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A 3TUDY OF THE CLINICAL AND EIEMODYNAWMIC DIRANG WTIHNTS
ASSOCTIATED wWITH ISOLATED VIENTRICULAR SEPTAL DUIECT.

Introduction and Review of the Literature

The present study was undertaken to examine the hemody-
namic derangements and clinical spectrum associated with isclated
defects of the interventricular septum. In particular an attempt
was made to determine the relative contributions to the abnormal
physiology, of age, pulmonary artery systolic pressure, total pul-
monary arterial resistance and peripheral arterial resistance and
their relztionship to the presenting clinical picture.

Defects of the ventricular septum most commonly involve
the membranous rortion of the septum where they are characteristic-
ally single. By the end of the second month of  intrauterine 1life
the interventricular foramen is normally sealed over by a2 plestic
mass of connective tissue, derived mostly from the conus ridges and
the right tubercles of the atrioventricular canal cushions together
‘with a small contribution from the crest of the muscular portion of
the septum. Failure of this union results in a deficient membranous

1
septume

The first description of the clinical syndrome associated
with defective closure of the interventricular septum was published
by Roger in 1879, in which he called attention to the loud systolic
murmur with its attendant thrill situated in the upper precordium

Z
near the midline. It was-his opinion that these physical sidns



were unaccompanied by any symptomatic upset, and this concept was
perpetuated to such an extent that as lately as 1950, the accepted

viewpoint was expressed by Brown when he stated that it was "“the

commonest of all congenital abnormalities,”

3
"benign and symptomless." This original theory had been thought

and prognostically was

to be substantiated by reports of cases based on clinical impressions
without the benefit of pathologic or vhysiologic proof, a deficiency
» 4, 5

for which Roger himself was 2lso criticizede. The diagnostic
application of cardiac catheterization techniques and careful study
of pathologic material has caused 2 major re—appraisal of these
concepts to be made.

In 1897 Eisenmenger described the autopsy findings in a
cyanotic adult in whom ventricular septal defect 2nd dextro—position

6
of the aorta were found.,. Edwards has pointed out that the latter
condition shares with the tetralogy of Fallot the characteristics
of right ventricular hypertrophy and biventricular origin of the
aorta above a defect of the membranous portion of the ventricular
septum, but differs from it by the absence of any obstruction in
the mz jor pathway to the lungs which may be either normasl or wider
7

than normal.

Eisenmenger originally observed that the normslly located

aorta is in such a position in relation to the ventricular septum

that if the membranous portion is deficient the aorta comes into



contact with both ventricles, thus producing overriding as =2 con-—
sequence of a large ventricular septal defect in this arca, rather
than as a developmental dextfoposition. Spitzer believes that the
same process of maldevelopment which causes transposition of the ar-
terial trunks in its severest form is responsible in its mildest
8

form for isolated membranous ventricular septal defect. Selzer,
however, has emphasized the autopsy difficulty in determining whether
or not dextroposition of the aorta was present during 1life, and has
advanced the theory that overriding need not be considered a fixed
morphologic feature but rather a physiologic one accentuated during
life by the existing pressure relationships and topography of the
arterisl trunks related to gradual dilation of the pulmonary artery
and other factors. He considers that there is no clear dividing
line between uncomplicated large ventricular septal defect on the
one hand and the Eisenmenger complex on the other, the most important
distinguishing feature clinically being the presence of anoxemia in

g
the latter.

The use of cardiac catheterization techniques hss shed
important new light on the functionai derangements associated with
defects of the ventricular septum. By these methods it has been
demonstrated that systemic arterial oxygen desaturation and pulmonary

arterial hypertension of a degree equivalent to the pressures exist—

ing in the systemic arterial circulation are characteristic features
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of the Eisenmenger complex of classical type. Isolated ventric-—

ular septal defect with pulmonery recirculation of varying magnitude
has also been shown to exist both with normal pulmonery artery
pressures and with pulmonary hypertension of varying degree., Attempts
have been made to explain these widely varied consequences of ventric-—
ular septai defect by the presence or absence of pathologic chandes
in the pulmonary vascular tree as well as on such other factors =as
the size of the communication between the ventricles. No data at
present available, however, would allow a correlation to be made
between 21l the physiologic and morpholodic abmnormalities which
are known to existe.

No mattgr which diagnostic eponym is attached to the in-
dividual patient, the underlying abnormality remains the anatomic
one of patency of the interventricular septum. It would be logical
to anticipate that the symptoms with which the patient presents
himself would be related to 2 number of factors, the principal of
which would include the size of the communication, the volume rate
of flow through it, and the nature and magnitude of the resistances
offered by the pulmonary and systemic circulations.

The present study was undertaken to assess the possible
interrelation of the hemodynamic variables in a series of 38 patients
with isolated defects of the ventricular septum studied by the car-

diac catheterization technique and their influence on the clinical




syndrome. The presence of pulmonary hypertension or desaturstion of
systemic arterial blood had no bearing on the selection or rejection
of cases from this series. The factors examined were those of age,
pulmonary artery systolic pressure, systemic and pulmonary blood
flow and their related shunts, the presence or absence of periph-
eral arterial oxygen desaturation, and the vascular resistance of
the systemio and pulmonary arterial systems, together with the re-

sults of clinical, radiolofic and electrocardiographic examinations.

Methods

All the cases included in this study were considered to
have an indisputable diagnosis established. This was felt to be
confirmed by one or more of the following criteria: (1) A signif-
icant increase in blood oxygen saturation value at ventricular level,
(2) the presence of a right-to-left shunt at ventricular level 25
indicated by the dye dilution curves recorded, (3) the passazge of
the cardiac catheter through the ventricular septsl defect, (4) a
normal retrograde aortogram in the absence of evidence of a right-
to-left shunt between the two circulations beyond the ventricular
levels In every patient the catheter entered the pulmonary artery
and data permifting the calculation of pulmonary and systemic blood
flow values were obtained. In cases %14 and %25, infants of 7 and

12 months respectively, the oxygen consumption could not be measured
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and flow values were not calculated. These latter cases are included
to augment the limited data available in an important age group.

Each patient was subjected to cardiac catheterizatioﬁ by
the techmique of Cournand and Ranges as developed by Wood and assoc—
iates. The majority of patients under the age of 10 years were

11
studied under anesthesia as previously described. Pressures with-
in the vascular system were measured by strain gauge manometers.
The oxygen saturations of blood samples withdrawn from the heart
and great vessels were determined by manometric and photometric
12, 13, 14
techniquese.

The oxygden uptake was estimated using the Haldane method
following collection of expired air in a conventional gasometer over
approximately 5 minutes. During this period blood samples were
withdrawn from the pulmonary artery and a systemic artery for anal~
ysis in regard to oxygen content (C , C ), and capacity, by the

15 pa sa
method of Van Slyke.

In addition, blood samples were withdrawn in rapid suc-
cession from the pulmonary artery, the outflow and inflow portions
of the right ventricle, the right atrium and other locations, through
a cuvette oximeter by means of which the oxygen saturation of such
samples was instantaneously determined. This instrument permits
the recognition of differences between the oxygen saturation of
successive blood samples with a2 precision superior to the usual

16
methods of manometric analysis.
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The pulmonary (Qp) and systemic (Qs) blood flows were
determined by the application of the Fick principle according to

the equationst

. v
Qp = 02
va - Cpa
Qg = V02

Csa = Cmvb

where V,, is the oxygen consumption (in ml. per minute),‘va,
Cpas Csa and Cpoy represent the oxyden content (in ml. per liter)
of pulmonary vein, pulmonary aftery, systemic artery and mixed venous
blood respectively. va was assumed to bevequal to Cgg, except
in the presence of a right-to-left shunt, under which circumstance
the value for va was taken to be 98 per cent of the oxyden content
of the patient's blood. The best evidence for the presence of a
right-to-left shunt was from the contour of an indicator dilution
curve recorded following injection of dye into the right ventricle
or 2t a site upstream to it. Because of the wide range of recorded
values (92 - 100 per cent) for normal subjects, oxygen saturation
values within the rangde of normal can be obtained in patients with
significant right-to—~left shunts.

Cmvb was taken as the product of the oxygen capacity,
and the oxygen saturation of right atrial blood, when the latter

value lay within the estimations of inferior amd superior caval

blood samples.
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Values for Qg and QP were expressed as systemic and pul-
monary flow in liters, per min. These values were then related to
body surface area and presented as systemic and pulmonary index in
liters per min. per square meter.

The total pulmonary resistance (RP) and total systemic
resistance (R, ) were caloulated:

Rp = Ppam x 1332

%

P
Ry # _sam x 1332

Qs

where Ppam and Pg,p, refer to the mean pulmonary artery and sys-

temic artery pressure respectively and Qp and Qg are expressed in
ml. per sec., Values for these resistances are expressed as dynes.
S€Ces Cme =5

To equate the relative influence of total pulmonary resist-—
ance and total peripheral resistance in each individual irrespective
of body size, the relation between these values is expressed as a
dimensionless number: R = EB
Ry

Instantaneous dye dilution curves were recorded in all
but 7 cases. Direct recording was made by means of earpiece 2nd
cuvette oximeters following the instantaneous injection of Evans
blue dye (T - 1824) into central or peripheral injection sites,

17
with the patient at rest and breathing room air, Recording was
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accomplished by the use of 2 photokymographic assembly described

12
elsewhere, Eight cases were studied by means of peripheral in-
jection into the brachial vein, but the remainder utilized injection
sites in the qentral veins. In either central or peripheral loca-
tion single or multiple injections were carried out. Diagnostic

18, 19

interpretations were made as described by Swan and associatese.

Clinical history and examination were carefully recorded
for each patient and a 12 lead electrocardiogram taken. Radiologic
examination comprised a standard 6 foot chest x-ray film in postero-
anterior, lateral and both anterior obligue positions together with
fluoroscopic screening. Retrograde aortoéraphy was carried out
on 4 occasions, and during fluoroscopic monitoring of the cardiac
catheterization procedure, serial x-ray films were exposed with
the catheter tip located in wvarious positions in the heart and great
vessels,

The physiologic data to be presented in this thesis were
obtained with the patients at rest and spontaneously breathing room
air. Other data, including the effect of breathing 100 per cent

oxygen, were obtained but are not pertinent to this study.

Results

The relevant hemodynamic data for this group of patients
are dgiven in Table 1, in which the cases have been assembled in

order of increasing mzdnitude of pulmonary artery systolic pressuree.
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The results of clinical, radiologic and electrocardiographic exam-
inations are presented in Table 4 where the cases are similarly
arranged. In Table 3 all the physiologic data pertinent to this
study are presented. There was a wide range in the ages of the
38 patients studied extending from 7 months to 44 years and the sex
distribution was approximately equal. A clear division was possible
into two groups depending on the presence or absence of pulmonary
hypertension. Patients in whom the pulmonary artery systolic pres-—
sure was less than 40 mm. of mercury were considered to have pul-
monary artery pressures within the normal range.“ Systolic and mean
pressure values extending from the normal range to vaslues equivalent
to systemic pressures were obtained. In this laboratory when the
pulmonary artery systolic pressure is within 10 per cent of radial
artery systolic pressure, equivalent aortic and pulmonary artery
pressures are assumed to be present in the absence of other data
due to the peripheral increase in amplitude of the central pressure
20

pulse. The group with equivalent systolic pressures were divided
into two groups — those under 12 years of ade and those above that
age. In the case of the latter, peripheral arterial anoxemia and
clinical cyanosis at rest were present in all but one instance while
in the younger group, these features were infrequently seen and
when present were produced only by exertionm.

Greater severity of symptoms was observed as ade or pul-

monary artery systolic pressure increased. No history sudgestive
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of subacute bacterial endocarditis was obtained in any of the cases
studied.

In the absence of pulmonary hypertension the only symptoms
of note were those of dyspnoea or ready fatigue on effort occurring
in about half the group. There was no episode of failure in any
of these patients, and cardiac diéability was minimal or totally
absente.

In contrast to the paucity of symptoms, physical examin-
ation yielded definitely abnormal findings, the most prominent of
which was the invariable presence of 2 loud harsh systolic murmur
heard over the whole precordium and freguently in the left infra-
scapular area and axilla also, but of maximum intensity in the 3rd
or 4th intercostal space to the left of the sternal border. This
murmur was graded as 2 or 3 on the basis of 4, and in Jjust over
half the cases was accompanied by a palpable thrill. The second
pulmonary sound was considered to be within normal limits. In 2
cases an accompanying diastolic murmur was heard and in both of these
an elevated pulse pressure was found.

When pulmonary hypertension was present the severity of
symptoms could be related to its level and to the age of the patient.
Dyspnoea, marked fatigue, and syncopal attacks following exertion
were inqreasingly prominent as pulmonary artery pressures became
equivalent to those of the systemic circulation, and as the patient

became older. Episodes of congestive failure had occurred in more
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than half of the 26 cases in the group, and recurrent hemoptysis
precordial pain following effort, and polycythemia accompanied the
higher pressure values rather less frequently.

Clinical cyanosis at rest had its onset in the second
decade of 1life, and was found only in these 2dults in whom eguiv—

alent pressure relationships existed. It was almost invariably

accompanied by digital clubbing. In 3 ohildren intermittent cyanosis

following stress had appeared within the first 10 days of 1ife but
had disappeared completely by the age of 3. In 3 other patients
similar transient cyanosis had had its onset a2t the ades of 5, 7
and 18 years respectively but in the 3 subsequent years of obser-
vation had not become permanently present at rest.

In the non-cyanotic patients the systolic murmur did not
differ significantly in intensity or location from that heard in
the group with normel pulmonary artery pressures. An accompanying
thrill was more common, however, and occurred in 211 but 2 of these
18 cases. In 2 of the 8 pgrmanently cyanotic patients 2 similer
murmur and thrill were preéent, but in the remainder only a faint
localized systolic murmur could be heard in the 3rd or 4th lef+t
parasternal interspace. A diastolic murmur was heard in 2 similar
area to the left of the sternum in 7 patients, only 3 of whon were
cyanotic. The peripheral pulse wes normal in these‘instanoes. In

24 instances the second pulmonary sound was accentuated and fre-
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guently split. Additional associated clinical findings are pre—
sented in Table 6.

The roentgenologic and electrocardiographic findings are
summarized in Tables 7 and 8.

Patients % 1 = 12 had pulmonary artery mean pressures
within the range of normal, while the average value in the ratients
with elevated but not equivalent pressures was 53 mm. of mercury
(29~70 mm. ). High;r average pressures were found in those with
equivalent values in the two circulations; those in the younger
age group having a value of 70 mm. of mercury (62-79 mm.) and in
the older group 83 mm. of mercury (69-100 mm. ).

Pulmonary artery wedge pressures were obtained in 16 of
the cases studied., In all except one instance (case #28) these
values were within normal limits indicating that the resistznce
to blood flow throucdh the pulmonary vascular tree lay in the vas-
culature itself rather than at any point beyond it. In the single
instance in which an elevated pulmonary artery wedfe pressure was
found, the cause for it was not evident.

Of particular interest were the values obtained for pul-
monary blood flows. Values about two to four times normal were ob-
tained in the patients with normal pulmonary artery pressures,
averaging 5.6 1/m/m? (3.5 - 9.1 l/m/mz). The highest values for
all the studied cases occurred in the patients with elevated pul-

monary artery pressures but without eguivalent aortic and pulmonary
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artery systolic pressure félatibnships. These flows were about
three to eight times the normal value and presented an average flow
of 115 1/m/m% (7.7 = 17.1 l/m/mz). In those with equivalent pres—
sure relationships a markedly contrasting picture was seen, for
while the patients in the younger age group still had a high average
flow of 8.2 1/m/m? (4.9 - 13.1 1/m/m?) those in the older and mainly
cyanotic group showed 2 dramatic drop in average value tc 2.1 1/m/mé
(1.5 = 3.5 1/m/m? ).

As might be expected the total pulmonary resistance tended
to increase with the level of pulmonary artery pressure. £ normal

-5 -5

average value of 184 dynes sece. Cme (907 - 432 dynes sec. Cme )
in the group with normal pulmonary artery pressures increased more

« -5
than tenfold to an average of 1944 dynes sec. cm. (1232 - 2960

dyné; S€C. cmts) in the adult group with pulmonary hypertension and
cyanosis. It is of considerable interest and importance to ncte
that the younger patients with equivalent pulmonary and systemic
pressures showed considerable increases in pulmonary blcod flow in
spite of an elevated resistance in the pulmonary vascular bed.
These results are shown in Table 2.

The absolute magnitude of the left—to-right shunt varied
considerably, but was greatest in those patients with elevated pul-
monary artery pressures which were not equivalent to systemic pres-

~sures. Although the vascular resistance in the systemic arterisal

system showed considerazble variation throughout the series, this
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value in the patients with equivalent arterial pressures and dom~
inant shunting of blood from the right to the left ventricle weas
vsually greater than the values found in the group with entirely
normal pulmonary artery pressure levels and those with moder=zte
pulmonary hypertension.

In 22 cases there was evidence of pulmenary recirculation
in the recorded dye dilution curves, indicating the presence of an
abnormal arteriovenogs pathway a2t some point in the cardiovascular
system. The assistance of blood oxygen saturation studies was re-
quired to localize the site of the communication to ventriculsar
level. Accurate localization of right-to-left shunts at ventricular
level by the dye dilution curve method, was possible in 6 cases.

In these, seléotive injections were made at points downstream from
the caval systeme. A further 3 cases had right-to-left shunts dem-
onstrated but localization was impossible because the injection
sites were either periphérally situated or were not selective in
the central venous system. Fluctuations in oxyden saturation were
prominent ih all curves where right-to-left shunting was present.
Predominant right-to-left shunts were found only in adult patients
" with pulmonary hypertension.

Peripheral arterial oxygen desaturation, regarded in this
laboratory as less than 92 per cent when recorded by earpiece ox-
imeters, occurred only in adult patients with pulmonery hyperten-—

sion. Spontaneous variations in oxygen saturation exceeded < per
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cent in each of these, but in the remainder of the 38 petients blood
oxygen saturation was within normal limits. Terporary and variable
depression of oxygen saturation values occurred in 3 children cath-
eterized under general anesthesia.

Depression of absolute values of blood oxygen saturation
in the right heart and great vessels was only observed in thos e
patients with peripheral arterial oxygen desaturation. In every
case studied, however, a diagnostic increment in blood oxygen sat-
uration value could be demonstrated between the right atrium and
ventricle irrespective of the state of saturation of the peripheral
arterial blood. This increment had an average value of 10 per cent
with a range of 3 per cent to 26 per cent. Arterialization was most
marked in the right ventricular outflow tract in the majority of
patients, and the average increase was greatest when left-to-right
shunts were largest. These values are presented in Table 3 =and

summarized in Table 5.
Discussion

The prevalence of isolated defect of the ventriculer

septum in autopsy material is sufficient evidence that the long-
21
cherished view of its benign nature is no longer tenable. Many

children die in the first few months or years of 1life and those
who survive may ultimately develop the stigmate of pulmonery hyper-

22, 23
tension which then dominates the clinical picture. In the
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absence of elevated pulmonary artery pressures the clinical history
is non-specific and is that of any congenital cardizc ancmaly with
a communication between the two circulations. Roger's original de-
scription of the loud harsh systolic murmur overlapping both heart
sounds, with its maximum intensity in the upper precordium near the
2
midIine has yet to be bettered. He stressed the frequent presence
of a thrill and the absence of symptoms. These characteristics have
been infrequently present in the cases studied by physiologic methods,
for in most of these reported, varying degrees of pulmonary hyper-
tension have been responsible for the outstanding clinical features
24, 25
and the systolic murmur has been less prominent. Harned and
associates have observed in acyanotic patients who developed pul-
monary hypertension in the group studied by them changes which they
rega}d as representing a gradual transition to the oyanotic
26 )
Eisenmenger's complex. Supportive observations that functional
overlapping occurs between isolated acyznotic ventricular septal
defect on the one hand and the Eisenmenger complex with its clas-—
sical "cyanose tardive" feature on the other have becn forthcoming
9

from the original work of Selzer and associates.

The 1o te onset of clinical cyanosis is no longer regarded
as pathognomonic of the Bisenmenger complex of anomalies, however,
for a2 similar picture has been described in cases of patent ductus

27
arteriosus with pulmonary hypertension and reversal of flow,

in Ebstein's malformation of the tricuspid valve, and in isolated
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9
pulmonary stenosis with valve competent foramen ovale, as well

as being theoretically possible in other conditions in which oblit-—
erative pulmonary vascular changes produce elevated pulmonary vas-—
cular resistance.

The presence of a diastolic murmur to the left of the
sterhum in company with an elevated pulsé pressure has been reported
in cases where aortic valvular insufficiency complicates isolated

: 30

ventricular septal defect, although patent ductus arteriosus or
congenital defect of the aortic septum may produce a similar pic-

31
“ture. When the pulse pressure is within normal limits, functional
mitral stenosis, or incompetence of the pulmeonary valve has been
suggested depending on whether or not pulmonary hypertension is

) 24

presente.

In the absence of pulmonary hypertension there are fre-
quently no recognizahble x-ray features associated with isolated
ventricular septal defect. In acyanotic patients in whom pulmcnary
hypertension is present, however, the common occurrence of biven-
tricular enlargement, a2 prominent pulmonary artery, pulmonary vascu-
lar engorgement and sometimes left atrial enlargement and hilar
dance make the roentgenologic diagnosis difficult for a similar
picture is seen in any type of aortopulmonary communication with

32
pulmonary hypertension. Retrodrade aortograms are most valuable

33
"in these circumstances., When cyanosis is present the picture 1is

essentially the same but hilar dance and pulmonsry vascular endorge-
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ment are diminished or absent.-

It has long been recognized that the electrocardiodram
in isolated ventricular septal defect does not show diagnostic
chandes, and in the absence of pulmonary hypertension is freguently
normal. When elevated pressures are found in the lesser circula-
tion, combined ventricular hypertrophy is frequently present and
is considered to be the most important electrocardiographic ab-

. 34
normality in this anomaly. Dominant right ventricular hypertrophy
patterns are regarded as a late stage in the natural course of the
24
disease. Right bundle branch block is much less common than in
atrial septal defect and atrioventricular conduction disturbances
are no longer thought to be a common feature of isolated defect of
35

the ventricular septum.

A significant increment in blood oxygen saturation value
at ventricular level has been described as 2 diagnostic festure of
arteriovenous mixing in the right ventricle. In itself this is
not diagnostic of a patent ventricular septum and similar increases
may be seen in aortopulmonary communication with pulmonary hyper—
tension and pulmonary valvular insufficiency, or in the presence of

a communication between the right sinus of Valsalva and the right
37
ventricle, or in some instances of persistent common atrioventric-

. 38
ular canal. The increment in ventricular septal defect has heen
- reported to be most marked in the presence of a larde left-to-right

24
shunt, and Wood and associates noted an increase in saturation



levels between the body and infundibulum of the right ventricle in
25
5 of the 40 cases catheterized by them. In these cases the sample
from the outflow tract approximated in value to that from the pul-
monary artery, while the risht atrial sample was approximately the
same as that from the low right ventricle. 4 demonstrable right-
to-left shunt beyond atrial level may cause confusion with patent
ductus arteriosus with reversal of flow and atypical clinical
features., Simultaneous sampling from radial and femoral arteries
has been used to obviate this potential error by indicating prefer-
ential right-to-left shunting to the lower extremities through a

‘ 39
reversing ductuse.

The diasgnostic application of recorded dye dilution curves
in localizing the site of an abnormal communication between the two
circulations has proved of considerable value in cyanotic congdenital
heart disesse, and has had further applications in similar defects

: 19
without cyanosis. A ventricular septal defect with right-to-left
shunt can be accurately localized by using multiple injection sites
in the heart and great vessels, the pulmonary artery being the only

40
site from which a normal contour will be recorded. Left~to-right

shunts in this anomaly are more accurately localized by serial samp-
ling of blood from the right heart and great vessels.
The severity of the clinical and physioloiic derangement
“in isolated defect of the ventricular septum has been varicusly

related to the site or size of the defect, and to the presence or



-21-
41, 42
absence of pulmonary hypertension in infancy. In experimen~

43
tal studies, however, it has been clearly shown by Holman and Beck

44 .
and by Griffin and Essex that the degree of hemodynarmic upset
on which these changes are based is considerably influenced by the
size of the defect, an observation confirmed by the independent
45 46 26

pathologic studies of Edwards, Engle and Harned and associates.
While the presence or absence of pulmonary hypertension in infancy
influences the proghosis, there is no available proof that this
factor is necessarily related to the size of the defect.

10 47

Bing and associates and Handelsman and associates
have suggested that the relatively normal pulmonary blood flow
present in the cases of the Eisenmenger complex studied by them
must be related to the presence of a high pulmonary vascular re-
sistance possibly accounted for by microscopic lesions demonstrable
in the pulmonary vasculature. Such changes have been described by
various workers and consist principally of an abnormally thick medial
layer of the muscular arteries of the lungs in the presence of
45, 48, 49 .
normal arterioles. Varnauskas and associates have sug-
gested that cases of isolated wventricular septal defect with increas-—
ing pulmonary vascular resistance to blood flow through the lungs
will ultimately develop a predominantly right—to-left shunt as the
resistance rises, thereby establishing the anoxemia of the Eisen-
50

menger complexX. The view that cyanosis in this collection of

anomelies was relzted to 2 congenital abnormality of the pulmonary



epithelium has finally been discarded.

The present study supports the patterns outlined by many
investigators and lends weight to the view that from the physiologic
standpoint the Eisenmenger complex is only a variant of isolzated
ventricular septal defects In this series of 38 cases studied a
division into two groups has been made: +those with attendant pul-
monary arteriasl hypgrtension and those without. Those with normal
pulmonary artery pfessures, taken in this series to be below 40 mm.
of mercury pulmonary artery systolic pressure, are attended by physio-
logic and symptomatic derangements of much less degree than are those
with pressures in excess of this value. The selection of this fig-
ure is not entirely arbitrary for studies carried out in normal sub-
jects have shown that the upper limit of pulmonary artery systolic

54
pressure lies between 35 and 40 mm. of mercury. There appears
to be a definite separation between the two groups referred to in
the presént series, for only 1 patient has a systolic pulmornary
artery pressure between 40 2nd 60 mm. of mercury.

Isolated Ventricular Septal Defect
Without Pulmonary Hypertension

Isolated ventricular septal defect when unaccompanied by
arterial hypertension in the pulmonary vascular systiem was found to
be a distinct and separate entity which did not coincide hemodynam—

ically 2t any point with similar defects complicated by rulmonary

i
|
i

!
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hypertension (Fig.l).

Age, pulmonary blood flow and interventricular vascular shunts—

Many of the patients with normal pulmonary artery pressures were
adults and all the cases studied had interventricular arteriovenous
shunting entirely uncomplicated by flow through the defect in the
opposite directions These shunts were of moderate dimensions and
usually of less magnitude than those found in the hypertensive group.
Within this group thevolder patients tended to have the smaller
pulmonary blood flows.

The hemodynamic alterations consequent upon the inter-—
ventricular communication and the absence of evidence of progression
beyond the ade of ten to fifteen years corresponds to the classical
picture of meladie de Roger.

Pulmonary artery systolic pressure—No evidence can be advanced from

this study that normal pulmonary artery pressure in the first few
years of life provides any safeguard against the development of pul-
monary hypertension in later years. Conversely it cannot be shown
with certainty that any infant with normal pulmonary artery pressure
would retain other than normal pressures in aduvlt life.

Blood oxygen saturation and dye dilution curve studies-Peripheral

arterial oxygen saturation was not depressed in these patients, and
the normal appearance time; shallow primary and absent secondery
déflections and prolonged disappearance slope in 21l dye dilution
curves recorded from central or peripheral injection sites indicated

the presence of pulmonary recirculation (Fige2)s Multiple sampling
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techniques were effective in localizing the shunts to ventricular level
where arteriovenous mixing was complete most often in the outflow

tracte.

Clinical features—A loud harsh systolic murmur with attendant thrill,
similar to that originally described by Roger, and unaccompanied by
vany clinical evidence of pulmonary hypertension was the most out-—
standing feature of;the groups. Cardiac reserve was only minimally
impaired in about half these patients. A diastolic murmur heard in
2 instances, and accompanied by an elevated pulse pressure in each,
was felt to be due to aortic valvular insufficiency in the absence of
other evidence of patent ductus arteriosus. The murmurs present

were of a to-and-fro character rather than continuous in type. In
one of these patients, and in another in whom paroxysmal tachycardia
occasionally followed effort, substernal oppression was noted after
severe exertion. X-ray chandes indicating biventricular enlargement
with supportive electrocardiographic evidence of hypertreophy occurred
in these 2 patients also, but these investigations were otherwise
non-specific or showed variations compatible with a normal inter-—
‘pretation.

Isolated Ventricular Septal Defect
With Pulmonary Hypertension

Clinically and hemodynamically the group with elevated
- pulmonary artery pressures is the more interesting and the movre

complex, and is associated with the more profound symptomatic and
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physiolofgic derangements.”

Age=¥hile both children and adults were found in the group with
pulmonary hypertension, a notable feature of this series of cases

was the absence of significant right-to-left shunting in the children,
and frequency of equivalent pressufes and cyanosis among the adult

patients.

Pulmonary blood flow and pulmonary artery pressure-~Within this group
there was a steady diminution in pulmonary blcood flow with increasing
pulmonary artery pressure, This was particularly evident in the
adult patients with ecuivalent pulmonary and systemic arterial pres-—
sures. However, large flows were observed in several adult patients
in whom the pulmonary and systemic arterial pressures were not equiv-
alent. Such inter~relationships were evident on consideration of

the inoreasing pulmonary resistance, and of the increasing ratio

of pulmonary to systemic resistance which exceeded unity only among

the adult group. (Fig.3)

Vascular resistance—As the critical ratio of total pulmonary vascular
resistance to toal peripheral vascular resistance approached and

then exceeded unity, the direction of blood flow from one ventricle
to the other proceeded in a predominantly right to left direction.
The patients in whom this relationship existed were 211 in the adult
_group, =nd in them, hemodynamic variables were interrelated within

.velatively narrow limitse (Fig.4)
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Blood oxyden saturation and dve dilution curve studies-Peripheral

arterial oxyden desaturation occurred only in patients in the adult
age group, and was due to right~to-left shunting at ventricular level.
This was demonstrated by the characteristically short appearance

time and abnormal initial deflection present in all curves recorded
fro; injection sites in or upstream to the right ventricle. (Fig.5}
Despite these findings, there was evidence of arterialization of
venous blood in the right ventricle indicating bidirectional rather
than uﬁidirectional shunting at that level.

In the patients in whom peripheral arterial blood oxvgen
levels were normal, the dye dilution curves and sampling data were
essentially similar to those described for the patients with normal
pulmonary artery pressures;

Clinical features—The clinical derangement was more profound than

was seen in the presence of normal pulmonary artery pressures. Symp—
toms were frequently severe and the history often progressive.
Established cyanosis at rest occurred only in patients of adult agde
with equivalent pressures in the two circulations, and was frequently
accompanied by digital clubbing and effort syncope. Intermittent
cyanosis with effort appeared at birth in 3 instances but had dis-—

appeared by the time the child was 3 years old, presumably due to

. compensatory hemodynamic factors not yet fully understood. All the

-patients with permanent cyanosis at rest had gradually progressed

from a period of intermittent cyanosis following stress commencing
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approximately with the second decade. Three other patients head
transient effort cyanosis which show=2d no indication of becoming
permanent at the time of examination.

Invariably there was marked fatigue or dyspnoea following
exerti§n and the severity of these symptoms roughly paralleled the
deg;ee of pulmonary hypertension present. Physical underdevelopment
wa s é feature in the younger children. Severe cardiac strein man-—
ifested itself by episodes of cardiac failure, indicated by repeated
bouts of pneumonis or respiratory infection, by persistent basal rales
or other signs of congestive failure, and had a tendency to occur
at the extremes of the age group in which pulmonary hypertension was
found. Hemoptysis and chest pain on effort were accompzniments of
elevated pulmonary artery éressures.

Precordial evidence of cardiac distress was striking, and
bulging of the left chest, clinical enlargement and overactivity of
the heart and a hyperdynamic apical thrust were common. An abnormal- |
1y loud pulmonary second sound accompanied the pulmonary hypertension
but its intensity could not be closely correlated with the level of
pulmonary artery systolic pressure, When the pressures in the two
circulations approximated and right—to-left shunts were present
the characteristic precordial systolic murmur was so diminished in
.intensity snd duration as to be almost inaudible e-cept following
-exercise. In these cases the typiecal thrill had disappeared. When

s diastolic murmur was heard in the left parasternal arez it was
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believed to be due to pulmonary valve incompetence in about half
the cases, while the reason for its presence in the remainder was
not clarified.

Enlargement of the right or both ventricles and the pul-~
monary artery segment were the invariable roentgenologic abnormalities
in ;his group of patients. Pulmonary vascular markings were increased
except when pulmona?y and systemic arterial pressures were equivalent,
In these instances they were either normal or only doubtfuliy in-
creased. Aortograms were of value in 4 acyanotic patients by ex-—
cluding patent ductus arteriosus. When difficulty arose in deter-
mining which of the major vessels the catheter had entered after
passing through the defect, this was resolved by blood oxygen sat-—
uration determinations, or'by dye dilution curve methods or by
advancing the catheter tip. (Fig.6)

- Electrocardiogravhic patterns were compatible with either
biventricular hypertrophy (Fige7) or when pulmonary vascular resist-—
ance and pulmonary artery systolic pressure were markedly elevated,
with right ventricular hypertrophy. (Fig.8)

It was this disappearance of physiologic lability which
constituted the most striking feature of the cyanotic adults in the
cases under review. Venoarterial shunts of comparable and moderate
~dimensions along with normsl or diminished pulmonary blood flows
:reflected the stable dynamic situation present. These values were
accompaniéd by high pulmonary artery pressures, approximately equiv-

2lent to systemic arterial pressures. In view of the marked function~
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al alterations in the pulﬁénary vascular system it‘is evident from
these studies that any concomitant physiolodic changes which occurred
in the peripheral arterial system were relatively small 2nd of con—
siderably less significance.

This physiolodic stability was in marked contrast to the
pre;arious clinical condition in which these patients existed.

In the absence of pulmonary hypertension the clinical
picture corresponded to the classical concept of the maladie de
Roger with absent or minimal symptoms in the presence of a loud
harsh murmur and thrill. Radiologic and electrocardiographic changes
were helpful when present but were never diagnostice.

The characteristic picture in the patients studisd with
ventricular septal defect énd pulmonary hypertension was comprised
in the first ten yecars of life, of moderately elevated pulmonery
artery systolic pressure, large pulmonary flows in excess of five
times the normal value associated with considerable volumes of blood
passing entirely or predominantly from the left to the right
ventricle across the deféct, the absence of demonstr:ble cyaznosis at
rest, and a resistance ratio of less than one.

In conformity with the more severe hemodynamic derangdements
present, there was a greater fregquency of physical underdevelopment
and precordial deformity 2nd hyperactivity, aleng with exertional
-distress and episodic cardiac fa 'lure. The classical murmur and

thrill remained, but the intensity of the pulmonary second sound
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was considerably increased. Thére was evidence of enlargement and
hypertrophy of both ventricles om x-ray and electrocardiographic
examination, with larde hilar vessels, and increased pulmonary
vascular markingse.

| In the second and subsequent decades the hemodynamic alter-
atio;s were found to be fixed and stable in the majority of cases.
This situation was mgrked by the presence of equivalent eystolic
pressures in the pulmonary and systemic arterial systems, permanent
-cyanosis at rest, a normal or low pulmonary blood flow, dominant
venqarterial shunting across the defect, and a resistance ratio
greater than one.

To the clinical features already described in association
with pulmonary hypertension this group added permanent cyanosis at
rest, with digital clubbing, effort syncope and hemoptysis, znd the
poorest exercise tolerance of any group in the series. The typical
murmur and thrill associated with isolated defect of the ventricular
septum virtually diappeared. FElectrocardiogdraphic and x-ray evidence
favored right ventricular -hypertrophy, and the peripheral lung fields
were normal in the presence of a greaztly enlarged pulmonary artery
segmente

From the study undertaken several facts emerge with
clarity. The natur#l hemodynamic and clinical history of the 38
cases of isolated ventricular septal defect was clesrly intedrated
with the presence or absence of pulmonary arterial hypertension

and their stigmata could be relasted to the level of pulmonary artery
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systolic pressure, pulmona?y bléod flow, age of the patient,

degree of desaturation of the peripheral arterial blood and the
retio of pulmonary to peripheral vascular resistance. It was not
fgund possible to regard the Eisenmenger complex from a hemodynamic
point of view, as other than a logical variant of isolated ventric~
ularwseptal defect with accompanying pulmonary hypertension.

While it could be speculated that some cases of isolated
ventricular septal defeot with pulmonary hypertension do in fact
‘progress to the cyanotic Eisenmenger's complex, no substantial body
of integrated proof has emerged from the present study to completely
‘verify this assumption.

Insufficient data were available for any conclusions to
be drawnAabout the importan; group of children under the age of

2 yearse
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Summari

1. The he@odynamic alterations and clinical features
in a series of 38 cases of isolated ventricular septal defect with
and without accompanying pulmonary hypertension have been preﬁented.

2. In the absence of elevated pulmonary artery systolic
pressures, the anomaly was attended by unidirectional passage of
blood across the defeét from the left to the right ventricle, by
moderate increase in pulmonary blood flow, absence of peripheral
arterial oxygen desaturation, 2nd 2 ratio of pulmonary to peripheral
vascular resistance of considerably less than one. This was repre-—
sented clinically by a loud harsh systolic precordial murmur znd
thrill with little symptomatic upset and slight or absent deviation
from normal on X-ray and electrocardiographic examination.

3. Where pulmonary hypertension was present but the
patient was in the first decade of life, pulmonary blood flow was
greatly increased, pulmonary artery systolic pressure approached
or equalled the values found in the systemic arterial circulation,
flow of blood through the defect was entirely or predominantly from
left to right, there was no cyanosis at rest, and the resistance
ratio approached but was still less than unity. These individuals
had symptoms of mild or moderate episodic cardiac embarrassment and
failure, a2 loud systolic murmur and thrill, clinical evidence of
pulmonary hypertension and x-ray and electrocardiofraphic eviience

of hypertrophy of the right or both ventricles. Inlarged hilar
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vessels and increased pulmonary ;asoular markings were present.

4. In the presence of pulmonary hypertension beyond the
first decade, the pulmonary artery systolic pressure and that in
the peripheral arteries were equivalent, there was predominant
venoarterial flow of blood between the ventricles with comseguent
peripheral arterial oxygen desaturation, 2 normal or low blood flow
through the pulmonary;arteries, and a2 resistance ratio which exceeded
unity. This hemodynamic situation was fixed and stable. These
patients had poor cardiac reserve with episodes of failure, exhib-
ited the onset of permanent cyanosis at rest and digital clubbing
in the second decade of 1life, and suffered from effort syncope 2nd
hemoptysis. There was clinical evidence of pulmonary hypertension
and a faint or absent systoiic murmur and no thrill. Predominantly
right ventricular hypertrophy was found in x-ray and electrocardio-
graphic studies, along with enlarged hilar vessels and virtually
normal peripheral lung fieldse.

5+ In every case it was possible to demonstrate siinif-
joant arterialization of the mixed venous blood in the right
véntricle, with the greatest increment of blood oxygen saturaticn
occurring most frequently in the right ventricular outflow tracte.

6o Indicator dye dilution curve studies sither indicated
the presence of pulmonary recirculation or accurately localized
the level of existing right~to-left shuntse.

7. In the cases studied it was impossible to separate
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the Eisenmenger complex physioléqically from isolzted ventricular
septal defect with pulmonary hypertension. .

8¢ The hemodynamic and clinical stigmata of isolated
ventricular septal defect can be related to the presence or absence
ofvpﬁlmonary'arterial hypertension, pulmonary blood flow, age of
thé patient, degree of desaturation of the peripheral arterial

blood, and the resistance ratio.

In the following tables, it has been necessary to divide
Tables 3 and 4 into two portions for convenience of binding. In
these two tables the patiénts are identically numbered for conven-
ience of reference.




PATIENTS ARGANGED IN URDER OF INCREACLUG PULM Y RY ARTERY SYSTULIC PRECSURG. IN UHE COLUHARY HYPLRIENIVE CASES

Table 1

DATH B UTVALENT CRESURES 19 THE 100 CIRCULATIONS, GROUPING TS ALSO UBETATED TU AGE.

Pressures (mm. Hg,)

Cardiac OQutput

Total Vascular

& No pulmonary stenosis

Over 12 years of agee

Pulmonary Resistance
Peripheral Pulmonary Systemic Pulmonary Artery Right Iitres/Min/S¢.M. Net Shunt® Dynesfec /Crn.~2 P/p
: Arterial Artery Artery  Artery tiedge Ventricular Pulmonary Systemic ILitres/Min/Sq.M. Pulmonary Systemic
Patient Age Sex O2 Saturation  5/D s/D Mean Hean 8/D Flow Flow LR R—=L P D
1 W F 98 18/6 127/66 . 10 - 22/1 9.1 7.3 1.8 - 57 619 0.09
2 2 M 98 19/10  131/72 13 - 26/ o3 243 2.1 - 121 1601 0.08
3 24 F 98 20/10  122/69 13 7 20/6 3a5 2.9 0.6 - 20k 1653 0.12
L 15 M 97 22/7 W1/6L 12 8 23/-1. haO 3.5 045 - 125 1074 0,12
5 B F 99 22/12 15991 15 9 2L/l heO 3,2 0.8 - 153 1448 0,11
6 L F 97 23/9 77/10 1 6 20/2 940 Lia8 o2 - 200 1357 0,15
1 7 17 M 98 27/8 136/68 1 6 30/3 6els 5e2 1.1 - 97 764 0.13
8 3, F 9l 27/1 W7/75 18 8 3L/5 le2 3.6 0.6 - 175 1129 0,15
9 18 M 98 34/16 120/59 22 - 38/7 6.0 3.2 2,8 - 194 1288 0.15
10 W M 99 37/21 165/79 26 - 33/9 2.l 2,2 042 - 1,32 1966 0.23
11 U M 98 38/19 116/67 25 9 h2/3 645 5.1 L.k - 195 830 0.23
12 9 M 96 39/17 90/55 2l - 39/3 1.9 Laly 3.5 - 257 1273 0,20
13 3 H s 113/22 ~B87/5h 29 - L6/ T 17.1 Te5 9.6 - L1 1235 0.19
1 ¥ F 963 61/22 93/hs 38 - 66/6 . : .. - - - :
15 T M 96 69/29 123/81 L2 - 67/8 11.6 .2 Telt - 302 1900 0.16
16 271 M 98 73/38 96/50 50 - Th/19 1.7 602 5ol - 205 500 0.l
2 17 3 M 93%¥ 78/58 105/60 6l 1, 77/10 7.8 k.2 3.6 - 1190 2602 Oeli6
| 18 6 u gL 8ofs2  100/60 6l 9 62/L; 11.6 Le8 648 - 647 1767 0,37
19 h M 953 82/50 100/53 61 - 78/6 10,0 Lol 56 - 668 1725 0.39
20 S F 96¥¥ 87/L6 118/80 60 12 90/5 13,k 5.8 i - 557 2009 0.28
2 W F 9k 88/38 120/66 55 - 95/6 1245 645 6.0 - 220 647 0.3k
22 8 F 93 89/60  108/71 70 - 83/l 70T 3.3 Lol - 766 2101 0.36
23 T H 90 78/5L 69/1i1 62 - /L 13.1 6e6 6.5 - 533 850 0.63
2? 5 F 92 82555 76;53 6l 12 7953 8T ha6 he?2 - 813 1476 0,55
2 1 M 93** 86/57 88/u8 67 - 105/2¢ - - - - - - -
33 26 10 93 98/58 97/59 ¢! 22 98/13 9.l 66 2.7 - 639 91l 0,70
27 12 M 97 100/56 10L/72 yal - 104/10 65 362 3.2 - 692 1618 0.k43
28 8 F 96 102/63  108/62 76 15 98/8 Ls9 a3 0.6 - 1520 1756 0.86
29 9 M goie 105/66 111/63 9 - 105/2 648 5.6 1.3 - 972 1193 0.81
30 2T W 91 TI2/55 123780 i - T15/13 5.0 7.3 - 0.3 1oL3 1533 3.90
31 19 M 96 112/72 122/76 8 - 112/7 3.5 2,1 1.k - 1232 2202 0456
32 26 F 83 11L/67 116/66 83 - 111/0 2.2 3.0 - 0.8 1660 1203 1,38
3 3 M 8ly 1s/77  125/86 90 - 113/1h 1.5 2.1 - 05 2565 2079 1.23
3b 3k 30 F 76 126/66 132/75 86 13 12)/7 1.8 2.6 - 0.8 2516 1880 1.35
35 17 F 89 128/65 13L/81 86 - 132/10 2.3 249 - 0.6 1961 1762 1.11
36 30 F 82 135/83 135/8L 100 3 127/6 1.6 2.2 - 0,5 2960 222 1.32
37 39 M 80 142/39 1,0/80 73 - 126/17 2.2 3.1 - 0.9 1358 1310 1.0l
38 36 F 7h 151/28 150/81 69 16 153/9 1,7 249 - 1.1 2120 1932 1,10
# Difference between flows 1 Normal pulmonary artery systolic pressures.
## (eneral anesthesia used 2 Pulmonary hypertension not equivalent to systemic arterial pressurese
% Age 7 months 3 Pulmonary hypertension equivalent to systemic arterial pressures.
a Under 12 years of ages :
b



TABLE OF AVERAGE HEMODYNAMIC VALUES

Table 2

Total Vascular

' ’ Cardiae Qutput . Resistance
Pulmonary Artery L/M/M2 Net Sh%n‘b* Dynes/Sec/Cm=2 Pl
Mean Pressure Pulmonary Systemie /M/M Pulmonary Systemic
Age (mm. Hge) Flow - Flow LR R~>L P p
Aversge 22 17 5.6 a0 1.6 - 18k 1250 0.15
1 Range Li=l3 10-26 2.11=9.1 2e2=7.3 O 2=l102 - 57=h32 619=1966 0.08-0,23
No. Cases 12 12 12 12 12 12 12 12
Average 11 53 11.5 5-2 ; 603 - 533 161).1 0033
2 Range THealyly 29-70 Ta8=17s1 3e3~Te5 366=9,6 - 205-1190 500-2602 0.16~0.16
No. Cases 10 10 7 9 9 9 - 9 9 9
Average 7 70 8.2 Sel 3.1 - 861 1301 0.66
3a Range 1-12 62-79 le9=13s1 3,2=6.6 0s6=645 - 533-1520 850-1756 0,143-0,86
No, Cases 7 7 6 6 6 - 6 6 6
Average 29 - 83 2,1 2.5 l.L 0.56 19l 1868 1l.11
3b Range 17-39 69-100 1e5-3e5  261-3,1 - Oe3-1.1 1332-2960  1203-2242 0.56-1,38
No. Cases 9 9 9 9 1 8 9 9 9

Difference between flows,

Age T months.

Normal pulmonary artery pressures.

Pulmonary hypertension not equivalent to systemic arterial pressures.

Pulmonary hypertension equivalent to systemic arterial pressures.

Under 12 years of ége.

Over 12 years of agee.



All values obtained with the patient at rest and breathing room air.

Table 3

HEGODUNAMIC AWD SATURATION DATA IN 30 CASLS OF VEN{RLCULAR SuPTAL DEFECT WITHOUT PULMUNARY STENOSIS

Table 3a Pressure Dats

Cases arranged in order of increasing pulmonary artery systolic pressures

Patient Age Sex Surface Area M2 Metabolic Rate Pulmonary Artery Radial Artery Right Ventricle Right Atrium Mean Pulmonary Lxtery Wedge Pressure
: S D M S D M S D S D

1l 1} F 1.52 +3 18 6 10 127 66 86 22 1 2 -3 -
2 29 M 1498 -]y 19 10 13 131 72 92 26 5 6 2 -
3 2k F 1147 -15 20 10 13 122 69 87 20 6 N 0 7
h 15 M 1.91 +1 22 7 12 U1 6k 90 23 =1 6 -1 8
5 L3 F 1.96 =l 22 12 15 159 91 11k 2l h h 2 9
6 b F 0462 -8 23 9 1l 77 Lo 51 20 2 N 2 6
7 17 M 1.82 -8 27 8 1k 136 68 91 30 3 3 1 | é
8 3k F 1,96 + 27 14 18 W7 99 3k 5 N -1 8
9 18 M 1.51 +4 3, 16 22 120 59 79 38 T 12 7 -
10 40 M 2,02 ‘ -3 37 21 26 165 79 108 33 9 19 12 -
1 i M 1.57 +7 ' 38 19 25 116 - 67 83 42 3 5 1 9
12 c 9 M 0.95 =2 39 17 2l 90 55 67 39 3 5 2 -
13 3 M 0456 +2 L3 22 29 87 54 65 L6 7 12 8 -
1l 1 F - - 61 22 35 93 45 61 66 6 12 5_ -
15 7 M 0,96 +17 69 29 L2 123 81 95 67 8 8 2 -
16 27 M 1.67 +28 73 38 50 96 50 65 o 9 9 2 -
17 7 M 0,71 =15 78 5L 62 69 1 50 T L 9 L 1h
18 3 M 0e55 +1 78 58 6L 105 60 715 17 10 10 -5 s
19 6 M 0.68 «10 80 52 an 100 60 73 62 L 3 -1 4
20 L M 0.73 =20 . 82 50 61 100 53 69 78 6 é -l 12
21 5 F 0.72 -10 82 55 6L 76 53 61 79 3 7 b 2
22 1 M - - 86 57 67 88 L8 61 105 2 8 2 >
23 5 F 0.6l 5 87 L6 60 118 80 93 90 5 8 [ 2
2,  hh F 1.60 +39 88 38 55 120 66 8k 95 6 8 g -
25 8 F 0.95 =20 89 60 70 108 7L 83 83 kL | 5 2 23
26 10 M 0.95 +15 98 58 71 97 59 72 98 13 1g 1 “
27 12 M 1,27 +16 100 56 71 ok 72 83 10k 10 15
28 8 F 0.82 -10 102 63 70 108 62 77 98 8 9 2 5
.29 9 M 0.95 =7 105 66 79 111 63 79 105 2 2 ?5 -
30 27 M 1.80 0 112 55 Th 123 80 94 115 13 0 -
31 19 M 1.56 -9 112 72 85 122 76 91 112 T 7 - -
32 26 F 1.83 +10 11l 67 83 116 66 83 111 0 llt ! -
33 39 M 1.83 _ +2 15 77 90 125 86 99 113 1k 1
3l 30 F 1,53 - =2 126 66 86 132 75 94 124 7 9 g 3
35 17 F 1.54 +12 128 65 86 3 8 99 132 10 ? 3
36 30 F 1.66 -8 135 83 100 135 8k 101 122 6 3 ; 3
37 39 M 1.95 +16 2 39 73 1,0 80 100 12 17 18 2 1
38 36 P 1,50 +13 11 28 69 150 81 104 153 9




All valves obtained with the patient at rest and breathing room air.

Table 3

HEMODYNAMIC AMD SATURATION DATA IN 38 CASEL OF VENTRICULAR SEPTAL DEFECT WITHOUT PULMOIMARY STENOSIS

Table 3b Hemodynamic and Saturation Data

Cases arrangzed in order of increasing pulmonary artery systolic pressure

Blood Oxygen

Il)gggzrgfzce Iggg;?r:ﬁce Saturation (per cent)
Between Between Total Total Right Low
Pulmonary Systemic Pulmonary & Systemic & Pulmonary Peripheral Total Pulmonary Resistance Pulmonary Ventricular Right Right Oxygen Arterial Oxygen
Patient Index Index  Systemic Flows Pulmonary Flows Resistance Resistance Total Peripheral Resistance Artery  Outflow Ventricle Atrium Capacity Saturation (%)
1 9.1 7.3 1.8 - 57 619 0,09 80 8h 71 75 13.5 98
2 h.g 2.3 2.% - 122: 1221 0,08 gg gg ;9 ;g i?.g gg
3 3. 209 00 bl 20 1 3 0.12 1 Je
h k.0 3.5 045 - 125 107 0.12 78 79 - 75 20.L 97
5 4.0 3.2 0.8 - 153 1418 0,11 h 7h 69 68 11,1 99
6 9.0 L8 L.2 . - 200 1357 0.15 86 86 85 76 15.3 9?‘
7 6.1 5e2 1.1 - 97 y{on 0.13 89 89 85 85 19.9 9
8 h'z 306 006 - 175 1129 0915 77 78 hat 73 1701 914
9 6.0 3.2 2,8 - 194 1288 0,15 88 - 86 76 18.L 98
10 2ol 2,2 0.2 - 132 1966 023 80 80 7 76 2haT 99
1 6.5 5.1 1.4 - 195 830 0.23 8l 8l - 80 18.8 98*
12 749 el 3.5 - 257 1273 0,20 93 93 90 79 16.1 96
E 17.1 Te5 9.6 - 2l 1235 0,19 gg gt; ;é gg 12:9 gzj
:6 j2 : - 302 1900 0.16 89 89 86 13 17.3 96
}.g }.11.7 2.2 gh - 305 500 O.li1 90 89 8 66 18.6 98
17 13.1 6.6 6.5 - 533 850 0,63 82 85 - 76 15,7 90‘:
18 7.8 he2 3.6 - 1190 2602 0,46 83 83 82 17 15.5 93*
19 11.6 L8 648 - 6k7 1767 0.37 79 83 70 59 1046 91*
20 10,0 Lok Se6 - 668 1725 0.39 89 89 81 76 12 o6 gg*
312. 8.7 Le6 ho2 - 813 1&76 OfS gz g}; % ;i }.h.‘t J3¢
) . ' : - 200 0,28 88 88 88 79 15.2 96%*
AT B I ) Al 17 o3l % 90 o % 178 3l
52‘ 1'2(5 3:§ !4:14 - 766 211 0.36 85 8l 81 75 164 93*
2% 9.4 6.6 2.7 - 639 o1, 0.70 86 86 77 76 16.5 93
27 605 302 3.2 - 692 1618 0.h3 89 90 85 69 17-2 97
L 0.6 - 1520 1756 0,86 8l 86 79 77 17.2 96
28 Ls9 »3 ° 0.8 83 82 1 68 16.5 85*
A o 5 13 0.3 1235 :1%33 o°9?5 69 71 - 65  23.h4 91
30 2. 3'3 fh - 1232 2202 0:56 80 81 - 72 21.7 96
3 2.2 2 : 660 20 ' 1,38 T2 72 76 69 22,1 83
2 02 . Z ong 2565 2075 1.23 7 75 66 6 30.6 Bl
o . 6 - 0.8 25146 1880 1.3 80 80 6l; 62 20.4 76
3h 1.8 2 : 61 1762 1.11 69 72 70 70 23.8 89
¥ 2.3 2,9 - 0.6 Py ‘3 7 7L 65 6  29.0 82
36 1.6 2.2 - 0.5 2960 222 . 1.3 67 - 61 258 80
37 2,2 3,1 - 0.9 1358 1310 1.0k - ! . z 27.8 0
38 1.7 2.9 - 1.1 2120 1932 1,10 h 7 .

i S T T ST Y e
A A v g i i 5 4 P S

# Patient under general anesthesia (rectal avertin and intravenous pentothal).
Indices arc expressed in litres/min/m2
Resistances are expressed in dynes/ sec./cm.”5

- BT A ikt i i s e




Table U

CLINICAL, RADIOLOGICAL AND ELECTROCARDIOGRAPHIC DATA IN 38 PATIENTS WITH ISOLATED VENTRICULAR SEPTAL DEFECT,
CASES ARRANGED IN ORDER OF INCREASING PULMONARY ARTERIAL SYSTOLIC PRESSURE

Table La Results of Clinical Examination

Symptoms on Effort Glinical Cyanosis Systolic Murmur and Thrill Diastolic Murmur

Dyspnoea Increased
or Age Episodes ) Pulmonary
Ready of Digital . of Second
Patient Age Sex Fatigue Tachycardia Syncope  Intensity Onset Clubbing Hemoptysis Failure Intensity Site Thrill Intensity Site Sound
T 1~ F rs - , - - - - T - = T 3=L Lis ¥ - - ¥
and Back
2 29 M - - - - - - - - - L Lis + - - -
and Back
3 2y F - - - - - - - - +++ 3 Lis + - - -
gt F M - - - - - - - - ++ lli Lis - - - -
3 F ++ - - - - - - - 4+ Lis - - - -
Pﬁo]rm”aia 6 L F - - - - - - - - - 3 Lis + ++ 3 Lis -
Artery v 7 17 M + + - - - - - - ++ 4 Lis + - - -
Pressures 8 3b F + + - - - - - - ++ 3=k Lis - - - -
9 18 M + - - - - - - - 4+ L Lis + - - -
. and Back
10 W M - - - - - .- - - ++ 3 Lis - ++ 3Lis  ++
11 M + - - - - - - - +++ 3-L Lis - - - -
12 9 M - - - - - - - 4+ L Lis + - - -
13 3 M + - + ++ 10 days = - + 4+ L Lis + - - -
I 1 F ++ - - - - - - + -+ L Lis + - - +
and Back
15 7T M + - - - - - - + -+ 3 Lis + - - ++
and Back
16 27 M + + + - - - - + + I Lis + - - ++
. and Back
17 1 M + - - - - - - - +++ 3 Lis + - - +H+
and Back '
18 3 M + - - - - - - + ++ 3 Lis o+ + 2 1is +
and Back
Pulmonary 19 6 M + - - - - - - - - L Iis + - - ++
Hypertension 5 L M + - - - - - - - ++ L Lis - - - ++
‘ and Back
21 5 F + + - - - - - - 4+ 3 Lis + - - +
and Back o
22 1 M + - - - - - - + +H 3-h Lis + - - +
and Back
23 5 F + - - ++ Birth - + + +++ L Lis + - - ++
2, b F + + - : - - - - ot 3-h Lis + - - -
and Back
25 8 F - - - - - - - + - 3 Lis + o+ 3 Lis  +++
and Back 7
26 10 M ++ - + % 7 - - + +H+ 3 Lis + o+ 3 Lis ++
27 12 M ++ + - + Birth - - - 4+ 3 lis + + L 1is
28 8 F o - - + 5 - - - +++ 3 Lis + - - ++
29 9 M A - - - - - +, - +++ 3 Lis + - - +4++
30 27 M ++ - -l "1l + - - + 3 Lis - - - +
3 19 M ++ + + + 18 - - - + ' 3 1Lis - +— 2 Lis  ++++

i
|

+ Intermittent clinical findings present only following exertion..
“Lis . Left intercostal space in the parasternal area,



Table L (continued)

Symptoms on Effort

Clinical Cyanosis

Systolic Murmur and Thrill

Diastolic Murmur

Dyspnoea . Increased
or Age Episodes Pulmonary
Ready of Digital of Second
Patient Age Sex Fatigue Tachycardia Syncope Intensity Onset Clubbing Hemoptysis Failure 1Intensity Site Thrill Intensity Site Sound
32 26 F +++ - - ++ 5 ++ - + + 3 Lis - - - 4+
33 39 M 4+ + + + 1 ++ + + + 2-3 Lis - - +
Pulmo 3. 30 F ++ - + ++ 12 ++ + + ++ 2-3 Lis - ++ 2-3 Lis  ++
mer:::gion 35 1 F = = + + 10 - - - + 3=k Lis - - - ++
36 30 F +++ - + ++ 1 + - + + 3 Lis - - - +
37 39 M +4+ - - ++ 10 ++ + - -+ 3 Lis + - - ++
and Back
38 36 F +H + - ++ 12 i+ + + 2-3 Lis + ++ 3 Lis  ++

+ Intermittent clinical findings present only following exertions .

Lis Left intercostal space in the parasternal area.



Table U

CLINICAL, RADIOLOGICAL AND ELECTR:CARDIOGRAPHIC DATA IN 38 PATIENTS WITH ISOLATED VENTRICULAR SEPTAL DEFECT,
CASES ARRANGED IN ORDER OF INCREASING PULMONARY ARTERIAL SYSTOLIC PRESSURE

Table Lb Results of Radiological Examination and Electrocardiographic Examination

Enlarged Increased
N Pulmonary Pulmonary Increased Catheter
Ventricular Artery Vascular Hilar Retrograde Through
Patient Enlargement Segment . Markings Pulsation Aortogram V.S.D. Electrocardiographic Examination-
1 - + - - - - N
2 - - - - - - N
3 - + + - - - BVH
‘ A - + - - - - N
5 - - - - - - RBBB
Normal Pulmonary 6 R&L + - - - - BVH
Artery Pressures 7 - - - - - - N
8 - + - - - - N
9 - - - - - - RBBB
10 R&L - - - - + BVH
1l - - - - - - N
12 R&L - + - oy - C .- RBEB
13 ) = s = < = ~RVA
1 R&L ++ + - .| - BVH
15 R&L + + - - + RVH
16 R ++ + - - + RVH
17 R +- + - - - RVH"
18 R&L + ++ - N + BVH
Pulmonary 19 R&L ++ + - - - BVH
Hypertension 20 R&L +H ++ - - - RVH
. 21 R +H+ + + - - BVH
22 R ++ ++ - N + RVH
23 R&L + ++ - - + WB
2L R&L ++ + - - - BVH
25 R&L + ++ - - - "RVH
26 R ++ ++ - - - BVH
27 R&L ++ + + - - BVH
28 R&L, ++ o+ +—+ - + RBBB
29 R&L ++ + - N - RVH
30 R + - - - + RVH
31 R ++ - - - - RVH
32 R +++ - - - - RVH
33 R&L ++ + - - - RVH
3k - + - - - + RAD
‘ 35 R ++ - + - + RVH
36 R ++ + - - - RVH
37 R&L +H+ + - - - RBBB
38 R&L ++ + - - - RVH

N Within normal limits.

. BVH Biventricular hypertrophy RVH Right ventriclar hypertmphy RBBB Right bundle branch block
O U S T -RAD  Right axis deviation, . . ... . .
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AVERAGE ABSOLUTE BIOOD OXYGEN SATURATION VALUES AND SATURATION INCREMENTS THROUGH THE CHAMBERS OF THE RIGHT SIDE
OF THE HEART IN 38 PATIENTS WITH ISOLATED VENTRICULAR SEPTAL DEFECT.

Results obtained with the patients at rest and spontaneously breathing room air.
expressed as a percentage of oxygen capacity.

Table 5

Values are

Absolute Blood Oxygen Saturation

Blood Oxygen Saturation Increment

Systemic Arterisal

Right Ventricular ILow Right
Oxygen Saturation Pulmonary Artery Outflow Tract

Right Abtrium
—7

Right %ﬁrium
Right Ventricular

Right Atrium

—
Low Right Ventricle

Ventricle Right Atrium Pulmonary Artery Outflow Tract

Saturation Value 97 83 83 80 76 +7 +7 +h
Number of Patients 12 11 9 12 12 12 11 8
Saturation Value 9L, 87 87 82 72 +15 +15 410
Number of Patients 10 10 10 10 10 10 10 10
Saturation Value 91 83 8l 76 73 +10 +11 +4
Number of Patients 7 7 7 6 Vi 7 T 6
Saturation Value 8l h 73 68 65 +9 +9 +3
Number of Patients 9 8 9 6 9 8 . B 6

%*

Two patients had desaturation under general anesthesia (rectal avertin and intravenous pentothal) but had normal
peripheral aterial oxygen saturation under basal conditions.,

Normal pulmonary artery pressures,
Pulmonary hypertension not equivalent to systemic arterial pressures.

Pulmonary hypertension equivalent to systemié arterial pressures.

Under 12 years of age.

Over 12 years of ageo
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Table 6

ADDITIONAL CLINICAL FEATURES IN 38 PATIENTS
WITH ISOLATED VENTRICULAR SEPTAL DEFECT

Normal Pulmonary
Artery Pressures
(12 patients)

Physical underdevelopment 1
Mental retardation -
Polycythemisa -
‘Marfan's syndrome | -
Right sided aorta -
Persistent left supgrior vena cava -
Lortic insufficiency ,‘ 2

Pulmonary insufficiency -

Pulmonary
Hypertension
(26 patients)

10
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Table 7

SUMMARY OF RADIOLOGIC FINDINGS IN 38 PATIENTS
WITH ISOLATED VENTRICULAR SEPTAL DEFECT

Normal Pulmonary
Artery Pressures
(12 patients)

Pulmcnary
Hypertension

(26 patients)

Ventricular enlargement
(a) Right ventricle -
(p) Both ventricles 3

Eﬁlarged pulmonary artery segment 5
Increased pulmonary vascular markings 2
Incrgased hilar pulsations -
Normal retrograde aortogram -

Cardiac catheter through V.S.D. 1

11
14

25
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Table 8

SUMMARY OF ELECTROCARDIOGRAPHIC FINDINGS
IN 38 PATIENTS WITH ISOLATED VENTRICULAR SEPTAL DEFECT

Normal Pulmonary Pulmonary
Artery Pressures Hypertension
(12 patients) (26 patients)
Normal electrocardiogram 6 -
Right axis deviation - 1
Right bundle branch block 3 : 2
Biventricular hypertrophy 3 8

Right ventricular hypertrophy - 15
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RELATION OF PULMONARY INDEX TO AGE
(36 CASES VENTRICULAR SEPTAL DEFECT)

Without Pulmonary Hypertension With Pulmonary Hypertension

(12 Cases) (24 Cases)
N.ZO T T T T T T T T T T T T T T T T T T
£§ PREDOMINANT SHUNT
.é o o=L, to R.
£ ®=R. to L.
NEELS 4k 4
2 %o
= o)
1 o
x
w IO - - o o 7
g o o °
juneg fe) o o
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< 5 - = o -
S o © o °
= ° o
o

: I

0 1 | L | ] | \ | L 1 1 L | L | 1 ] L

0 10 20 30 40 50 0 10 20 30 40 50
AGE —Years AGE ~Years

Fig. l. There is a gradual trend towards a2 diminishing pulmenary
index as age advances in the group with normal pulmonary artery
pressures. The trend is more rapid in the presence of pulmonary
hypertension and is most rapid in the sarly years of life. Domin-
ant right—-to-left shunts occur only in an older age group with
pulmonary hypertension and in these pstients the pulmonary index
varies little over a considerable range in age.
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DEMONSTRATION OF AN EARLY RECIRCULATION PEAK
FOLLOWING INJECTION OF DYE INTO PULMONARY ARTERY
IN A PATIENT WITH A LEFT TO RIGHT SHUNT

(? 24 YEARS-VENTRICULAR SEPTAL DEFECT)

INJECTION INTO:

; 02 SAT. % PEAK CONC.
puLMONARY [ 190 N ‘
TRUNK =
—90
L —10.9 mg./L.
L85
SUPERIOR 100 R
VENA CAVA [ |
95 "
90 —11.3 mg./L.
T-1824
0.18 mg./Kg. <~10 sec.—| ]

Fig. 2. Demonstration of the abnormal wvasculaer pathway and
recorded dye dilution curve following injection of Evans' blue
dye (T-1824) into the main pulmonary artery in a patient with
isolated ventricular septal defect. The appearance time and
buildup time are normal. The magnitude of deflection is re-
duced, however, and the disappearance slope much prolonged with
early appearance of a systemic recirculation peak. This abnormal
curve is typical of left—to-tight shunts of considerable mag-
nituvde and is produced by pulmonzry recirculation of a proportion
of the dye with 2 slow clearance of a constant fraction of the
recirculating dye into the systemic circulation.
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RELATIONSHIP OF
PULMONARY ARTERY SYSTOLIC PRESSURE
TO PULMONARY INDEX
(36 Patients With Ventricular Septal Defect)

20
I l 1 ] T I T I
PREDOMINANT SHUNT
o o=L. to R.
< e=R. fo L.
2
(]
E |5 — —
N
2
2 o ©°
[ (o]
> o0 o
~
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'T‘ 10 — o) —
o
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? 0 °
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> o O 0o
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3
s ° o 1
s o
-~
S o o
o P
° o o
0 I | ! | ) | I |
0 40 80 120 160

PULMONARY ARTERY SYSTOLIC PRESSURE —mm. Hg

Fig. 3. The extremes of pulmonary blood flow seen in this study
in the patients with pulmonary hypertension are not seen in its
absence. Dominant right-to-left shunts and diminished pulmonery
index are encountered in the presence of the highest pulmonary
artery systolic pressures. There is a trend towards progressive
diminution of the pulmonary index with increasing pulmonary artery
systolic pressure in the hypertensive patients with dominant left-
to-right shunts, which is not seen in those with normal pulmcnary
artery pressures. The clear division between the two groups is
apparent.




RELATION OF PULMONARY/SYSTEMIC RESISTANCE RATIO
TO DIRECTION AND MAGNITUDE OF SHUNT

(24 Cases With Ventricular Septal Defect, Pulmonary Hypertension)
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Fige. 4., The relationship of the reletive influence of pulmenery
vascular resistance and systemié vascular resistance on the direc-
tion and magnitude of the intracardiac shunt in those patients
with pulmonary hypertension is clearly shown. A1l calculested
shunts are here related to systemic flow. As the ratioc of the
resistances approaches and exceeds unity the direction of shunt
flow becomes revised from left—-to-right to right~to-left. Feyond
unity the linear relationship of the resistance ratio to the 8. 4 -
nitude of shunt becomes altered so that a proportionately smaller
increase in .shunt accompanies increase in resistance ratio in con-
trast to this relationship below unitye.
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LOCALIZATION OF VENTRICULAR SEPTAL DEFECT BY
INTRACARDIAC [INJECTIONS OF T 1824
EISENMENGER'S SYNDROME

SINGLE SCALE !
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Fig. 5« Following injection of T-1824 into the pulmcnary trunk

just beyond the pulmenary valve, a dye dilution curve of relatively
normal contour has been recorded. The appearance time for this
curve is 8 seconds from injection to the first deflection recorded
by the earpiece oximeters, Afser withdrawal of the catheter tip

and injection in the right ventricle and right atrium, the arppear-
ance times are 4 and 5 seconds respectively, and an abnormal initial
hump is present on the main deflection of the curve, due to prssade
of dye directly into the systemic arterial pathway. This characier-
istic curve may be recorded after injection of the dye at any voint
upstream to the defect, and the series illustrated thus localize the
defect to ventricular level. Differences in amplitude of simultan-
eously recorded dye curves are due to variations in the sensitiv-
ities of the three oximeters used. Spontaneous variastions in sys-
temic arterial oxyvden saturation can be seen.
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of the cardiac catheter with the

Fig. 6(a). X-ray appearance
tip advanced to the right main pulmonary artery. The catheter

has followed a normal course through the right atrium and ventricle
and has been manipulated through the pulmonary valve to the right

main pulmonary artery.



Fig. 6(b). (Same case as Fig. 6a) In this instance the catheter
has passed through a ventricular septal defect to enter the left
ventricle below the aortic wvalve, and from there the tip has been
advanced to the descending thoracic aorta at the level of the
diaphragm. When other anomalies are present difficulty may exist
in determining which of the major vessels the catheter has entered.

In these circumstances dye dilution curves and saturation studies
are of considerable value.
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Fige 7. UILlectrocardiogram demonstrating biventricular hypertrophy
with high amplitude equiphasic GRS complexes in ihe midprecordial
leads (Patient 18). Since the patient is only 3 years old, thsre
is probably -left ventricular dominance. Pulmonary artery pressure
was 78/58 mm. Hg. '
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Fig. 8. Electrocardiographic evidence of right ventricular hyper—
‘trophy in a 9 year old boy with a pulmonary artery pressure of
105/66 mm. Hg. (Patient 29). The right bundle branch block pattern
was seen infrequently in the absence of right ventricular hyper-

trophy. There is evidence of systolic overloading of the right
ventricle.
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