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Though stenosis of the trunk and branches of the pulmonary artery has long been reported at
necropsy (Maugars, 1802; Fiirst, 1878; Schwalbe, 1909; Oppenheimer, 1938), the disorder was
thought to be extremely rare. During the past decade, however, it has been recognized more often
due to the introduction of cardiac catheterization and selective angiocardiography (Moller, 1953;
Coles and Walker, 1956; Smith, 1958; Luan et al., 1960). In a series of 1650 cardiac catheterizations
60 examples of bilateral multiple stenosis of the pulmonary artery were reported by Agustsson et al.
(1962), while in the same year Bell et al. were able to find 14 examples among 175 patients with
congenital heart disease.

However, angiocardiographic confirmation of the anatomy has not always been sought, and we
think that the diagnosis must remain in doubt in those where the gradient as measured by catheteri-
zation has been small and not subsequently confirmed radiologically.

It is our purpose to analyse the published examples, to propose a classification (Table I), to
describe the clinical picture, and to present details of 9 additional patients. Of these, 6 had both
cardiac catheterization and angiocardiography. Catheterization revealed the diagnosis in all, but
angiocardiography demonstrated the stenosis in only 4. In 2 others angiocardiography alone was
performed and the diagnosis revealed in both. In one cardiac catheterization only was carried out
and a pulmonary arterial gradient was demonstrated.

To date 202 patients with post-valvular stenosis of the pulmonary artery and its branches have
been reported, but we have analysed only those where adequate descriptions of both the clinical
features and investigations have been given. To these 108 we have added details of a further 9
patients of our own making a total of 117 (Table II).

CASE REPORTS
Patient 1. A girl, aged 4 years, was referred in April 1959 as her family doctor had heard a murmur

during incidental examination. At the age of 14 months a cleft palate had been repaired. She had never
been as well developed as her sibs. She became dyspnoeic on moderate exertion, but there was no history of
cyanosis.

Examination showed a small child (height, 36 in. (90 cm.); weight, 28 lb. (12-7 kg.)) with a continuous
murmur heard all over the chest, and best heard about 1 in. to the left of the spine posteriorly near the angle
of the scapula. The blood pressure was 90/60 mm. Hg. The electrocardiogram was within normal limits
for the age while the chest radiograph showed pleonmmic lungs with a prominent pulmonary artery and right
ventricle. At cardiac catheterization on February 15, 1960 the catheter passed across an atrial septal defect,
through which there was a left-to-right shunt of 03 1. per minute (Table III). The catheter could not be
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POST-VALVULAR PULMONARY STENOSIS

TABLE I
CLASSIFICATION OF POST-VALVULAR STENOSIS OF THE PULMONARY ARTERY AND BRANCHES

Congenital .. I*: Multiple peripheral stenoses with or without stenosis of (a) Isolated
right or left main branch (b) Combined with other

II: Stenosis at bifurcation of pulmonary trunk congenital cardiac
III: Stenosis of pulmonary trunk I esionIV: Combinations of I, II, and III esions

Acquired .. Extramural (e.g. tumour)
Intramural (e.g. thrombus or embolus)

* Rarely, in type I only. the left main branch may be absent.

TABLE II
ANATOMICAL TYPE OF PULMONARY ARTERIAL STENOSIS AND ASSOCIATED LESIONS ACCORDING TO AGE AND SEX IN 117

PATIENTS

Age Sex I II III IV Associated anomalies
(yr.)-

M F Not PS AS ASD VSD PDA Fallot Complex
stated

0-4 19 18 10 23 19 3 2 8 2 1 4 2 8 10
5-9 17 15 2 14* 16 1 3 2 1 2 1 2 lIt
10-14 7 9 1 4 7 4 2 2 1 6 1
15-19 7 5 6 2 3 1 1 1
20-24 2 1 1 2 1 1 1
25-29 1 2 3 1 1
30-34 1 1 1

53 51 13 49 49 11 8 10 4 4 9 14 117 124
117 117 72

* Three with absent left main branch of the pulmonary artery.
t Three with left superior vena cava including one with total anomalous pulmonary venous drainage.

passed into the pulmonary artery. As the child was not thriving, thoracotomy was done on March 28,
1960 and a very small ductus arteriosus ligated. A systolic thrill was present over the pulmonary artery and
a continuous thrill could be felt over the left lower lobe. Following operation the continuous murmur
persisted (Fig. IA) with a second sound which was split widely. The cardiogram now showed incomplete
right bundle-branch block with right axis deviation while the chest radiograph was unchanged. Angiocardio-
graphy on October 27, 1960 showed bilateral multiple stenoses of the pulmonary artery (Fig. 1B) and possibly
stenosis of the pulmonary valve. The child remains well and no further treatment is contemplated.

A B
FIG. 1.-Patient 1. (A) Phonocardiogram (PCG) recorded over the lower lobe of the left lung,

showing continuous murmur waxing towards the end of systole. (B) Angiocardiogram, lateral
view, showing bilateral multiple stenoses of the pulmonary artery.
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ORAM, PATTINSON, AND DAVIES

TABLE
RESULTS OF INVESTIGATIONS

Plain radiograph Catheterization

Patient No. sex, and age (yr.) RV PA Lung ECG PCG
vascularity RA RV MPA

R L

1 F 4 .. .. .. + + + + RAD; Continuous 0 51/5
post- murmur
op.
RBBB

2 F 3/12 .. .. .. + - N - RVH Ejection
SM

3 F 6/12 .. .. .. N + N N RBBB Ejection 3 35/2 30/8
SM

4 F 27 .. .. .. N + N N N Continuous 0 17/5 15-5110-5
murmur

5 M 5 .. .. .. N N N N LVH Continuous -1 22/0 19/6
murmur

6 F 9 .. .. .. + -- - LAD Continuous 10515 50/20
RVH murmur
RBBB

7 M 6 .. .. .. + + + - RVH Continuous 3/-I 90/0 90/50
murmur

8 F 5 .. .. .. + + + + N Pansystolic 2/-2 60/5 60/32
MDM

9 F 20/12 .. .. .. + - N RVH Ejection

________________________ ~~Early DM _ ___-____ - _____

RAD, right axis deviation; RBBB, right bundle-branch block; RVH, right ventricular hypertrophy; I, Type I;
diastolic murmur; PF/SF, pulmonary to systemic

Patient 2. A girl, aged 3 months, was referred in September 1959 as a murmur had been heard at an
infant welfare clinic. Moderate cyanosis and a pulmonary ejection systolic murmur were observed. At the
age of2 years she was admitted for investigation because of cyanotic attacks. Examination showed an under-
developed child (height 32 in. (80 cm.); weight, 25 lb. (114 kg.)) with central cyanosis and clubbing of the
digits. The cardiac impulse was right ventricular in type while the second sound was single. An ejection
systolic murmur and thrill were present in the pulmonary area. The cardiogram showed right ventricular
hypertrophy with tall P waves in leads II, VR, and VF. Chest radiograph confirmed the right ventricular
hypertrophy. The left lung and left main branch of the pulmonary artery were both smaller than those on the
right. The peripheral vasculature was diminished but equal in both lungs. Cardiac catheterization was
unsuccessful, but angiocardiography demonstrated a high ventricular septal defect and valvular pulmonary
stenosis, and showed in addition stenosis of the left main branch of the pulmonary artery and its divisions
(Fig. 2). Thoracotomy was done on October 15, 1962, as the child was not thriving. The diagnosis of
Fallot's tetrad was confirmed, and 1 cm. from the pericardial reflection the left main branch was narrowed
and over this area a systolic thrill was present. A 6 mm. tubular plastic graft was inserted between the aorta
and the left pulmonary artery distal to the stenosis. Though the graft was patent, no continuous murmur
was heard and cyanosis persisted. One year after operation, the child was more active, was gaining weight,
and had had no further cyanotic attacks.

Patient 3. A girl, aged 6 months, was referred in February 1958 as a murmur had been heard during
routine examination at an infant welfare clinic. Development was normal and there were no symptoms.
At the age of 4j years she was admitted for investigation.

Examination showed a child of normal nutrition (height, 40 in. (100 cm.); weight, 35 lb. (16 kg.)). An
ejection systolic murmur was present at the pulmonary area and the second sound was split, being unaffected
by respiration, while the pulmonary component was louder than the aortic (Fig. 3A). The cardiogram
showed incomplete right bundle-branch block and right axis deviation, while the chest radiograph was normal
except for a prominent pulmonary artery. Cardiac catheterization on August 20, 1962 (Table III) showed
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POST-VALVULAR PULMONARY STENOSIS

III
IN OUR NINE PATIENTS

(mm. Hg) Selective Associated defects Remarks
l___-angiography

PA Art. 02
satn. Anat. RPA LPA

R L type

90 I + + IPDA PDA ligated 1960 yet continuous
murmur persisted

I _ + Fallot's tetralogy Central cyanosis; aorta-LPA
anast. 1962

25/8 92-5 A and VSD with PF/SF Probably type II
of 4 R. branch stenosis

10-5/6-5 98 N N N 0

14/6 12-6 95 5 N N N ? Valvular AS

85 1 + + ASD Fallot's tetralogy Operation not advised

60/40 92 I + Absent R-sided aortic arch; PDA PDA ligated 1961 with loss of
continuous murmur; stenosed
RPA not resected

10/5 60/32 85-5 I + + VSD with PF/SF of 2-1 VSD closed 1960

ll|I + + Fallot's tetralogy Operation not advised

N, normal; LVH, left ventricular hypertrophy;
flow ratio; PDA, persistent ductus arteriosus.

LAD, left axis deviation; SM, systolic murmur; MDM, mid-wir' : ;~~~~~~~~~~~~~~~~~~~~~~~..'-;. .':.

A B
FIG. 2.-Patient 2. Angiocardiogram showing simultaneous opacification of the aorta and pul-

monary trunk, pulmonary valve stenosis, and almost complete absence of filling of the left main
branch of the pulmonary artery. (A) Antero-posterior view. (B) Lateral view.

3K

835

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.26.6.832 on 1 N
ovem

ber 1964. D
ow

nloaded from
 

http://heart.bmj.com/


836 ORAM, PATTINSON, AND DAVIES

PA. 1 2
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PCG 1. - 41.. it -1 tveer6' *e_t;s-
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E CG
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. - -,. / --

FIG. 3.-Patient 3. (a) Phonocardiogram (PCG) recorded at the pulmonary area showing an ejec-
tion systolic murmur (SM) and widely split second sound, the pulmonary component (P)
being louder than the aortic (A). Lead II of the electrocardiogram shows incomplete right
bundle-branch block. (b) Withdrawal tracing during catheterization showing a systolic gradient
of 5-7 mm. from the right main branch (RPA) to the pulmonary trunk (MPA).

I~~~~~

both atrial (ostium secundum) and ventricular septal defects with a pulmnonary to systemic flow ratio of 4.
The catheter could not be passed into the left main branch of the pulmonary artery, but a tracing taken during
withdrawal of the catheter from the right main branch to the pulmonary trunk itself showed a systolic
gradient of 5-7 mm. Hg (Fig. 3B). Angiocardiography was not done. As the child is thriving, operation is
not contemplated at present.

Patient 4. A woman aged 27 years was admitted for investigation of a cardiac murmnur found during her
first pregnancy in 1956. She had no symptoms. A continuous murmur had been heard on occasions in the
pulmonary area.

Examination revealed a continuous murmur in the pulmonary area, the blood pressure being 120/80
mm. Hg. No other clinical abnormality was present. An electrocardiogram was normal while a chest
radiograph showed a prominent pulmonary artery but was otherwise normal. Cardiac catheterization on
April 17, 1959 (Tablescd) did not demonstrate any septal defect or aorto-pulmonary communication.
Twhere was a systolic gradient of 5 mm. Hg at the origin of the right main branch of the pulmonary artery.
No stenosis was demonstrated at angiocardiography, theanatomy being apparently entirely normal.

Patient S. A boy aged 52was found to have heart disease at the age of2a years and a patent ductus was
suspected. Each winter he had had bronchitis and was noted to be cyanosed after exertion.

Examination showed a child of normal nutrition (height, 44 in. (110 cm.); weight, 35 lb. (16 kg.)). A
continuous murmur was heard for about two years, but it became more difficult to hear and by the age of 5
only a systolic murmur in the pulmonary area was audible. The blood pressure was 120/50 mm. Hg.
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POST-VALVULAR PULMONARY STENOSIS

A B
FIG. 4.-Patient 6. Angiocardiogram showing infundibular pulmonary stenosis, dilated pulmonary

artery with stenoses of the right and left main peripheral branches. (A) Antero-posterior view.
(B) Lateral view.

Clinical examination was otherwise normal. An electrocardiogram suggested the possibility of left ventricular
enlargement while the chest radiograph was normal. Cardiac catheterization on April 20, 1960 (Table III)
showed systolic gradients of 7 and 5 mm. Hg respectively at the origins of the left and right main branches of
the pulmonary artery. No other abnormality was discovered. No stenosis of the right or left main
branches was demonstrated at angiocardiography, though one film was suggestive of valvular aortic stenosis.

Patient 6. A girl aged 9 years had had recurrent respiratory infections with attacks of cyanosis for one
year. At birth a heart murmur had been observed.

Examination revealed a small child (height, 49 in. (122 cm.); weight, 63 lb. (29 kg.)) who was cyanosed
occasionally at rest. A continuous murmur that had been heard originally in the right infraclavicular region
was no longer present, but there was a holo-systolic murmur with a single second sound in the pulmonary
area. The cardiogram showed left axis deviation with incomplete right bundle-branch block and right
ventricular hypertrophy. The chest radiograph confirmed the right ventricular enlargement while both
lungs were oligoemic. The pulmonary arterial branches were small. At cardiac catheterization on June 8,
1949 (Table III) the catheter passed across an atrial septal defect through which there was a right-to-left
shunt. Though there was a systolic gradient of 55 mm. Hg across the pulmonary valve, the pulmonary
arterial pressure was 50/20 mm. Hg. Angiocardiography on September 11, 1960 showed a short infundi-
bular pulmonary stenosis with a right-to-left shunt across a ventricular septal defect. The pulmonary trunk
was dilated, the dilatation extending into the right main branch. At the hilum, the right main branch was
narrowed with localized stenoses of all its lobar branches and other peripheral stenoses. In addition the
left main branch was narrowed at its origin with several peripheral stenoses (Fig. 4). Operation was not
advised.

Patient 7. A boy aged 6 years was found to have heart disease at the age of 6 months. He became
dyspnceic on moderate exertion, but never cyanosed.

Examination showed a child (height, 31 in. (78 cm.); weight, 30 lb. (13 -6 kg.)) with a continuous murmur
loudest at the aortic area. In addition a systolic murmur was present posteriorly near the angle of the right
scapula. The blood pressure was 100/60 mm. Hg. The electrocardiogram showed right ventricular hyper-
trophy which was confirmed by chest radiograph. The right main branch of the pulmonary artery was
dilated while the left lung was oligwemic. At cardiac catheterization on January 24, 1958 (Table III) the
catheter traversed a ductus arteriosus. The catheter could not be passed into the left main branch of the
pulmonary artery, and there was a systolic gradient of 30 mm. Hg at the origin of the right main branch.
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ORAM, PATTINSON, AND DAVIES

A B
FIG. 5.-Patient 7. Angiocardiogram showing huge pulmonary trunk with an absent left main

branch and stenosis of the right main branch. A persistent ductus arteriosus crossing to the
right-sided aortic arch is marked by the arrows. (A) Antero-posterior view. (B) Lateral
view.

Angiocardiography on November 11, 1960 showed a huge pulmonary artery trunk with an absent left main
branch. A local stenosis of the right main branch was present just beyond its origin, and distal to this it
was dilated, the middle two lobar branches being very large. In addition the right upper lobe artery showed
a local stenosis at its origin, with distal dilatation. A ductus arteriosus and a right-sided aortic arch were also
present (Fig. 5). Thoracotomy on June 13, 1961 confirmed the absence of the left main branch of the pul-
monary artery though the venous drainage of the left lung was normal. A systolic thrill was present over
the ductus arteriosus and stenosed right main branch of the pulmonary artery. The ductus was closed
but the stenosis of the right main branch of the pulmonary artery could not be resected. After operation
the continuous murmur disappeared.

Patient 8. A girl aged 5 had been found to have heart disease at the age of 2 years. She had moderate
exertional dyspnoea.

Examination revealed a child of normal development (height, 41-5 in. (104 cm.); weight, 35 lb. (16 kg.)).
No cyanosis or clubbing was present, the blood pressure being 85/55 mm. Hg. The right ventricle was
enlarged while there was a holo-systolic murmur at the pulmonary area, the second sound being closely
split. In addition at the mitral area there was a mid-diastolic murmur. The cardiogram showed the heart
to be vertical in position without evidence of right ventricular hypertrophy. Chest radiograph showed an
enlarged heart with right ventricular hypertrophy and a prominent pulmonary trunk while the lungs were
pleonemic. Cardiac catheterization in September 1959 (Table III) showed a pulmonary to systemic flow
ratio of 2:1 due to a left-to-right shunt across the ventricular septal defect. In addition there was a systolic
gradient of 50 mm. Hg at the origin of the right main branch of the pulmonary artery. Angiocardiography
on September 23, 1960 confirmed the ventricular septal defect. Both the right and left main branches of the
pulmonary artery were small. Multiple peripheral stenoses with fusiform post-stenotic dilatations were also
present and were best demonstrated on the lateral film (Fig. 6). In later films a left-to-right shunt was demon-
strated across the ventricular septal defect.

On September 30, 1960 the ventricular septal defect was closed using cardio-pulmonary bypass. The
pulmonary trunk was large while the right main branch was small. After operation the murmur due to the
septal defect disappeared, but a systolic murmur was still heard in the pulmonary area, and the systolic
murmur due to the right main branch stenosis was still audible posteriorly.

Patient 9. A girl aged 20 months was seen to have stridor shortly after birth, and a cardiac murmur was
heard.

Examination showed a child of normal nutrition (height, 30 in. (75 cm.); weight, 22 lb. (10 kg.)) with
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POST-VALVULAR PULMONARY STENOSIS

A B
FIG. 6.-Patient 8. Angiocardiogram showing a dilated pulmonary artery with stenoses of the right

and left main and peripheral branches. (A) Antero-posterior view. (B) Lateral view.

moderate exertional dyspnoea and cyanosis but no clubbing. The blood pressure was 100/65 mm. Hg. An
ejection systolic murmur with a thrill was present at the pulmonary area and an early diastolic murmur was
also heard. The electrocardiogram showed right ventricular hypertrophy. The chest radiograph confirmed
the right ventricular enlargement. The right main branch of the pulmonary artery and its divisions were
normal while the left main branch and its branches were very small. Angiocardiography on December 10,
1963 showed Fallot's tetralogy with infundibular and valvular pulmonary stenosis. The pulmonary trunk
was short and narrow, both main branches being small, the left in fact measured only 3 mm. in diameter and
supplied a few tiny branches to the lung. Multiple peripheral stenoses were present in the right lung (Fig. 7).
Operation was not advised.

A B C
FIG. 7.-Patient 9. Angiocardiogram showing a right-to-left shunt through a ventricular septal

defect, faint filling of the aorta, and infundibular and pulmonary valvular stenosis. The right
main branch of the pulmonary artery is narrow (7 mm. diam.) with multiple stenoses at the origin
of the lobar and segmental arteries and prominent post-stenotic dilatations. The left main
branch is tiny (3 mm. diam.) and rapidly decreases in size with multiple stenoses of its few small
branches. The venous phase shows large right pulmonary veins while the left pulmonary veins
are invisible. (A) Antero-posterior view. (B) Lateral view. (C) Antero-posterior view showing
venous phase.
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ORAM, PA7TINSON, AND DAVIES

DISCUSSION

Classification and ,Ctiology. Stenosis of the pulmonary artery and its branches is usually con-
genital but it can be acquired. The obstruction may be single, usually affecting the main trunk of the
artery, or multiple in which case it may be unilateral or bilateral. At times the stenosis may affect
both the main pulmonary trunk and the peripheral branches (Table I). Of the 117 patients, 49 were
examples of Type 1, 49 of Type II, 11 of Type III, and 8 of Type IV (Table Il). Type IV consisted of
3 patients with combined Type I and II deformities, 2 with Types I and III, and 3 with Types II
and III. An extreme example of the condition is atresia of the pulmonary artery which may
consist of cord-like segments of varying length. The atresia may or may not be associated with
stenosis of the pulmonary valve. Rarely the left main branch of the pulmonary artery may be
absent.

That the lesion is congenital is suggested by its occurrence following maternal rubella (Gyllen-
sward et al., 1957; Arvidsson et al., 1961; Liggins and Phillips, 1963); its association with other con-
genital anomalies, both cardiac defects especially Fallot's tetralogy, pulmonary valvular stenosis,
and atrial or ventricular septal defects, and non-cardiac defects such as cataract, cleft palate, deaf
mutism, and hypertelorism; and its age distribution, over two-thirds occurring in the first decade.
Further support is given by the familial occurrence of the disorder: thus, the sixth patient described
by Gyllensward et al. (1957) was the son of the woman previously reported by Arvidsson, Karnell,
and Moller (1955); and the two patients reported by Van Epps (1957) were brothers.

S0ndergaard (1954) has suggested that stenosis of the pulmonary artery at its bifurcation results
from closure of the ductus arteriosus, just as Craigie (1841), supported later by Skoda (1855), had
supposed this might account for the origin of the adult type of coarctation of the aorta. For this
reason S0ndergaard referred to stenosis at this site as "coarctation of the pulmonary artery".
However, the Skodaic theory of the origin of coarctation of the aorta has been attacked convincingly
by Edwards et al. (1948). Though the bifurcation of the pulmonary artery is a common site for
stenosis, particularly when Fallot's tetralogy is present, the theory would not account for the
presence of stenosis situated more peripherally or of the common multiple ones.

Acquired stenosis of the pulmonary artery and its branches is rare. One of us (J.N.P.) has seen it
on three occasions result from pressure of a tumour while Waldhausen, Lombardo, and Morrow
(1959) have reported a similar example. Moller (1922) has demonstrated multiple partially absorbed
pulmonary emboli or thrombi that could easily give rise to the curious rounded or scalloped ob-
structions shown so clearly in the angiocardiograms of the first patient of the series described by
Arvidsson etal. (1955). Dimond and Jones (1954) have reported an example of multiple stenoses of
the left main branch following pulmonary arterial thrombosis of traumatic origin.

Morbid Anatomy. When the lesion is isolated, opportunity for necropsy is rare owing to its
benign clinical nature. Even at necropsy it may not always be possible to determine whether the
cause of the obstruction is congenital or acquired.

At times the stenosis may be due to a diaphragm or membranous septum-like constriction
(Gyllensward et al., 1957; Kjellberg et al., 1959), or it may be elongated for a few millimetres or even
a centimetre or two. Sometimes medial sclerosis and calcification may be widespread in the region
of the obstruction (Oppenheimer, 1938), and may form a calcific ring necessitating surgical dilatation
(Shumacker and Lurie, 1953). The obstruction may admit only a probe, and if it is complete then
atresia is a more appropriate term.

There is often dilatation of the pulmonary arterial branch beyond the stenosis, and this is almost
invariable if the stenoses are multiple. It is presumably due to hemodynamic forces acting on the
vessel wall as in other post-stenotic dilatations (Holman, 1954). Rarely, blind-ending vascular
sacs arise from the pulmonary artery and are thought to be the central remains of vascular primordia
running in an abnormal direction (Gyllensward et al., 1957).

Sometimes the pulmonary arterial tree may be hypoplastic, either both main branches (Arvidsson
et al., 1955) or only one branch, as in the first patient reported by Gyllensward et al. (1957) and the
second and ninth patients of our series. The main pulmonary trunk may be dilated yet the peri-
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POST-VALVULAR PULMONARY STENOSIS

pheral branches show multiple constrictions, as in the fifth patient described by Gyllensward and his
colleagues (1957) and the seventh patient of our series.

At times the pulmonary vascular bed may be reduced considerably by obliteration or aplasia of
the lower lobe arteries, as in the second patient described by Arvidsson et al. (1955). In this patient
the lower portions of the lungs received their blood supply from the bronchial arteries. This was
demonstrated by angiocardiography which showed simultaneous opacification of the bronchial
arteries and aorta.

Occasionally the left main branch of the pulmonary artery is entirely absent and the right may
show single or multiple stenoses (Gunning, 1957; Loehr, Loogen, and Vieten, 1961). We have
encountered one such example (Patient 7, Fig. 5). We can find no record of the right main branch
being absent.

The principal histological changes include fibrous proliferation of the intima at the stenosis, and
distal to the obstruction the artery is thin walled and dilated with variable loss of elastic tissue in
the media, with or without intimal proliferation (Gay et al., 1963). Such a pattern resembles that
found in fibromuscular stenosis of the renal arteries.

Saphir (1932) has reported two examples in which histological examination showed that the
anomaly was due to organized mural thrombi. The first showed bands measuring 3-10 mm.
affecting both the right and left main branches of the pulmonary artery but not the trunk, and the
second had distinct ridges in some of the branches of the main pulmonary artery. From Saphir's
illustrations of the specimens it seems that though the stenosis of the pulmonary artery and its
branches might not cause any sudden alteration of pressure, the passage of a catheter might well
become obstructed. In a patient of Dimond and Jones (1954), where necropsy revealed the entire
right main branch of the pulmonary artery to be occluded by thrombus, the left main branch also con-
tained thrombus, canalized in such a manner that the angiocardiogram could easily simulate
multiple stenoses. The patient's chest had been severely bruised in a car accident five months
previously. He had been in excellent health before the accident, which was thought to have caused
in situ thromboses of the pulmonary artery.

The obstructions, whether single or multiple, can at times be sufficiently severe to give rise to
right ventricular hypertrophy, and such pressure transmitted to the right atrium may result in a right-
to-left shunt through a patent foramen ovale (Dimond and Jones, 1954).

Clinical Features. The age range when the patients were first seen was from a few months to
33 years. Eighty-one were 9 years old or less, and the sex ratio was approximately unity (Table II).

The patient with post-valvular pulmonary arterial stenosis may fail to thrive. Thus, where a
note was made of the physical state, one-half were poorly developed and this did not seem always
to be associated with cyanosis. In the absence of other lesions, cyanosis is uncommon but may
appear on exertion if the stenosis is severe when right ventricular hypertension may cause a right-to-
left shunt through a patent foramen ovale.

Dyspncea was not a prominent symptom in the absence of associated defects. Hemoptysis is
rare, but Van Epps (1957) has described it resulting from large post-stenotic pulmonary arterial
aneurysms.

The auscultatory signs will obviously depend on whether an associated cardiac lesion is also
present, as was the case in 72 of 117 patients, and these signs often obscure and modify those due to
stenosis of the pulmonary artery. In severe stenosis of the pulmonary valve the second sound is
single, being due to aortic valve closure. In contrast, in post-valvular pulmonary arterial stenosis,
and as would be expected when central pulmonary hypertension is present, the second sound is
frequently split, the pulmonary component being loud. However, if stenosis is both valvular and
post-valvular, as in two of our patients, then the second sound may be single. Kjellberg et al.
(1959) have published a phonocardiogram from a patient with membranous pulmonary artery
stenosis in which an extra sound was recorded after the second sound, presumablv caused by the
membrane which was about 1-5 cm. above the pulmonary valve.

A systolic murmur was absent in only 6 of 36 isolated and 2 of 62 combined examples of the dis-
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order. It is usually of ejection type but may be pansystolic and is best heard along the left sternal
edge.

The diastolic murmur usually begins with the second sound and may be short, so that it is then
incorrect to speak of a continuous murmur. For this murmur Franch and Gay (1963) have used the
term quasi-continuous. When genuinely continuous, the murmur may be mistaken as evidence of a
persistent ductus arteriosus, the resemblance being so close that patients have been explored
(Eldridge, Selzer, and Hultgren, 1957). One of our patients (Patient 1) had both a small persistent
ductus and pulmonary arterial stenosis, and it was only when the continuous murmur persisted after
the ductus had been ligated that the correct diagnosis became obvious. All patients show a systolic
pressure gradient and some have in addition a diastolic gradient. It is likely that the diastolic
gradient results in the systolic murmur being continued into diastole. From study of the examples
published, it seems that the pulmonary arterial stenosis must be severe to produce a continuous
murmur. Recently, Eldridge and his colleagues (1957) have shown that constriction of a large
branch of the pulmonary artery results in a systolic murmur, but with increasing flow through the
constriction a continuous murmur is produced. Thus in order to have a flow in diastole of sufficient
volume and velocity to produce turbulence great enough to give rise to a murmur, a reservoir ofblood
under pressure must exist proximal to the constriction. A gradient must be present not only in
systole but throughout the entire cycle. To us, the systolic ballooning of the pulmonary arteries
proximal to the stenosis, with subsequent emptying during a varying part of diastole, resembles
closely the mechanism of the bagpipe. Of the 117 patients, murmurs were commented on in 98.
A continuous murmur was present in 23 of these; 6 in the 36 isolated examples and 17 in the 62
combined, a patent ductus arteriosus being present in 11 of the latter. Of our 9 patients, 5 had a
continuous murmur, of whom 2 had a persistent ductus arteriosus, and 1 had Fallot's tetrad com-
plicated by an atrial septal defect. One had both systolic and early diastolic murmurs.

The association with other congenital cardiac defects is important. Thus 72 of 117 patients had
such abnormalities, of whom 24 had multiple defects and 17 the tetrad of Fallot. 31 had only a
single additional anomaly, pulmonary stenosis and ventricular septal defect being equally common
(Table II). Of particular interest is the occurrence of a left superior vena cava in three subjects
including one with total anomalous pulmonary venous drainage, since not only may this lesion be
associated with Fallot's tetralogy (Campbell and Deuchar, 1954) but it can also give rise to a con-
tinuous murmur (Keith et al., 1954).

Taybi et al. (1963) have described some form of peripheral pulmonary arterial stenosis in 10 of 13
patients with supravalvular aortic stenosis. The defect appeared to be transmitted by an auto-
somal dominant gene. In a review of the published reports they found only 3 such examples among
54 patients with supravalvular aortic stenosis. Recently Williamson (1964) has reported one fur-
ther example. Among these 117 cases of pulmonary arterial stenosis we have found 4 with aortic
stenosis (Table II), and in 2 of them the obstruction was supravalvular.

Special Investigations. Electrocardiogram. Although the electrocardiogram may be normal, it
usually reflects right ventricular hypertrophy if the stenosis is severe, even in the absence of any other
congenital cardiac lesion. Of 27 patients with isolated pulmonary arterial stenosis the cardiogram
was normal in 7, right ventricular hypertrophy being present in 20. Of 58 patients with combined
defects, the electrocardiogram was normal in only 3, right ventricular hypertrophy being present in
45, left ventricular hypertrophy in 7, and biventricular hypertrophy in 3.

Radiology. The chest radiograph is usually normal though when right ventricular hypertrophy
is present it may be evident in the radiograph as well as in the electrocardiogram. More important
is the state of the pulmonary artery and its branches. Thus with valvular stenosis there may be
post-stenotic dilatation of the main pulmonary trunk while this is absent in isolated pulmonary
arterial stenosis. Similarly, with an associated atrial or ventricular septal defect and left-to-right
shunt, there may be dilatation of the main pulmonary trunk and its branches radiologically. In
contrast, with bilateral peripheral stenoses of the branches of the pulmonary artery the lung fields
may be oligemic. At times, the small vascular dilatations can be made out. If the obstruction is
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unilateral the contrast between the two lung fields may be obvious. In some patients the plain
chest radiograph may show a typical change in the hilar region, the central branches of the pul-
monary artery being poorly marked and narrow when compared with the post-stenotic dilatations
of the more peripheral parts. It is even possible in some cases to make the diagnosis from such films
(Gyllensward et al., 1957). Fluoroscopy may reveal excessive pulsation in the post-stenotic dilated
branches of the pulmonary artery distal to the hilar region, especially if image intensification is
employed (Gay and Franch, 1960).

The first angiocardiographic report of the lesion appears to be that of Powell and Hiller (1955).
Final diagnosis must rest on the demonstration of the stenosis or stenoses by selective angiocardio-
graphy of the pulmonary arterial tree, which will show not only the sites of obstruction but also the
post-stenotic dilatations. If the obstruction is membranous it may be rendered invisible by the over-
lapping of the post-stenotic dilatations, and unless two-plane angiograms are taken the stricture may
be missed.

Cardiac catheterization may reveal the diagnosis by demonstrating one or more pressure gradients
in the branches of the pulmonary artery (Fig. 3). Williams, Lange, and Hecht (1957) have shown
that considerable obstruction must exist in the pulmonary artery to produce a measurable gradient,
for example a 50 per cent reduction in diameter will result in only a 9 mm. Hg mean gradient.
Conversely with an increased pulmonary flow consequent on a septal defect, a high gradient may
result even though the obstruction be slight. In addition, valvular stenosis may mask stenosis or
stenoses of the branches of the pulmonary artery. Fallacious obstruction may be diagnosed by
failing to disengage completely the catheter from the "wedged" position. Careful observation of
the catheter by fluoroscopy, and estimation of the oxygen saturation of blood samples, will confirm
the site of the obstruction. According to Franch and Gay (1963) increased pulmonary flow alone
may be responsible for a pressure differential between the pulmonary trunk and its right main
branch at their sharply angulated junction. Ideally, selective angiocardiography should be avail-
able, and if a pressure gradient is found a small quantity ofcontrast medium should be injected just
proximal to the obstruction. However, in two of our patients catheterization suggested peripheral
stenoses but subsequent angiocardiography failed to confirm this. Recently, Weinberg et al. (1964)
have published a similar example (their Case 4).

Agustsson et al. (1962) have reported a characteristic pressure curve in patients with bilateral
stenoses of the pulmonary artery branches. They found that the descending limb of the curve was
steeper, with a deeper dicrotic notch and a lower diastolic plateau than in normal subjects. These
changes were related to the severity of the obstruction, and this may be the reason why we did not
find them in our patients. Such pressure tracings were unaffected by an associated left-to-right
shunt or stenosis of the pulmonary valve, and are found also in supra-valvular aortic stenosis (Gupta
and Wiggers, 1951; Denie and Verheugt, 1958; Morrow et al., 1959). Dean et al. (1962) in a series
of 20 patients also noted the low diastolic pressure but recorded that the ascending limb of the sys-
tolic pulse was less steep. It was suggested by Agustsson and his colleagues (1962) that, in post-
valvular pulmonary stenosis, the pulmonary artery proximal to the obstruction functioned as an
outlet chamber continuous with the right ventricle in systole. In diastole, the stenotic area con-
stricts and the pulmonary valve cusps bulge into the right ventricular outflow tract. Presumably
this would explain the early diastolic murmur found in severe post-valvular pulmonary stenosis.
Another pitfall in diagnosis by catheterization is that, occasionally, records taken from the pul-
monary artery near the orifice of a persistent ductus may show a higher pressure than more distal
ones (Levinson et al., 1951).

Of 104 patients where the results of cardiac catheterization were known, the right ventri-
cular and pulmonary arterial pressures were normal in only 4. In the remaining 100 both the
right ventricular and pulmonary arterial pressures were raised in 76 and the right ventricular
pressure was alone raised in 24. The relation to the presence or absence of a shunt can be seen
from Table IV.

Differential Diagnosis. Post-valvular pulmonary stenosis may masquerade clinically as valvular
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TABLE IV
RELATION OF RIGHT VENTRICULAR AND PULMONARY ARTERIAL PRESSURES TO ABSENCE, PRESENCE, AND DIRECTION OF

SHUNT

Pressures Shunt absent Shunt present Total

L. to R. R. to L.

R.V. and P.A. raised .. .. .. 45 26 5 76
R.V. only raised.. 13 3 8 24
R.V. and P.A. normal.. .. .. 4 4

Total .. .. .. .. .. 62 29 13 104

pulmonary or aortic stenosis, atrial septal defect, or persistent ductus arteriosus (Dean et al., 1962),
while on the other hand such defects may mask its presence (Bell et al., 1962).

In any patient with stenosis of the pulmonary valve, accompanied by an early diastolic murmur,
post-valvular arterial stenosis should be suspected. When a continuous murmur is present in severe
post-valvular pulmonary stenosis it may be confused with a persistent ductus arteriosus. Further-
more, if the pulmonary arterial stenosis is overlooked, operative treatment of such disorders as
Fallot's tetralogy may be more hazardous.

It must be admitted that a continuous murmur, confirmed phonocardiographically, may exist
without satisfactory explanation. We have encountered two such examples. In one, a woman of
67, angiocardiography revealed a rather large pulmonary trunk (25 x 35 mm.), the right main branch
of the pulmonary artery being 22 mm. at its origin and dilated slightly towards the hilum, and the
left main branch 28 mm. at its origin. There was no evidence of stenosis. In the other patient, a
man of 33, there was only a very small systolic gradient (2-5 mm. Hg) in the right main branch of the
pulmonary artery, and angiocardiography did not reveal any evidence of stenosis.

Prognosis. The outlook must depend on the severity of the lesion and other associated abnor-
malities, and it is often the nature of the latter that determines the outcome. The finding may be a
coincidental one, of little or no significance haemodynamically, and require no treatment. On the
other hand, obstruction may result in failure to thrive, cause central cyanosis on exertion, later,
permanent reversal of the shunt across a foramen ovale. Only one patient has been described in the
fourth decade of life, though it is of course possible that some examples of isolated pulmonary
arterial stenosis may have no impressive murmur and no disability.

Deterioration can certainly take place within a year or two. The only patient we can find where
this has been measured is a girl of 13 years, with isolated multiple pulmonary arterial stenosis,
reported by Gyllenswird et al. (1957). Observed over a two-year period, her pulmonary arterial
and right ventricular pressures rose from 56/18 and 60/0 to 78/31 and 78/0 mm. Hg respectively,
and her chest radiograph showed an increase in heart size. Other patients with severe pulmonary
arterial stenosis, however, do not seem to worsen over many years (Friesinger, Criley, and Ross,
1962).

Treatment. In the majority of patients the lesion is benign and no treatment is indicated. The
indications for operation would be the development of severe pulmonary hypertension in the absence
of any other cause, and possibly severe hemoptysis. Proximal post-valvular stenosis, especially
if membranous, should prove amenable to surgical relief, but not distal and multiple stenoses.
Though the lesion rarely lends itself to correction by operation, Shumacker and Lurie (1953) have
reported successful dilatation of a calcified constriction 2 cm. distal to the origin of the main pul-
monary trunk by means of a Kelly clamp. Improvement included considerable relief of cyanosis.
Segmental narrowing of the main pulmonary trunk has been successfully dilated by means of a
uterine sound (Williams et al., 1957), and occasionally the narrowed pulmonary artery can be
adequately widened by longitudinal incision and transverse closure (Thrower, Abelmann, and Harken,
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1960). Sauvage, Rudolph, and Gross (1960) have replaced the bifurcation of the pulmonary trunk
by autogenous pericardium, and Baxter, Booth, and Sirak (1961) have overcome stenosis involving
the proximal part of the right main branch of the pulmonary artery by inserting a plastic graft
between the distal part of it and the main pulmonary artery. In our second patient the obstructions
at the pulmonary valve and in the left main branch of the pulmonary artery were bypassed by a
tubular plastic graft inserted between the aorta and the left main branch distal to the obstruction.

If the source of a severe hemoptysis can be localized, or bleeding is associated with the rapid
development of a pulmonary artery aneurysm, then removal of the lung segment or lobe should be
considered.

Should operation not prove feasible, it would seem reasonable in patients without severe hemo-
ptysis to maintain anticoagulant therapy indefinitely, particularly in those patients where thrombotic
obliteration is suspected. There is abundant clinical and experimental evidence to show that even
total occlusion of one main branch of the pulmonary artery does not cause pulmonary hypertension
provided the flow is not increased and the pulmonary vascular bed is normal. Consequently one
must be sure that the stenoses are the cause of the pulmonary hypertension and that no other con-
genital anoinaly is responsible.

CONCLUSIONS
In the less severe cases, without measurable effect hcmodynamically, it is doubtful if the diagnosis

can be suspected on clinical grounds alone. If in these patients the diagnosis is suspected at cardiac
catheterization, because of a gradient in the pulmonary trunk or its branches distal to the pulmonary
valve, it should be confirmed by selective angiocardiography. Similarly, in patients who also have
associated congenital cardiac defects, the condition is nearly always masked by them. An early
diastolic murmur or a continuous murmur in association with pulmonary valvular stenosis, however,
should be a strong hint to seek carefully at catheterization for gradients distal to the stenosed pul-
monary valve. In addition, when a continuous murmur is present in severe Fallot's tetralogy, pul-
monary arterial stenosis should be excluded before it is assumed that the murmur is due to flow
through collateral vessels.

In the more severely affected patients with isolated stenosis of the pulmonary artery, a clinical
picture emerges that should, we think, prove sufficiently characteristic to enable diagnosis at the
bedside. The child is likely to be underdeveloped, and cyanosis may be present either at rest or only
on exercise. A left-sided parasternal heave due to a large right ventricle may be present, and a
closely split second sound with accentuation of the pulmonary element due to central pulmonary
hypertension will be found. A systolic, systolo-diastolic or continuous murmur may be heard,
perhaps best at some distance from the pulmonary area. Right ventricular enlargement is more
likely to be found electrocardiographically than radiologically. Though confirmatory angiocardio-
graphy is usually required and a plain radiograph of the chest is commonly normal, at times vascular
dilatations are discernible, and a plain radiograph may also reveal a characteristic appearance of
diminished pulmonary arterial branch shadows at the hilum with heavier shadows a little further out.
Absence of a pulmonary trunk may be obvious too. Fluoroscopy may reveal intrinsic pulsations
peripheral to the hilar vessels.

If, during cardiac catheterization, it were routine procedure for a complete withdrawal tracing to
be recorded slowly from the " wedge" position to the right ventricle, fewer examples of the syndrome
would be missed.

SUMMARY
The published reports on post-valvular stenosis of the pulmonary artery and branches are

reviewed and 9 further examples are added. The clinical features derived from an analysis of 117
patients are described. The importance of cardiac catheterization and angiocardiography is stressed.

We wish to thank Dr. Evan Bedford, Mr. W. P. Cleland, Dr. Walter Somerville, and Dr. M. J. Wilmers for per-
mission to include their patients in this series. We are also grateful for the assistance given by our technicians in the
Cardiac Department, King's College Hospital, and the Radiodiagnostic Department, Middlesex Hospital.
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