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Congenital pulmonary stenosis with intact ventricular septum is a relatively common mal-
formation of the heart. The stenosis varies from almost complete obliteration to a minimal decrease
in the diameter of the orifice. The stenosis is usually of the valve, but it may be either of the infundi-
bulum or of the lower bulbar orifice. The atrial septum may be complete, imperfectly developed, or
it may be fenestrated: there is often anatomical patency of the foramen ovale, which may or may
not allow the passage of blood from the right to the left atrium during life. The pulmonary
artery beyond the stenosis is usually dilated and thin-walled, but it may be normal.

These variations make for wide diversity in the clinical features of the malformation. It is
often a relatively benign lesion, but in its most severe form death occurs within the first year of life
(Freed and Budnitz, 1946). Intermediate between these extremes is the group in which infancy is
survived and childhood relatively symptomless but, sooner or later, there is increasing exertional
dyspncea, with or without cyanosis, leading on to congestive heart failure or sudden death. The
work of Brock (1948, 1949) on valvulotomy and infundibular (or lower bulbar) resection has made
this latter group of great clinical and diagnostic importance.

In spite of the anatomical and clinical variations, the increased work of the right ventricle
depends essentially on the severity of the stenosis in relation to the right ventricular output. The
extent of the right ventricular hypertrophy is, therefore, an indication of the severity of the lesion,
even in the absence of disability, cyanosis, and clinical deterioration. By recording the degree and
development of this hypertrophy, unipolar electrocardiography is of great assistance in the assess-
ment of the malformation.

The purpose of this paper is to demonstrate the characteristic cardiographic pattern of the
extreme right ventricular hypertrophy that develops in pulmonary stenosis. The significance of
this pattern is discussed in relation to diagnosis, prognosis, and surgical treatment of this congenital
defect.

ELECTROCARDIOGRAPHIC FEATURES
Dow et al. (1950) -have demonstrated by cardiac catheterization that pulmonary stenosis may

exist for many years without disability and without electrocardiographic evidence of right ventricular
hypertrophy. There may be right bundle branch block (Blackford and Parker, 1941; Auerbach
and Harper, 1947), or the cardiographic picture of moderate to marked right ventricular hyper-
trophy (Currens, Kinney, and White, 1945; Lowance et al., 1948). Right ventricular preponderance
with large, pointed P waves in lead II, a tendency to lengthening of the P-R interval, and frequent
inversion of the T waves in leads II and III, have been described by Allanby and Campbell (1949);
they also report tall R waves extending across the chest in the three cases in whom they recorded
unipolar chest leads. In the most severe grades of pulmonary stenosis and atresia, comparable

* Work done during tenure of the Kirk Duncanson Research Fellowship of the Royal College of Physicians,
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standard lead patterns have been recorded in infancy (Freed and Budnitz, 1946; Brown, 1949).
Selzer et al. (1949), using CR leads, recorded the pattern of extreme right ventricular hypertrophy.

It is considered that this pattern is characteristic in the fully developed picture of pulmonary
stenosis with intact ventricular septum. The form of the limb leads may vary with the position of
the heart, but the usual features are gross right axis deviation, tall, pointed P waves in lead II, S-T
depression, and deep T wave inversion in lead III and usually in lead II. In the unipolar limb
leads, aVR shows a variable Q, tall R, and upright or inverted T wave; aVL shows a small r, deep S,
and upright T wave; and aVF shows a small q, tall R, S-T depression, and deep T wave inversion.
The unipolar chest leads show the most marked changes of right ventricular hypertrophy seen in
clinical cardiography. There are tall R waves, S-T depression, and deeply inverted T waves that
extend far across the chest towards the left. The greatest degree of right ventricular hypertrophy
is characteristically recorded from the left of the sternum-V2, V3, or even V4. Necropsy findings
prove that the unipolar chest leads are thus faithful recorders of the hypertrophy of the underlying
myocardium.

CASE SUMMARIES
Case 1. A boy, aged 5 years, who had experienced little disability apart from a tendency to

fainting attacks on exertion. He was not cyanosed. There was gross cardiac enlargement and, on
radioscopy, immense dilatation of the pulmonary artery. The electrocardiogram in Fig. 1* was
recorded shortly before he dropped dead on his way to school.

FIG. 1.-Electrocardiogram of Case 1. The fully developed pattern of extreme right ventricular hypertrophy. At
necropsy there was valvular pulmonary stenosis, intact ventricular septum, closed foramen ovale, and post-
stenotic dilatation of pulmonary artery.
* This electrocardiogram has been previously reported in a review of unipolar electrocardiograms (Hill, 1. G. W.

(1950), Lancet, 1, 1027).
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Post mortem;, there was a severe grade of valvutar pulmonary stenosis (diameter at apex of cone

measured 3*5 mm.). The foramen ovale was anatomically closed and the right ventricular wall

was approximately twice as thick as the left (average. thickness, 16 mm.).

Case 2. A boy, aged 13 years, who had been cyanosed at rest and breathless on exertion since

6 months of age. These features became more striking when he started to walk at 12 months.

Throughout his life he was severely handicapped, thin, and grossly underweight. He squatted in

the best Fallot tradition. There was slight cardiac enlargement on radioscopy and the left pul-

monary artery was dilated. His general condition dleteriorated rapidly during the last year of his

life. The electrocardiogram in Fig. 2 was recorded a few days before he died suddenly during

thoracotomy.
Post mortem, there was a severe gIrade of valvular pulmonary stenosis (diameter at apex of cone

FRG. 2.-Electrocardiogram of Case 2. The fully developed' pattern of extreme right ventricular hypertrophy.

Voltage of QRS complexes in chest leads at normal sensitivity was such that the peaks of the R and S waves

were not recorded. At 1/2 N sensitivity tall R waves extended from VI to V5 as the main initial deflections.

At necropsy there was valvular -pulmonary stenosis, intact ventricular septum, fenestrated atrial septal defect,

and post-stenotic dilatation mainly of left pulmonary artery.
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was 3-5 mm.). There was a fenestrated atrial septal defect of 15 mm. diameter and the right
ventricle was approximately twice as thick as the left (average thickness, 17 mm.).

Case 3. A boy, aged 5 years, in whom congenital heart disease was diagnosed for the first
time on routine school medical examination. Since that time he had been thought to be slightly
breathless and cyanosed on severe exertion. In spite of this he was a keen footballer and was able
to play centre-half in his local school team. There was moderate cardiac enlargement, prominence
of the conus of the right ventricle, but no dilatation of the pulmonary artery on radioscopy. During
the next 6 years there was no change in his clinical or radiological features. The electrocardiogram
in Fig. 3B was recorded when he was 12 years of age. A year later he died suddenly after attending
a fair.

Post mortem, he had a severe grade of infundibular stenosis which involved the pulmonary

FIG. 3.-Electrocardiogram of Case 3. (A) At 5 years of age. Right axis deviation. Small P waves in lead It.
(B) At 12 years of age. Extreme right ventricular hypertrophy. At necropsy there was infundibular pulmonary
stenosis, intact ventricular septum, small valvular foramen ovale, without any post-stenotic dilatation ofpulmonary
artery.
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valves, extended for 25 mm. into the right ventricle, and had. a diameter of 5 mm. An anatomically
patent foramen ovale measured only 2 mm. diameter and was covered by a well-formed septum
secundum. The right ventricle was approximately twice as thick as the left (average thickness,
19 mm.).

Case 4. A girl, aged 9 years, when first seen in 1944. She was little disabled, except by an over-
solicitous mother, and there has been no clinical deterioration during 6 years of follow-up. Radio-
scopic examination showed no increase in heart size (Fig. 4), but there have been well-marked

A B
FIG. 4.-Radiograph (anterior) of Case 4. (A) At 9 years of age. (B) At 15 years of age. Vertical type of heart

shadow, prominence of right border, prominent pulmonary artery segment, diminished vascularity of lung
fields. No increase in cardiothoracic ratio during 6 years of follow-up.

electrocardiographic changes. At 9 years of age (Fig. 5A), P wave was already more than 3 mm.
in height in lead II and the T waves were inverted in leads III and C2F. Four years later, after a
period of enforced, but unnecessary, invalidism, there had been no significant change in the standard
-leads; unipolar leads, which were then recorded for the first time, showed tall R waves followed
by deep T inversion in VY and V2, but not beyond. During the next two years her mother was
encouraged to let her lead a more normal life and by 15 years of age the T wave had become inverted
in lead II and tall R waves and inverted T waves extended across the chest to V5 (Fig. 5B).

Case 5. A girl, aged 9 years when first seen. At that time she experienced slight exertional
dyspnoea but no real disability in spite of considerable cardiac enlargement (Fig. 6). Two years
later her clinical and radiological condition remained unchanged but she was sometimes very tired
after a full-length gymnastic class at school. Unipolar electrocardiograms,- in contrast, revealed
marked and rapidly developing changes (Fig. 7).

Case 6. A young married woman, aged 27 years when first seen. At that time she had given
birth to two children with relative ease and was admitted to hospital on account of pulmonary
tuberculosis. Electrocardiogram showed advanced changes of right ventricular hypertrophy with
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B

FIG. 5.-Electrocardiogram of Case 4. (A) At 9 years of age. Right axis deviation, P wave over 3 mmn. in lead 1I,
and inverted T wave in leads III and C2F. (B) At 15 years of age. Pattern of extreme right ventricular hyper-
trophy although the heart is not enlarged on radioscopy (Fig. 4).

P waves over 4 mm. in height in lead II, marked right axis deviation, S-T depression and inverted
T waves in leads II, III, and C2F, and a sharply diphasic T wave in IVF. Radioscopy showed the
size of thecardiov-ascularshadow to be within normal limits but the shape suggested right ventricular
hypertrophy and the pulmonary artery was enlarged. During the next three years the pulmonary
tuberculosis extended to involve both lungs. She had repeated hemoptyses, increasilng exertional
dyspncea, tiredness, and intermittent crdema of the ankles-. She was never observed to be cyanosed.
Her eventual dea-th at 30 years of age was due to massive hEmmptysis.

Post mortem, there was valvular pulmonary stenosis of moderate severity (diameter at apex of
cone, 8 mm.); anatomical patency of the foramen ovale which, although valvular in type, had a
diameter of 9 mm.; the right ventricular wall was one and a half times as thick as the left (average
thickness, 22 mm.).

Case 7. A boy, aged 13 years when he was first seen. At that time he had suffered from pro-
gressive exertional dyspnoea and cyanosis since 5 years of age. He was severely limited in his
activities and complaining of frequent " dizzy turns " on exertion. Radioscopy showed slight
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FiG. 6.-Radiograph (anterior) of Case 5 at 9 years of age. Considerable cardiac enlargement, increased convexity
of right border of heart, well marked enlargement of pulmonary artery segment, and hilar shadows normal but
small in relation to heart size. There has been no increase in heart size during two years of follow-up.

cardiac enlargement and prominence of the pulmonary artery and its left main branch. Cardio-
graphic examination (Fig. 8A) showed well-advanced right ventricular hypertrophy with deep in-
version of the T wave in C2F. Six months later he developed subacute bacterial endocarditis,
but after a 28-day course of penicillin (0.5 mega units daily) made a remarkable recovery. Like the
case reported by Pollack et al. (1948), the bacterial infection performed an effective " valvulotomy."
Before the acute illness he could not run the length of a football field; after recovery he played a
full game every Saturday. The T wave became less inverted in lead C2F. At 18 years of age he
now admits to little cardiac disability, he is no longer cyanosed, and in spite of full-time work and
greatly increased activity there has been no evidence of increased right ventricular hypertrophy
(Fig. 8B).

DiscussION

These cases illustrate the developing and fully developed electrocardiographic pattern of extreme
right ventricular hypertrophy common in the severer grades of pulmonary stenosis when the
ventricular septum is intact. Their similarity suggests that the development of this pattern is
independent of clinical or radiological variation, the state of the atrial septum, the exact site of the
stenosis and, as would be expected, the state of the pulmonary artery beyond the stenosis.
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FiG. 7.-Electrocardiogram of Case 5. (A) At 9 years of age. (B) At 11I years of age. Follow-up during 2 years
reveals rapid development of the full pattern of extreme right ventricular hypertrophy. Limb leads revealed
no change in the position of the heart.

Variation in the position of the heart may alter the pattern of the standard and unipolar limb
leads, as in Allanby and Campbell's (1949) Case 1, but the chest leads remain characteristic.

The size and shape of the hearts in the four-cases with necropsy bore a close resemblance to each
other and -tothose examples of this malformation reported elsewhere. Th right atrium was
enlarged and hypertrophied, there was enormous hypertrophy of the right ventricle and of the
ventricular septum, which curved to the. left as it approachied the apex. This hypertrophied right
ventricle thus formed the entire anterior surface and a large part of the diaphragmatic surface of the
heart. The left side of the heart was within normal limits.

The time of onset of the, intrinsic deflection in unipolar chest lead VI was between 0-04 and
0-06 sec. in each case. In only two cases was there notching of the R wave in this lead (Fig. 7 and
8B) and even in these R' never occurred later than 0-06 sec. The unipolar chest leads thus differed
from the pattern of partial right bundle branch block common in large atrial and ventricular septal
defects. It was considered that the extreme thickness of the right ventricular wall and the enormous
size of the muscle cells could adequately account for the delay of the intrinsic deflection. In none
of the specimens were serial sections of the conduction tissue examined.
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FIG. 8.-Electrocardiogram of Case 7. (A) At 13 years of age. Six months before onset of bacterial endocarditis.
Right axis deviation and deep T inversion in C2F. (B) At 16 years of age. Right ventricular hypertrophy but
not of extreme degree. Follow-up record at 18 years of age showed no change.

DEVELOPMENT oF ELECTROCARDIOGRAPHC PATTERN

In the fetal circulation, if we transfer the findings in lambs to the human subjecIt, the right
ventricular output is considerably less in the foetus than in the new-born child. Franklin, Barclay,
and Prichard (1946) have shown how the blood returning to the heart in the lamb foetus is shared
between the two ventricles; how the blood returning from the placenta and lower half of the body
is divided by the caudal edge of the inter-atrial septum into a large' stream that -passes to the left
side of the heart, and a small stream that is joined by the blood from the upper part of the body
and passes into the right -ventricle. With the opening of the pulmonary circulation at birth and the
functional closure of the foramen ovale, the output of the right ventricle is immediately increased.
Subsequent growth and activity of the child lead to further increase of the right ventricular output
in relation to the relatively static or possibly decreasing (Allanby and Campbell, 1949) size of the
stenosed pulmonary orifice. It is suggested that the pulmonary opening may be significantly
narrowed in intra-uterine life without stimulating hypertrophy of the right ventricle; that the right
ventricle after birth is able to overcome mild degrees of stenosis without developing sufficient
hypertrophy for electrocardiographic detection; but that in the more severe grades of stenosis there
is a progressive hypertrophy of the right ventricle.

Unipolar electrocardiography, by revealing the degree of this hypertrophy is of very great value
in the assessment of the severity of the stenosis. In mild cases the pattern of extreme right
ventricular hypertrophy never develops; in moderately severe cases it develops slowly and does not
H
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reach its peak until adult life;- in severe cases it develops rapidly and in childhood; in extreme cases
it is present from birth or develops within the first few months of life.

This is not the invariable course. In pulmonary atresia and rare cases of pulmonary stenosis,
a greatly increased amount of blood may pass through the foramen ovale to the left side of the
heart. There is deep cyanosis from birth, the right ventricle becomes atrophic and the left ventricle
hypertrophies. Peacock (1866) gave a good example and quoted several others. Survival beyond
the first few days of life is rare and the case reported by Wood (1942), which survived to 6 years of
age, is very unusual. More commonly the right atrium persists in feeding the right ventricle.

Unlike lesions that lead to pulmonary congestion, dyspnoea is a relatively late sylmptom. in
pulmonary stenosis, and patients with this malformation may lead comparatively normal lives
until the right ventricle begins to fail. In the absence of tricuspid incompetence or rheumatic or
bacterial endocarditis, congestive heart failure does not occur until the right ventricle has reached
its maximum degree of hypertrophy. By revealing the development of this hypertrophy, unipolar
electrocardiography provides evidence that precedes change in either the clinical or radiological
condition of the patient (Cases 4 and 5). Once the full hypertrophy has developed it may be
sufficient to overcome the stenosis for many years (Case 6); especially if the hypertrophy develops
slowly and does not reach the extreme degree until adult life. If, on the other hand, the hyper-
trophy develops rapidly and in childhood, there is the danger of early congestive failure. Cases 1

A B
FIG. 9.-Photomicrographs of myocardiumn (x 90) of right ventricle and stained with Weigert's iron hematoxylin.

(A) Case 3. Large muscle cells but no diffuse fibrosis. (B) Case 6. Large muscle cells with extensive fibrosis.

and 3, Blackford and Parker's (1941) case, Allanby and Campbell's (1949) second case, and the
frequency of abrupt cardiac arrest during thoracotomy, suggest that sudden death is more common
in this malformation than has-been recognized. Acute right ventricular failure appears the most
likely explanation.

Allanby and Campbell (1949) have pointed out the frequency of prolongation of the P-R
interval. This has not been a feature of the cases reported here, the longest intervals being 02
sec. in Case 2 and 0-18 sec. in Case 6. In the remainder it was 016 sec. or less.
A more significant difference between these cases and those reported by Allanby and Campbell

'(1949) is the relative absence of diffuse fibrosis through the myocardium of the right ventricle (Fig. 9).
The only heart in which diffuse fibrosis was a striking feature was that from Case 6, the oldest
patient, in whom there had been long-standing right ventricular failure. Taken with the cases in
which diffuse fibrosis has been reported, this suggests that it is the result of long-standing over-work
and not an inherent part of the hypertrophy of the right ventricular wall.
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DIFFERENTIAL DIAGNOSIS
The right ventricle seldom reaches so marked a degree of hypertrophy in any other lesion.

congenital or acquired, as it does in isolated pulmonary stenosis. The pattern of extreme right
ventricular hypertrophy described, although characteristic of the severe forms, is not seen frequently
in clinical cardiography, though it can occur in other lesions.

In the tetralogy of Fallot, the ventricular septal defect and over-riding aorta spare the right
ventricle at the expense of the pulmonary circulation. The arterial anoxemia, secondary poly-
cythmmia, and diminished pulmonary blood flow, are usually responsible for death before the right
ventricle fails. Post mortem, the right ventricular wall is seldom thicker than the left, with which it
shares its work. The degree of pulmonary stenosis, the size of the ventricular septal defect, and the
extent of dextro-position of the aorta, all affect the burden carried by the right ventricle in the
tetralogy. This is seen electrocardiographically in a great diversity of patterns of right ventricular
hypertrophy. Usually there are tall R waves and inverted T waves in VI (Fig. 10) with an abrupt
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dextroposed, possibly when there is extreme dextroposition of the aorta and the right ventricle is
responsible for both systemic and pulmonary circulations. Whatever the cause this pattern is
rare in the tetralogy and common in isolated pulmonary stenosis; its recognition is of value in their
differentiation.

In atrial septal defect the work of the right ventricle is added to by its greatly increased output
and sometimes by a rise of peripheral resistance in the lungs. Burrett and White (1945) have
suggested that pulmonary arterial sclerosis and vascular thrombosis are common. The author has
not, however, seen this pattern of extreme right ventricular hypertrophy in atrial septal defect,
though Goldberger (1947) has given an example.

In mitral stenosis electrocardiographic evidence of right ventricular hypertrophy is exceptional
and slow to develop. Advanced changes do occasionally occur and the pattern of extreme right
ventricular hypertrophy has been seen. In some such cases pericardial adhesions'surrounding and
constricting the pulmonary artery (Gouley, 1937) may be partially responsible.

In chronic cor pulmonale death is precipitated by the associated pulmonary disease before the
right ventricle reaches the extreme degree of hypertrophy, but in idiopathic pulmonary hypertension
electrocardiographic changes comparable to those recorded over the left ventricle in systemic
hypertension may occur in the right chest leads.

SURGICAL SIGNIFICANCE
Brock (1948, 1949) has shown that pulmonary valvulotomy and infundibular (or lower bulbar)

resection are feasible operations. The operative mortality rate is reported as high and the risks
involved are only justified in cases in which the outlook is poor.

Once the electrocardiographic pattern of extreme right ventricular hypertrophy has developed
in pulmonary stenosis, the severity of the lesion is sure. It is suggested that surgery at this stage
is justified in the younger age groups and that, by anticipating clinical deterioration and myocardial
fibrosis, the operative mortality rate might be reduced.

From the point of view of surgical follow-up, Case 7 is of great interest. This boy's progress,
which has been followed electrocardiographically, suggests, as would be anticipated, that in spite
of increased activity and growth the progressive hypertrophy of the right ventricle can be arrested
by enlargement of the pulmonary orifice.

SUMMARY

The electrocardiographic features of seven cases of congenital pulmonary stenosis with intact
ventricular septum are reported in illustration of the pattern of extreme right ventricular hyper-
trophy common in this malformation. The chief characteristics of this pattern are seen in the chest
leads: they show tall R waves, S-T depression, and deep inversion of the T waves extending far
across the left side of the chest.

The diagnosis is supported by necropsy findings in four of the cases.
It is suggested that the right ventricle hypertrophies in proportion to the degree of the stenosis

in relation to the right ventricular output, and that unipolar electrocardiography, by recording the
extent of the hypertrophy, affords an accurate measure of the severity of the stenosis.

Evidence is presented to show that the development of the electrocardiographic pattern described
precedes clinical deterioration, change in the radiological appearance of the heart, onset of right
ventricular failure, and diffuse fibrosis of the myocardium. This pattern is characteristic irrespective
of heart size on radioscopy, patency of the foramen ovale, exact site of the stenosis, and the state of
the pulmonary artery beyond the stenosis.

The significance of this electrocardiographic pattern is discussed in relation to diagnosis, prog-
nosis, and surgical treatment of the malformation.

In the absence of necropsy material, the electrocardiographic pattern of fully developed right
bundle branch block, which sometimes occurs in this malformation, is not considered in this paper.
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