 15 suspected a single blood culture should be taken
and treatment immeduately 1nstituted as any delay 1n treatment may be fatal
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FPencillin or a bacteriocrdal agent 1s always preferable to a bacteniostauc drug
i the treatment of subacute bactenal endocardius It 15 often desirable to com
bine streptomyern with pemailin It should be remembered that there are many
antimicrobtal agents For a resistant organism varous combimauons of these
agents may be preferred to pemallin alone This 15 especsally true i the treat
ment of enterococcal infections, in which the combination of streptomycin and
pentallin 1s more effective than exther one alone ® Discase due to a staphylo-
coccal infection 1s far more serous and more difficult to cure than one due to a
streptococcal infection For this reason such an infection also usually calls for the
d ation of large of one or another specific anumicrobral agent
maddition to pemaillin
Whenever possible 1t 15 desirable to test the sensttivaty of the infecng organ
tsm to pemaillin Nevertheless, many strams which are relatnvely insensitrve to
the drug can be ulumately eradicated by prolonged treatment wath high doses of
peniaillin
Most authonties prefer to start with an enormous dose—12 mllion umts
datly This amount can be given intravenously for seven to ten days  thereafter
once the evidence of active infection has been controlled the dose 1s gradually
decreased
The mode of administration can be yvarted with the condition of the patent
The all important factors are the proper choice of the drug or drugs the attan
ment of an adequate blood level and the length of treatment It 1s untmportant
whether these are attained by intravenous, ntramuscular or by oral adminstra
tton For the patient s comfort whenever 1t 1s possible oral administration 15
preferable
Plolcmgcd treatment with penicillin 15 always advisable Treatment should
be continued for a minimum of stx to cight weeks after the patient 15 afebrile It
must, however be bered that the fe 10ns of peniallin allergy may
simulate those of the infection If 1t seems possible that such 1s the cause of the
continued fever 1t may be wise to discontinue the drug for a few days and
thereby evaluate the effect of pentallin
After peniaallin has been discontinued the patient should be kept under close
observation for an additional two weeks to be certam that the infecuion has been
eradicated The recurrence of fever or symptoms will necessitate the resumption
of treatment
The pretention of subacute bactenal endocardiuis 1s extremely important For
thisreason as previously menuioned prior to dental extraction tonsillectomy or
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any procedure, mjury, or situation which might be assocrated with a bacteremua,
the pauent should recerve adequate therapeutic doses of antimicrobral substances
ar chemotherapeutic drugs as a prophylactic measure Furthermore, because of
the danger of acute bacterial endocarditss, any septicerma should be vigorously
treated with appropriate drugs

Prolonged prophylactic chemotherapy or anubronic therapy such as has
proven helpful in the prevention of rheumatic recurrences, has not yet been suffi
cently tested to warrant an opuuon of ats value 1n the preventton of subicute
bacterial endocarditis Constderable study will be necessary to determne the
efficacy and the advisability of such therapy Nevertheless, if a patient has had
subacute bactersal endocarditss, there 1s reason to consider the use of prophylactic
chemotherapy or antibroties for Iife If a patient develops a second attack of sub-
acute bacteral endocarditis while recening prophylaxis, the physician will at
least feel that he has done hus best to prevent 1t

PROBLEMS RELATED TQ PERSISTENT CYANOSIS

The most sertous complications which occur in patrents wath persistent cya
noss and polycythema are due esther to anoxeria or to the mcreased viscostty
of the blood

Anoverma 15 the outstanding difficulty 1n early infancy When a large
amount of venous blood which 1s normally destined to go to the tungs for oxy
genanion 1s shunted into the systemic arculanion the oxygen saturation of the
artenal blood 1s proportionately reduced Polycythemia develops to compensate
for anoxemia Consequently the effect of anoxernia mansfests 1tself before poly
cytherma deselops Indeed an infant may dre from anoxemia before the develop
ment of polycythemia and consequently with minmmal or no cyanosis Anotemia
causes stunting of extra uterine growth Furthermore, a sudden drop i the ovy
gen saturation of the artersal blood may precipitate an attack of paroxysmal
dyspnea

Attacks of parorysmal dyspnea are relatively common 1n snfants and chil
dren who suffer from sudden sesere anoxerma At the onset of the attach some
of these children will cry out and then become deeply ¢yanouc and gasp for
breath Usually there 1s expiratory difficulty Sometimes an attack 1s precipitated
by fecding by a bowel movement, or by some undue exertion ar other times 1t
occurs without any apparent cause These attacks are sometimes so severe that
the infant loses conscousness Gradually, as the attack wears off, respiration be
comes caster and the infant s color improves
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At the onset of an attach of paroxysmal dyspnea the eluld or infant should
mmediately be turned on hus abdomen and placed 1n hneechest position, or
held over one s shoulder with fus hnces doubled up beneath him If the artack
is not selicved by such treatment the snfant should be gnen marphine Occa
sionally artfictal respsratson and stmulants are necessary Oxygen of guen by
mask may help but care should be taken to asord a forceful stream of oxygen
A blast of axygen 1s as disagreeable to an nfant as wallung agawst the wind 15
toan adult

The action of morphine 35 almost specsfic Not only does the child quiet
dosn but hus color improves Often one half hour after the mtramuscular ad
minstration of the drug, a child whe has been panting for breath 1s entirely
comfortable and able to run around without difheulty The dose1s 1 mgm per
45hg of body wesght (1 mgm per 10 §b of body weight) In cases of severe
patoxysmal dyspnes, threequarters of the calculated dase may be gien intra
venously, and 5f the pauent 1s not promptly reliered, fifteen mnutes fater the
remamnder may be gven

Frequently, an anfant with a tetralogy of Fallat suffers from repeated at
tacks of paroxysmal dyspnea between the age of stx and esghteen months There
after, the attacks uvsually decrease in nurober and sevenity, and alter two years of
age the child begns to show smprovement The improvement comes with the
dc\clupmcm of compensatory polycythemta and wrth the development of col
lateral cxrculaion In general, of the infant has 2 harsh systolic murmur and the
attacks of paroxysmal dyspnea are readily relieved by the knee-chest posstion
the progaosts for hite 1s good If, however, the infant has a small heart, cleac lung
fields and no murmur theres great danger that he will die from anovemia For
such infants an operation swhich sncreases the pulmonary blood flow may be Iife
sung (see Chapter vi)

Failure to gain werght at a normal rate may be due to a large left torughe
shunt of 1o severe anoxerma An infant wath a farge left to-right shunt eats well
but gains very slowy Annfant who suffers from severe anoxemia fas difficulty
 the digestion of food For such an fant, small and frequent feedings are
often helpful

Cessaron of wesght gain 1s of grave prognostic import it 35 therefore a strong
wdication for operation Fartunately many of these nfants suffer from made
Quate carculaton to the lungs and can readily be helped by a systemme-pulmonary
anastomosts

Constipanion 15 a common complamt, especally 1n weal. cyanotic infants Not
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infrequently the effort required for a bowel movement precipstates a spelt A
real effort should be made to overcome this difficulty Sometimes cod hver ot
instead of a concentrted vitamun preparation ss all that 1s necessary Prune juice
or a lutle senna tea may relieve the condition, mineral orl or milk of magnesta
appropruate doses may help If these measures are not effective, a small soap sup
posttory given at the ume of the bowel movement 1s advisable
Fever 1s relatnvely common 1n pauents with severe anoxerma Although the
persistence of low grade fever may lead to the suspcion of subacute bacterial
endocarditis or bram abscess 1f no other evidence of infection can be elicited, the
occurrence of fever m a patient with severe anoxemia is strong drcatton for an
immediate operatton to increase the volume of venous blood directed to the
lungs
Anemia occurs quite as readily mn 1nfants wath a venous artersal shunt as m
normal infants The level of the hemoglobin may not be aslow asin a normai in
fant but the amount of oxygen avaiiable to the ussue depends upon both the
amount of avarlable hemoglobin and the oxygen saturation of the arterial blood
I€ the oxygen saturation of the arternal blood 15 only 50 per cent, which 1s rela
wiely high for a cyanotic chuld the amount of available ovygen 1s but half that
indreated by the level of the avarlable hemoglobin Experience has shown that
most cyanotic infants thrive if the hemoglobin level can be mamntamed at 15 gm
per 100 ¢ of arrculating blood A constant effort should be made to mantam
the hemoglobin at thus level Not mfrequently 1 the presence of an mfection
the nfant will develop an anemia and severe attacks of paroxysmal dyspnea
Such attacks may markedly dimunish in frequency and 1 intensity and 1n some
nstances entirely disappear with the correction of the anemua Therefore if the
anemua 1s severe 2 small blood transfusion 1s often extremely beneficial 1f, how
ever the mfant 1s subject ta attacks of paroxysmal dyspnea, he should recene a
full dose of morphine prior to the transfusion The treatment of anemia with
sntramuscular iron may be of great benefit to such a patient
The admustration of 1ron 1s strongly indicated for 1 cyanotic infant with
a hemoglobin of 12 gm or less The level of the hemoglobin should always be
closely follawed while the baby 1s recervng iron, because the response may be so
rapid that he may develop severe polycythemia, and that in atself vl cause duffi
culty
Headaches ate common 1n pattents who suffer from anoxemua or polycy
thema and may occur mn patients with severe hypertension or an cxuessively
wide pulse pressure These mdrviduals frequently complain of headaches follow
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g exercise Such headaches may be indication for operation, provided opera
von will relieve the cause of the headaches

Sustained mental effort may be tiring to a person with a low oxygen satura
ton of the arternal blood or a marked reduction of the systemic blood flow For
such a child corrective surgery may be of great benefit

Mental retardation 1s not caused by anoxerma Therefore an mncrease n the
otygen supply to the brain will not appreciably alter the child s mtelligence
Furthermore, a strong body with a weak mund 1s 2 lability to soctety For this
reason severe mental retardation 1s a contramndication for operation

Polycythemta and collateral circulation develop 1n an effort to compensate
for the low ered oxygen saturation of the arterial blood The increase 1n the num
ber of the red blood cells and 1n the level of the avarlable hemoglobin raises the
oxygen saturation of the arterial blood and thereby 1mproves the supply of oxy
gen to the tissues Nevertheless, the increased viscosity of the blood may cause
complications, the commonest and most serious of such difficulties are throm
boses

THROMBOSES

Thromboses may occur anywhere By far the most common sites for serious
thromboses are the bratn and the lungs

Cerebral thromboses are the most common they occur frequently n mfants
under two years of age with severe anoxemia and 1 adults with long standing
polycythenuia Children are relatvely free from this complication

An ifant may suddenly lose control of one limb and immediately thereafter
show signs of 2 hemiplegia Such paralysts generally occurs abruptly, and shortly
thereafier the patient shows gradual 1mprovement but 1s usually left with a re
sidual hemiplegra If the thromboses are extensive, the infant may cry out for
weeks thereafter and show mental disorsentation stmilar to that of an adult after
asevere stroke

Cerebral thromboses occur 1n infants with severe anoxemia before the devel
opment of marked polycythemia Tyler* has shown that cerebral thromboses are
common under the age of two years when the oxygen content of the arternal
blood 15 below 10 volumes per cent or when the red blood cell count 15 over 75
mullion per cu mm Dehydraton greatly inereases the danger of thromboses
For this reason thromboses are prone to occur 11 hot weather or during a febrle
tliness, hence at such times a high fluid mntake 15 imperative Occasionally cere
bral thromboses are ushered 1n by conv ulsions which may be long and severe
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Upon the first s1gns of 1mpending thrombosts an immeduate effort should be
made to dilute the blood and to lengthen the coagulation time The occurrence
of a cerebral thrombosis calls for prompt and vigorous therapy because if treat
ment 15 established within the first six hours there may be no residual signs of a
hemiplega

Venesection may be of great benefit f performed within six hours after the
development of 2 cerebral thrombosts A child between two and stx years of age
with severe polycythemra will be benefited by the withdrawal of 100 to 250 c¢
of blood, depending on the age and the size of the chuld and the height of the
red blood cell count Venesection should be accompanied by oxygen therapy
and combined with the 1ntravenous adminmistration of saline, 5 per cent glucose,
dextrin, or some plasma expanding flud If plasma 15 gwven to a patient with
polycythemia the plasma should be cross matched with the pattentss cells be
cause the mcreased number of red blood cells increases the danger of a transfu
ston reaction Nevertheless, the admmstration of mtravenous fluid 1s necessary
not only to replace the blood withdrawn but also to combat the mncreased vis
cosity of the blood and to prevent further hemoconcentration

It 15 extremely 1mportant to mamtamn an adequate flurd intake untl the pa
tient 1s again able and willing to take flnds by mouth For this reason, a continu
ous ntravenous infusion 15 frequently pecessary for twelve to twenty four hours
after venesection Part of the fud may be 1n the form of normal saline, and the
remarnder should be 5 per cent glucose Hypertonic glucose should never be
grven to patents with polycythemia

The value of anticoagulant therapy 1s controversial In the presence of cere
bral hemorrhage 1t 15 clearly contrandicated In most young panents the blood

vessels are normal, and there 1s virtually no danger of hemorrhage If antico
agulants are gnen within a few hours after the development of a hemiplega
there may be no residual paralysis Hepann acts more promptly than docs
dicumarol, and therefore 15 the drug of choice The nstial dose should be given
itrasenously and should be sufhcent to prolong the clotting ume of the blood
to twenty or thirty minutes The prolongation of the clotting time should be
mantaned by the conttnuous adminustration of the drug over a peniad of ten to
twenty four hours This 1s most easily accomplished by the addition of heparmn
to a continuous ntraenous drip of normal salme or 5 per cent glucose

The dose of heparin 15 appravmately 05 mgm per hg of body weight The
tmuial dose, of grven mtravenously promptly causes a prolongation of the clot
ung ume It requires approvimately the same amount of heparin per hour to
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Leep the clotung trme at a guven length as 1t does to prolong it to that extent For
camgle of the chuld weighs 20 hg 1o mgm of heparin are guen ntravenously
and 1o mgm of heparin are added to each 100 <c of 5 per cent glucose given 1n
trzsenously per hour If 1t 15 necessary ta slow the derp sa that but 50 e of flurd
are gnven per hour, 1t 15 usually necessary to mnerease the amount of heparn 1
the solunon The clotting time must be closely followed, and the amount of
heparin sncseased or decreased to maintam the clottng tme at approumately
tuenty to thurty munutes If the clotung pme tends to retusn to normal more
hepar should be gren mntravenously and additional hepann should be added
tothe infusion If, however, the cloting ime becomes unduly prolonged, more
sahne or 5 per cent glucose should be added to the flask I the clotung time be
comes greatly prolonged, heparin should be discontinued and a solution of § per
eent glucose without heparin gnen unut the clotting time shortens If the clot
ung time becomes excessnely prolonged 1t may be brought back to normal by
the use of protamine. The dose of pr requised 1o < t the action
of heparn 1s the same mulligram for mulligram as the amount of heparin which
has been guen A smaller amount of protamine will reduce but not abolish the
effect of the hepann If bleeding should occur, a small blood transfusion may be
necessary This procedure, by stself, nsually brngs the cloting time to normal

When the abose therapy 15 promptly inststuted the results are extremely
gravfying indeed 1n most mstances there 1s no sesidual hemuplegta

Blmdness 15 the most tragse of all complications Fortunately 1t 1s rare, but
the author has scen two patients in ¥ hom cerebral thrombosis caused permanent
blindsess Both patients were French children with extreme polycythemia, who
had recered 2 Jow fmd intabe over a long pertod of ime These two cases con
statute 3 strong argument for the maintenance of a hugh fnd mnake for panents

with marked polycythemia
Pulmonary thromboses are common These thrombs are usually microscopse
n size but may be ly throughout the lungs Rich® first dem

onstrated the frequent occurrence of such thrombr s patients dying from cya
notte heart discase He pomted out that there was also recanalization and
suggested that this phenomenon of thrombosts and recanabizauon might be re
sponsible for the persods of aggravation and remussion of symptoms which these
Ppatients so frequently evperience Ferencz® i her detarled study of pulmonary
vaseular changes found a remarkably high iadence of recent thromb 1 the
lungs of wfants who had died duning spells of anovia The relatton of the one
10 the ather 1s however not yet cleas
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Mesenteric thromboses are rare ‘The author has seen two such instances asso-
ciated with abdominal distenston and gross blood 1n the stools One of these oc
curred after a day of nausea and vormting during which the child had become
severely dehydrated and then comatose, and consequently had tahen virtually no
flurd for twenty four hours The other occurred after an operation before the pa
tient was taking fluds well

BRAIN ABSCESSES

Brain abscesses are relauvely common in patients wath a venous artersal shunt
In such persons blood is shunted 1nto the systemic crculation without passing
through the lungs, w here the bacteria are normally filtered out It 15 apparently
the occurrence of the shunt, not the seventy of the anovemia or the extent of the
polycythemia, which renders the patient susceptible to such an mfection Never
theless, the normal bram 1s remarkably reststant to bacterial mfection Indeed, in
the expenimental animal massive doses of bacterta may be injected directly 1nto
the cerebral artery without the formation of an abscess A minute injury to the
brain, however renders the ammal susceptible to abscess formation Thus two
factors appear necessary a venous arteral shunt and brain injury Nevertheless,
1t 1 a sthang fact that although patients with long standing polycythemia may
have multiple minute thrombr 1n the bramn, multple abscesses are not common
Indeed, 1f there are multiple abscesses they are seldom scattered throughout the
bramn such abscesses, when they do occur, are usually daughter abscesses or
extensions from the onginal focus of infection This finding 15 1n strthang con
trast to the muluple brain abscesses which develop in persons with chromic pul
monary infections and normal circulation The explanation for this 1s not clear
Furthermore, brain abscesses are rare under two years of age

The onset 1s nsidious Chinscal mamfestations appear only as the abscess 1
creases n size

Headache sharply localized to one specific point, 1s a common complaint
This type of headache must be differentrated from the diffuse generalized head
ache which so commonly occurs after exercise 1n a patient with severe polycy
themia The pain may be so sharply localized that the patent can pomt to the
arca which 1s directly over the abscess Thus, 1 many mstances, the patient can
show the neurosurgeon where the burr hole should be made

Percussion tenderness may be demonstrable over the abscess

Pernistent low grade fecer or recurrent eprsodes of hugh feser for which no
adequate cxplanation can be found should arouse suspicion Indeced, m any pa
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tent wich 2 senous arterr shunt 10 whom subacute bactensal endocardins 15
suspected but cannot be proven the passibshity of a bram abscess should be en
tertamed
Luvbar puscture frequently res eals some abnormalsty, esther an merease 1n
the number of cels, an mcrease n the protem, or an snerease m pressure The
last sentioned 15, however, rarely scen 1n the carly stages of a bramn abscess
Careful neurologieal examaton 1s always indicated and frequently revenls
some localizing signs Evidence of progression o extensian of any such sign 1
hughly suspscions of a brain abscess
Conculsions are relatrs ely common and may be the instial symptom Indeed
12 pattent over two years of 2ge when a comvulsion ushers m a henuplegra the
hermplegra 15 more frequently duc to 2 bram abscess than 10 o cerebral throm
basts
The differentiation of a brain abscess from a cevebral thromboss 15 1mpor
tant Cerebral thromboses are common under the age of two years whereas
brain abseesses are rare 1n this age group A cerebral thrombosis ustally oceurs
wbruptly The patient suddenly develops 2 hemuplegia and thereafter gradually
impraves Frequently m the presence of a brawm abscess, the signs of o hemr
Plega develop gradually and unnl the abscess 1 drawed there 15 usually a
Progression of signs and sym ptoms
Personality chan 8¢5 ate marc common with brain abscesses than with cege
bral thrombases
Nausea and vomiting choked dises and signs of teregsed ntracramal pres
fure are sare with a cerebral thromboss and relatwvely cammon with 2 brain
abscess
Bradycardia especsally the sudden slowng of the pulse rate 15 3 Jate and
ommous sign Its occurrence calls for the immedate dramage of the abscess
Tmnmally, the abscess frequently ruptuses mto the memnges, and the panent
diesfrom a fulmunating meningitts
The diagnosss of a bram abscess 15 not easy, especsally when the patent 15
seen early Neurologial consultation is often helpful An elcnroenccpha)ogmm
may be of md n the localizanon of an abnormality of 15 the demonstranon of an
©<panding leston. Severe headache, fever, and sigos of nenrological difficalry,
espeanally if there 15 2 hustory of convulstons are far mare probably due to 3
brain abscess than to a cerebral thromboss Indeed, 2 bram ghscess should be
suspected an 2 cyanouc patient with uneyplamed fever especrally of st 15 recur
eat Occastonally a fumbar puncture gives the clye
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A brain abscess seldom, if ever, cures itsclf, 1t almost iy ariably requires sur
gical dramage Thercfore, whenever there 1s a Iugh degree of suspicion, a neuro-
surgeon should be called i consultation This 1s especally 1mportant as an
abrupt change 1 the patients condition may occur which necessitates an
emergency operation It 15 inconstderate to have a patient under observation for
several weeks and not consult a neurosurgeon until an emergency operation be
comes necessary Moreover, the chances of cure are directly proportional to the
promptness with which the diagnosts 1s made With early diagnosts and proper
treatment the chance of recovery 1s extremely good Without treatment the con
dition 1s almost mvarably fatal

Whenever ime permuts, masstve doses of antimicrobial agents are strongly
wndrcated prior to the drainage of the abscess and should be continued untl all
evidence of infection has subsided

The extent of 1mprotement which 1s possible after 1 severe brain abscess 1s
extraordinary The author has seen one child who was unconscious and unre
sponsive for two months who eventually made an almost complete recovery

The danger of focal eplepsy after a bramn abscess 15 however, so great that
anticonvulsant drugs are usually indicated for hfe Although the author does not
beheve that all brain abscesses could be prevented by the prophylactic admunis
tration of antimicrobral or chemotherapeutic agents, 1t seems probable that such
therapy would reduce the incidence A second brain abscess would mesitably fur
ther injure the brain Therefore, 1t 15 a wise precaution to give these patients
some prophylactic antimicrobial agent for hife

A successful anastomosis does not eliminate the danger of bramn abscess It
remains to be scen whether total correction eltmmates this complication or
whether the 1njury to the brain from the previous polycythemua leaves the 1ndh
vidual unduly susceptible to such infections

TUBERCULOSIS

Although 1t 15 frequently behieved that cyanotic persons are unusually sus
ceptible to tuberculosis, m the author s experience the mncidence of tuberculosts
1n cyanotic patients n the United States has not been unduly hugh Neserthe
less, 1n Sw eden and Norw ay following World War 11, a high inadence of tuber
culosts was found among the children who had 2 tetralogy of Fallot Thus it
seems that cyanotic patients are prone to tuberculosis only sf placed in unfavor
able circumstances In other words, their resistance 1s not as high as that of the
average person with a normal circulation
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The expeniments of Hanlon, Scott Olson, and Mattern” are 1n accord with
the clnical obsersatton that the reduction m the oxygen saturation of the artersal
blood docs not render the person unduly susceptible to tuberculosis These 1n
vesugators® found the reverse to be true in monheys mfected with tubercle
baallt They tested the effect of experimental moculation both before and after
the creation of a systemic pulmonary artertal anastomosts The tuberculosts was
uniformly more severe i the area where the oxygen content of the blaod was
higher than normal Further, after an end to-end anastomosts was performed,
the 1nfection was much more severe on the side of operation than on the unop
crated stde Therefore, 1t has been our considered policy that a patient with
tuberculosis should have an end to-end anastomosts on the opposite side to the
tuberculosss Jesion Twace has such an operation been performed on patients
with arrested tuberculosss with no untoward effects

OTHER COMPLICATIONS

Hemoptyses although rare in pauents with reduced pulmonary blood flow
are common 1n older cyanotic sndividuals with excessive pulmonary blood flow
and pulmonary hypertension “The hemoptysis 1s usually due to the rupture of or
o0zing from a small pulmonary vessel in which the pressure 1s excessively high It
may also be related to changes 1n the clotung mechantsm of the blood as hemop
tyses seldom occur 1n a patient wath a normal oxygen saturation of the artersal
blood but do occastonally occur as 2 late complication 1n a patient with a severe
Pulmonary stenosis and tremendous development of the collateral crrculaton A
Pattent who 15 prone to hemaptysis may be helped by an occasional phlebotomy
(sec below)

Excessiz e bleeding following injury or operatton may occur 1n paneats with
tong standing polycythemi1 The difficulty 1s undoubtedly related to the changes
which occur 1n the clotting mechamsm of the blood (see page 155) Phleboto-
mies, which temporanly increase the number of the blood platelets may lessen
the danger of hemorrhage For this reason, the clotting mechanism of the blood
shoutd always be studied prior to operation on a patient wath severe polycy
themia

Muscle cramps and pans tn the limbs ate of common eccurrence 1n older
cyanotic indrviduals These parns are probably in part due to an 1nadequate sup
ply of oxygen to the tissues Such pains may be due to gons ® which occastonally
occurs 1n pattents with polycythemma In such instances the uric actd level of the
blood 15 elevated The author has known one instance 1n which the blood uric
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acid reached 5 mgm per cent Appropriate therapy will lessen the patent s dis
comfort

Congemital angiomatons hydrarthroses of the jounts, such 2as are shown m
Figure v-1, occasionally occur 1n patients with congenital malformations of the
heart Such indsviduals may develop tremendous swelling of the jownts when
polycytherma becomes extreme Swelling of this origin may be markedly re
duced with the reduction of polycythemia following successful surgery

TREATMENT

Supportie therapy 1s especially important because the rapid advances n
cardiac surgery mean that many conditions which cannot be helped today, may
be able to be helped 1n the near futare

High flund intake 1s essential for a patient with polycythemia because st les
sens the danger of thromboses A child of one year of age with a red blood cell
count of 7 million or over should recenve 1000 cc of flxd per day A child be
tween two and five years of age should receve at least 1500 cc daily, and older
children a mmimum of 2000 cc daily Many adults require 3000 to 4000 cc of
fhund per day No cyanotic patsent should ever be more than twelve hours with
out Autd Great care must be tahen not to dehydrate a patient prior to operation
Tt s a wise precaution ta continue water by mouth unul five hours prior to opera
tion This 1s especially important 1f the operation ss not performed early n the
morning or if any special test, such as angiocardiography or cardrac catheteriza
tion, 15 to be performed later 1n the day If breakfast 1s to be withheld the patient
should recers ¢ additional flurd during the night

Phlcbotomy offers temporary relief to a patient wath severe polycythemia It
1s however, only a palliative measure If nothing 1s done to reheve the underly
g conditton, polycytherma will mewtably recur Repeated venesections are
extremely debthitanng Therefore, repeated phlebotomues should be used as a last
resort only when the conditron 15 moperable, as, for example, when a patient
with increased pulmonary blood flow and pulmonary hypestension 1s subject to
hemoptyses Some of these patients can tell when such complicanons are 1m
pending and at such umes the patient may be benefited by a venesection

Patients with cerebral thrombosis may also be benefited by a venesection (see
page 174)

In patients with long standing polycythemia venesecuon 1s frequently ind:

cated prior to surgery 1n an effort to mcreasc the blood platelets and to improve
the clotung mechanism of the blood One or more phlebotomes of 500 cc of
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blood may be necessary A venesection, howeser, should never be performed to
smprove the clotting mechanism of the blood without a hnowledge of the oxy
gen saturation of the artenal blood In a pauent with an artenal oxygen satura
tion of 50 per cent venesection may be done with proper crution If the artersal
oxygen saturatton 15 under 30 per cent, venesection 15 contrmndreated All phle
botormies must be done with great caution, as such a pauent frequently has a
severe reaction duning the procedure The patient should receive oxy gen continu
ously throughout the procedure and probably for the ensuing twelse to twenty
four hours The volume of blood withdrawn should be immediately replaced by
normal saline, 5 per cent glucose, or some plasma expanding flurd This 15 impor
tant 1n order to prevent hemoconcentration wath 1ts inherent danger of thrombo-
sts Plasma, of grven at all, must be given with the greatest of care, as 1t frequently
causes a severe, even fatal, anaphylactic reaction 1n a patient with extreme poly
cythemra

By and large phlebotomies are contraindicated and should seldom be done
solely because of a high hematocrit

CARDIAC FAILURE

Cardsac failure should not be considered as an inevitable terminal event for
a patient with a congenital malformation of the heart Even after the develop
ment of decompensation, 1f appropriate therapy 1s instituted, a number of these
patients may stll enjoy many years of hfe The proper treatment of cardiac
failure 15 especially important as a large and steadsly increasing number of mal
formations can be corrected by surgery

Cardiac falure may be caused by the burden placed on the heart by the struc
tural abnormality, by the strain of an mtercurrent illness, or by some superim
posed infection of the myocardium Occasionally 1t 15 precipitated by the devel
opment of an arrhythmua, notably paroxysmal tachycardia, auricular flutter, or
auncular fibnllaton In infants cardiac fatlure, especially when assacrted with
great cardhac enlargement and a malformed heart, 1s almost 1nvanably due to
the structural abnormality of the heart Tn older children and young dults, the
rupture of an ancurysm from the sinus of Valsalva into the Jesser crrculation (see
Chapter xxv) 15 an additional cause of the abrupt onset of cardiac farlure In
older indisduals alow cardrac reserse and diminished coronary flow may be re
sponstble for gradual cardrac failure

The signs of cardac faddure vary with the age of the individual In an infant
the first signs of cardiac fatlure are engorgement of the liver and inerease 1 the
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resprratory rate Although the liver enlarges rapadly, 1t 1s usually soft but 1t 1s sel
dom tender For this reason gentle palpation 1s required to determune 1ts size In
addion, the infant s respirations become extremely rapid, 60 to 70 per minute
ormore He often breathes quictly thercfore, unless the resprrations are counted
the extreme rapadity of the respiratory rate may be overloohed Even when there
15 adequate airculation to the lungs, rales at the bases of the lungs are a late
mamifestation of cardiac failure, and so 15 edema of the extremities
Inachild the respiratory rate 1s the most senstis ¢ index of cardiac compensa
ton When the resprrations reach 30 per mmute, the Iner begins to enlarge
With respirations of 40 per minute, the lower margm of the Iiver 15 almost al
ways at the level of the umbihicus Therefore unless there 15 engorgement of the
Iiner and the respiratory rate 1s rapid, rales at the lung bases should not be con
stdered an ndication of decompensation The differentiation of pulmonary 1
fection from decompensation 1s extremely simpostant as pulmonary infections are
common 1n patients with great cardiac enlargement and require different ther
apy
In an adult rales at the lung bases and edema of the extremities are early
signs of cardrac distress
The treatment of cardia, falure and the drugs avatlable are the same for all
ages Patients with cardiac failure should be treated with rest, venesection, oxy
gen dwreties, and digitales A safe and simple rule for all medication 1s to adjust
the dosage 1n durect proportion to the body weight The average adult dose 15
based upon a body wesght of 150 Ib A child who weighs 50 Ib should recewve
one third of the adult dose For a 15 Ib baby the dose 15 one tenth of the adult
dose
Rest 1s a great therapeutic measure It 15 imperatsve for all crtcally 1ll pa
tients If not obtained readily scdation should be freely used Rest 1n stself 1s
beneficial the relief from mental anxiety 1s also important
The barbsturates relieve mental anxiety Morphine and codetne relieve pain
Repeated doses of morphime are hable to cause abdomwal distention Therefore
for prolonged use codeine or other dervatives of opium are to be preferred
Paraldehyde 1n o1l grven by rectum, 152 safe drug A child of six to exght years
will often be quicted for ten totw elve hours by 4 to 6.¢c of paraldehyde given by
rectum Tt1s however seldom needed in infancy
Oxygen s of great help both to patients with cardiac failure and to those who
suffer from anoxemia due to 2 malformation of the heart In persons who suffer
froma large venous arterial shunt, the mhalation of oxygen 1s helpful only 1so0-
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far as pulmonary factors are contributing to the anoxernia Nevertheless, even if
the principal difficulty 15 inadequate arculation to the Jungs or a large venous
arterial shunt, pulmonary factors almost always play some role Thercfore oty
gen 1s usually beneficral

Venesectson 1s indicated for a patient with acute pulmonary edema If severe
pulmonary edema develops duning a cardiac operation due to the excessive ad
mumstration of intravenous flud, venesection may be hfe saving It should be
done immedately, even though the patient may subsequently require a transfu
ston

Dunrevics are helpful The pumary indication for the use of diuretics in an n
fant 1s to r1d the patient of edema If cardiac failure occurs early, 1t 15 indicative
of a very senious malformation Therefore, 1f the mfant can be helped by opera
von, early operation 1s usually advisable For this reason long continued use of
drureucs 15 seldom indicated

The dose of mercural dwretic 1s calculated 1n direct proportion to the body
weight 1t should be based on the estrmated edema free weight of the infant For
example, if the dose of the mercunial diuretic 15 1 to 2 cc for an adult of 70 kg
(15e1b) aninfant of 7kg should recerve one tenth of that amount, that 15, not
more than o 2 cc of the drug, an mfant of 5 kg should only recesveo 1 cc

Sodtum restriction i mnfants should be used with caution The infant on a
formula recewves precisely what 1s prescribed ar less than that if he refuses part
of his formula There 1s no chance for him to cheat and thereby get extra salt
Moreover his electrolyte balance 15 delicate and 15 casily upset Furthermore, if
the infant has been on 2 low salt diet, the admunistration of a mercunal diuretic
may cause severe renal damage

DIGITALIS AND ALLIED PREPARATIONS

Although the indiscrimunate use of digitahs 1s to be deprecated, the wise use
of the drug 15 often life saving

The sndications for the use of digstahs are essentially the same for children as
for adults (1) cardac failure (2) dilatation of the heart and a gallop rhythm,
(3) excessnely rapid heart acion (180 to 200 beats per munute), (4) the occur
rence of a serous cardrac arrhythmia such as auncular fibnllation, ausicular flut
ter, and parotysmal tachycardia (see Chapter xxxv), and (5) occasionally 2
sudden shunt reversal In infants and children with serious arrhythmuas, quing
dine (see beJow) may be of help Tt s, howeser, almost always essental to give
dxgmhs first because these arrhythmmas unless promptly controlled may lead to
severe cardiac farlure and even to death
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The chotce of the preparation depends mamly upon the rapidity wath which
aneffect 1s desiced Any carcfully tested stable preparation of digitalis or 1ts de
miatnes may be used

Lanatoside C U ST, 1s extremely uscful when a rapid effect 1s desired It has
the great advantage that 1t can be given to 2 patient who 15 recenving, digitahs
without taking mto constderatson the amount of digitalis he has receved It
must, how ever, be used with cautton, as the first warning sign of toxcity, namely
nausea, 15 absent, and +omtng occurs late The total dose 15 0 02 to 003 mgm
perkg of bady weight In case of emergency two-thirds of the total calculated
dose may be given intravenously as the mitial dose and the remarnder given two
tofour hours later The effect lasts for twenty four to tharty six hours The theo-
retscal mantenance dose 1s one half to one third of the total digitalizing dose It
15, howeser, usually wise to shift to a long acung preparation the following day
oratlatest 1na couple of days

Digoxin 15 also an excellent preparation when a rapid action 15 desired When
gnen mtravenously an effect 1s attmned w tthin ten to thity munutes, and 1t
teaches 1ts full extent 1n one to two hours For nfants and children the total
dlgnahzmg dose 15 between 0 050 and 0 075 mgm  per kg of body weight * To
attain a prompt cffect one half of the total digitahizing dose may be given ntra
venously as the instial dose and followed by one-quarter of the total dose 1n four
tosichours and the remamder may be grven after  subsequent six hours

Digowin has the advantage of rapid action and rapid excretion The entire
amount 1s normally excreted by the kidneys m three days Therefore, 1n a patient
with normal hadney function the mantenance dose ts approxmmately one third
the digitalizing dose In order to mamntain a reasonably constant level of digoun
the mamtenance dosc 15 frequently divided into two doses gnen morning and
night If the drug 1s given over a pertod of days or weeks, the dose should be
regulated so that nexther the child nor the mother 1s aroused at night

When a digrtalizang effect 15 required over a long persad of tme, 2 slow act
Ing preparation may be preferred as st permuts greater fleablity 1n the tme of
administration of the maintenance dose Indeed failure to give digitalis for a

*The dosc for digoxin 1s frequently given in micrograms A mncrogram 1s 1/1000 of 2
milligram Therefore 10 micrograms (smcg ) equal 0 o1 mgm . or 50 micrograms equal 0 o5
mgm
1 o milligram = 1000 micrograms
@1 mgm =100 mcg
oormgm = 1omcg
o001 mMgm == 1 meg

10 gm = rooo milligrams
01gm = roo mgm
001 gm = 10mgm
0001 gm = 1 mMgm
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day or even two days does no great harm, but the excrerion of one third to two
thirds of digoxin may seriously upset the infant s compensation
According to Lown and Levine™ the total digitalizing dose for adults 1s be
tween 20 mgm and 50 mgm, with an average of 375 mgm For rapid oral
digitalization Levine recommends 10 mgm  as an imtial dose, followed by o5
mgm every four to six hours unul the patient shows evidence of a therapeunc
effect The average mamntenance dose for adults 1s approvimately 0 5 mgm  daily
Dugutalss or digiroxn are standard useful preparations for the treatment of
chromic carduac failure Although 1t takes a longer time to attamn the full benefit
from these drugs, both are extremely satisfactory
The dose of all digitahs preparations 1s calculated directly proportional to
body weight A child usually requires a shightly larger dose 1 proportion to hts
body werght than does an adult For complete digitalization infants and chil
dren require between 33 and 45 mgm per kg of body weight of digitalis and
between 0 020 and 0033 mgm per kg of body weight of digitoun If digitaliza
tion 15 to be complete within twenty four hours, the dose for digutalss should be
calculated on the basis of 33 mgm per kg of body weight and that for digitoun
oncozomgm per hg of body weight
If an effect 1s desired wathin twenty four hours, one half the calculated total
dose may be grven as the imial dose  this should be followed eight hours later
by one half that amount, and this dose may be repeated again in exght hours For
example, if the baby weighs 35 kg the total dose of digtalis calculated on 33
mgm per hg will be approuimately o 115 gm The 1nitial dose would be 005
gm (50 mgm) the second dose eight hours later 25 mgm, and eight hours
later an additional 25 mgm may be given, thus giving the baby a total of 100
mgm 1n twenty four hours The following day, unless there 1s evidence of full
digitalization, the infant should recene another dose of 25 mgm When a more
rapid effect 1s desired digovn 1s preferable
1f slow digitalizatson 15 desired, a total dose of digitalis, caleutated on the basis
of 45 mgm per kg of body weight may be given over a period of three days
Under such circumstances the estimated total amount 1s divided 1nto six equal
doses which are given at twelve hour intervals
The methods for admumstranon of digitalis are sumilar for all ages If the
pattent 1s acutely 1ll, 1 order to 1nsure the absorption of the drug the drug
should be g en intramuscularly or intravenously Unless there 1s marked edema,
mtramuscular 1njection 1s entirely satisfactory, 1n infants 1t 15 both safer and
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aaser than the e enous use of the drug As soon as the paticnt s vondition 1m
poses, digrtahis should be gnven by mouth

Digtabis wwhen grven orally to an snfant s best gren i hqud torm Any
good preparation of standard potency measured with a graduated medicine
dropper will gne satisfactory results The drug should be diluted n water and
enby teaspoon Digitalss should niever be put into the biby s formula because
he refuses any of lus formula he receives an uncertan amount of the drug

The first agns of improzement 1n compensition are the disappearance of a
§llop chythm a decrease m the size of the Inver, and the slowing of the respira
tory rate The full therapeutic effects are attamned before there 15 any evsdence
oftoviaty Morean er, munor tovic effects are difficult to appreciate i young per
075 No mfant complans of nausea he stmply vomuts For this rexson, mtfants
must be obseryed with cire In case of auricular fibrillavon the dose can be regu
lated by the control of the heact rate This s usually true also 1n aurscular flutter
Inease of Paroxysmal tachycardia, unless the paroxysm comes to an end, digtabis
may be given untl there are signs of towicity or marhed electrocardioge iphnc
evdence of digitalization

The clcc:rocnrdmgram 15 often of ard 1n the regulation of digitahs In order
toevaluate the cl:ctmcardxogmphlc changes properly, 1t 13 important to have an
ckcuocnrdmgrnm prior to the admimstration of the drug Not infrequently a
Patient wsth 5 congemtal malformation of the heart, especially one with cyano-
85wl show depression or winversion of the T waves n Lead 1 and Lead n
Thcr:forc, unless a record has been taken prior to the adminsstration of the drug
1tmay be impossible 1o determne whether of not the changes are due to digatabss

The mantenance dose of dignahis and of digrtoxin 15 approvimately 10 per
nt of the total digitalizing dose Thus the datly maintenance dose for an adult
Sustallyoy ooz gm of digitalis or 0 11002 mgm of digtoxin Chuldren five
®1en years of age require one half this dose Infants require about 10 per cent
of the tota} digitalizing dose for a mantenince dose If there 15 doubt thit the
Patient 5 fulIy digitalized, the maintenance dose may be 1ncreased, but the total
amount shoyld be diwided m halves and given twice daily, on ths regime,
should towaty develop 1t will not be excessive When digitalis or digttoxn s
Bvenover 3 long penod of time 1t 15 usually wise to omut the drug one day exch
Week 1n order to prevent slow accumulation of the drug

The withdran al of digstalis 1s wndicated upon the occurrence of s1gns of tox
1ty Digitalys should be withheld until all signs of tovserty have disappeared 1nd
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then a mamntenance dose should be grven Digatalss 15 usually needed for a petiod
of years Nevertheless, even 1f an infant requires digitalis for months or years,
thus does not necessarily mean that he w1ll require 1t for hfe There 15 no need to
hesttate to mantan an infant on digatalss unuil chuldhood As the child grows
his margun of safety increases and there 1s less danger of serious decompensation
upon the withdraw al of the drug Often 1t will be found that by five or six years
of age the heart has adjusted to 1ts load and digutalss 1s no longer necessary

Broadly speaking of the cardiothoracic ratio 1s 55 per cent or under, a child
with a congenttal malformation of the heart does not need digitalis With 1 car
diothoracic ratio of 55 to 64 per cent he may or may not need the drug, with 2
cardiothorzeic ratto of 65 per cent or over, compensation can seldom be main
tained without the aid of digstalis

Cardsac farlure 1s always serious, espectally when due to an underlying struc
tural abnormality The larger the heart or the more ntense the cyanosts, the
more guarded 15 the prognesis Nevertheless, the author has seen a number of
patrents with congemtal malformations of the heart and severe failure, for whom
the outlook was seemngly hopeless, show remarkable recoveres following the
use of digitalis Therefore digitalis should always be tried Thus 1s especrally 1m
portant 1f the pauent shows no cyanosis Nevertheless, regardless of age, 1f a pa
tent suffers from cardiac fatlure due to a structural abnormality of the heart, as
soon as the pattent s condttion permuts careful study 1s indicated 1n the hope that
the condition may be corrected or alleviated by surgery This ss especially 1m
portant 1 infants, because rapid cardiac enlargement and cardiac farlure in early
nfancy are indicatrve of a rapidly increasing load on the circulation which may
soon be mcompatible with hfe Therefore if help 1s to come, 1t must come
promptly or 1t will be too late

Indeed, the occusrence of progressive cardiac enlargement, especially 1n 1n
fancy 15 an indicanion for careful evaluation, because if the condition can be
corrected by surgery whenever possible it ss always preferable to operate beforc
the development of cardrac faslure

PAROXYSMAL TACHYCARDIA

Paroxy smal tachycardia s prone to occur when one or bath auricles are enor
mously enlarged and may occur spontaneously n an individual with 2 normal
heart

In an nfant the occurrence of paroxysmal tachycardia 1s far more serious
than 1 an dult as a prolonged tachyeardia of 200 per minute or more fre
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EXPLANATION OF PLATES
Pram 1
Fig 1 Khnefelter s syndrome with female nuclear sex and gynaccomastia {Cases 1-4)
Fig 2 Rlcfelter 5 syndrome with female nuclear sox and miumal climcal stigmata. (Cases 5-8)
Fig 3 Oral mucosal smear 1 Ca ¢ 1 Nucles show typacal masses of sex chromatun adjacent to mackar membrage.
Cresylecht violet X 650
Prate 2

Fg 6‘0 Ovoid structure 1 immature semttiferous tubule 13 3 case of chromatin positn ¢ mucro-orchidem . and E
X1
PraTa 3
(All magnifications X 105}
Fig @ Normal testicular biopsy Masson.
Fig b Tests 1 ch postive hudism Leydigcell b host tubules (lower nght) and a few
small tubules without germ cells, Masson E & e ghi and s
Fig ¢ Tests 1 chromatin positive mucro-orchudism  Elastic fibres present around Sertoli-cellonly tubule but abscat
from ghost tubules Wegert.
ijﬁ 4 Testss m chromann pounve mo-orchudism (Case 1) Al tubules ae completely hyaluuzed ghast tubides
sson.
Fge T hy P hidism Th h d ‘tubular byal Masson.
Fig f Testis 1n chromatin postive micro-orchudum (Case 6} Apparent mvasion of semumferous tubule by Leydy
cell,  Masson.

Pratg 4
(All magmsfications X 105)
Figa ‘Testsinch s, (Pro-pubertal boy aged14) Raght tesacularbiopsy Ford

see text, p 176 Hand B

Fig b Tests 1n chromatn postve micro-orchidism {Pre-pubertal boy aged 14) Left testcularbiopsy Fordescnption
sc text p 176 Masson.

in ¢ Tesus 1 chromatmn postive mucto-orchidism. (Post pubertal boy aged 14 ) For desciption see text, p 176 H.
and E.

Fig d Testis i chromatn negative micro-orchidism Tubules showing absence of germ cells and diffuse mcrease of
Leydsg cells. Masson.

Fig ¢ Testis 1n presumed casc of testicular atrophy Very marked pertubular fibrosis. Masson.

Fig f ‘Tesns i presumed case of testicular atrophy Persistent clastic tissue m ghost tubules Weigert.

Prats s
(For descriptaon sce text below)

Fig 1 Photomicrographs of testis of Case T X 100
Fig 2 Casez X 140

COMMENT

Armstrong Lennox and Ferguson-Smuth have described the hustology of the testis m
chromatmn-positive cases of Khnefelter s syndrome The testis presents a charactenstic
picture apparently found 1n all cases but I should Iike to show you that simufar hustology
of the testis has been found m two cases that are not of Klmefelter s syndrome (1) A
case of true hermaphroditism which I m collaboration with ] E Gray and R. R
Race published recently [Brit med J 1957 2 60s] Ths case 15 chromatin-positive and
has the polymorph nuclear picture of Kimefelters syndrome Appearance of a testts
section 15 shown m Plate 5 fig 1 (2) A case of 2 man of 50 years who was found at
operation by Mr P H Dickinson to have 2 uterus and one undescended testis of unusual
appearance The descended testis which was i the scrotum has typical chromatun-
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positnve Khnefelter s hustology (Plate s, fig 2) but the man 1s chromatin-negative m
oral-mucosa and blood films Ths case has not a5 yet been published

Thus, three conditions have been described that show the same histology of the
testis  chromatin-positive Klinefelier s syndrome  chromatin-posiave true herma-
phroditism, and the chromatin-negative case with uterus The charactenstic hustological
picture therefore cannot be due o the presence of X X-chromosomes The two cases
that were not Klmefelter s, one chromatn-posttive and the other chromatin-negative,
both had a uterus

J E Gray has suggested to me that 1t 1s possible to brng the three conditrons together
by making certam assumptions that are not improbable mn themselves and resemble
mechamsms proved to exstan Drosophula (x) In Drosoplula the Y-chrc contams
genes necessary for maturation of spermatocytes [C B Brdges Genetics 1916 T 1
G A Lebedeff, Proc nat Atad St Wash 1934 20 613] Isuggest that Yisabsentm
2l} three condions which explams the lustology of deficient spermatogenesis and
tubular atrophy (2) Lebedeff n 1034 {foc ctt) described a gene 1x 1n Drasophda that
produces male morphology 1 X X msects (X X1x) I suggest Klinefelter s syndrome
and my case of true hermaphroditism are due to a sumiar genetic mutation (3) Lebedeff
also found the presence of ovanan tissuc when there was ssimultaneous presence of a
genc modifymg 1x 1suggest therefore, that X X true hermaphroditism 15 due to the
sunultaneous presence of a modifng gene to the gene tx (XX 1x §)

To explam the third condition the chromatin-negative man with uterus one must
assume that the normal Y chromosome contams genes antagomstic to X on 2 non-
panng part of the chromoseme If this 1s 5o then the Joss of ¥ could result 1 a lesser
total of masculinizing factors (assuming normally some on Y and some on autosomes}
the smgle X would be msufficient to prevent the formation of 2 tests but would delay
1t sufficiently long for the Mullenan-duct system to become established as a defimte
organ I suggest that thus man 15 X O lus father s spermatozoa having lost Y or X at
spermatogenesis

Lennox The lar fo ynd 1s most complex wath many problems
that have not yet been touched on dunng thus meeting The mode of nhentance 1s
remarhable for one thing There are associated defects, such as the lack of body hair
which need explaming Wilkins school clatm that there 1s an msensitwvity to testosterone,
which does not mduce the growth of body hair they believe that the condition 1s not
due to an sbnormal hormone but to a defect m sensitivity of the target organ Clearly
a grear deal more work 1s needed Ultzmately we are m the hands of the biochennsts
when they can measure the hormone output of these abnormal testes completely we
will presumably know most of the answer

Assumung the abnormality hies i the secretion by the testis of a feounuzing hormone
1t seems to me there 15 an argument here agamst Professor Jost s view that the foctal
and aduls hormones secreted by the gonads are enurely different Here we have 2 case
whete the foetal-cvocator action of the gonad and the adult endocrme states are both
abnormal and both 1 exactly the same way—female acaviry by a male gonad—and

this 15 easier to accept of the same thung 15 happening each time




AETIOLOGY OF INTERSEX STATES
By] S S STEWART

Hoffenberg & Jackson [1957] suggested that the vanable chmcal picture n Tumer's
syndsome could be explamed by mvolvement of three closely linked genes They
designated these genes A (abnormalities of cutaneous cardiovascular and other
systems) ‘S (short stature) and I (sexualinfantiism) It 1s possible that thelast 1s further
dvisible mto ‘G’ for gonadal dysgenesis and ‘I for sexual infanethsm or absence of
secondary sex characters perhaps due to falure of cortical development Three cases
that I have seen recently are of wterest The first 15 an example of pure gomadal
dysgenests with male nuclear sex but no other sugmata of Tumner s syndrome due
perhaps to mvolvement of two genes (G + 1) The second 1s a case of gonadal dys-
genests with male nuclear sex primary amenorrhoea, and short stature wathout other
stigmata This could be duc to mvolvement of three genes (S + G + 1) Thus patient
was colour-blind due to extreme deuteranomaly and the defect was present also n a
brother and a matemal cousin Both parents had normal colour vision Since 2 genctic
(X X) fernale must have a father with the same type of colour-blindness this 1s good
cvidence that the patient has only one X-chromosome The thurd patient had the
webbing and short stature typical of Tumner’s syndrome but faurly good breast develop-
ment was present and regular and apparently normal menstruation had occurred during
6 years The nuclear sex was male This complex could be due to involvement of three
genes (A + S+ G) The facts reported by Hoffenberg & Jackson [x957] and the cases
described here suggest that the linear arrangement of the genes postulated 1s ASG1
I have previously suggested [Stewart Izatt Ferguson-Smuth Lennox & Mach 1958]
that Kbnefelter ssyndrome mught be due to a quantitative defect mvolving the autosomal
mascultnizing gene M A fermnuzing gene F 15 carried on each X-chromosome so
that the normal male 15 M M F and the normal female MM FF Chromatin-posiave
Klnefelter s syndrome may be due to triplication of the M gene n a genetic (XX)
female MMMFF The chromatin-negative varsety could be due to deletion of one
of the normal M genes 1 a genenic (X Y) male MF I have also suggested [Stewart
1957] that the defects 1n these two syndromes of Tumer and Klinefelter could be dueto
mverston crossover  The centromerc-including type of mversion crossover would
probably be most common and two types of crossover chromatds would result One
would have duplication of termmal loci at one ¢nd and deletion of termunal loct at the
other end duplication defictency The other would have a corresponding defiaency
duplication mvolving the same ot A centromere-mcluding wversion could perhaps
Iead to deletion of both ends of the chromosome A centromerc-excludmg nversion
could bring subtermumnal loci mto a termunal position or termunal loct mnto a subtermunal
posiion so that subsequent deletion of the ternunal scgment duc to a ccmromcrc;
including mverston would sometimes lead to deficiency of genes not usually lost an

183
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at other tmes genes usually lost would be preserved More rarely, compound or
muluple mversions or homozygous centromere-excluding nverstons with a common
segment, could lead to complex deficiencies and duplications  There 15 of course
cytological evidence for the occurrence of mverston crossover i man A tentatve
chromosome map (Text-fig 1) can be constructed to show the possible relative positions

Gene Effect of deletion
—_— Mental defect oligophrenia
—~ ! Sexual infantilism
- G Gonadal dysgenesn
— b Short stature
- A Webbing of aeck
a } Other abnormalities of Turner s syndrome
- A

Q

- My Dystrophla myotonica

- ¢ Diabetes mellitus

F oM Subnormal masculinicy

o [ Schizophreaia

L 1 Laurence Moon Bled! syndrome

Text fig 1 Hypothetical chromosome map showing the relaave position of normal genes. Deletion of these leads to
the defect indicated Defects may be dommnant (capital letters) of recessive (small letters)

of normal genes whose deletton leads to the defect mdicated Some defects would be
dommunant (capital letters on map) and others would be recessive (small letters) Recessive
defects would be mamfest only 3f the same genc on the other chromosome was also

abnormal The configuranon shown 1s capable of explammg the followmg facts
reported i the literature

1 The oceurrence 1n a sibshup of
(a) Chromann-positive and chromatin-negauve varieties of Khnefelter s syndrome
(b) Klinefelter s syndrome and Turner s syndrome
() Turner s syndrome and the Laurence-Moon-Biedl syndrome
In cach example one affected member of the sibship could be the product of

duphication deficiency and the other of deficiency duplication
1—MOE VIt
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2 The association of chromat; gatve Klinefelter's synd with
{2} Laurence-Moon-Bied! syndrome
{8) Dystrophia myotonica
(¢) Schizophrema
(d) Daabetes mellitus
And the association of
{¢) Tusmer s syndrome with ehgophrensc mental deficiency
Assocration could be due to deletion of adjacent loar Frequency of assoctation
would be greater with a domunant than a recesstve defect and with closer Imkage
3 The assocuon of chromatt-positve Klmefelter s syndrome with oligophrenic
mental defiaency Associstion could be the product of a centromere-ucluding
nversion with duphication of one Jocus M and deletion of the other m
4 The association of
(a) Turner s syndrome and dystrophia myotonea
(9} Chromatm-positive Khnefelter s syndrome and dystrophia myotomca
{c) Khnefelter s syndrome and Turner s syndrome stigmata 1n a phenotypical male
{d) Dystrophia myotomea and diabetes melhius
Association could be the product of complex mversions

The hypothesis can be tested for 1t can be nsed as a basts for some predicuions An

association of chromatin-negatne Khnefelter s synd both with schizopl and
with diabetes mellitus can be predicted and there will also be an association of Tumer s
syndrome and vanants of gonadal dy with olgoph 1 have been able to

confirm an association between chromann-negative Khnefelter's syndrome and schazo-
phrensa but the madence has not yet been established It can however be predicted
that the madence of schizophremics among eases of ¢t g Klmnefelter s
syndrome will equal the gene frequency of schizophrema if the gene s Ites dstal ro
the masculinrang pene, M and 15 deleted with ¢ The same considerations apply to
duabetes melhitus although the gene mvolved d probably lies betw cen that for mascu~
fiuzation (M) and dystrophua myoronica (My) Thus one should look for cases of
chromatm-negative Khinefelter s syndrome among dibetics The inadence of obigo~
phrentc mental deficiency 1 ¢k m-positive Khinefelter s synd can be snmmlarly
predicted as equal to the gene frequency tf the mechanism 1s that of mversion crossover
and the gene for obgophrema m, lies near to the end of the chromosome It 1s also
possible that assocsations may cxast of chromatin-negative Khwefelter s synd with
obgophrensa and of gonadal dysg: with both schuzoph and dubetes mellitus
due to deletion of both ends of the chromosome but the frequency of this may be roo
fow for detection of an assoctasion wish a secessve It 15 posuible that many of the
defects assoctated with Turner's syndrome (webbed nech mucrognathua shucld chest

coarctation of aorta sheleral abnormalies epicanthue folds hugh arched palase

deformues of ears duplication of ureter and othess) may be genencally determined
at separate Joct, Analysis of a Jarge senies of cases should lead to mappmg of the sub-
termmunal segment of the chromosome There 1s already evadence that webbing [Rossi &
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Caflisch 1951] and abnormalities of ears and ureters {Hilson 1957] can be inherited as
autosomal domunant defects The gene for webbing would seem to he close to that for
short stature The excess of genetic (XY) males could be due to the presence of a sex-
controlled lethal factor perhaps fauly closcly lnked to the factor causing coarctation of
the aorta Other factors controlling development may ke on the same chromosome
Thus skeletal abnormalities may provide a link wath the Khippel-Fiel syndrome high
arched palate with Marfan s syndrome and deformuties of cars and ureters with renal
agenesis

gSuch a hypothes:s has as 1ts corollary a scheme of gonadal development based on the
prmciples of biochermcal genetics (Text-fig 2) Interruption at one level (GI) could lead

Sex differentiation

Genital Stimulating —
precursor Inhibiting .~

Sex Feminine
determinant —— Cortex organizer
® 4 ]__Deﬁnltlve

'
® Medulla gonad
® Wolffian _ __ ___ Mulleran
organizer organizer
‘Wolffian Mullerian
system system
Masculine

orgamzer ™~

Male "~ Female
external genitalia external genitahia

Text fig 2 Hypothetcal scheme of sex differentiation, Suggested levels of Block 1 gonadal a,encsis (GI) 1 gonadal
dysgencas (G) w the normal female (F) 1n tesuculss femumzation (Fy) and i the Klincfeler syndrome (h) arc shows.

to gonadal agenesis due to mvolvement of appropnate genes Partial block at the same
level (G) could lead to gonadal dysgenesis In the normal female a block (F) 1s assumed
to exast and to be due to supremacy of the femnizing factors on the X chromosomes

A partial block (F,) due to mvolvement of one of these femmizing factors could occur

1n a genetic (XY) male to cause the lar fc synd perhaps due to
dupl ofa of the X chrc m \ of inversion crossover
In cong, 1 adrenal i [Prader & Siet 1957] a stmular block may

occur An abnormal stimulus of exogenous (virlizing tumour or hormones m pregnancy)
or endogenous origtn {adrenal virilism) may cause vinhzation at thus level In Klme-
felter s syndrome however the level of action seems to be the same as that of the M/F

but due to ) of M loci In the chromatin-negative vamety the
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genetsc consutunon MF, may be msufficient for complete mascubmzation so that 2
patual block (K) may occcur and cause mcompl dullary develop In the
chromatin-positive vancety, the genetic constituron MM MFEF nay have a smiar
effect Masculimzation of the female may be present but not quite complete The
normal block w the female may be semoved except for that part (K) necessary for
complete medullary development

1 prefer a scheme of nomenclature based en the cortico-medullary balance theory of
gonadal differentiation and 1 such a scheme the Khnefelter syndrome 1 called
modullary dysgenests An extension to mclude most intersex states 1s possible [Steware
1958} In the case reported by Ashley & Jones {1058] sumlar to the case just described
by Dr Jachson there would appear to be a block of the normal female type presentn
a genenc {XY) male These cases would appear to be examples of corucal dy sgenesss

Thus hypothess 1s of course frankly speculative but the mherent difficulties of human
geneties justify the presentation of such hypotheses The present one can be tested and
had been elaborated m sufficient detadd for thus to be done

SUMMARY
Bvidence s presented for a inear order of the genes cavsing Tumer s syndrome i man
1o 15 suggested that the genetic defects m the syndromes of Khnefelter and Turner could
be produced by snversion crossover and that the genes mvolved may Lo on the same
ch byp wcal ¢k map 15 comstructed and 3 scherae of sex
differensiation based on the prmcrples of biocherucal genctics 15 proposed The hypo-~
chesis is capable of proof'and is elaborated 1n sufficient dotad fos this to be done
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Charman s closing remarks

Afier two days of the most pleasant—and at times eacited—deliberations this sympo-
sm on Sex differentiaion and development has reached a stage where 1 accordance
wath the traditions of our Society I must sum up the proceedmgs and endeavour to
brmg 1mto relief the mam pomts of agreement and disagreement that have emerged
durng our discussions In domng so I shallindscate to you to what extent my education
on the biology of sex has been 1mproved and to what extent 1t has not proceeded as far
as 1t mught well have done If therefore any part of this summary fas 1n 1ts alluston
to major pomts whilst emphastzing munor ones unduly you must ascribe this to my
own shortcomungs and not to any departures from the strict neutrality that 1s custom-
anly associated wath a chairman s finctions
At the outset we can all agree that this sympostum has fully Lived up to the expecta-
tions to which 1t had given rise and that 1t has amply justified the efforts of its organizer
Dr Austin To lum as well as to the participants we give our grateful tharks Those
who have contributed have spoken with authonty and 1 general to the pomt butno
one present can fail to have been impressed with the scope and mnterest of the narrative
as this was unfolded 1n the successtve papers which ranged from caste differentiation m
the honeybee to gonadal dy m man But the collation of all this information
has at the same tume revealed how extensive are the gaps that remam n our knowledge
Thus was amply demonstrated by Dr Dodd who cautioned us early mn these proceedings
that while there are about 20 000 teleost species genetical researches have been himited
to only a few spectes belonging to three genera of the cyprmodonts Likewsse we all
recall the vigour with which Professor Klem asked what do we know about the nature
of X- and Y-chromosomes i man2 But even though I am not prepared to go the
whole way with Professor Klemn there1s I behieve some justification for hus pessimism
Thus to mention one feature only although 1t 15 now well established that the sex
chromatin n somatic nueler serves as a dist shing mark of ot mal sex much
more detaed cytological studies are requred to substantiate the concept that the sex
chromatin n these cells 1s composed of portions of an XX-~chromosome pair
One type of evidence was that provided by Dr Butler who gave us a most fascanating

account of sex determmation and caste differentration m the honeybee He recalled for
us that femaleness m the honeybee could be induced by supernumerary spermatozoa
and that the presence of the queen sufficed to mhibit gonadal development in other
females and this through the agency of an external hormone contamed mn the so-called
queen substance These and other facts that Butler p d pose £ g probl

and mdicate that sex determnation n this msect 15 not as ssmple as 1t sometimes seems
or 15 made out to be Moreover 1t gives some force to Professor Peacock s assertton
that the theory of sex determunation 1 the two hiymenopterans discussed by Dr Butler
cannot be applied wathout modification to other parthenogenetic mvertek
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While certain unequivocal mstances of endocrine mechamsms 1 the mvertebrates
have been established our knowledge of these processes appears rather mcomplete 1
comparison with the better known phases of vertebrate endocrmology However
when one appreciates the difficultres inherent 1n experimentation with the mvertebrates
and considers that relaively few mvestigators devote their efforts to this aspect of
biology the mvestigations of Dr Carlisle assume a new importance—and as Dr Parhes
put 1t anspire confidence that we are on the threshold of many exciting discovertes

These studies of Carlisle suggest that reproductive functions m certam crustaceans
are nfluenced 1n some manner by the secretions of the androgenic gland  a structure
that lies adjacent to the vas deferens They indicate moreover that while castranon
15 without effect on the development of the secondary sex characters, removal of the
Y organ before puberty results in retardation of gametogenesis as well as suppression
of sex characters There 15 thus substantral evidence that the Y organ 1s an endocrme
structure Present mformation does not permut 2 statement regarding the final denva-
tion of the androgenic gland or the Y organ Butif as wath all the known endocrime
glands of the Crustacea the Y organ 1s demonstrated to be of neural ongin this
would suggest that the central nervous system of these mvertebrates i commeon with
that of the vertebrates 15 the source of a gonadotrophic principle a circumstance that
may have evolutionary imphcations

Genetic sex determination was a central theme 1n the contributions of a number of
speakers From Dr Dodd s analysts 1t emerges that a chromosomal basts for sex mhert~
ance can be demonstrated n teleost fishes In some eg Lebistes there1s an XX XY
sex-determuung mechanism with male heterogamety whereas i others ¢ g Xipho-
phorus wiich show a similar chromosomal sex-determuming mechamsm 1t 15 the
female that 1s heterogametic whilst the male 15 homogametic It 1s abundantly clear
therefore, that the mechanism of sex determmation i these cyprmnodont fish has a
great deal of theoretical interest and as we were remunded 1t 15 probable that the mode
of evolution of the dual genetic mechamsms for sex determmation 1 vertebrate
ammals may eventually be solved by carcful study of sex hnkage m the poccilud fishes

Pr g from the ption that the basic sex-chromosome situation 1 mammals
s XX XY Dr Beatty remunded us that there were nevertheless examples of
XX XY;Y,and XX XO mechanisms From his analysis 1t also became clear that
the mode of mteraction of sex chromosomes autosomes and cytoplasm m mammals
1s unknown But m spute of these lumtations he argued that 1f special wformation
became available from mrersenes we might then be m a position to decide 1f the classical
Drosaphula story applies to mammals as well that 15 to say 1f sex1s determuned by the

ratio of X chromosomes to autosomes

I pass now to a consideration of the papers on the Ongm and development of

oocytes  foctal and mature mammals and the Dynamucs of the orthotopic ovana:
graft’ The first of these was discussed by Sir Solly Zuckerman whz S:Idly an
approprately opened with an account of the germnal epithelum ang Hc mﬂnn:j

n whach 1t 1s implicated m the ongin of and as a source of the gonocytes H e arg: 4

that the regenerative capacity of the germ cells was poorly developed and regarde
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any evidence for the continuty of cogenesis m the Iife of mammals and probably
burds also as worthless

Dr Parkes and Miss Parrott dealt with a different aspect of cytogenesis They em-
ployed the method of orthotopic grafts to provide the most elegant demonstration of
the viability of ova in ovarses previously frozen Their studies are as valid a demonstra-
tion of cellular differentiation as 1t has been my privilege to see and 1 awart a further
mstalment But meanwhile we must salute the pioneers

In the discusston on The possbility of controlling sex ratio at conception’, we
were remunded that what we are looking for 15 essentially a phenotypic difference
between X- and Y-bearing spermatozoa which we can utilize for separatmg them
and Dr Marcus Bishop's analysis was as direct an attach on the problem as can now be
made Itisofcourse concewvable that the alteration of the pnimary sexratio which Bishop
thought mught be brought about by unequal production of X~ and Y-spermatozoa or
by ther selection 1n the female tract could be associated wath deviations i blood
pH as was suggested by Dr McWhirter On the other hand Dr Lewm s results on
electrophoretic separation are not convincng for although he claims to have achieved
a sep Into two comp the nature of these fractions was not disclosed It 15
possible however that they mught be separated immunologically m which case a
small number of pure X-sperm nught as Beatty putit be a key reagent

The matertal presented by Dr Hayes 1s so new that it should cause little surprise 1f
many of the interpretations of the phenomena descnibed are modified as new knowledge
becomes available Nevertheless 1t seems to me that the tdea of sexuality i bacterra 15
so important that we must be grateful to hum for hus description even mnatsimcomplete
form The widely rtualized process of mewsts appears to be almost essential i complex
orgatusms Sunpler ones find simpler methods adequate and 2 bactenum 15 so sunple
that a new one made up with some spare pats from another has 2 reasonable chance
of living Indeed something corresponding to 2 gene may be taken up by a bacterum
and become replicated 1 the manner of a hereditary character But to me one of the
most fascinating aspects of Hayes work 15 his observation that certam strams of
bactena can stll act as parents or as donors afier kalling  thats to say when so damaged
that they can no longer diide If therefore we homologuze the donors with males
which 15 an obvious :dea we shall have to say that 1 some bactera maleness behaves
as a contagious disease! In fact bacterral bination bles sexual reprod
in some ways and transduction 1 other ways

Integumentary sex characters m vertebrates was the subject of the paper by Dr

Harnison Matthews His was an elaborate description of a problem complementary to
the intensive analysis of Professor Klem We were told that these secondary sex charac-
ters are more highly developed and diversified m birds than mn the other vertebrate
classes and that the omamental sex characters in birds suchas the dimorphic differentia-
tion of feathers and head furmusk are physiologicall d d and serve to bring
the sexes together during the reproductive peniods I had hoped that we would have
been told much more about the factors mvolved m the control of thesc characters but
1 this 1 was disappomted




190 B C AMOROSO

One of the difficulties 15 undoubtedly the fact that the controlling mechanisms vary
with the species and breed of bird It1s known for example, that i the Enghsh sparrow
and certam other spectes sexual differences m the plumage appear to be genetic and
autogenous, and that gonadectomized mdividuals retan the plumage charactensstic of
the sex, whereas both genetic and hormonal factors are mnvolved m the control of
plumage dimorphism 1 the pheasant On the other hand, i the Aftican weaver
finches both hypophysial and gonadal hormones co-operate mn the differentiation of
plumages whereas hypophysial gonadotrophins rather than gonadal hormones act
directly to control the thythmic changes i the plumage cycles of the orange weaver

The possible effects of hormones upon maternal reactions are extremely difficult to
analyse This difficulty 15 due 1n part to the fact that we know very httle about the
nature of the adequate stimulus to such behaviour and 1n part to the falure to recogmize
the importance and complexaty of the endocrinological and psychological side of the
picture As Professor Klemn remmded us the mvestigator who concludes that maternal
tesponses 1n the rat depend upon a given hormone because such responses appear 1
females that have been placed with new born young and then treated wath the hormone,
should take into account the fact that psychological factors dertving from contact with
the young may elicit the same parental reactions mn the absence of hormone treatment
Ths stmple truth should be self-evident and I would feel apologetic m recallng 1t here
save for 1ts frequent and flagrant violation by some students of this type of problem

The discovery and apphication of a ready method of assessing the sex-chromosome
status were most ably reviewed by Dr Lennoa they have led to the definition of two
newly recogmzed forms of mtersexuality gonadal dysgeness i chromosomal males
m which the phenotype 15 female—Tumers syndrome and semmferous-tubule
dysgenesis 1 chromosomal females 1 which the phenotype 15 male—Klnefelter s
syndrome These were discussed by Professor Jackson Dr Peter Bishop and Dr Ferguson-
Stuth From therr accounts 1t emerges that gonadal dysgenests and semunuferous-tubule
dysgenesss called by Ferguson-Smith primary micro-orchudism can affect either
chromosomal males or females though in gonadal dysgenests there was a greater
frequency of chromosomal males Asa result we were cautioned to regard as intersexes
only those individuals 1n whom chromosomal sex 1s contrary to the phenotypic sea

In considerng the significance of the greater frequency of chromosomal males in
cases of gonadal dysgenesis we were remmded during our discussion of Professor
Jost s suggestion that a proportion of patients with gonadal ( ovanan’) dysgencsis mught
be chromosomal males who had been fenumzed in the absence of embryonal testes and
thesr masculnizing hormone or mducer Jost 1t wall be recalled, found that removal
of the foetal ovary did not hinder differentiation of a female gemtal system whereas
absence of the foetal testis and 1ts morphogenetic hormone durmng an early cntical
period prevented the differentiation of Wolffian derivatives and resulted . entirely
female development of the Mullerian ducts urogental smus and external genttaha It
15 thus evident that a foetal testicular substance 15 essentral for differentsation of male
sex structures for retrogression of the Mulleran ducts and to prevent the mhercn;
tendency of the foetus to be fermmzed But we are as yet uncertam of the nature o
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this foetal testicular secretron and, untl we can apply modern brochemical techmigues
to 1ts charactenization there 15 little doubt that our knowledge of the mechamsm of
human sex differentration wall remam incomplete It 1s clear, moreover that detailed
studies of the sex chromosomes mn ntersexes may reveal m some mstances an unusual
sex-chromosome complex such as XXY or XO In addiion we have Dr Stewart s
mngemous suggestions on the influence of autosomal genes

From these vanous facts and considerations there 1s no doubt that the sexuality of
the mdivadual 15 determimned by genetic constitution but 1t 15 also known that many
factors may operate durnng the differentiation of the genital complex to modify or
even to reverse the genetic matrix of the developing organism Indeed sexuahty like
such processes as growth metabolism, menstruation and parturition 15 the consequence
of a system of physiological balances and hence cannot be accounted for on the basis
of any sgle factor Invcsugators of sex physmlogy cannot wsolate a particular factor
and study 1t singly 2 complicated system of d ly balanced forces has to be un-~
ravelled Unfortunately we have not found an acceptable hypothesis as yet that will
bring the vartous findings 1nto a common explanation. Among lugher organisms there
15 10 problem more vital and fundamental than that of sexuahry yet there 15 none
n which human society continues to display more 1gnorance and none m which 1t 1s
so unwilling to discard preconcerved notions
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