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7.1 Anatomy and Haemodynamics
Obstruction of the right ventricular outflow tract and pulmo-
nary artery may occur at the valvular, subvalvular or supraval-
vular level (Fig. 7.1). Pulmonary valvular stenosis is by far
the most frequent modality of obstruction (Freedom and
Benson 2004). In the majority of cases, valvular stenosis is
caused by fusion of the commissures with consecutive reduc-
tion of the valvular orifice. Although stenotic bicuspid pulmo-
nary valves have been described, in most instances, the valve
will be tricuspid (Freedom and Benson 2004; Gerlis 1999). It
has been well documented by fetal echocardiography that
pulmonary valvular stenosis may develop during intrauterine
life and can show progression until the time of delivery
(Lemler and Ramaciotti 2009). A second, less frequent
pathomechanism for pulmonary valvular stenosis is dysplasia
and thickening of the valve leaflets (Freedom and Benson
2004). Since the latter valves do not exhibit fusion of the
commissures, they are less suitable for effective treatment by
surgical commissurotomy or by balloon angioplasty (Musewe
et al. 1987). This type of valvular stenosis is commonly asso-
ciated with additional supravalvular narrowing at the sinotu-
bular junction. Pulmonary valvular stenosis due to dysplasia
of the valve is frequently found in children with Noonan’s
syndrome (Burch et al. 1993; Duncan et al. 1981; Roberts
et al. 2013; Romano et al. 2010). The incidence of pulmonary
stenosis has been described as 6,1 % of congenital cardiac
malformations (Lindinger et al. 2010; Schwedler et al. 2011).
Pulmonary valve stenosis is frequently associated with an
interatrial communication presenting either as patent foramen
ovale or secundum atrial septal defect. However pulmonary
valvular stenosis may also be part of more complex lesions
like tetralogy of Fallot or double outlet right ventricle.
Depending on the severity of the valvular obstruction,
right ventricular systolic pressure increases, resulting in con-
centric hypertrophy of the right ventricle. In children with
critical pulmonary stenosis, reduced antegrade flow through
the right ventricular cavity during intrauterine life may result
in moderate or even severe hypoplasia of the right ventricle
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Fig.7.1 Obstructions of the right ventricular outflow include subval-
vular (a, b), valvular (c¢) and supravalvular (d, e) stenoses. Subvalvular
obstruction may be located at subinfundibular (a) or infundibular level

(Freedom and Benson 2004). Right ventricular morphology
in these patients may resemble patients with pulmonary atre-
sia and intact ventricular septum with attenuation of the api-
cal portion and mild to moderate hypoplasia of the tricuspid
valve (Freedom and Benson 2004). Significant long-standing
pulmonary valve stenosis may produce secondary narrowing
of the subpulmonary infundibulum which has to be distin-
guished from fixed infundibular stenosis: while secondary
infundibular narrowing will regress following effective relief
of the valvular obstruction, the latter will remain unaltered
and has to be addressed surgically (Buheitel et al. 1999).
Isolated infundibular stenosis is rare. It may be due to fibro-
muscular obstruction or hypertrophic cardiomyopathy
(Lemler and Ramaciotti 2009). Infundibular obstruction,
caused by anterior deviation of the infundibular septum, rep-
resents an integral part of tetralogy of Fallot (Chap. 11).
Furthermore subvalvular obstruction by deviation of the

(b). Supravalvular obstructions may affect the main pulmonary artery
(d) and the central or peripheral pulmonary arteries (e)

infundibular septum may be encountered in other conotrun-
cal anomalies like DORV (Chap. 14) (Martinez and Anderson
2005).

A different mechanism of subvalvular stenosis is present
in patients with double-chambered (two-chambered) right
ventricle (DCRV). In these patients, anomalous muscle bun-
dles divide the right ventricle into a high pressure inflow and
a low pressure infundibular compartment (Alva et al. 1999;
Galal et al. 2000; Restivo et al. 1984; Said et al. 2012). In the
majority of cases (75-80 %), double-chambered right ventri-
cle occurs in association with perimembranous ventricular
septal defects (Bashore 2007; Said et al. 2012). Ventricular
septal defects in this setting are frequently restrictive and may
close spontaneously. The presence of non-obstructive anoma-
lous muscle bundles can be detected by echocardiography in
early infancy, before they cause significant obstruction.
Progressive hypertrophy of these preformed structures results
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in an increasing pressure gradient within the cavity of the
right ventricle. Furthermore DCRV may be associated with
fibromuscular subaortic stenosis (Baumstark et al. 1978;
Vogel et al. 1988).

Stenoses of the pulmonary bifurcation and of the central
and peripheral pulmonary arteries are much less frequent
than obstructions at valvular level. Stenoses of the pulmo-
nary bifurcation at the origin of the left pulmonary artery
are frequently due to constriction of ductal tissue at its pul-
monary insertion. Therefore this type of obstruction has
been termed juxtaductal pulmonary artery coarctation
(Elzenga et al. 1990; Luhmer and Ziemer 1993; Momma
et al. 1986). It is quite common in patients with complex
cyanotic heart disease including tetralogy of Fallot or pul-
monary atresia and VSD with duct-dependent pulmonary
circulation (Elzenga et al. 1990; Luhmer and Ziemer 1993;
Momma et al. 1986). In patients with right-sided duct con-
necting to the right pulmonary artery, the obstruction can
be located at the origin of the right pulmonary artery.
Juxtaductal pulmonary artery coarctation may progress to
atresia, resulting in isolation of the respective pulmonary
artery (Elzenga et al. 1990; Luhmer and Ziemer 1993;
Momma et al. 1986).

Stenoses of the peripheral pulmonary arteries, frequently
associated with hypoplasia of both central pulmonary arter-
ies, are a typical feature of patients with Williams-Beuren
syndrome (Pankau et al. 2001; Wessel et al. 1994). Further
cardiovascular manifestations of this syndrome include
supravalvular aortic stenosis, coarctation of the aorta and
hypoplasia of the descending aorta (Collins 2013; Zalzstein
et al. 1991). The syndrome, which is caused by a microdele-
tion on chromosome 7q22, includes a typical facial appear-
ance (“elfin facies”) and varying degrees of mental retardation
(Collins 2013; Wessel et al. 1994). Similar cardiovascular
manifestations in non-syndromic patients are caused by
mutations of the elastin gene, which is localized within the
area of microdeletion that is affected in patients with
Williams-Beuren syndrome (Koch et al. 2003; Metcalfe
et al. 2000). Peripheral pulmonary artery stenoses may also
complicate Alagille syndrome (arteriohepatic dysplasia)
which has been linked to mutations in Jagl and Notch?2
(Turnpenny and Ellard 2012). However in these children, it
is frequently the hepatic pathology that dominates the clini-
cal appearance of the disease.

True stenoses of the pulmonary artery bifurcation have to
be differentiated from physiologic narrowing (“stenosis”) of
the bifurcation in preterm and term neonates (Chatelain et al.
1993;So et al. 1996). Newborns with physiologic stenosis of
bifurcation are characterized by a mismatch between rela-
tively large pulmonary trunks connected to relatively small
but otherwise morphologically normal central pulmonary
arteries. This results in a step up of flow velocities in the
branch pulmonary arteries and a functional murmur, which

usually resolves until the age of 5—-6 months (Chatelain et al.
1993;So et al. 1996).

Although pulmonary regurgitation may be encountered as
a primary malformation usually in combination with pulmo-
nary stenosis, in the majority of patients, it will be the result of
therapeutic efforts, to abolish significant valvular stenosis
(Bove et al. 2012; 2012; Chaowalit et al. 2012). This refers
primarily to surgical procedures, especially those requiring
transannular patch enlargement of the main pulmonary artery.
The majority of these patients had prior surgical repair of
tetralogy of Fallot or DORV with pulmonary stenosis (Brown
et al. 2012). Less commonly significant pulmonary regurgita-
tion may also result from balloon dilatation of the pulmonary
valve. Pulmonary regurgitation results in a volume load of the
right ventricle with consecutive dilatation and reduced func-
tion of this chamber, necessitating pulmonary valve replace-
ment in the long-term follow-up (Brown et al. 2012; Chaowalit
et al. 2012; Eicken et al. 2011).

7.2 2D Echocardiography
Depending on the severity of pulmonary valvular stenosis,
the apical four-chamber view demonstrates varying degrees
of right ventricular hypertrophy (Fig. 7.2, Videos 7.1 and
7.2). In older children with mild to moderate stenosis, the
right chamber may appear almost normal. In neonates how-
ever with critical stenosis, the right ventricle shows severe
hypertrophy with attenuation of its apical component (Video
7.1). Assessment of the right ventricle should include evalu-
ation of its function and measurement of tricuspid valve
annulus. Critical pulmonary stenosis is associated with sys-
temic or suprasystemic right ventricular pressure resulting in
bulging of the ventricular septum from right to left. This can
be recognized in the parasternal long and short axis (Fig. 7.3).
The parasternal long and short axis view of the right ven-
tricular outflow tract is the best plane to visualize the pulmo-
nary valve and to determine the mechanism of obstruction
(Fig. 7.4, Videos 7.3, 7.4 and 7.5). In pulmonary valvular
stenosis, the leaflets are thickened and show restricted sepa-
ration (so-called doming). In critical stenosis, even frame-
by-frame analysis of the pulmonary valve leaflets may not
provide sufficient information to distinguish severe stenosis
from complete valvular atresia without the help of colour
Doppler. In neonates with critical stenosis, the degree of
thickening of the valve leaflets may be quite pronounced,
making it difficult to distinguish patients with stenosis due to
commissural fusion from patients with truly dysplastic
valves (Fig. 7.5). The latter however frequently show absence
of dilatation of the sinuses of Valsalva in diastole and some
additional narrowing at the level of the sinotubular junction
(Musewe et al. 1987) (Videos 7.6 and 7.7).

Evaluation of the valve includes measurement of its diam-
eter at the ventriculoarterial junction (so-called annulus) as
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Fig. 7.2 Apical four-chamber view in a neonate with critical pulmo-
nary stenosis with significant apical hypertrophy (arrows) of the right
ventricle (a). The diastolic frame shows bulging (arrows) of the atrial
septum from right to left (b). Severe tricuspid regurgitation is displayed

by colour Doppler (¢) with a maximal velocity of 4,75 m/s on CW
Doppler documenting suprasystemic right ventricular pressure (d).
Following balloon valvuloplasty, the gradient of tricuspid regurgitation
decreases to 2,48 m/s corresponding to a gradient of 24,6 mmHg (e)
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Fig. 7.3 Parasternal short axis view in a neonate with critical pulmonary stenosis and suprasystemic right ventricular pressure shows bulging
(arrows) of the ventricular septum from right to left (a). Bulging is even more apparent (arrows) in the parasternal long axis (b)

Fig. 7.4 Parasternal long axis view of the right ventricular outflow
tract in neonatal severe pulmonary valve stenosis shows limited separa-
tion (doming) of the valve (arrows) in systole (a). Thickening of the

well as measurement of the diameter of the sinotubular junc-
tion. Both measurements are relevant for planning interven-
tional balloon valvuloplasty. Children with valvular stenosis
frequently show poststenotic dilatation of the main pulmo-
nary artery, which is absent in patients with subvalvular
obstruction (Fig. 7.6). The degree of poststenotic dilatation
does not correlate with the severity of valvular obstruction:

valve is even more apparent in diastole (b). Colour Doppler displays an
eccentric jet (arrows) directed towards the lateral wall of the main pul-
monary artery (c¢)

quite severe dilatation of the main pulmonary artery may be
present even in very mild forms of valvular stenosis.

Direct visualization of the pulmonary valve in cross sec-
tion is possible in neonates and infants from a left parasternal
window with 90° rotation of the transducer from the paraster-
nal long axis view of the right ventricular outflow tract
(Fig. 7.7, Videos 7.8 and 7.9) (Lemler and Ramaciotti 2009;



100 7 Pulmonary Stenosis

Fig.7.5 In a patient with Noonan syndrome and dysplastic pulmonary  appear dysplastic in the systolic frame (b), colour Doppler reveals sig-
valve, the parasternal short axis view shows mild narrowing (arrow) at  nificant valvular stenosis (c¢)
the sinotubular junction in diastole (a). Although the valve does not

Fig.7.6 Significant poststenotic dilatation of the main pulmonary artery (parasternal short axis view) in a child with mild pulmonary valve steno-
sis (a). Colour Doppler shows turbulence (b) with some retrograde flow towards the medial aspect of the pulmonary artery (arrows)

Martinez and Anderson 2005; McAleer et al. 2001). The Subvalvular stenosis can be detected in the parasternal
subcostal views provide additional options to display the short axis view as well. It may present either as infundibular
right ventricle, the outflow tract, the pulmonary valve and the narrowing or as abnormal muscle bundles proximal to the
main pulmonary artery (Fig. 7.8). infundibulum (Fig. 7.9). Fixed infundibular stenosis has to be



7.2 2D Echocardiography

101

Fig.7.7 Diastolic frame (a) of the normal tricuspid pulmonary valve in
a neonate (high left parasternal short axis view); normal separation of
the valve leaflets in systole (b). The stenotic bicuspid pulmonary valve

discriminated from reactive infundibular narrowing, which is
frequently present in patients with severe valvular stenosis.
The latter demonstrates significant widening of the infundib-
ulum up to a normal diameter during diastole, while the for-
mer exhibits some narrowing during the entire cardiac cycle.
Anomalous muscle bundles can be detected in the parasternal
short axis encroaching onto the lumen of the right ventricle
(Fig. 7.9, Videos 7.10 and 7.11). In infants the subcostal
planes are extremely helpful to verify double-chambered

of another neonate (¢) shows incomplete separation during systole (d).
Significant thickening of the valve leaflets is present in this neonate
with critical stenosis and tricuspid pulmonary valve (e)

right ventricle (Martinez and Anderson 2005). The obstruc-
tion by abnormal muscle bundles proximal to the infundibu-
lum can be well exhibited in the subcostal coronal and sagittal
and RAO views of the right ventricular outflow tract
(Fig. 7.10, Video 7.12).

Supravalvular stenoses are best visualized in the paraster-
nal short axis views. This applies specifically to the so-called
juxtaductal pulmonary artery coarctation, developing due to
constriction of ductal tissue at the pulmonary end of the ductus
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Fig.7.8 Thickening (arrow) of the valve leaflets (subcostal short axis
of the right ventricular outflow) in a neonate with severe pulmonary
stenosis (a). Colour Doppler in the short axis (b) and in the coronal
view shows acceleration of flow starting at valvular level (c). CW
Doppler reveals a maximal flow velocity of 4,96 m/s corresponding to

7 Pulmonary Stenosis

+ Geschw 496 cm/s
PG 98 mmHg

a peak instantaneous gradient of 98 mmHg (d). Colour Doppler in the
subcostal RAO view of a neonate with critical pulmonary stenosis
shows both the obstruction at valvular level (arrow) and tricuspid regur-
gitation (small arrows) (e)
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Fig.7.9 Parasternal short axis
view (a) depicting anomalous
muscle bundles (large arrow) in a
child with double-chambered
right ventricle and
perimembranous VSD, partially
occluded by tricuspid valve tissue
(small arrows). Colour Doppler
reveals both acceleration of flow
due to the muscle bundles
(arrows) and LR-shunting (large
arrow) across the VSD (b)

Fig.7.10 Colour Doppler in the subcostal coronal view shows signifi-  muscle bundles (large arrow) and the pulmonary valve (small arrow) is
cant obstruction due to anomalous muscle bundles well below the pul-  well displayed in the subcostal RAO view (b)
monary valve in this child with DCRV (a). The distance between the
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arteriosus (Elzenga et al. 1990; Luhmer and Ziemer 1993;
Momma et al. 1986). It is frequently possible to detect a
fibrous shelf in continuation with the pulmonary insertion
of the ductus arteriosus at the origin of the left pulmonary
artery (Fig. 7.11, Video 7.13). Furthermore stenoses at the ori-
gin of the left pulmonary artery can be well displayed in the
ductal view (Fig. 7.12). In addition this plane offers a reason-
able angle for Doppler interrogation of the left pulmonary
artery.

Patients with Williams-Beuren syndrome or Allagille syn-
drome frequently present with global hypoplasia of both cen-
tral pulmonary arteries in association with central or
peripheral pulmonary artery stenoses. The main pulmonary
artery may be of normal size with a significant reduction in
calibre of both central pulmonary arteries beginning at their
origin from the bifurcation (Fig. 7.13, Video 7.14). The
description of stenoses beyond the bifurcation requires other
imaging modalities like CT thorax, cardiac MRI or cardiac
catheterization and angiography (Grosse-Wortmann and Yoo
2010).

In newborns with physiologic stenosis of the bifurcation,
careful visualization of the origin of the right and left pulmo-
nary artery by 2D echo is important to discriminate them
from patients with anatomical obstruction (Fig 7.14). Further
differentiation is possible by the application of pulsed wave
and continuous wave Doppler (Chatelain et al. 1993; So
et al. 1996): flow velocities in neonates with physiologic nar-
rowing of the bifurcation usually do not exceed 2,5 m/s and
normalize until the age of 6 months.

7.3  Colour Doppler Echocardiography

In the evaluation of patients with pulmonary valvular ste-
nosis, colour Doppler echocardiography helps to clarify
several important issues: it allows confirmation of patency
of the valve, determination of additional subvalvular
obstruction and visualization of the direction of the jet.
While patients with critical pulmonary stenosis present a
high velocity jet from the right ventricle entering the main
pulmonary artery, there is only retrograde flow from the
ductus arteriosus in patients with pulmonary atresia
(Fig. 7.4). Colour Doppler interrogation of the pulmonary
valve and the right ventricular outflow tract can be per-
formed in the parasternal short axis, in the parasternal long
axis of the right ventricular outflow tract and in the subcos-
tal views (Fig. 7.4 and 7.8, Videos 7.4, 7.5 and 7.15).
Subvalvular obstruction can be suspected, if acceleration of
flow is noted below the plane of the valve (Fig. 7.10).
Colour Doppler allows visualization of the jet, which is
important in patients with eccentric jets (Fig. 7.4) to adjust
the plane of PW and CW Doppler interrogation for

quantification of the Doppler gradient and to avoid under-
estimation of its velocity.

Detection and semiquantitative gradation of severity of
pulmonary regurgitation is a domain of colour Doppler
echocardiography. Minor amounts of pulmonary regurgita-
tion are frequently found in normal children and do not rep-
resent a pathologic finding (Fig. 7.15, Video 7.16). They
have been described in 17 % of normal infants (Lee and Lin
2010). The incidence is even higher in the adult population
with 40-78 % (Lancellotti et al. 2010). Quantification of
pathologic pulmonary regurgitation is based on width and
length of the jet (Lancellotti et al. 2013; Puchalski et al.
2008). A jet width occupying >50-65 % of the right ven-
tricular outflow tract suggests severe pulmonary regurgita-
tion (Lancellotti et al. 2013; Puchalski et al. 2008) (Video
7.17). Despite numerous attempts to establish objective
parameters, quantification of pulmonary regurgitation by
colour Doppler remains semiquantitative and should be
interpreted with caution. Detection of reversal colour
Doppler flow in the pulmonary arteries (Fig. 7.15, Video
7.18) however is very specific for severe pulmonary
regurgitations (Lancellotti et al. 2013; Puchalski et al.
2008).

In the presence of central pulmonary artery stenoses,
colour Doppler examination of the pulmonary bifurcation in
the parasternal short axis view reveals acceleration of flow
and turbulence in the branch pulmonary arteries (Figs. 7.11,
7.12 and 7.13). Neonates with critical pulmonary valvular
stenosis are dependent on collateral blood flow from the duc-
tus arteriosus. Therefore the bifurcation should be screened
carefully for evidence of LR-shunting via a patent ductus
arteriosus (Fig. 7.11). Examination of the aortic arch from
the suprasternal notch or from the right parasternal window
demonstrates the ductus originating from the undersurface of
the arch with continuous left to right shunting (see Chap. 8).

Colour Doppler interrogation of the tricuspid valve should
be performed to detect tricuspid regurgitation and to deter-
mine its severity by estimation of length and width of the
regurgitant jet (Fig. 7.2, Video 7.2). Exact delineation of the
jet is a prerequisite for PW and CW Doppler interrogation
for noninvasive determination of RV pressure.

Neonates with severe pulmonary valvular stenosis
almost always have an interatrial communication. In the
majority of cases, this will be a patent foramen ovale.
Colour Doppler interrogation of shunting across the fora-
men ovale provides valuable haemodynamic information in
the neonate: patients with critical pulmonary stenosis ini-
tially present RL-shunting across the atrial septum
(Fig. 7.16). Following successful balloon dilatation,
RL-shunting may persist for days or even weeks, due to
increased stiffness of the hypertrophied right ventricle,
until it gradually converts into LR- shunting.
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Fig.7.11 Fibrous shelf (arrow) at the pulmonary insertion of the duc-  narrowing (arrow), and the diastolic frame (¢) shows residual shunting
tus arteriosus obstructing the left pulmonary artery (LPA) in the para-  (arrow) via the ductus arteriosus
sternal short axis view (a). Colour Doppler in systole (b) confirms the

Fig.7.12 Colour Doppler in the ductal view (a) shows severe stenosis of the left pulmonary artery (arrow). Pulsed wave Doppler (b) reveals
acceleration and turbulent flow in systole and in diastole. MPA main pulmonary artery, AO descending aorta
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Fig.7.13 Parasternal short axis view of an infant with Williams-Beuren syndrome demonstrating diffuse stenosis both of the right and of the left
pulmonary arteries (a). Colour Doppler confirms acceleration of flow in the main and right pulmonary artery (b)

Fig.7.14 No circumscript narrowing is apparent in the parasternal short axis view of a newborn with physiological pulmonary branch stenosis
(a). Pulsed wave Doppler in the left pulmonary artery shows a maximal velocity of 2 m/s (b)

Pulsed Wave and Continuous Wave
Doppler

7.4

Doppler evaluation in patients with pulmonary stenosis aims
to determine the peak instantaneous gradient between the
right ventricle and pulmonary artery and to estimate right
ventricular systolic pressure (Aldousany et al. 1989;
Silvilairat et al. 2005a, b).

In patients with pulmonary valvular stenosis, interroga-
tion of the jet across the valve, for determination of the pres-
sure gradient, is best achieved in the parasternal short axis

and in the parasternal long axis of the right ventricular out-
flow tract (Martinez and Anderson 2005). Colour Doppler is
required to adjust the Doppler interrogation to the direction
of the jet which may be quite eccentric (Fig. 7.4). Further
planes for Doppler interrogation of the right ventricular out-
flow tract and the pulmonary valve are the subcostal short
axis view of the right ventricular outflow tract and the sub-
costal RAO view (Martinez and Anderson 2005). The sub-
costal planes are especially useful in the Doppler
interrogation of subvalvular obstructions. This refers spe-
cifically to patients with DCRV: in contrast to the precordial
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Fig. 7.15 Minor amount of physiological pulmonary regurgitation
(parasternal long axis of the right ventricular outflow tract) in a
4-year-old child (a). Reverse flow in the main pulmonary artery and
pulmonary bifurcation (parasternal short axis view) in a 3-year-old
child with severe pulmonary regurgitation (b). Due to obstruction of
both pulmonary arteries at the bifurcation, continuous wave Doppler
shows acceleration of flow in systole and significant regurgitation

Fig. 7.16 Colour Doppler in the subcostal sagittal view of the right
atrium in a neonate with critical pulmonary stenosis shows RL-shunting
(arrow) across the foramen ovale. SVC superior vena cava

107

PG 8m
+ Geschw 241
PG

characterized by rapid decrease of flow velocity in diastole (c).
Continuous wave Doppler in a neonate shows pulmonary regurgita-
tion with a maximal diastolic velocity of 2.41 m/s. The diastolic gra-
dient of 23 mmHg in the presence of a central venous pressure of
10 mmHg indicated elevated mean pulmonary pressure of 33 mmHg
confirmed by cardiac catheterization (d)

views, which offer an unfavourable angle for Doppler inter-
rogation, there is good alignment of the Doppler beam with
the jet in the subcostal views (Fig. 7.10). The peak instanta-
neous gradient across the right ventricular outflow tract is
calculated according to the simplified Bernoulli equation. It
has been recommended, however, to determine the mean
pressure gradient as well, since the peak instantaneous gra-
dient tends to be 25-40 % higher as compared to the inva-
sively measured peak to peak gradient during cardiac
catheterization (Aldousany et al. 1989; Silvilairat et al.
2005a, b).

In patients with subvalvular obstruction due to anoma-
lous muscle bundles, colour Doppler is extremely impor-
tant not to mistake the jet of the frequently associated
VSD (Fig. 7.9) for the jet of outflow tract obstruction
(Snider et al. 1997). Subvalvular obstructions of the right
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ventricular outflow tract, associated with a dynamic mus-
cular component, can be recognized by a specific Doppler
flow pattern: it is characterized by a delayed but continu-
ous increase of flow velocity during systole, as opposed to
the rapid increase at the beginning of systole in patients
with exclusive valvular obstruction (Fig. 7.17). In patients
with combined subvalvular and valvular obstruction, CW
Doppler may show superimposition of both flow signals
(Fig. 7.17). This situation is frequently encountered in
infants with tetralogy of Fallot (Chap. 11).

Estimation of right ventricular systolic pressure requires
the presence of mild or moderate tricuspid regurgitation,
which is quite common in patients with pulmonary stenosis

Fig.7.17 Continuous wave
Doppler interrogation of the right
ventricular outflow tract in an
infant with tetralogy of Fallot
shows combined subvalvular and
valvular pulmonary stenosis. In
the parasternal short axis, flow
velocity displays a rapid increase
in systole (small arrows) due to
severe valvular stenosis with a
maximal flow velocity of

419 cm/s (a). The Doppler tracing
contains a second superimposed
flow curve (large arrows), which
is displayed by choosing an
insonation angle that depicts
exclusive flow across the
infundibulum (b). It is
characterized by a slower,
continuous increase in flow
velocity (arrows), due to
contraction and progressive
narrowing of the infundibulum
during systole

7 Pulmonary Stenosis

(Fig. 7.2). Based on the velocity of the regurgitant jet, the
systolic gradient between the right ventricle and the right
atrium can be calculated based on the simplified Bernoulli
equation. To obtain the systolic right ventricular pressure, an
estimated (5 mmHg) or invasively measured right atrial pres-
sure (e.g. by a central venous line) has to be added:

Systolic pressure RV = 4x velocity tricuspid regurgitation
+ mean pressure RA

In the presence of relevant pulmonary stenosis, Doppler
interrogation of the tricuspid regurgitant jet requires continu-
ous wave Doppler, since the velocities will exceed the range
of PW Doppler (Fig. 7.2).
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Lower gradients across the pulmonary valve may be
encountered in neonates with critical pulmonary stenosis:
they may present with low pressure gradients despite severe
valvular obstruction. This can be explained by elevated pul-
monary artery pressures due to neonatal elevation of pulmo-
nary artery resistance. Therefore assessment of the severity of
pulmonary stenosis in neonates cannot rely exclusively on
the pressure gradient but has to include other factors includ-
ing right ventricular size, hypertrophy and function as well
as morphology of the valve, flow across the valve and patency
of the ductus arteriosus.

Pulmonary regurgitation can be well documented by
pulsed wave or continuous wave Doppler (Fig. 3.15).
However there is no clinically accepted method of quanti-
fying pulmonary regurgitation using PW or CW Doppler
(Lancellotti et al. 2010, 2013). Deceleration of the jet
velocity is slow in mild and fast in severe pulmonary regur-
gitation, since in the latter situation there is fast equaliza-
tion of pulmonary and right ventricular diastolic pressure
(Feigenbaum et al. 2005; Lancellotti et al. 2013; Mertens
et al. 2010; Yang et al. 2008). Therefore pressure half-time
of the pulmonary regurgitation has been employed in adults
to detect patients with severe insufficiency (Lancellotti
et al. 2010, 2013; Yang et al. 2008). In patients with pulmo-
nary regurgitation, pressure half-time<100 ms predicts
severe pulmonary regurgitation with good sensitivity and
specificity (Silversides et al. 2003). The duration of pres-
sure half-time is influenced however not only by the sever-
ity of pulmonary regurgitation but also by diastolic
pulmonary artery pressure and right ventricular end dia-
stolic pressure (Lancellotti et al. 2013).

Measurement of the peak diastolic gradient of pulmo-
nary regurgitation according to the simplified Bernoulli
equation has been shown empirically to correlate with
mean pulmonary artery pressure (Mertens et al. 2010) and
provides important information in children with suspected
pulmonary hypertension (Fig. 7.15). For noninvasive esti-
mation of mean pulmonary artery pressure, the central
venous pressure or an estimate of right atrial pressure (e.g.
5 mmHg, as an equivalent of right ventricular end diastolic
pressure) is added to the gradient of pulmonary regurgita-
tion (Mertens et al. 2010). Clinically less important is the
calculation of the pulmonary diastolic pressure, which can
be derived from the measurement of end diastolic velocity
of pulmonary regurgitation. Based on the simplified
Bernoulli equation, it allows calculation of the end diastolic
pressure difference between the pulmonary artery and the
right ventricle. Addition of the end diastolic right ventricu-
lar pressure (which can be estimated with 5 mmHg-10
mmHg) to this gradient will give the diastolic pulmonary
artery pressure (Feigenbaum et al. 2005; Mertens et al.
2010).

Doppler interrogation of the ductus arteriosus in infants
with critical or significant pulmonary stenosis reveals
exclusive LR-shunting. In the neonatal period, the gradi-
ent and flow velocities across the ductus will be low, due
to the physiologically increased pulmonary vascular
resistance.

Doppler interrogation of the interatrial communication in
neonates with critical pulmonary stenosis is useful for delin-
eation of timing and direction of shunting at atrial level. In
the presence of critical pulmonary stenosis, significant
RL-shunting may persist for days or even weeks following
intervention or surgery and will result in some decrease of
systemic oxygen saturation.
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