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Although it has been shown that children with a large ventricular septal defect frequently
develop heart failure during infancy (Marquis, 1950; Morgan, Griffiths, and Blumenthal, 1960) it is
our experience that if they can be tided over this period they often improve spontaneously and remain
well for many years.

The tendency to maintain this improvement is unexpected: deterioration appears more likely
owing to progressive pulmonary vascular disease resulting from prolonged exposure of the pul-
monary arterial system to systemic pressures. Hmmodynamic data are scanty and mainly derived
from single catheter studies: the classic paper is that of Brotmacher and Campbell (1958) who con-
cluded that the pulmonary vascular resistance tended to rise with advancing years, a contention
supported by Goodwin (1960). Few serial catheterization studies have been reported, particularly
in patients withpulmonary hypertension (Kay, Zimmerman, and Cross, 1955; Adams et al., 1959; Fyler
et al., 1958; Downing, 1959) but recently Lynfield et al. (1961) gave data from serial studies on a large
number of patients, several ofwhom did have severe pulmonary hypertension. In these hypertensive
patients they found no tendency to progressive elevation of the pulmonary vascular resistance.

This aspect of the natural history is of theoretical and practical importance. We therefore
re-catheterized 10 children who, on initial investigation three to seven years previously, were found to
have a large ventricular septal defect, a left-to-right shunt, and systemic pressures in the right ven-
tricle. In this paper we report our results.

SUBJECTS AND METHODS
The 10 patients, 4 girls and 6 boys, first attended the Department of Cardiology, Manchester

Royal Infirmary, at ages ranging from 2 years 11 months to 15 years. All were subjected to routine
clinical, radiological, and electrocardiographic examination and underwent cardiac catheterization.
They all had a large ventricular septal defect, a left-to-right shunt, and systemic pressures in the right
ventricle. In 8, the pulmonary resistance was elevated (over 200 c.g.s. units) and the pulmonary
systolic pressure was over 65 mm. Hg; they, therefore, corresponded to Group 4 of Brotmacher and
Campbell and Group III of Lynfield et al. The other 2 children had infundibular pulmonary
stenosis at the time of the first catheterization. After intervals of between three and seven years they
were completely re-examined and re-catheterized. The height and weight on each occasion were
plotted on Wetzel's guide for evaluating physical fitness in terms of physique; the physique channels
range through A4 (obese); A3, A2 (stocky); A, M, Bl (good); B2 (fair); B3 (borderline); B4 (poor).

Cardiac catheterization was carried out in the usual manner, premedication being with heroin
or a mixture of chlorpromazine, pethidine, and phenergan in the younger, and seconal in the older
children.

In all patients below the age of 12 years, oxygen consumption was calculated by the method used
by Lynfield et al. (1961) based on the basal metabolic rate at different ages; in the remainder it was
calculated on the assumption of a normal oxygen consumption of 140 ml./min./m.2 of body surface.
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Pulmonary and systemic blood flows were calculated from standard formule, and to permit compari-
son at different ages, flows and resistances have been expressed in relation to body surface area, that
is as "indices." Pulmonary artery "wedge" pressures were not obtained in all instances, and in
this paper when pulmonary resistance is referred to it is total pulmonary resistance. The systemic
arterial oxygen saturation was not estimated at the time of the first investigation in 6 children; all
were fully saturated at the second investigation and were assumed to be the same at the time of the
first, for the purpose of calculating shunts.

Systemic pressure measurements were by the cuff method in all cases.

RESULTS
The clinical, electrocardiographic, and radiological data from the 10 patients are given in Table I.

No X-ray films are available corresponding to the time of the first catheterization in Cases 7 and 9.
Only standard limb lead electrocardiograms were taken at the time of the first investigation in Case 7.

TABLE I
CLINICAL, ELECTROCARDIOGRAPHIC, AND RADIOLOGICAL DATA AT THE TIME OF THE FIRST AND SECOND CATHETERIZATION

Electrocardiogram
Initials Case No. Age Height Weight Physique Thoracic

yr. mth. (in.) (lb.) channel Electrical R/S R/S ratio
axis VI V6

M.D. 1 4 1 445 315 B2 111 11 275 064
9 6 52-5 53-5 B3 106 8 325 058

J.M. 2 5 9 41-5 33 0 BI 71 0-5 14 0-64
11 9 57-0 64-0 B4 79 2-75 12 0-53

S.P. 3 15 0 61-0 93.0 BI 111 2 0 9 0 61
20 0 64-0 98-0 B3 122 2 1-5 0-56

D.R. 4 2 11 36-5 28-0 A2 90 113 6 3 0-7
5 11 42-5 38-0 Al 83 1.5 7 0 0-67

s.s. 5 5 10 45-0 37-0 B2 71 2.0 2 5 0-62
11 7 51-0 63-0 M 61 0 8 1-3 0-6

A.O. 6 3 9 37 0 29-5 A2 62 1-5 2.0 0-68
10 1 52 5 67-0 M 21 2 4 3-25 0-67

J.T. 7 5 9 48-0 49-0 Bi 70
11 6 59-0 78-0 B3 90 2-0 1-25 0-57

D.B. 8 11 2 5715 6915 B3 103 12- 450 0655
D17 6710 12160 B3 100 102 5-0 056

M.W. 9 f5 2 44-5 39-5 Bi 100 0-6 4 0
11 8 54 5 89-0 A3 99 1.1 2.0 0-56

M.L. 10 5 0 42-0 42-0 A2 157 1-3 1.0 0 53
1 8 6 49-5 62-0 Al 151 1-5 1-3 0 47

The hemodynamic data are given in Table II. Two patients had some degree of infundibular
stenosis when first investigated and of the remaining 8 who did not, 2 had developed it when investi-
gated for the second time. Thus the children divide into three groups.

(1) Those Without Infundibular Pulmonary Stenosis

There were 6 patients, Cases 3 to 8 (Tables I and II). There was no significant change in the
symtomatology or in the physical signs in any child in this group over the period of observation.
One was in a better physique channel at the time of the second investigation, another remained in the
same, the other 4 were all in a lower channel when examined the second time.

The cardiothoracic ratio became slightly less in 4 and slightly greater in 1 patient. The electrical
axis remained virtually the same in 2, moved to the right in 2, and to the left in 2 patients. There was
no noteworthy change in ventricular preponderance as reflected in the R/S ratio in leads VI and V6.

In 3 children (Cases 3, 5, and 8) the mean pulmonary artery pressure remained unaltered.
In 2 (Cases 4 and 7) there were falls in the mean pressure of 17 and 16 mm. Hg respectively to levels
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REPEAT CATHETERIZATION IN A VENTRICULAR SEPTAL DEFECT

TABLE II
HAEMODYNAMIC DATA AT TIME OF FIRST AND SECOND CATHETERIZATION

Age Surface Pulmonary Right Syste- Systemic Pulmonary Pul- Total Arterial
yr. mth. area artery ventri- mic flow flow monary pul- oxygen

O (m.2) pressure cular pres- index index to monary %
. Z sys. mean pressure sure (I./min./ (I./min./ systemic resis- satur-
.AQdias. Sys. Sys. in2 i.2) flow tance ation

Q (mm. Hg) dias. dias. ratio index
(mm. (mm. (c.g.s.
Hg) Hg) units/

m.2)

M.D. 1 4 11 0 65 88/40 63 89/2 100/70 2-6 4-3 117 1172
9 6 1-03 64/35 48 90/3 95/60 20 7-8 3*9 492 96

J.M. 2 5 9 0 66 74/34 57 86/2 95/60 2-4 9.1 3-8 501
11 9 1.1 23/10 14 91/2 105/70 2-3 3-7 1P6 303 95

S.P. 3 15 - 1-3 88/34 57 86/0 85/50 2-2 4-3 2-0 1061 93
20 - 1-31 83/33 57 89/2 110/70 2-1 6-0 2-9 760 98

D.R. 4 2 11 055 98/46 63 96/6 3-1 7-0 2-3 720 90
5 11 0-71 70/20 46 70/6 110/70 2X4 6-5 2-7 566 92

S.S. 5 5 10 0-74 72/37 49 72/0 90/65 2-3 5.3 2-3 740 90
11 7 1-01 81/36 51 81/0 100/70 3-0 4-6 1-5 887 89

A.O. 6 3 9 0 58 66/38 50 73/3 80/40 4-7 13-3 2-8 301
10 1 1-06 100/52 74 105/3 85/50 2-6 11.0 4-2 538 96

J.T. 7 5 9 0 87 80/44 64 89/0 100/65 2-9 5-1 1-8 1005
11 6 1-23 56/40 48 63/5 120/70 2-0 7-8 3*9 492 96

D.B. 8 11 2 97/58 73 97/5 100/65 -
17 6 1-7 98/60 70 100/0 140/90 3.7 5.7 1P5 982 93

M.W. 9 5 2 0 76 39/16 23 89/2 90/60 2 5 113 4*5 163
11 8 1-08 30/17 22 90/6 110/70 2-2 10-2 4*7 173 96

M.L. 10 5 0 0-75 14/4 8 88/60 95/60 3-1 3-9 1-3 164 95
8X 6 098 11/5 7 94/0 90/70 2-4 3-1 1-3 181 92

appreciably below systemic pressures. In the remaining child (Case 6) the pressure rose 24 mm. Hg.
These changes are shown as continuous lines in Fig. 1. The drop in pressure in Cases 4 and 7 was
associated with falls in pulmonary resistance index from 720 to 566 and 1005 to 492 units respectively.
In Case 7 the pulmonary flow index rose nearly 50 per cent but was unchanged in Case 4. In those
with constant pressures one (Case 3 ) showed a fall in pulmonary resistance index from 1061 to 760
units and a rise in pulmonary flow index from 4-3 to 6-0 1./min. In Case 8 flows were unfortunately
not calculated at the first catheterization. In Case 6 the pulmonary hypertension was mainly hyper-
kinetic and the rise was associated with a slight fall in flow and an increase in pulmonary resistance
index from 301 to 538 units.

Systemic blood flow increased in 1 child (Case 5), was unchanged in 4, and not estimated on the
first occasion in Case 8. Case 3 was 15 years old when first catheterized and did not grow in the
years separating the two investigations; the systemic flow index was unaltered. In the other 3
children systemic flow index fell as growth proceeded. The behaviour of these various parameters
is shown as continuous lines in Fig. 2-5.

(2) Those Developing Infundibular Pulmonary Stenosis
There were 2who developed stenosis (Cases 1 and 2, Tables I and II and M.D. and J.M. in Fig. 1-5).

Case 1 developed mild pulmonary stenosis between the age of4 years 11 months and 9 years 6 months.
There was no change in her symptoms nor in the physical signs over the period of observation.
The cardiothoracic ratio became slightly less, and the electrocardiogram showed, if anything,
evidence of less right and more left ventricular preponderance. A systolic gradient across the right
ventricular outflow tract of 26 mm. Hg developed, the pulmonary arterial pressure fell from
88/40, mean 63, to 64/35, mean 48 mm. Hg. The right ventricular pressure remained at systemic
levels and the shunt left to right. The pulmonary flow index rose from 4-3 to 7-8 1./min., and the
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HO WITT AND WADE

FIG. 1 to 5.-Diagrams to show the changes in hemodynamics over the period of observation.
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FIG. 1.-Pulmonary arterial (mean) pressure. FIG. 2.-Pulmonary flow index.
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FIG. 5.-Pulmonary resistance index.

pulmonary to systemic flow ratio rose
from 17 to 3 9. The pulmonary re-
sistance index fell from 1172 to 492
c.g.s. units. The systemic flow index
fell from 2-6 to 20 1./min.

Case 2 developed more severe
pulmonary stenosis between the age
of 5 years 9 months and 11 years 9
months. There was no change in his
symptoms and hedeveloped normally,
rising to a higher physique channel.
At the time of the first catheteriza-
tion there was a very loud pulmonary

20 second sound, a pulmonary diastolic
murmur, and a mitral flow murmur.
When investigated again, the pul-
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REPEAT CATHETERIZATION IN A VENTRICULAR SEPTAL DEFECT

monary second sound was softer and there was no pulmonary or apical diastolic murmur. The
cardiothoracic ratio diminished considerably and the pulmonary artery shadows were less prominent
(Fig. 6A and B). The electrocardiogram also changed (Fig. 7): there was more evidence of right and
less of left ventricular enlargement as shown by the R/S ratios in VI and V6, the Q waves in V5 and
V6 became smaller, and the T waves upright.

A B

FIG. 6.-Case 2 (J.M.). Development of infundibular pulmonary stenosis. Chest radiograph (A) age
5 yr. 9 mth., (B) age 11 yr. 9 mth.

There was a systolic gradient of 12 at the first catheterization, and this increased to 68 mm. Hg.
The pulmonary artery pressure fell from 74/34 mean 57 to 23/10 mean 14 mm. Hg, the right ventri-
cular pressure remaining systemic and the shunt left to right. The pulmonary flow index was cut
from 9-1 to 3*7 1./min. and the pulmonary to systemic flow ratio from 3-8 to 1 6. The pulmonary
resistance index fell from 501 to 303 units. The systemic flow index was unchanged. The behaviour
of these various parameters is shown in Fig. 1-5 (M.D. and J.M.).

(3) Those with Infundibular Pulmonary Stenosis

Cases 9 and 10 developed no change clinically and they progressed well physically. One child
showed evidence of more right ventricular enlargement on the electrocardiogram. When first
investigated at the age of 5 years they had systolic gradients of 50 and 74 mm. Hg. After intervals
of five and three years there was remarkably little change in the dynamics. The pressure gradient
was unaltered and both pulmonary flow index and pulmonary to systolic flow ratios and pulmonary
resistance index were almost identical.

In both the systemic flow index fell slightly. These data are shown as dotted lines in Fig. 1-5.
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HO WITT AND WADE

A

B

FIG. 7.-Case 2 (J.M.). Development of infundibular pulmonary stenosis. Electrocardio-
gram (A) age 5 yr. 9 mth., (B) age 11 yr. 9 mth.

DISCUSSION
When intracardiac communications are present, the exact estimation of pulmonary and systemic

flows and therefore resistances is open to considerable error and only large differences can be con-
sidered meaningful: more reliance can be attached to the pulmonary to systemic flow ratio. Pressures
are measured with a greater degree of accuracy. Difficulty also attends the comparison of flows and
resistances at different ages for the range of normal is uncertain. Almost certainly the values
change: for example, it appears likely that the pulmonary resistance in normal children falls as the
cardiac output increases with age (Brotmacher and Campbell, 1958). To try to minimize these
difficulties we have related flows and resistance to surface area, expressing them as "indices."
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REPEAT CATHETERIZATION IN A VENTRICULAR SEPTAL DEFECT

Equilibration of right and left ventricular pressures implies that the ventricles are functionally
single, and this is said to be the case when the defect is larger than a critical size of 1 cm.2/m.2 of body
surface area (Swan, Savard, and Kirklin, 1958). All our children had defects of critical size or
greater when first investigated, but in searching for evidence as to whether a constant relation between
area of defect and size of child continues throughout the years, allowance must be made for the
different methods used for systemic and pulmonary blood flow measurement. In most cases the
systolic pressures in the right ventricle and brachial artery remained within 20 mm. Hg of each other,
but a systemic systolic pressure exceeding the right ventricular systolic pressure by 57 mm. Hg
(Case 7) and 45 mm. Hg (Case 8) suggests that the ventricles are no longer equilibrated and that the
size of the defect has not kept pace with the growth of the child. In 3 other cases systemic pressure
tended to increase more than the right ventricular pressure.

It is uncertain how the pulmonary circuit tolerates prolonged arterial hypertension. It might be
anticipated that progressive secondary changes will occur with a tendency to a rising hindrance to
flow, a view supported by Brotmacher and Campbell (1958) and Lillehei (1958). Our results suggest
that this is by no means the rule. Although on average there was little change, the pulmonary
resistance index dropped considerably in 2 children (Cases 3 and 7) and did not -rise significantly in
any. The pulmonary artery pressure fell or was unaltered in all but one. It appears that, at least
before puberty, the passage of time is not necessarily associated with the development of irreversible
changes in the small pulmonary arteries, a conclusion suggested by Lynfield et al. (1961). One of
our patients was observed over the age period 15 to 20 years, and here also the pulmonary vascular
resistance tended to fall. The pulmonary vascular resistance needs to be taken into account when
assessing suitability for repair: by the criteria put forward by Goodwin (1961) two of our children
were hardly acceptable when first investigated but were more suitable on the second occasion.

In the absence of necropsy data it is not possible to be sure that systolic gradients of from 26 to
68 mm. Hg across the pulmonary valve mean organic stenosis and are not due merely to high
rates of flow. Goodwin (1960) states that in patients with large ventricular septal defects such
gradients are, in most cases, due to hypertrophic infundibular stenosis.

The two children with stenosis initially showed remarkable constancy of the dynamic pattern.
It is not surprising that there should be no change in the pulmonary dynamics for the lungs are
shielded from the high pressure right ventricle, but it is surprising that the degree of infundibular
stenosis did not increase. It is possible that the stenosis is due to a morphologically abnormal
outflow tract rather than to simple hypertrophy. Progressive stenosis may occur, however, and Becu
et al. (1961) have reported conversion to the syndrome of the tetralogy of Fallot.

The two children developing pulmonary stenosis are of especial interest on account of the effects
on pulmonary dynamics. In one of them the pulmonary resistance fell from 1172 to 492 units and
the pulmonary to systemic flow ratio rose from 1-7: 1 to 3 9: 1. In the other the pulmonary resistance
index fell from 501 to 303 units and the pulmonary to systemic flow ratio dropped from 3 -8: 1 to
1 6:1. Different opinions are held concerning the reversibility of the pulmonary hypertension in
ventricular septal defect with a raised pulmonary vascular resistance. Thus Evans and Short (1958)
thought it to be due to permanent structural changes, Burchell (1959) stated that acetylcholine caused
a slight decrease in pressure in only 1 of 3 cases, Swan and Wood and Marshall, (1957) found that
breathing 100per cent oxygen failed to produce a fall in pressure in some cases. Wood (1958) report-
ed that acetylcholine did not produce a fall in pressure in the Eisenmenger syndrome. On the other
hand Lillehei (1958) claimed that the pressures were reversible. There seems little doubt that in one of
our children, shielding the pulmonary circuit from the high pressure input brought about a fall
in pulmonary resistance although it was very high. In the other child the fall was less dramatic but
the initial level was much lower.

Developing infundibular stenosis is analogous in many ways to " banding" the pulmonary artery,
an operation claimed to be some help in seriously ill children with a large ventricular septal defect,
pulmonary hypertension, and a left-to-right shunt. The aims of this operation are to reduce the
pulmonary arterial pressure and to diminish left ventricular flow work by cutting down the shunt.
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656HOWITT AND WADE

In one child the reduction in pulmonary resistance more than offset the increased hindrance in the
outflow tract, thus increasing the shunt and therefore left ventricular work. The possibility that
"banding" if inadequate might have the same effect must be borne in mind.

There is little published material concerning changes in systemic flow in comparable cases. Our
findings are that systemic flow does not keep pace with growth and this is, no doubt, causally
related to the small stature of most of these children.

CONCLUSIONS
During the early years of life patients with a large ventricular septal defect, a left-to-right shunt,

pulmonary hypertension, and a raised pulmonary vascular resistance do not deteriorate as might be
expected. Progressive irreversible changes do not appear to take place in the pulmonary arteries
and in some cases the size of the defect relative to the child diminishes. Early operation is thus not
mandatory on these grounds, but the stunted growth resulting from inadequate systemic flow must
be taken into account.

Some children will develop infundibular pulmonary stenosis which may bring about a drop in
pulmonary resistance as well as pulmonary arterial pressure, but may also increase pulmonary flow
and the pulmonary to systemic flow ratio.

If infundibular pulmonary stenosis exists from an early age the dynamics may remain constant.

SUMMARY
Ten children with large defects of the ventricular septum have been re-examined and re-cathe-

terized after intervals of three to seven years. Two had infundibular pulmonary stenosis when first
seen and two more developed it while under observation: none deteriorated. The findings are dis-
cussed in relation to the nature of pulmonary hypertension and the timing of surgical procedures.

We wish to thank Dr. A. Morgan Jones for his advice and for permission to investigate patients under his care and
the Department of Medical Illustrations for the preparation of Fig. 1-7.
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