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INTRODUCTION

It seems to be a common miseoneeption among many members of ocur sosiety
that the scientist working in his laboratory is doing so only beeause

the result of hie endeavor may be of practical benefit to mankind. Thus
the atamic scientist heorized about the atom in order to afford us with
an atomic bamb end Fleming coneerned himself with the findings on his agar

plate because he could see its for reaching effect on mankind.

Now it is apparent to most individuals engaged in research that they are
seekking fundamental truths apart from their effect on the technigological

or socio=political progress of our society. Therefore it is true in a sense
that the scientist does reside in an ivory tower insofar @s his mind and
energies are free to meditate, to theorize, to experiment and to give vent

to his insatiable curicsity cencerning the "whys" of our universe.

80 it was that Werner Forsemann (25-26) did not realize the vast elinieal
application of cardiac catheterization when he threaded a small tube inte

his own basilic vein in 1929,



HISTORICAL CONSIDERATICNS

Catheterization of the heart by the intravenous route was first performed
in Germany, by Forssmann (25-26), who was interested in the rapid injec~
tion of drugs into the heart. The first catheterization was performed by
Forssmann on himself. In his first attempt, Forssmann, aided by another
physician, introduced %5 cm. of a number &4 ureteral catheter inte an arm
vein. Because, as he writes, his colleqgue considered continuation of the
test too dangercus, it was interrupted although, "I felt perfeetly fine."
After another week Forssmann made another atteat, alone. This time he was
able to introduee the :atheter into the right auriele and verified the pos-
ition of the catheter in « wirror which was held by a nurse in front of tne
fluerocseepic screen; "I observed the progress of the catheter in a mirror
which was held by a nurse in frent of the fluorescopic screen." Forssmann
mentioned then that he had no untorward sensation and that he considered
the procedure safe. There is no deubt that his should be the credit for the

first suceessfyl catheterization of the heart.

Klein (40) werking in Prague, used catheterizatien ef the right side or

the heart for the first time to determine the eardiase output of man by
means of the Fick priniciple. Klein performed 18 catheterizations, in 8

of which the heart was intubated; in scme instances, the catheter also
entered the inferior vsna cava of the right ventriele. The teehnic of
Klein is almest indentical with that used by most investigaters at the pre-
sent time, and his should be the eredit for the first physioclogie appli-

eation of the method.

From 1930-1939 the technique of right heart catheterization has been widely
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used in Burope for injecting contrast substance in erder te visualize the

right chambers of the heart and pulmonary vascular tree.

In 1941, Cournand and iRanges (20) described the introduetion of a radio-
paque catheter inte th right auriele of a human subject and standardized
the method for the detsrmination of the eardiac cutpute 8Sinse then, a
great number of investigators have used this method for diagnestie and
physiologic studies both here and abroad. An accurate determination of the
pressures existing in “he heart and great vessels of man by means of the
catheter was performed by Bloaufield and co-workers (9) and Lenegre and

Maurice (46). The recording of pressure curves is now indispensable to

eardiac cgtheterizatior.



CATHETERIZATION TECHNIQUE

Some of the minute details of catheterization technique will not be dwel-~-
led upon in this paper esince its primary purpose is not be a laboratery

manual for those invelved actively in cardiac catheterization. Adequate

descriptions of general teshnique may be found in the literature (7, 14,

19, 21, 48, 56, 66, 68).

A general description will be given however in order to give the reader

some idea of catheterizsition procedure..

Under striet asepsis a nick is made in the median vein. Tnere is prelim-
inary infiltration of novocein. A 10 gauge Lindeman type needle inserted
and then the catheter it intreduced into the vein through tie neeale.
Several types of cathetsrs are in use. One type described by Cournand
and Ranges (20)has one iye at the tip of wne cuthever. Goodaie et al.
(32) described another “ype which, in addition te this opening, has two
suall eyes at each side and a groove comnesting the side eyes at the tipe.
The latter type is apt o cause less obstruction to the catheter by endo-
thelial or endceardial issue on withdrawal of bloode The end of the ca-
theter is connected to : heparinized saline reservoir to provide constant
drip infusion through the catheter (15 mg. of heparin per 1000cc of saline

selution). Heparinization of the patient is unneeessary.

Further passage of the catheter is done under fluorscopy.. It is important
to move the catheter under fluoroscepic visualization only. Otherwise the
positiecn of the catheter tip cannct be ascertained and serious errors in

the diagnosis of intracardiac lesions will result. The danger to the pat—

ient and physician of repeated x~ray exposure sheuld be kept in ménd.
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To aveid over exposur:, it is advisable to limit sereening time five
minutes at five milliamperes. The operator should wear a lead apron and
protect his hands by : lead shield or a lead apron placed under the arm

and aleng the side of the body of the patient. Despite these pre=cautions,
over exposure has beer observed in physieisns performing repeated catheter-
izations; therefore raitine observation of the differential blood count

is essential.

When the tip of the catheter is in the heart, the tubing of the szline
drip is diseentinued and a large syringe filled with a iittle saline is
adapted to the 3 way stop cock. Two or three ccs of bleod are withdrawn
into this syringe thus washing the catheter with right heart biood. Then
the valve is turned and the bleod for analysis collected in a second
syringe centaining mineral oil as an air seal, 15-20 ces of blood can be
collected in 25 seconds by using enly the slighitest amount of suction.
Following the withdrawal of bleod, the saline drip through the catneter
is restered. The oxygsn content of the bleood may be determined with the
conventional Van Slyke method (65) er according to the method of Wood (68).
This investigator has devised a photoelectric device whieh determines

immediately the oxygen saturation of samples of blood withdrawn from the

catheter.

General anesthesia is s tmost never used. In adults, catheterization is
performed without any msremedieation. In children from 1«10 years of age,

a morphine=scopolamine mixture is employed.

Protocol for the determinatiom~of sardiac eutput is oebtained by simultaneeus
sampling of mixed venous bleod, femeral arterial blood and colleetion of

expired air by Tissot spirocmeter.

L



In the recording of the pressure through the catheter, a measuring instrument
should reproduee and recerd the physioiogic events in a true and undistorted
manner, and the recording system should have an adequate sensitivity and

adequate frequency response.

It has shown that mest c¢f the existing mancmeters for the determining the
pressure in the bedy cavities containing air or liquid suffer from certain
defeets beth cliniecally and physiologically. This is the result particularly
of the relationship between amplitued distortion, phase disztortion, and the

degree of damping.

In general, two systems for pressure recording are used. The first is
based on optieal prinecijyles. The optical mancmeter is the prototype of
these instruments. A number ef oiher workers (30, 37, 61) censtructed
similar apparatus. Hamilton's (37) mancmeter is purely optisal, in con~
trast to most of the other mancmeters which use mechanieal cenmneeting
parts. The greatest advantage of Hamilton's optical aystem is that it
pernits attainment of a very high modulus of voiume elasticity. It ig
probably still the mest aceurate tool for the registration of pressures,
but its eperation requires a certain amount of techniocal skill, patience,
and knowledge. In this respect, hewever, it does not differ frem its

electrical counterparts.

The other systems used are based on pureiy electrieal principles. The
movements of a mancmetsr membrane are at once transformed into électricai
cnergy whieh is then transferred to the ultimate recorder. The trans-

formation eof the pressure impuise wmy be affected by (1) changes in electris



resistance of a wire in propertion to its lengtn, (2) a piezo eleetrie
offect, (3) induction phencmena, and (&) chenges in capacitence. In the
latter system, an eleetric plate condenser is used in which the distance

between the plates and thus the sapacitance can be changed.

Dry cell batteries are sullieient to energize the transducers while the
relatively large electrie sutput of the transducer permits direct operation
of many indicatimg and -ecerding instruments, Lambert and Jonee (44)
described in detail the properties of resistance wire mancmeters. They
selected a gauge with relatively low sensitivity. They found Zhe gauges

to be lineal and stable as long as a constant input was maintained. Upan
application of an approximately square wave pressure fremnt, the manometer
indicated about 99 per cent of the pressure change within a fraction of

a seeond.

The ideal means of recording pressures would be fram a pressure piek-up
unit, located at the ti of the catheter direetly. 8uch pressure piek-ups,
based an a differential transformer, have been build by Gauer and Gienapp
(29). Ellis, Gauer, and Wood (23) applied such a system for the recording
of artefact-free pressure trasings from the heart and great vessels of man
and animals. Their results indicate that the centour and magnitude of the
central pulse can usually be recoerded with a nomcmetrie system whiech pos-
sesses a uniform sensitivity of up to 5 cycles per second but enly 32 per

eent respense at 60 eyclea per second.



PZRTINENT NORMAL »ND ABNORMAL PHYSIOLOGIC FINDINGS
IN CARDIAC CATHETERIZATION

In order to understand and appreciat the teehnique of eardiae catheteri-
zation and the results sbtained therein one must have scme basic underst—

anding of cardiac and clreulatery physiology.

It is assumed that the “asic features ef cardiac anatamy are knewn. The
heart, a four chambered organ, has as its primary surpose the action of
mmping nen=aerated blood to the lungs and aerated blood to the general
circulations The non-asrated or vencus blood flow into the right heart;
it is then pushed into the lungs where it is aerated. Arter aeration the
exygenated bloed returns te the left heart where it received its final

push intoe the systemie circulstien.

Now certain fundamental: of cardiae and heme-~dynamies were known before
the era of cardiac catheterization. Graphic representations of pressure
changes within the auricle and ventricle were recorded from animals, re-
cords of arterial and venous pulses in man were ebtrined by means of the
polygrash, and electric: 1 ehanges were noted by EKG tracings. Oxygen con-
tent and carbon dioxide content of arterial and venous blood were caloul=
ated, and eardiac output in man eould be measured by means of the indirect
Fiek Methed. How then ioces the catheterization technique augement our un-
derstanding ef cardiac physiology, and how does it enter the realm of el-

inical diagnosis?

The feasibility of threading a tube into the heart means that now we can
record directly pressur: changes in the heart; determine the oxygen
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content and carbon content of the blood within the cardias chambers. The
output of the heart can be ealeulated direetly by means ef the Fiek (24)
Methed. These direct measurements are indeed of great impert for it enable
investigative stuaies .n eardiac dyanamies to have praetieal implications
in the tealm of eardiaw pathology-—partieularly as it pertains to cardiae

anolonies ameliorated ty surgical intervention.

It is necessary however before understand pathological findings teo first

be familar with the normal. Numerous studies done by Bing (5,7) and Dex-
ter (21) on control subjects serve 2s a standard of reference. It has been
shown that the foilowing are the average pressure values are found in nor-
mal subjects: right auricle plus or minmus 5 mm. Hg., right ventriecle 25/0

mm. Hg., pulmonary artery about 25/0 mm. Hge

There was scmne difficulty in establishing a normsl range for oxygen cont~
ent of the blood in the eardiac chambers( earbon dioxide values are not
used sinee it is known that the ecarbon dioxide values are continually eh~-
enging in response to slight alterations in respiratory or cireulatoery eg-
ilibrium (21). The reason for this difficulty arise from the fact that the
right auriecle receives rencus blood from three major sourses i.e. superior
vena cava, inferior vena eava and eorcmary sinus, each having a different
oxygen centent. Fowler (27] has shown that inferior vena cava blood may be
2 Vel. per cent over thit in the supsrior vena cava, whereas blood from
the soronary sinus is very low in oxygen content, being usually below 7 Vel.
per cent. It is obvious therefore that the venous blood is not mixed in
the right aurécle. Thi: mixing occurs enly after the blood has reached the
pulnonary artery. It was found by Dexter (21) and Bing (5,7) in contrel

patients that the greatest increase in the oxygen conetnt of the blood
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in the right auriele over that in the superior vena cave is 2 Vol per cent
the greatest increase in oxygen content of blood in the right ventriele

over that present in any part of the right auriele is 1 Vol. per cent, and
the greatest increase in oxygent eontent of blood in the pulmonary artery

over that present in any part of the right ventricle was O.5 Veol. per cecente.

In centrast to the descrepenciss in oxygen centent of blood ebtained from
the right auricle and right ventricle there was remarkable #niformity in
values obtained from the pulmonary artery. The maximm variation observed
hardly exceeded the method for determining oxygen content. It is believed
therefore that true mizing of venous bloed occurs uniferamly in the pulmonary
artery in man, and that the wulmonary artery may be used as a source of
mixed venous blood in determining cardiac eutput by the direet Flek Prin=-

eiple.

An early misleading finding was that of a higher than normal oxygen cont-
ent in the pulmonary artery when the tip of the catheter was as far cut as
it would go in the pulmonary artery. It took but little reasoning, de-
deetion and further investigation however to wxplain this finding en the
grounds that the catheter had occluded the lumen ofthe small artery and
that therefere the bloo«. withdrawn from the catheter really came back fram
the pulmonary capiliaries and veins where xoygen eontent would be that of

arterial blood.

To recapitulate briefly at this point-~through catheteriation stdudies we
have extablished direetly:

l. The normei Bre<surss found in the right heart and pulwchary artery:



2. The average variation in oxygen content of blood in the right
heart and pulmanary artery.

9. The oxyger. cantent of mixed venous bleod

4. The oxyger content of arterial blood as gotten from the pul-
monary empillariese..

Now for consideration ef cardiac output and the Fiek Principle.

In 1870 ¥ick (24) pointea out wnat the differenee between the eoncentrations
of oxygen or earbon dioxide in arterial and mixed vencus blood represents the
smount of oxygen teken u> or carbon dioxide given up by each unit of biowl
as it blows through the lungs. If, in addition, the total amount of oxygen
sbsorbed or carbon diexide: eliminated in a given time be known, the amount of
blood flowing throeugh the iungs during that period may be ealeulated by means
of the following formula:

02 intake (ml/min) times 100

02 Content of peripheral bleod ---C2 content of Mixed Venous Blood

(Vol. %)

The blood flow through the lungs obviocusly represents the output of the right

ventricle, since the ocutput of the left ventricle is the same its output is
determined as well.. With the advent of catheterization mixed venous blood

ean be obtained and the direct FickMethod can be used.

After having considered pertinent normal results cbtained frem cardiac cath-
eterization we may now inderstand more clearly abnormal findings. For exam-
ple in many eardiac abnormalities there exists a shunt between the right and
left heart by using the direct Fiek method were are now able to calculate the

volume of the shunt.



To elaborate:

The perisheral bleod flow may be calculated in the fashion already noted
except that the sample of the nixed venous blood must be obtained proxi-
mal to the shunt. In zases with patent ductus it may be obtained by mult-
iple samples of blood from the right ventriele, in cases of ventricular
septal defect, from th. right auriele; and in cases of auriecle septal de-
feect from the superlor vena cava. Since true mixing besomes progressively
poorer in thés sequenc: errors in the application of the Fiek prinei ple

ef blood flow becames ;reater.

Determination of pulmonary arterial bloed flow necessitates measurement of
the oxygen cantent of :he pulmonary artery and of venous blood. Nermally,
blood in the main branches of the pulmcmary artery is ccupletely mixed (Dex-
ter 21). This is also true in most cases of auricle septal defect. In vent~
ricular septal defects and in ductus arteriosus mixing may be less cemplete.
In these cases multiple sampling in the plumonary artery usually yields a
representitive value from which the caleulation of pulmonary blood flow can
be made. The oxygen ccntent of pulmonary venous blocd is most easily ob-
tained in individuals with a normal cireculation and in those with left to
right shunts by determining the oxygen content of the systemie arterial
blood since these two are identical. In an individual with right to left
shunt, the exygen content of the pulmaonary venocus blood can be obtained by
measuring the oxygen content of the pulmenary sepillary bloocd. Failing this,
& value of 95-90 per cent saturation must be amsumed. This admittedly is
open to criticism esmpecially when pulmonary disease with imperfect oxygen

ditrusion exists..
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The effective »ulmonar; blood flow is of special significance for it re-
presents the volume flow of blood which after its return to the right aur~
icle, ultimetely reachss the pulmonary capillaries. It has been called the
effective pulmonary blood flow since it representsthat component of mixed
venous blood which bec mes effectively oxygenated in the lung (5)« In the
absence of a ®vathologi: shunt, no oxygenated blood reaches the pulmonary art-
ery and no venous blood reaches the aorts, so that the effective »ulmonary
blood flow equals the julmonary srterisl or systemic blood flows. Calcu-
lationes have shown tha: in congenital malformations of the heart in which a
septal defect is presont, the volume flow through the shunt is »redomin-
ately unidirectionzl. The only excedptionas are complete end partial trans-
poeition of the great vessels. In these malformations the unidirectional
shunt is incompatible viith l1ife. The overall intracardiac shunt represents
the difference between the systemic and the pulmonary arterial blocd flowe.
If the systemic flow e2ceeds the pulmonary arterial blood flow, the shunt

is directed from right to left. If, on the other hand, the pulmonary art—
erial flow exceeds the systemic flow, the intracardisc shunt is directed
from left to right. It should be borne in mind that in most instsnces there
is reciprocal admixture through the defect. The actual volume of the left
to right current is resresented by the difference between the »ulmonary art-
erial effective flow (total right to left shunt). Conversely, the volume of
right to left mixing curronﬁa ig represented by the difference between the
systemic flow and the effective pulmonary blood flow (total left to right
shunt)s In the presencs of right to left admixture of blood the volume of
total mixed venous blool is decreased. This will result in & fall in the
ratio of effective pulmonary flow over systemic flow, with a subsequent de=

crease sulmonary blood ?low and decreased oxygen saturation. The arterial
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oxygen saturation is no. the result of decreased dulmonary blood flow but
rather due to a decreas: in the retio of effective pulmonary blood flow over
syetemic flow or exsresied mor simply, is due to the right to left shunt.
The decrease in wulmona:'y blood flow reduces this ratio. Reduction of pul-
monary blood flow alone for exsmple, in isolated pulmonic stenosis does not

result in arterial oxygyn unsaturatioen.

In regard to congenitel enomolies as indicated by other abnormal catheteri-
zation resultsy it has leen found generally speaking that increased oxygen
content in the right he:rt above the expected normal variation indicated a
cardiac shunt of blood from left to right. The same is true as concerns in-

creased pressure recordings within the hesrt (4,5,7,15,19,21,).
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DANG! RS OF CARDIAC CATHETERIZATION

Altheugh cardiac catheteization is not ae dangerous & srocedure as one
might exwect, it is certainly not innocuocus. Some of the complications
that may arise are as fol.lowst

1. Cardisc arriythmias

2. Venous threnbesis

3. Chills

4s Acute attaccs of anoxia when the sulmonsry artery is comdletely

occluded,
5.. Air embeli
6. Venossasm

"7+ Pulmonary infarction

Cardiac arrhythmiass:

Disturbsnces of rhythm sre the most frequent and mest important complication
te considere Almost every type of disturbance in cardiac rhythm has been en-
countered. In the moest complets study of electieeardiegraphie chenges during
catheterization Goldman et al.(31) observed 50 patients under censtant visual
slectrocardiegrashic certrel. Sixty wer cent of these shewed auricular »re-
mature systeles. These were mest frequent when the catheter ti» apveared to
be in contect with the ituricular sestum and sarticularly when the catheter
was passing threugh the suricular septsal defect. Nedal wremsture systole§
vwere seen in 78 wer cen of the pationts. Suwerventricular tachycardis of
auricular or nodal erigin eccurred in 28 per cent, and auricular flutter in.
6 wer cente In 85 per :ent there were ventricular premature beats, and in

78 wer cent short bursts of ventricular tachycardia develowed. Ventricular

flutter was seen in & »ir cent of the cases.
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Dexter and his group (21 observed 2 patients who developed transcient
auricular fibrullation which subsided swontaneoculsy in the course of one-
half hour. Johnson and hLis co-workers (38) reported auricular tachycardia
in a patient with an aur.culer septal defect when the catheter was passed

through the opening.

Slight transcient heart »lock, right bundle-branck blocks and pre-excitation

shenomema have been seen by (41, 54, 45).

Ventricular premature beats appear quite frequeﬁtly. They are produced not-
icably when the tip of tne catheter bouches the wall aajacent to the tri-
cusyid(valve. The catheter should mever be sllowed to curl up in one of the
chambers. Ventricular rremature beats occur alaso quite regularly when the

tip of the catheter touches the wall of the right ventricle(3l).

Micheal and his group (®0) reported 113 consecutive venous catheterizationms.
Abnormal rhythms develored in more than one-third. The tendency was sign-
ificantly grester in the presence of congenital heart leéionl and in pat-
ients whose electrocard! ographs were abnormal prior to the procedure.

These observations are :n line with certain cardio~vascular abnormalities
which should be conside;ed definite contra-~indications to the procedure.
Dexter (21) listed them as follows: svontaneous ventricular premature sys-
toles, recent history e’ paraxysmal ventiricle tachycardia, subacute bact-
erial encocarditis, cormery occlusion within 6 weeks, any manifestation of
digitalis toxicity, dif use myocarditis(e. g. rheumstic) and auricular fib-

rillation.
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Zimdahl (6®) does state ! owever that venous catheterization has been perform-
ed on fairly i1l patients and often seriously ill patients with no serious
effects. It has been uscd for example in congestive failure, pericardial
tamvonade, acute hemorrh:ge, shock, snemia and penetrating wound of the

chest.

Venous thrombosis:

Venous thrombosis is not frequent following catheterization. Bing(4) has ob-
served it in about 8.5 par cent of all catheterization. In no case has the
thrombosis been vrogressive. Cournand and his’aesociates (18) reported that
in more than 260 catheterizations with the catheter left in place continu-
ously for more than 24 hours no unfavorable comnlications were encountered be-
yond the formation at times of & mural thrombus near the site of insertion

of the catheter in the lrachial vein.

The occurrence of local venous thrombosis at the site of introduction of the
catheter is not common. Careful handling of the veins and tissues and freq-
uent moistening of the iatheter with saline solution as it is withdrawn and

inserted forward will holp thie (4).

Chills:
Chille are primsrily dus to syogenic substences probably remaining in the
catheter from a previous test. Chills may be avoided by thoroughly rinsing

the catheter with sterile water followed by rinsing with a detergent esolution.
The catheter should be j>oiled for one-half hour immedietely preceding cath-

eterimation (7).
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Bing also states that he has found it useful to insert a stylet through the
catheter, with its ti® rsaching within 1 and one-half inches of the catheter
tipe Thie makes the catieter more rigid and plaeces the lever point directly

at the bend of the catheter.

Anoxia:

Acute attacks of snoxia jue to occlusion of the pulmonery artery were obser-
ved in Bing's laboratory in two cases of isolated valvular pulmonic stenosis..
The attacks resulted prcbably from a sudden decresase in the cardiac output
following occlusion of the pulmonary artery. The resulting fall in cerebral

blood Blow probably initisted the attacks.

Air emboli:
Air emboli have been ob:erved by Bing (7) in 4 of some 1,800 cases. The
neuorlogic symptoms were wrimarily of wontine origin, but all sympioms dis-

appeared after & period of hours, without residusl damage.

Venospasms
Venosnasm may occur when there is difficulty in inserting the catheter inte
the vein or when the caheter cannot be introduced into the heart on the

first attempt, due to amtomic enomalies or the veins (7).

Pulmonary infarction:
Houssay et al. (38) rep>rts pulmonary infarction occurring in 19 patients
with severe stenosis or congenital heart failure following wedging of a

catheter into a branch of the pulmonary artery for measurement of pulmonary




"capillary" wressure. This complicetion wes reduced when the catheters

were sterilized by autcclaving instead of by soaking in cyanide.

It is unlikely that catheterization of the human heart demages the endocar-
diume. Zdwards snd his grous (22) reported that port mortem examination of
patiente on whom catheterization had previously been serformed failed to
show any demonstrasble lesions of the veins, heart, pulmonary artery or lungs

attributeble to the passage of the catheter.
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CLINICAL APPLIC/TION OF CARDIAC CATHETERIZATION
IN CONGENITAL HEART DISEASE

The precise diagnosis during life of congenital heart lesions has now more
than en acedemic interest. Ligation of patent ductus is & well established
method of therapy while surgical »rocedures for tetrology of Fallot are of
great assistance. Emen if the presence of a ductus is obvious it may be eof
value to know whether other lesions are present or sbsent when considering
ligation. Enlargement ¢f the pulmonary artery as & main finding has long
wresented a difficult differential problem for clinicians and radiologists
when one must consider esuch conditions as: patent interventricular septum,
nitral stenosis, wulmonsry stenosis, Eisenmenger's complex,patent ductus,
cor pulmonale, emphyseme, primary pulmonary hyprertension in meking the dif=-

ferential diagnosis.

Congenital heart disease may be classified on the basis of clinical, phy-
siologic or phthologic findings. Maude Abbott's classification is based on
the presence or absence of cyanosis and accordingly she divides congenital
heart disease into 3 grcups: (1) An acysnotic group (no abnormel communication)
(2) A group consisting cf individuals with arteriovenous shunts who show
terminal reversal of flcw; (3) A group consisting of individuals with cy~-
anosis(l)s Thie classification has certain disadventages. For instance,
although septal defects are classified as belonging to group II, cyanosis
may never appear. Patent ductus srteriosus, also included in this group,
rarely leads to cyanosis. Furthermore, cyanosis does not represent the pri-
mary physiologic disturbance but is fundementally the result of a right to

left shunte.




Taussig (61) divides congenital malformations of the heart into two groups:
Groun I, malformetions wlich deprive the body of an adequate amount of ox-
ygonated blood; Group II, malformations which permit the body to receive an
oxygen supnly sufficient for growth 8f the individual. Using this classi-
fication, Zisenmenger's comvlex is brought into Group II, despite the fact
thet in this malformation the cysnosis may be a&s severe as that encountered

in the tetralogy of Fallot.

A classification on a purely vhysiologic basis will suffer from the disad-
vantage that melformatiocis with similar snstomic findinge are brought into
tifferent shysiologic groups. These disadvantages are outweighed by the fact
that surgical intervéntion depends on physiologic rather than on snatomic
findings. Thus, group I, outlined below, conteins all conditions in which

it may be helnful to incresse the effective pulmonary blood flew by surgi=-
cal means. An att?mat has been made by Bing (4) to classify cardiac mal=-
formetions according to the disturbancee in the hemodyanamics which result

from pathologic malformetions.
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I.

IT.

III.

JLASSIFICATION

Pulmonary Flow Leses than Systemic Flow. Pulmonary Artery Pressure
Usually Decreased

A. Tetralogy of Fa.lot
Bs Pseudotruncus arteriosus
Ce Tricuspid atres:a
D. Single ventricle
l. with pulmonary artery arising from a rudimentary eutlet
chambes
2. with p lmonic stenosis
%. Transposition of the great vessels with pulmonic stenosis
F. Patent foramen ¢(vals with pulmonic stenosis
G. Ebsteind disease with patent foramen ovale
He Anomalous venocues return
1. pulmonsry arteriovenous fistula
2. suvericr vena cava empiying into the left ventricle

Pulmonary Flow Greater than Systemic Flow and/or Pulmonary Artery
Pressure Normal or Increased

A. Eigenmenger's complex
Bs Transvosition c¢f the great vesseis
le complets
2. partial
Ce Isclated septal defect
le suriculir septal defect
2. uncmmplicated
be Lutsmbacher's disesse
2. ventricilar septal defect
D. Aortic atresig ¢ith patent ductus aertsriosus
E. Single ventricls
le with bo:h great vesgels arising from the rudimentary ocutlet
chamber
2. with the aorta arising from the rudimentary outlet chamber
F. Truncus arterioeius
G. Patent ductus arteriosus
He Anomalous venou:: return with wulmonary vein emptying into the vens
cava or the right auricle

Pulmonary Flow Equals the Systemic Flow ar Rest and After Exercise

A« Pure pulmonic stenosis
Be Patent foramen ovale as an isolated anommaly
C. Coarctation of the aortsa

1. adult type

2. infantile tyse without patent ductus arteriosus
D. Double aortic arch
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Group I: Pulmonary Ariery Flew Less than Systemic Flow.

Tetralogy of Fallot:

The four characteristics of the tetralogy of Fallot are:

1. A defect of the merbranous sortion of the interventricular septum.

2. Dextrovosition of tte aerta which overrides both the right and left ven-
tricles.

3« Pulmonary stenosis. This is essentially a stenosis of the infundibulum
of the right ventricle, which is either narrowed throughout, or exists as a
"third ventricle,"” separated from the right ventricle, which lies below it
by & constricted ovening. Associsted with this is & thin-walled, narrow,
pulmonary'artery, and aa shnormal sulmonary valve, which is bicuspid, de-
fective or stenosed. The ductus arteriosus is closed; in extreme cases, pul-
atresis occurs. In suca cases, the ductus remsins open and carries bloocd to
the lungs.

4. Right ventricular hy»ertroshy.

This is the most frequeit congenital cardiac malformation with cyanosis add

includes about 75 ser cint of all cysnotic patients with congenital heart dig

[.1:§-1- 1%

Results of catheterization:

(1) Movements of the caheter: Usually the catheter may be introduced into
the right auricle and the right ventricle without particular difficulty in
cases in which there is marked right auricular enlargement. Dexter (21) and
Bing (4) a8 well as Cournand (9) have been able to introduce the catheter
into the sulmonary artery through a stenosis in many cases. In rare inst-
snces the catheter may pass through the septal defect into the left ventri-

cle. The aorta may alsc by intubated from the right ventricle.
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(2) oCalculation of Flow: The flow through the pulmonary artery is below
normal whereas the sys .emic flow shows marked variation above and below nor-
mel. A comwarison of ‘he systemic and the pulmonary flows show that the for-
mer exceed pulmonary srtery flow by from O to 9.7 liters per minuté (4).
Consequently, the over-all direction of the shunt is from right to left.
There does occur some reciprocal admixture however. This is indicated by the
observation that the oxygen content of the right ventricular blood exceeds
that of the right auricular bloods These findings indicate that the volume
of bloed flowing through thesystemic capillaries is particularly high in
individuals with severe sulmonic stenosis, large interventricular septal de-
fects, and marked dextro-rotation of the sorta. In patients with a moderate
degree of pulm-nic sitenoseis and small septal defects, the systemic flow is ap
proximately normal. Thz hemodynamics of the systemic flow in the tetralogy
of Fallot depends to a large extent on mechanical factors brought about by
the cardiac malformatiol as well as on the resistance of the perivheral art-

erioles,

(3) Pressures in the Guraiac Chambers end in the Pulmonary Arteryt The
right euricular pressurs may be normal or elevated. Intraventricular pres-
sure curves obtained in pulmonic stenosis reveal that the systelic »ressure
in the right ventricle :.8 markedly elevated (from 40-110 wm. above normal.)
In most instances the intraventricular sressure rises sharply and falls
during the ejection phare. The presence of a considerable diastolic right
ventricular volune is demonstrated by the observation that in a great num-
ber of patients with the tetralogy of Fallot the general level of the vent-
ricular digstolic sressire is elevated above the minimum values which occur

early in diastole (Bing, Vandam and Gray 5).
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When the catheter is pussed into the pulmonary artery through the stenosis a
shar® fall in pressure is observed. In some instances the dressure in the
sulmonary artsry is abuve normsl. Consequently, the pulmonary artery »res-
sure alone is of no diignostic impertance. The vressure gradient between the
right ventricle and the sulmonary srtery, however, is significant. Suall
sressure gradients betveen right ventricular and pulmonary arterial sressure
have bsen recorded witkout the sresence of pulmonic stenosis in individuals
with large right to left shunts. Here the incressed systolic bleod volumse
leads to the develosment of a pressure gradient between the right ventriéle
and pulmonary artery. This wressure gradient between the right ventricle

and the pulmonary arters, however, dees not exceed 30 or 40 mm. of Hg.(59,60)

(4) The Pulmonary Capi.lary Flow:: In most of the younger individuale with
the tetralogy the value: obtained for sulmonary capillary flow sgree with
those determined for pu monary artery flowe In the majority of the patients,
sulmonary canvillary flov exceeds sulmonary artery flow, indicating the sre-
sence of extensive collsteral circulation. Large calculated difference bew-
tween pulmonary cavillary and pulmonary artery flow is also obteined in ind-
ividuale with pulmonic stenosis and a congenital artificisl ductus arterio-
sus (Bing, Vendsam end Gray 5).

Pseudotruncus:

This is & condition in waich there exists & high ventricular septal defect
with over-riding sorta aad right ventricular hysertroshy. In contrast to the
tetralogy of Fallot, the pulmonary artery ie atretic and the circulation to
the lung is via the bron:hial end other systemic arteries or through a pat-
ent ductus. In thetypicul form of truncus a single great vessel of large

caliber eriginates from hoth the right and the left ventricles and the cir-



culation to the lungs is established by way of the pulmonary arteries

which branch directly ?rom thesingle vessel.

In this condition, the »hysiologic fings are similar to those observed in
the tetralogy of Fallei. Various types of truncus arteriosus have been dis-
scribed by Soulie et a .. (57).

Tricuswvid Atresiat::

Congenital absence of the thicuspid valve is associsted with & nonfunetion-
ing right ventricle whieh may be rudimentary or even absent, and with an st-
resic or hyposlastic »lmonary ertery. In addition, the foramen ovale 1is
eatent, or an interauricular se»tal defect is wpressnt. There may be no aur-
icular sewtum. The ductus arteriosus ususlly remains satent, but it may
close. The course of venous blood is therefore as follows: vens cava to
right auricle, through the septal to left suricle and vnetricle, to aortas
and systemic circulatioi; and from the sorta through a satent ductus te the
lungs.

Catheterization may offur valuable informetion end aid in the diagnosis of
this condition. The dingnesis of tricuspid stresia should be suspected it
the catheter enters a high vressure ares from which blood of a relstively
high oxygen content is ¢btained. On withdrawal to the right auricle, the
catheter tip should pest to a low wressurs ares containing blood of a core
responding high exygen content. In the abnormality the systemic flow is
nearly always elevated. The effective wulmonary artery flow is also re-

duced. The »ressure in the common ventricle is elevated (4).
Single Ventricle with th» Pulmonary Artery Arising from a Rudimentary Out-
let Chamber:

In thie malformation the rudimentary eutlet chamber is separated from the

- 26 -



main ventricle by & muscular ridge. It lies in the region normally occums-
ied by the sulmonary conus; pulmonary stenosis may be present. Single vente
ricle is usually associated with malformation of the great vessesl. For in-
stance, both vessels muy ariss from the diminutive eutlet chsmber or they
may be transpossd. The wresent discussion, however, is limited te¢ the sing-
le ventricle with coexistent sulmonic stenosis and a single ventricle from

which the »ulmonary ariery arises frem the rudimentary sutlet chamber.

Usually the catheter dces not enter the pulmonary artery or the rudimentary
cutlet chamber. There is a difference in oxygen content between right eur-
cle blood and blood in the high ®ressure chamber of more than 3.5 volumes
»er conte The over all shunt is frem right teo left. The differentiation
between tricuspid atresia and this malformation is difficult (4). Unless
continous wsressure reco-dings are taken, together with frequent bleod sam-
»les for blood exygen dotermination, the left ventricle may easily be mis-

taken for a common venti’icle.

Transposition of the Great Vessels with Pulmonic Stenosis::

In this conditien there is an increase in aertic blood flow and & reduct-
ion in the sulmonary blcod flow snd the effectvie sulmonary blood flow.
Similar teo transpositior of the great vessels without pulmonic stenosis, the
systemic and lesser circulations exist as separate units, and a unilateral

shunt does not exist (62, 6&4).
Patent foramen ovale witi1 Pulmonic Stenosist:
This malformation has be:n described in detail by Selzer et al.(52). In

catheterization it has buen found that the »ressure in the right ventricla
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is merkedly increased ever that in the right auricle whereas the sressure in
the wulmonary artery is :reduced. There is no significant difference in the
oxygen content of blood uamples obtained from the right auricle and ventri-
cles The weripheral art:rial oxygen saturation is reduced, demonstrating
the vresence of a right to left shunt. The systemic flow in these patients
is usually normal, and tie average effective and pulmonary artery flows are

reduced. No significant left to right shunt is seen.

Ebstein's Diseese with Fatent Foramen Ovale:.

Thig is a fare conditior in which wart of the tricuspid valve is inserted
into the wall of the right ventricle below the auriculo~ventricular orifice.
In addition, the valve ‘s deformed and its leaflets fused. The result ie
to separate the right vontricle into a sroximal chember continuous with the

right auricle, and s diihtal eutflow chamber.

Becsuse of the abnormal tricuspid valve, it is difficult for bleod to »ass
from the right auricle into the right ventricle, and the right auricle and
the wroximal vertion ofthe right ventricle dilate greatly. The right auri-
cular »ressure rises above the left auricular pressure, and since a patent
foramen ovale is usually sresent, venous bloed is shunted into the systemic

cireulation.(7)

Catheterization studiet show an oxygen content in the suwerior vena cave of
16.1, in the right aur .cle of 17.5, and in the right ventricle of 17,8 vol-
umes per cente The flow as calculated per square meter of bedy surface in-
dicates that there is 1 large right to left shunt; the effective sulmonary

flow being greatly rediced. The arterial oxygen saturstion is decreased;
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the wressure in the right ventricle is normal. The right ventricular pres-
sure may be redueed in t1is conditien, usually as a result of hyoeplasia of

the right ventricular muscle.(4).

Anomalous Venous Return::
Pulmonary Arterievenous *istula:

Bing snd his ee-workers (9) remorted catheterization results found in 2
cases of pulmonary arteriovenous fistula. It was shewn that in beth eases
the systemic flow was well over that of the pulmonic flew. The pressure in
the sulmonary artery was normal, snd the arterial oxgwen centent was well

under normal.

Superier Vena Cava Emptying into the Left Ventricle:

In this malformation unsatursted Bléed from an abnormal left superier vena

cava enters the left auricle. This results in arterial unsaturatien and

cyanosis. Stated briefly the criteris fer disgnosis of an snolomous superw

ier vena cava emptying into the left auricle may be summarized as follows:.
(1) Catheterization of the left auricle thru the anomaleus vein.
(2) Failure te detect evidence of sn intracardiac shunt.

(3) Arterial unsaturation

Anomalous Venous Return with Pulmonary Vein Emptying inte the Vena Cava or
the Rigth Auricle: \
The follewing are the clfheterizatian findinge in the above snamaly (9).
(1) The oxygsn centent of right auricle exceeds that of the
superior vena cava.
(2) The pulmonary veins may be catheterized directly from the

right auricle.
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Group II Pulmonary Artery Flow Greeter then Systemic Flow:

Eisnmenger's Complex:

This melformation is anatemically identical with the tetralogy of Fallot ex-
cest that the sulmonic stenosis is absent. Eisenmenger's complex is extr-
emely rare. Among sapvopeximately 800 patients with congenitsal heart disesse
of the cyanotic tyce stulied in the Physiological Laboratories of the De-
partment of Surgery of the Johns Homkins Hospital, enly 4 had this malform-

ation (6).

Pulmonsry hypertension is sresent and in some individuals, sulmonary artery
flow exceeds systemic flow (6). However, the difference between the two
rates of volume flow is ususlly slight. The intracardiac shunt mey be di-
rected toward the left. The vascular resistance ofthe pulmonary bed is in-
creased. As a result, the systelic and diastolic »ressure components re-

corded from the sulmonary artery are elevated. (4, 17, 57).

Transw®osition ofthe Grest Vessels:

Complete Uncorrected Trinsvosition:

In this condition the aurta arises from the ventricle receiving systemic
venous blood and the puimonary artery arises form the ventricle receiving
oxygenated bleod. Bloor wumped out by the left ventricle through the wsul-
monary artsry to the lungs returns vis the wulmonary veins te the left aure
icle. The aorta receivos blood from the right ventricle, and the blood from
the systemic circulation returns to the right auricle. In cemplete trans-
sosition the aorta arisas anteriorly and the sulmonary stery posteriorly.
The wositjon of the ven.rieles, however, is not reversed. If complete tran-

swosition if te be compitible with life, other malformations have to exist



in order to make possible an exchange between the greater and the lesser
circulation. These additional defects may be in the form of an suricular
sevtal defect or in the form of a patent ductus arteriosus, which would have
to conduct bleed from t.e pulmonsry artery into the systemic circulation

and vice versa.

An example of catheterization findings will be illustrated by the results of
2 cases sublished by Gansbell et at.(15).

(1) A1l four chambers of the heart were catheterized. (2) The exygen con-
tent of the right auricilar bleod exceeded that of the superior vena cava by
8 significant amount. (3) The oxygen contents of left auricular and left
ventricular blood were rithin 1.5 volumes wer cent of one another. The
oxygen saturation of verisheral arterial blood was 59 mwer cent. ’Right vent-
ricular and left ventrizular vressures were almost equal. The patient

died following oneratica, and the necroesy findings showed complete trans-
wosition of the great vsssels, ventricular septal defect, patent foramen ov-

ale, and hyeertrohy of the right and left vemtricular chambers.

The results obtained from catheterization of the second cases: (1) The oxy-
gen content of the right ventricular blood wae notable higher than that of
right auticular blood. (2) The sorta was catheterized through the right
ventricle and the oxygen content of aortic bloed wes increased above that of

the right ventricle. (3) The »ressure in the right ventricle was elevated.

The studies revealed tha eresence of & ventricular septal defect. The ob-
servation that the oxygsn content of the aertic blood was higher than that
of right ventricular blooed indicated the presence of a patent ductus arter-

iosus shunting blood from the nulmonary artery into the aorta. The »ostmortem
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examination reveasled tle fellowing findings: transposition of the aorta and
the wulmonary srtery, vatent foramen ovale, petent ductus arteriosus, ventw

riculer sewptal defect, hypertroshy and dilatation of boeth ventricles.

An interwretation of tre shysiologic data obtained in these 2 patients indi-
cates that a diagnosis of transvosition of the grest vessels csnnot be made
from catheterization alone. Without advance knowledge of the nature of the
melformation, a diagnosis of dvulmonic stenosis with & septal defect or a pat~
ent ductus rather than of transvosition of the great vessels would have been
made. from catheterization. Nevertheless, catheterization contributes great-
ly to the understanding of the hemodynamics of this malformation, it allows
accurate estimation of the volume and the location ofthe shunt in each indi-
vidual patient. This latter question hes become increasingly important be-
cause of recent wromising advances in the surgery of this malformation by
Blalock (8), consisting of the creation of an auricular sewntal defect com-
bined with construction of an artificial ductus. Befere such surgical »ro-
cedure can be undertakei, it is important to ascertain whether or not there
already exists an suricilar defect and to determine the volume flow of blood
that is shunted through this defect. The volume of the shunt in transwos-
ition is camlculated in 1 manner different from that used in the tetralogy

of Fallot or isolated s3»tal defects. In the latter cases, for instance, the
over all intracardiac shunt is unidirectional and may be computed as the dif-
ference between the volime of the systemic and the pulmonary blood flews. Equ
ilibrium between the blod bolumes in the pulmonary snd systemic circulation
is maintained in these ‘ases, since the smount of the shunted blood is re-

turned to that side of he circulation from which it was originally diverted.
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In transposition of the great vessels, on the other hand , & unidirectional
shunt cannot exist continuously as it would lead te a progressive denletion

of the circulating blool volume in either the pulmonary or the systemic cir-
culation. The crucial ‘iemedynemic alteration in transposition of the great
vessesl is that blood shunted from the lesser circulation is that blood shunt~
ed fram the lesser circulation or vice versa cannot return te that side of the
heart whenee it was divorted; unless there is an equivalent or opmposite shunt.
One must wostulate, theiefore, that in transpesition of the great vessels,
equal volumas of bloed sre reciprocelly shunted from ene circulation to the

other(15).

Since the effective sulmonary blood flow is the volume of venous blood which,
after ite return be the right auricle, is eventually serated in the lung, it
must resresent the right to left shunt. According te the considerations pre-
sented above, an equivalint smount of blood must be shunted from left to ri-
ght. Thus the effective pulmonary blood flow represents the shunts between
the greater and lesser c:rculations. The purvose of surgicaltreatment in
transnosition of the gre:t vessels consists of increasing the effective mul-

monary blood flow througt the crestion of a large auricular septal defect (62,
64)e

Partial transvosition of the Great Vessela?

In this malformation thers is transposition of one of the great vessels

while the other vessel originates normally. At this point only complete tran-
sposition of the sorta with leveposition and overriding of the pulmonary art-
ery will be discussed. The recognition of this malformation is of importance
since clinically it resemhles Eisenmenger's complex.. One case of this malform-
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ation has been remorted by Bing and Tausesig (64). Catheterization reveal-

ed the oxygen content of the right ventricular blcood to be significantly
higher than that of tho right auriecle, indicating the presence of a vent-
ricular septal defect. The oxygen content of the pulmonary arterial blood ex-
ceeded that of right ventricular by a sizable smount. A gradient of the mag-
nitude noted between tle oxygen content of right ventricular blood and »ul=-
monary arterial blood could have been the result of a ductus or of a commun-~
ication between the »ulmonary artery and the left ventricle through & high
sevtal defect, with & rulmonary orifice overriding the lewer portion of the
ventricular septum. Clinical findings, however, rendered the diagnosis of =

patent ductus arteriosus unlikely.

The oxygen content of w3ripheral arterial blood was considerable less than
that of pulmonary arterial end right ventricular bloode This finding sug-

gested that the aorts o-iginated from the right ventricle.

The hemodynamics in this malformation is similer to that in complete trans-
position of the great vessels. In both malformations a unidirectional shunt
cannot exist continuocusiy ss it would lead {o progressive desletion of the
circulasting blood volume in either the pulmonary or the systemic circulation.

The intracerdisc shunt is rewresented by the effective pulmonary blood flow.

Auricular Sental Defect:
The defect in the auriculsr sestum eccupies not in frequently a position
close to the foramen evelea. In contrast te the latter, however, the oven=-

ing is not covered by a valve or membrans. The defect is usually large, ave-
!

rageing 2 to 7 cm. in diwmeter.
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Catheterization studies in this congenitsl anomaly are primarily those of
(1) increase in oxygenited blood in the right auricle as com»arsd to the
suverior vena cava end {2) ability in some cases to introduce the catheter
through the defect intc the left auricle. Dexter and his co~-workers(21)
have shown that in conirol pstients the oxygen content of the right aur-
icle has been observed to be as much as 1.9 volumes per cent higher than
that of suwperior vena cave blood. It ie apparent that a sizable defect can
he easily over loocked unless catheter can be placed in the stregqm of erter-~
ial blood flowing from the left auricle te the right auricle. The auricular

pressure is net helsful in diagnosing this condition.

Defect of the suricular sewtum is frequently associated with pulmonary hy-
sertension(14), but Barter and his co-workers (3) found no pulmonary hyser-
tension in 21 patients vith suricular defects who had undergene cardiac

catheterization.

Lutembacher's Disease:

Lutembacher's disease wrasents the findings of an auricular sepstal defect

and mitrel stenosis.

Catheterization studies -eveal the following infermation: The oxygen content
of the superier vena cev: are markedly below that of the right suricle, where-
as the oxygen content of the right auricle and pulmonery artery are about eg-
ual. The »sressure in the right auricular chamber is below that in the pul-
monary artery and the systemic flow is greatly below the sulmonary blood flow.
The conclusions from the above data are: interauricular sewtal defect, slight

increase in wulmonary srtsrial pressure, and & large left to right shunt.(9).
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The pressure in the sulmonary srtery is relatively normal; this is interest-
ing since this finding contrasts with that observed in &solated mitral sten-
esis. It is aeparent that the septal defect acts a3 an escave valve, reduc-

ing the pressure in the left auricle and the wulmonary mascular bed.

Ventricular Sestal Defect:
In this malformation thare is typically a small perforation in the ventri-
cular seetum. The defe:t is usually near the base of the septum and usually

small resulting in minisal shunt and strain on the heart.

Catheterization studies by Handelman (36), Bing (9), Campbell (15), and
Griswold (33) have reveiled that in this condition the oxygen content of the
right ventricle is markodly above that of the right auricle. Pressure

changes offer little asuistance.

Differential diegnosis letween a watent ductus arteriosus and a high ventri-
cular septal defect is sometimes difficult on the bases of cetheterization
studies abone, since some of the oxygeneted blood from the pulmonary artery
may regurgitate intoe the right ventricle,; inereasing the gradient between

the oxygen contents of right auricular and ventricular blood.

Aertic Atresia with Patent Ductus arteriosuss
At the time this paper was written only 17 cases of sortic atresia had been

reported in the literature and no catheterization studies have been reported.

Single Ventricle with Beth Vessels Originating from Rudimentary Outlet

Chamberst



Single ventricle is always associated with a rudimentary outlet chamber
which rewresents a mersistent bulbus cordis. The rest of theright vent-
ricle is usually comwletsly atretice Both tricusrid and mitrel orifices
lead into & main chamber. The following malformations are included in this
category:

(1) Bingle ventricle with both vessels originating frem a rudimentary
outlet chamber.

(2) Single ventrir:le with the morta arising from the rudimentary out~
let chamber. The sorta arises anterior te the wulmonary artery; hence a
transposition is wresen-..

(3) Single ventri:le with pulmonic stenosis.

(4) Single ventri:le in which the pulmonary ertery arises from a rud-
imentary outlet chamber.
The last two malformations have been discussed in & previous sectiom.

Catheterization studies have not been resorted in the first malformation.

Single Ventricle with s Rudimentary Outlet Chamber from which the Aorta
Arises:

Catheterization study :n this malformation revealed (9) the oxygen centent
of ventricular blood mirkedly exceeded that of right suricular blood. PFu-
thermore, the oxygen c:ntent of the sulmonary arterisl bleood was notice-
ably higher than that ' right ventricular bloods The pressure in the vent-
ricle was elevated and about equal to that in the wulmonary artery. The
results of the catheterization were intervreted ae indicating a transposi-
tien of the aorta with the pulmonary artery overriding & high ventricular
sental defect. The pcssibility of a single ventricle was also entertained..

Necropsy revealed a single large ventricle from which the »sulmonary srtery
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arose and a small anterior rudimentary chamber from which the aorta arose.

Both auricles emptied into the large wosterior chamber.

Truncus Arteriosus:

In this malformation tke sulmonary artery arises fpom a single vessel which
overrides both ventricles. Physiologically this malformation resembles pseu-
dotruncus arteriosus, wnich was discussed in a previous section. There have

been no catheterizatien on this anomaly.

Patent Ductus:

In this there remaine a communication between the greater and lesser cir-

culation because the ductus fails to close after birth.

Catheterization studies have revealed the oxygen content of the pulmonary
artery to be greater thsin that of right ventricular blood. This is due to
the »resence of sulmonic insufficiency which results in some of theoxygen-
ated blood regurgitating into the right vantricle esimulating the sresence
of a ventricular senptal defect. The aortic flow is considerably greater
then the systemic flow, the vulmonary capillary flow exceed the right vent~-
ricular out flow. Usually the flow through the ductus comsrises about 40
per cent of the left ventricular outeut. Findings have been reported on
vatients in whom the wulnaonary arterisl pressure exceeded that in the sys-
temic circulatien and th: blood through coursed from the pulmonary artery
into the aorta. Studies in this condition have been done by the following
workers: Bing, Vandem ant! Gray (4), Cournand, Baldwin and Himmelstein (19),
end Levinson et al. (47). The latter believing that there is a specific
local elevation in pulmonary systolic and diastolic pressure in watients

with satent ductus arter:osus.



III Pulmonary Fiow Equals the Systemic Flow at Rest and After Exercise:
Isolated Pulmonary Stenosis and/or Infundibular Stenosis:

Pulmonary stenosis may involve either the pulmonary valve, or theinfundibu-
lum of the right ventricle, or both. When the valve is involved, the steno-
sis is usuglly eroduced by a dame-shaped diephragm which has &« small open-
ing, a few millimeters in diameter in its center. The outlines of the val~
ve leaflets can usually be seen within the diaphragm which has a small eopen-
ing , & few millimeters in diameter in its center. Occassionally the sten-

osed leaflets are thickoned and deformed, or bicuspid.

Sincd the develosment b:r Brock (13) of mulmonic valvotomy fer valvular pul~
monic stenosis and the subsequent development of techniques for correction

of infundibular stenosii (11, 12) increasing importance has been attached to
the oreoperative differentiation of these conditions, since: the tywe of op-~

eration depends on the type of obstruction found at the pulmenic valve.

During routine cardisc catheterization it is usually possible te enter the
sulmonary artery even when & severe degree of pulmonic stenosis is present
(21)s If this be the case, the diagnosis of sulmonic stenesis can then be
made by the demonstraticn of a high systolic pressure in the right ventricle
and a low systolic pressire in the vulmonary artery. In all cases an attem=-
vt i8 slsc made to ascertain, it possible, the tyve of stenosis present.
Fluoroscomic cbservation of the tis of the catheter and continuous monitor-
ing of thé sressure bein: transmitted through the catheter allow localiza=
tion of the region in tho cardiac shadow at which the change form the high
right ventricular »ressue to the low pulmonaery arterial pressure occurs.

Under ideal circumstance:, it csn alsn be determined if this change occurs
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abrustly in the region ¢f the wsulmonic valve. If the latter can be demonst-
rated with certainty, it is an indication but not absolute evidence that the

stenosis is of the valwilar tyve.

In infundibuler stenosit it is frequently possible, by careful menipulation
of the catheter during :is withdrawal from the pulmonary artery to the right
ventricle, to detect an intermediate zone of pressure in the outflow tract of
the right ventricle. Tiis finding is characteristic of infundibular pul-
monic stenosis and enabl es a positive diagnosis to be made. If, however, an
. intermediate zone of »nrassure is not detectsd, this does not necessarily ex-
clude the possibility that infundibular stenosis may be present, for even

in cases of tyeical infundibular stenosis, the tip» of the catheter may tra-
verse the infundibular :ione so rawnidly that the intermediate sressure fail

to be recorded (42).

General findings in the cases of isolated pulmonic stenosis are as follows:
There is not significant change in the oxygen content of blood samples ob-
tained from any chamber ef the heart or mulmonary artery; perivheral arter-
ial blood is fully saturated,demonstrating the absence of & right to left
shunt. There is no intracerdiac shunt; the systemic effective and pulmonary
artery flows are equal. There is a marked elevation of the right ventricu-
lar and suricular sressaire (30). Silber it al. (53) found that patients with
this malformation are able to maintain an adequate cardiac ocutmut at rest and

with ordinary sctivity.

Coartation of the Aortat:

An infantile and an adult tyre of coarctation must be distinguished. In the
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infantile tywe there is 1 diffuse narrowing of the sorta between theorigin

of the left aubclavian a-tery and the point of entrance of the ductus. In
the adult tywe therse is 1 localized constriction of the sorta which usually
occurs abevethe voint of entrance of the ductus srteriosus. In the infantile
ty»e of coarctation the :onstriction usually causes complete interrustion of
the aorta and »rior to tie develoomment of collateral vessels, the circulestion
to the lower extremities is through a patent ductus. In the adult tyse of
coarctation of the aorta, however, the ductus usually undergoes obliteration
and the blood from the ascending aeorta reaches the descending aorta through

collateral vessels,

Adult form of Cearctaticn of the Aortat

The most imnortent shysiologic diagnostic procedure in coarctation of the
sorta consists in simultanecus optical recording of arterial sressures in
the usver and lower extremities. The finding of a dampened pressure curve
in the lower extremity snd an incresse in the delay of the pulse wave from

arm to leg are suggestive of coarctation{9).

Infantile tyve of Cosrctation:

Neo shysiologic studies (n patients with malformation have been reported.

Double Aortic Archt

Double aortic arch has tecome of great clinical impertance owing to the
srogress made in the suigery of this condition by Grese (35). The double
gortic arch is the resu’t of the persistence of both fourth brachial art~
erial arches; the arche: fuse with the dorsal aorta to form the descending

aorta. The resulting anomaly constitutes a vascular ring. Usually a
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large right aortic arch #ases behind the esoshagus and trachea and connects

with a smaell left aortic arch.

Catheterization studies have not been resorted in this malformation.
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CONCLUS IONS

It has been shown that cardisc catheterization can demonstrate various cong-
enital heart conditiens rather swecifically due teo chahges found in exygen
content and wressure recordings obtained in the right heart. But just as it
is true generally in medicine, that laboratory tests cannot provide the com-
»lete answer te out wretlems, se it is true of cardiac catheterizstion which
must be interwreted in the light of the history, shysicelfindings, X-Ray,

and fluoroscowic data.

Some of the insccuracies and ambiquities of cardiac catheterization must
now be elucidated se thet ene may more intelligently evaluate the results
obtained by this method. The fralities may be divided into three categor-
jes: |

I Inaccurate recording:

The major source of errcr found in this grouping lies in the recording ef
pressures within the hesrt chambers. There is distertion, due primnril& to
the movements of the catheter; the main sressure distortion resulting from
the use of the catheter are caused by the free damwed vibration occurring
within the catheter. They are started and maintained by the inevitable ex=-
trinsic influences te which the catheter is exposed during pressure deter-

minstions.

Although this source of error is not great enough to invalidate the data

ebtained, it nevertheless is facter that must be kest in mind.
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IT Changes Resulting :n the Individual Caused by Cardiac Catheberizatiom::
It must be quite amsparent thet an individusl cannet go though such a pro-
cedure without some trepitatione The primary effect of this, shysioclegical-
ly sweaking, will be uron the respiratory and heart rate. This factor is
not significant if the recordings sre taken while the wserson is on a »lat-

eau, for then constant base reedings are obtainable.

III Lack eof Specificity in the Method Resulting in Possible Inaccurate
Interwretation:

It is within this category that we find the greatest »itfalls. Some ex-
amwles will be cited.

(1) In cases of intersiricular and interventricular septal defects the
greatest nermal veriation in exygen content between the superier vensa cavs
and the right auricle i: 2 volumes wer cent; between the right suricle and
right ventricle is 1 volume mer cent. Since these variations may repre-
sent shunts of 1 160 2 liters it is ayparent that a asizsble suriculsr sept-
a2l and ventricular sewtul defect may be everlecked unless the catheter can

be placed in the stream of arterial bleod flowing froem left te right.

(2) As would be exwectud the tetralogy of Pallet can not be recognized
in its entirety by stud: with catheterization. Right ventricular hyper-
troshy is werhaws best :ndicated by electrecardiography; dextro-vosition
of the aorta is largely a morphological diagnesis and is functionally in-
distinquishable frem a ventricular seetal defect in studies with vensus

catheterization.

(%) The differential disgnosis between a patent ductus arteriosus and a
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high vantricular septal defect is sometimee difficult en the basis of cath-
eterization studies alere, since some of the oxygenated blood from the pul-
monary artery may regurgitate inte the right ventricle increasing the grad-
ient between the oxygen content of the right auricular and ventricular blo-

od which is normally found in interventricular septal defects.

(4) It is possible to ( onfuse an interauricular sewtal defect with the rare
anomaly of the pulmonary vein emptying inte the right auricle since both of

these conditions result in increased oxygen content in the right auricle.

(5) Zven with comprehersive studies including cardiac catheterization it
is often difficult if not imvossible to definitively diagnose pseudotrun—=

cus, single ventricle ard other extremely rare anomalies.
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SUMMARY

In this mawver there has been sresented a comprehensive review of the lit-
erature relating cathetsrization findings in congenital heart disease. The
categories that have besn covered are as follews:
l. History of the develosment of this method.
2., Pertinent normal and abnormal shysiologic findings obtained
in catheterization.
3« The technijue used in cardiac catheterization.
b, The swecific awwlication of cardiac catheterization in
congenital heart disease.
5. Comwlications resulting from catheterization.
There has also been a discussion of the reliabilities and shortcomings of

this method,.
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