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following sections. As far as background and diagnostic work-up
are concerned, only key findings are highlighted. For details
please refer to textbooks on CHD.

4.1 Atrial septal defect
Introduction and background
ASD may not uncommonly remain undiagnosed until adulthood.

ASD types include:

† Secundum ASD (80% of ASDs; located in the region of the fossa
ovalis and its surrounding)

† Primum ASD [15%, synonyms: partial atrioventricular septal
defect (AVSD), partial atrioventricular (AV) canal; located near
the crux, AV valves are typically malformed resulting in
various degrees of regurgitation; see Section 4.3]

† Superior sinus venosus defect [5%, located near the superior
vena cava (SVC) entry, associated with partial or complete con-
nection of right pulmonary veins to SVC/right atrium (RA)]

† Inferior sinus venosus defect [,1%, located near the inferior
vena cava (IVC) entry]

† Unroofed coronary sinus [,1%, separation from the left atrium
(LA) can be partially or completely missing].

Associated lesions include anomalous pulmonary venous connec-
tion, persistent left SVC, pulmonary valve stenosis, and mitral
valve prolapse. Secundum ASD may be associated with heart–
hand syndromes (e.g. Holt–Oram syndrome, upper limb
deformity).

The shunt volume depends on RV/LV compliance, defect size,
and LA/RA pressure. A simple ASD results in left-to-right shunt
(L–R shunt) because of the higher compliance of the RV compared
with the LV (relevant shunt in general with defect sizes ≥10 mm),
and causes RV volume overload and pulmonary overcirculation.
Reduction in LV compliance or any condition with elevation of
LA pressure (hypertension, ischaemic heart disease, cardiomyopa-
thy, aortic and mitral valve disease) increases L–R shunt. Reduced
RV compliance (pulmonic stenosis, PAH, other RV disease) or tri-
cuspid valve disease may decrease L–R shunt or eventually cause
shunt reversal, resulting in cyanosis.

Clinical presentation and natural history
Patients frequently remain asymptomatic until adulthood; however,
the majority develop symptoms beyond the fourth decade includ-
ing reduced functional capacity, exertional shortness of breath, and
palpitations (supraventricular tachyarrhythmias), and less fre-
quently pulmonary infections and right heart failure. Life expect-
ancy is reduced overall, but survival is much better than
previously assumed. PAP can be normal, but on average increases
with age. Severe pulmonary vascular disease is nevertheless rare
(,5%) and its development presumably requires additional
factors, including genetic predisposition (similarities to idiopathic
PAH). With increasing age and with increasing PAP tachyarrhyth-
mias become more common (atrial flutter, atrial fibrillation).18 Sys-
temic embolism may be caused by paradoxical embolism (rare) or
atrial fibrillation.

Diagnostic work-up
See Section 3.2 for general principles.

Key clinical findings include fixed splitting of the second heart
sound and a systolic pulmonary flow murmur. ECG typically
shows an incomplete right bundle branch block and right axis devi-
ation (superior left axis deviation in partial AVSD). An increased
pulmonary vascularity on chest X-ray is frequently overlooked.

Echocardiography is the key diagnostic technique, providing
diagnosis and quantification. RV volume overload, which may be
the first unexpected finding in a patient with previously undiag-
nosed ASD, is the key finding and best characterizes the haemo-
dynamic relevance of the defect (preferable to the shunt ratio).
Sinus venosus defects require in general TEE for accurate diagnosis,
as does the precise evaluation of secundum defects before device
closure, which should include sizing, exploration of the residual
septum’s morphology, the rim size and quality, exclusion of
additional defects, and confirmation of a normal pulmonary
venous connection. Other key information to be provided includes
PAP and TR.

CMR and CT can serve as an alternative if echocardiography is
insufficient, particularly for assessment of RV volume overload and
pulmonary venous connection.

Cardiac catheterization is required in cases of high PAP on
echocardiography to determine PVR (see Section 3.2.5 for details).

Surgical/catheter interventional treatment (Table 3)
Surgical repair has low mortality (,1% in patients without signifi-
cant co-morbidity) and good long-term outcome (normal life
expectancy and low long-term morbidity) when performed early
(childhood, adolescence) and in the absence of pulmonary

Table 3 Indications for intervention in atrial
septal defect

Patients with significant shunt (signs of RV 
volume overload) and PVR <5 WU should 
undergo ASD closure regardless of symptoms

I B26

Device closure is the method of choice for 
secundum ASD closure when applicable I C

All ASDs regardless of size in patients with 
suspicion of paradoxical embolism (exclusion 
of other causes) should be considered for 
intervention

IIa C

Patients with PVR ≥5 WU but <2/3 SVR or 
PAP <2/3 systemic pressure (baseline or when 
challenged with vasodilators, preferably nitric 
oxide, or after targeted PAH therapy) and 
evidence of net L–R shunt (Qp:Qs >1.5) may be 
considered for intervention

IIb C

ASD closure must be avoided in patients with 
Eisenmenger physiology III C

Indications Classa Levelb

aClass of recommendation.
bLevel of evidence.
ASD ¼ atrial septal defect; L–R shunt ¼ left-to-right shunt; PAH ¼ pulmonary
arterial hypertension; PAP ¼ pulmonary artery pressure; PVR ¼ pulmonary
vascular resistance; Qp:Qs ¼ pulmonary to systemic flow ratio; SVR ¼ systemic
vascular resistance; WU ¼Wood units.

ESC Guidelines 2923

 by guest on M
ay 11, 2014

http://eurheartj.oxfordjournals.org/
D

ow
nloaded from

 

following sections. As far as background and diagnostic work-up
are concerned, only key findings are highlighted. For details
please refer to textbooks on CHD.

4.1 Atrial septal defect
Introduction and background
ASD may not uncommonly remain undiagnosed until adulthood.

ASD types include:
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the crux, AV valves are typically malformed resulting in
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(L–R shunt) because of the higher compliance of the RV compared
with the LV (relevant shunt in general with defect sizes ≥10 mm),
and causes RV volume overload and pulmonary overcirculation.
Reduction in LV compliance or any condition with elevation of
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thy, aortic and mitral valve disease) increases L–R shunt. Reduced
RV compliance (pulmonic stenosis, PAH, other RV disease) or tri-
cuspid valve disease may decrease L–R shunt or eventually cause
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Patients frequently remain asymptomatic until adulthood; however,
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palpitations (supraventricular tachyarrhythmias), and less fre-
quently pulmonary infections and right heart failure. Life expect-
ancy is reduced overall, but survival is much better than
previously assumed. PAP can be normal, but on average increases
with age. Severe pulmonary vascular disease is nevertheless rare
(,5%) and its development presumably requires additional
factors, including genetic predisposition (similarities to idiopathic
PAH). With increasing age and with increasing PAP tachyarrhyth-
mias become more common (atrial flutter, atrial fibrillation).18 Sys-
temic embolism may be caused by paradoxical embolism (rare) or
atrial fibrillation.

Diagnostic work-up
See Section 3.2 for general principles.

Key clinical findings include fixed splitting of the second heart
sound and a systolic pulmonary flow murmur. ECG typically
shows an incomplete right bundle branch block and right axis devi-
ation (superior left axis deviation in partial AVSD). An increased
pulmonary vascularity on chest X-ray is frequently overlooked.

Echocardiography is the key diagnostic technique, providing
diagnosis and quantification. RV volume overload, which may be
the first unexpected finding in a patient with previously undiag-
nosed ASD, is the key finding and best characterizes the haemo-
dynamic relevance of the defect (preferable to the shunt ratio).
Sinus venosus defects require in general TEE for accurate diagnosis,
as does the precise evaluation of secundum defects before device
closure, which should include sizing, exploration of the residual
septum’s morphology, the rim size and quality, exclusion of
additional defects, and confirmation of a normal pulmonary
venous connection. Other key information to be provided includes
PAP and TR.

CMR and CT can serve as an alternative if echocardiography is
insufficient, particularly for assessment of RV volume overload and
pulmonary venous connection.

Cardiac catheterization is required in cases of high PAP on
echocardiography to determine PVR (see Section 3.2.5 for details).

Surgical/catheter interventional treatment (Table 3)
Surgical repair has low mortality (,1% in patients without signifi-
cant co-morbidity) and good long-term outcome (normal life
expectancy and low long-term morbidity) when performed early
(childhood, adolescence) and in the absence of pulmonary

Table 3 Indications for intervention in atrial
septal defect

Patients with significant shunt (signs of RV 
volume overload) and PVR <5 WU should 
undergo ASD closure regardless of symptoms

I B26

Device closure is the method of choice for 
secundum ASD closure when applicable I C

All ASDs regardless of size in patients with 
suspicion of paradoxical embolism (exclusion 
of other causes) should be considered for 
intervention

IIa C

Patients with PVR ≥5 WU but <2/3 SVR or 
PAP <2/3 systemic pressure (baseline or when 
challenged with vasodilators, preferably nitric 
oxide, or after targeted PAH therapy) and 
evidence of net L–R shunt (Qp:Qs >1.5) may be 
considered for intervention

IIb C

ASD closure must be avoided in patients with 
Eisenmenger physiology III C

Indications Classa Levelb

aClass of recommendation.
bLevel of evidence.
ASD ¼ atrial septal defect; L–R shunt ¼ left-to-right shunt; PAH ¼ pulmonary
arterial hypertension; PAP ¼ pulmonary artery pressure; PVR ¼ pulmonary
vascular resistance; Qp:Qs ¼ pulmonary to systemic flow ratio; SVR ¼ systemic
vascular resistance; WU ¼Wood units.
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Clinical presentation and natural history
The usual clinical presentations in adults include:

† VSD operated on in childhood, without residual VSD
† VSD operated on in childhood, with residual VSD. The residual

shunt size determines the presence of symptoms and the degree
of LV volume overload

† Small VSD with insignificant L–R shunt, without LV volume
overload or pulmonary hypertension which was not considered
for surgery in childhood

† VSD with L–R shunt, pulmonary hypertension (various
degrees), and various degrees of LV volume overload (rare)

† Eisenmenger syndrome: large VSD with originally large L–R
shunt and development of severe pulmonary vascular disease
eventually resulting in shunt reversal [right-to-left shunt (R–L
shunt), cyanosis; see Sections 4.17 and 4.18].

A large majority of patients with a VSD that has been closed
entirely in childhood, or patients with a small VSD who were
either never operated on or who had a residual defect after surgi-
cal repair with no LV volume overload on echocardiography,
usually remain asymptomatic and do not require surgery.30

However, an unknown percentage of patients with a small residual
VSD develop problems later in life.31,32

Several possible problems may occur with advancing age:

† Endocarditis, which has been reported to occur in up to 2 per
1000 patient-years (six times higher than in the normal
population)

† Due to an increase in LV systolic and diastolic pressure the
extent of the L–R shunting may increase in time, leading to
LV volume overload and eventually heart failure. These patients
are candidates for closure

† A double-chambered right ventricle (DCRV) can develop over
time and may be a result of the jet lesion of the RV endothelium
caused by the high velocity VSD jet

† Discrete subaortic stenosis (SubAS) can develop (rare)
† In the case of an outlet (supracristal) VSD, less common peri-

membranous, there is a substantial risk for prolapse of the
right coronary (or non-coronary) cusp of the aortic valve,
resulting in progressive AR

† Arrhythmias can occur, but are less frequent than in other
forms of CHD33

† Complete heart block—rare nowadays—was not uncommon in
the earlier years of cardiac surgery, so can occur especially in
older patients. These patients usually require lifelong pacing.

Diagnostic work-up
See Section 3.2 for general principles.

Specific clinical findings include a holosystolic murmur over the
third to fourth intercostal space, and a pre-cordial thrill may be felt.

Echocardiography is the key diagnostic technique, providing in
general the diagnosis and assessment of disease severity. Key find-
ings to provide are location, number, and size of defects, severity of
LV volume overload, and estimated PAP. AR due to prolapse of the
right or non-coronary cusp must be checked for, especially in the
case of outlet (supracristal) and high perimembranous VSDs.
DCRV must be excluded.

CMR can serve as an alternative if echocardiography is insuffi-
cient, particularly for assessment of LV volume overload and
shunt quantification.

Cardiac catheterization is required in cases of high PAP on
echocardiography to determine PVR (see Section 3.2.5 for details).

Surgical/catheter interventional treatment (Table 4)
Surgical closure (mostly pericardial patch) can be performed with
low operative mortality (1–2%) and good long-term results, and
remains the treatment of choice.34 Transcatheter closure can be
considered in patients with increased risk factors for surgery, mul-
tiple previous cardiac surgical interventions, or VSDs that are
poorly accessible for surgical closure. In muscular VSDs that are
located centrally in the interventricular septum, it can be con-
sidered as an alternative to surgical closure. In perimembranous
VSD it has been shown to be feasible. Whether the risk of com-
plete AV block and entrapment of tricuspid valve tissue leading
to TR, or the risk of AR that has been observed in children, are
relevant in adults remains to be seen.

Table 4 Indications for intervention in ventricular
septal defect

Patients with symptoms that can be attributed 
to L–R shunting through the (residual) VSD and 
who have no severe pulmonary vascular disease 
(see below) should undergo surgical VSD closure

I C

Asymptomatic patients with evidence of LV 
volume overload attributable to the VSD should 
undergo surgical VSD closure

I C

Patients with a history of IE should be 
considered for surgical VSD closure IIa C

Patients with VSD-associated prolapse of an 
aortic valve cusp causing progressive AR should 
be considered for surgery

IIa C

Patients with VSD and PAH should be 
considered for surgery when there is still net 
L–R shunt (Qp:Qs >1.5) present and PAP or 
PVR are <2/3 of systemic values (baseline or 
when challenged with vasodilators, preferably 
nitric oxide, or after targeted PAH therapy)

IIa C

Surgery must be avoided in Eisenmenger VSD 
and when exercise-induced desaturation is 
present

III C

If the VSD is small, not subarterial, does not 
lead to LV volume overload or pulmonary 
hypertension, and if there is no history of IE, 
surgery should be avoided

III C

Indications Classa Levelb

aClass of recommendation.
bLevel of evidence.
AR ¼ aortic regurgitation; IE ¼ infective endocarditis; L–R shunt ¼ left-to-right
shunt; LV ¼ left ventricle; PAH ¼ pulmonary arterial hypertension; PVR ¼
pulmonary vascular resistance; Qp:Qs ¼ pulmonary to systemic flow ratio;
VSD ¼ ventricular septal defect.
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Echocardiography is the key diagnostic technique, providing in
general the diagnosis and assessment of disease severity. Key find-
ings to provide are location, number, and size of defects, severity of
LV volume overload, and estimated PAP. AR due to prolapse of the
right or non-coronary cusp must be checked for, especially in the
case of outlet (supracristal) and high perimembranous VSDs.
DCRV must be excluded.

CMR can serve as an alternative if echocardiography is insuffi-
cient, particularly for assessment of LV volume overload and
shunt quantification.

Cardiac catheterization is required in cases of high PAP on
echocardiography to determine PVR (see Section 3.2.5 for details).

Surgical/catheter interventional treatment (Table 4)
Surgical closure (mostly pericardial patch) can be performed with
low operative mortality (1–2%) and good long-term results, and
remains the treatment of choice.34 Transcatheter closure can be
considered in patients with increased risk factors for surgery, mul-
tiple previous cardiac surgical interventions, or VSDs that are
poorly accessible for surgical closure. In muscular VSDs that are
located centrally in the interventricular septum, it can be con-
sidered as an alternative to surgical closure. In perimembranous
VSD it has been shown to be feasible. Whether the risk of com-
plete AV block and entrapment of tricuspid valve tissue leading
to TR, or the risk of AR that has been observed in children, are
relevant in adults remains to be seen.

Table 4 Indications for intervention in ventricular
septal defect

Patients with symptoms that can be attributed 
to L–R shunting through the (residual) VSD and 
who have no severe pulmonary vascular disease 
(see below) should undergo surgical VSD closure

I C

Asymptomatic patients with evidence of LV 
volume overload attributable to the VSD should 
undergo surgical VSD closure

I C

Patients with a history of IE should be 
considered for surgical VSD closure IIa C

Patients with VSD-associated prolapse of an 
aortic valve cusp causing progressive AR should 
be considered for surgery

IIa C

Patients with VSD and PAH should be 
considered for surgery when there is still net 
L–R shunt (Qp:Qs >1.5) present and PAP or 
PVR are <2/3 of systemic values (baseline or 
when challenged with vasodilators, preferably 
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IIa C

Surgery must be avoided in Eisenmenger VSD 
and when exercise-induced desaturation is 
present

III C

If the VSD is small, not subarterial, does not 
lead to LV volume overload or pulmonary 
hypertension, and if there is no history of IE, 
surgery should be avoided

III C

Indications Classa Levelb

aClass of recommendation.
bLevel of evidence.
AR ¼ aortic regurgitation; IE ¼ infective endocarditis; L–R shunt ¼ left-to-right
shunt; LV ¼ left ventricle; PAH ¼ pulmonary arterial hypertension; PVR ¼
pulmonary vascular resistance; Qp:Qs ¼ pulmonary to systemic flow ratio;
VSD ¼ ventricular septal defect.
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operations are indicated due to other concomitant cardiac lesions,
and can be successfully performed in the vast majority of adults
with a very low complication rate.41– 43 Surgery is reserved for
the rare patient with a duct too large for device closure or with
unsuitable anatomy such as aneurysm formation.

Follow-up recommendations
Echocardiographic evaluation should include LV size and function,
PAP, residual shunt, and associated lesions.

Patients with no residual shunt, normal LV and normal PAP do
not require regular follow-up after 6 months.

Patients with LV dysfunction and patients with residual PAH
should be followed at intervals of 1–3 years depending on severity,
including evaluation in specialized GUCH centres.

Additional considerations
Exercise/sports: No restrictions in asymptomatic patients

before or after intervention without pulmonary hypertension;
limitation to low-intensity sports in PAH patients.

Pregnancy: No significantly increased risk for pregnancy in
patients without pulmonary hypertension. Pregnancy is contraindi-
cated in patients with severe PAH and Eisenmenger syndrome (see
Section 3.4.3).

IE prophylaxis: Limited to high-risk patients (see Section
3.3.5).

4.5 Left ventricular outflow tract
obstruction
LVOTO can occur at the valvular, subvalvular, or supravalvular
levels, isolated or at multiple levels. The most common site of
obstruction is valvular (75%).

4.5.1 Valvular aortic stenosis
Introduction and background
The most common cause for congenital valvular AS is BAV, with an
estimated prevalence of 1–2% in the general population. Mutations
in the NOTCH I gene have been related to BAV. Abnormalities of
the aortic wall which are associated with BAV can lead to progress-
ive dilation, aortic aneurysm, rupture, or dissection. For the man-
agement of AR associated with BAV see the Guidelines on the
management of valvular heart disease.35

Clinical presentation and natural history
Patients frequently remain asymptomatic for many years. Pro-
gression of stenosis varies and depends on initial severity, degree
of calcification, age, and atherosclerotic risk factors. In BAV, pro-
gression is faster in those patients with greater closure line eccen-
tricity and an anteroposterior-oriented line of closure.

Prognosis is good and sudden death is rare in asymptomatic
patients with good exercise tolerance, even when stenosis is
severe.44 Once symptoms [angina pectoris (AP), dyspnoea, or
syncope] occur the prognosis deteriorates rapidly. In patients
with BAV, cardiac mortality has been reported to be 0.3% per
patient-year of follow-up, the frequency of aortic dissection
0.1%, and endocarditis 0.3%. Dilated aortic sinuses and/or ascend-
ing aorta have been found in 45% of patients after 9 years of
follow-up.45

Diagnostic work-up (Table 7)
See Section 3.2 for general principles.

Specific clinical findings include the typical systolic ejection
murmur over the aortic valve, radiating into the carotid arteries.

Table 6 Indications for intervention in patent ductus
arteriosus

PDA should be closed in patients with signs of 
LV volume overload I C

PDA should be closed in patients with PAH but 
PAP <2/3 of systemic pressure or PVR <2/3 
of SVR

I C

Device closure is the method of choice where 
technically suitable I C

PDA closure should be considered in patients 
with PAH and PAP >2/3 of systemic pressure or 
PVR >2/3 of SVR but still net L–R shunt
(Qp:Qs >1.5) or when testing (preferably 
with nitric oxide) or treatment demonstrates 
pulmonary vascular reactivity

IIa C

Device closure should be considered in small 
PDAs with continuous murmur (normal LV and 
PAP)

IIa C

PDA closure should be avoided in silent duct 
(very small, no murmur) III C

PDA closure must be avoided in PDA 
Eisenmenger and patients with exercise-induced 
lower limb desaturation

III C

Indications Classa Levelb

aClass of recommendation.
bLevel of evidence.
L–R shunt ¼ left-to-right shunt; LV ¼ left ventricle; PAH ¼ pulmonary arterial
hypertension; PAP ¼ pulmonary artery pressure; PDA ¼ patent ductus
arteriosus; PVR ¼ pulmonary vascular resistance; Qp:Qs ¼ pulmonary to
systemic flow ratio; SVR ¼ systemic vascular resistance.

Table 7 Diagnostic criteria for degree of aortic
stenosis severity35

Mild AS Moderate 
AS Severe AS

Vmax (m/s)a 2.0–2.9 3.0–3.9 ≥4.0 

Mean gradient (mmHg)a <30 30–49 ≥50

AVA (cm²) >1.5 1.0–1.5 <1.0

AVAi (cm²/m² BSA) ≥1.0 0.6–0.9 <0.6

aAt normal transvalvular flow.
AS ¼ aortic stenosis; AVA ¼ aortic valve area; AVAi ¼ indexed AVA; BSA ¼ body
surface area; Vmax ¼ maximum Doppler velocity.
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operations are indicated due to other concomitant cardiac lesions,
and can be successfully performed in the vast majority of adults
with a very low complication rate.41– 43 Surgery is reserved for
the rare patient with a duct too large for device closure or with
unsuitable anatomy such as aneurysm formation.

Follow-up recommendations
Echocardiographic evaluation should include LV size and function,
PAP, residual shunt, and associated lesions.

Patients with no residual shunt, normal LV and normal PAP do
not require regular follow-up after 6 months.

Patients with LV dysfunction and patients with residual PAH
should be followed at intervals of 1–3 years depending on severity,
including evaluation in specialized GUCH centres.

Additional considerations
Exercise/sports: No restrictions in asymptomatic patients

before or after intervention without pulmonary hypertension;
limitation to low-intensity sports in PAH patients.

Pregnancy: No significantly increased risk for pregnancy in
patients without pulmonary hypertension. Pregnancy is contraindi-
cated in patients with severe PAH and Eisenmenger syndrome (see
Section 3.4.3).

IE prophylaxis: Limited to high-risk patients (see Section
3.3.5).

4.5 Left ventricular outflow tract
obstruction
LVOTO can occur at the valvular, subvalvular, or supravalvular
levels, isolated or at multiple levels. The most common site of
obstruction is valvular (75%).

4.5.1 Valvular aortic stenosis
Introduction and background
The most common cause for congenital valvular AS is BAV, with an
estimated prevalence of 1–2% in the general population. Mutations
in the NOTCH I gene have been related to BAV. Abnormalities of
the aortic wall which are associated with BAV can lead to progress-
ive dilation, aortic aneurysm, rupture, or dissection. For the man-
agement of AR associated with BAV see the Guidelines on the
management of valvular heart disease.35

Clinical presentation and natural history
Patients frequently remain asymptomatic for many years. Pro-
gression of stenosis varies and depends on initial severity, degree
of calcification, age, and atherosclerotic risk factors. In BAV, pro-
gression is faster in those patients with greater closure line eccen-
tricity and an anteroposterior-oriented line of closure.

Prognosis is good and sudden death is rare in asymptomatic
patients with good exercise tolerance, even when stenosis is
severe.44 Once symptoms [angina pectoris (AP), dyspnoea, or
syncope] occur the prognosis deteriorates rapidly. In patients
with BAV, cardiac mortality has been reported to be 0.3% per
patient-year of follow-up, the frequency of aortic dissection
0.1%, and endocarditis 0.3%. Dilated aortic sinuses and/or ascend-
ing aorta have been found in 45% of patients after 9 years of
follow-up.45

Diagnostic work-up (Table 7)
See Section 3.2 for general principles.

Specific clinical findings include the typical systolic ejection
murmur over the aortic valve, radiating into the carotid arteries.

Table 6 Indications for intervention in patent ductus
arteriosus

PDA should be closed in patients with signs of 
LV volume overload I C

PDA should be closed in patients with PAH but 
PAP <2/3 of systemic pressure or PVR <2/3 
of SVR

I C

Device closure is the method of choice where 
technically suitable I C

PDA closure should be considered in patients 
with PAH and PAP >2/3 of systemic pressure or 
PVR >2/3 of SVR but still net L–R shunt
(Qp:Qs >1.5) or when testing (preferably 
with nitric oxide) or treatment demonstrates 
pulmonary vascular reactivity

IIa C

Device closure should be considered in small 
PDAs with continuous murmur (normal LV and 
PAP)

IIa C

PDA closure should be avoided in silent duct 
(very small, no murmur) III C

PDA closure must be avoided in PDA 
Eisenmenger and patients with exercise-induced 
lower limb desaturation

III C

Indications Classa Levelb

aClass of recommendation.
bLevel of evidence.
L–R shunt ¼ left-to-right shunt; LV ¼ left ventricle; PAH ¼ pulmonary arterial
hypertension; PAP ¼ pulmonary artery pressure; PDA ¼ patent ductus
arteriosus; PVR ¼ pulmonary vascular resistance; Qp:Qs ¼ pulmonary to
systemic flow ratio; SVR ¼ systemic vascular resistance.

Table 7 Diagnostic criteria for degree of aortic
stenosis severity35

Mild AS Moderate 
AS Severe AS

Vmax (m/s)a 2.0–2.9 3.0–3.9 ≥4.0 

Mean gradient (mmHg)a <30 30–49 ≥50

AVA (cm²) >1.5 1.0–1.5 <1.0

AVAi (cm²/m² BSA) ≥1.0 0.6–0.9 <0.6

aAt normal transvalvular flow.
AS ¼ aortic stenosis; AVA ¼ aortic valve area; AVAi ¼ indexed AVA; BSA ¼ body
surface area; Vmax ¼ maximum Doppler velocity.
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Supravalvular PS or pulmonary arterial stenosis is caused by nar-
rowing of the main pulmonary trunk, pulmonary arterial bifurcation,
or pulmonary branches. It seldom occurs in isolation, and may occur
in ToF, Williams–Beuren syndrome, Noonan syndrome, Keutel syn-
drome, congenital rubella syndrome, or Alagille syndrome. The ste-
nosis may be located in the main branches or more peripherally; it
may be discrete or diffuse (hypoplastic) or there may be frank occlu-
sion, and may occur as single or multiple stenoses. Stenosis may be
secondary to previous placement of a PA band or at a previous
shunt site. A diameter stenosis ≥50% is usually considered to be sig-
nificant, and would be expected to have a pressure gradient and
result in hypertension in the proximal PA.

Clinical presentation and natural history
Subinfundibular/infundibular: Adult patients with unoperated DCRV
may be asymptomatic or they may present with angina, dyspnoea,
dizziness, or syncope. The degree of obstruction is progressive
over time.73

Valvular: Patients with mild to moderate valvular PS are usually
asymptomatic. Mild valvular PS in unoperated adults is usually
not progressive.74 Moderate PS can progress at the valvular level
(calcification) or at the subvalvular level, due to reactive myocar-
dial hypertrophy. Patients with severe stenosis may present with
dyspnoea and reduced exercise capacity, and have a worse
prognosis.

Supravalvular: Patients may be asymptomatic or have symptoms
of dyspnoea and reduced exercise capacity. They are usually recog-
nized in the context of certain syndromes or referred for suspicion
of pulmonary hypertension. Peripheral PA stenosis may progress in
severity.

Diagnostic work-up
See Section 3.2 for general principles.

Clinical findings include the harsh systolic murmur across the
obstruction and wide splitting of the second heart sound. In per-
ipheral PS the systolic murmur is typically heard over the lung
fields. Findings on chest X-ray may include calcification of the pul-
monary valve, dilatation of the pulmonary trunk and left PA, and
right heart enlargement.

Echocardiography is the first-line diagnostic technique provid-
ing visualization of the level of RVOTO, pulmonary valve anatomy,
right ventricular hypertrophy (RVH), and co-existing lesions.
Doppler echocardiography provides the gradient across the
obstruction, the presence and severity of PR and TR, and RV sys-
tolic pressure. Particular care is needed to distinguish the jet of a
DCRV from that of a VSD or of infundibular or valvular stenosis.
The peak RV systolic pressure may be the result of more than
one obstruction at multiple levels that can exist simultaneously.
Doppler gradients may be unreliable (overestimation) in patients
with tubular stenosis and in patients with stenoses in series (sub-
valvular and valvular). In patients with DCRV the peak gradient
may lead to underestimation of stenosis, because sampling of
flow may not be axial. Echocardiography is of less value for identi-
fication of peripheral PS.

RVOTO is considered mild when the peak gradient across the
obstruction is ,36 mmHg (peak velocity ,3 m/s), moderate
from 36 to 64 mmHg (peak velocity 3–4 m/s), and severe when

the gradient is .64 mmHg (peak velocity .4 m/s). Since
Doppler measurements may be unreliable (see above), TR velocity
with estimation of RV pressure should always be used in addition
when assessing severity.46

CMR and CT frequently provide additional important infor-
mation identifying the level(s) of obstruction, particularly at the
subinfundibular, conduit, or branch PA levels, and assessment of
the RV. They are the methods of choice for visualization of pul-
monary dilation and peripheral PS.

Nuclear techniques may reveal the perfusion abnormalities in
different lung segments in cases of peripheral PS (can also be
measured by CMR).

Cardiac catheterization may be required to confirm the
extent, severity, and level of obstruction (e.g. DCRV). For coron-
ary angiography, see Section 3.2.5.

Surgical/catheter interventional treatment (Table 13)
Catheter intervention is recommended for patients with valvular
PS with valves which are not dysplastic (balloon valvotomy) and
with peripheral PS (stent).75

Surgery is recommended for patients with subinfundibular or
infundibular PS and hypoplastic pulmonary annulus, with dysplastic

Table 13 Indications for intervention in right
ventricular outflow tract obstruction

RVOTO at any level should be repaired 
regardless of symptoms when Doppler peak 
gradient is >64 mmHg (peak velocity >4m/s), 
provided that RV function is normal and no valve 
substitute is required

I C

In valvular PS, balloon valvotomy should be the 
intervention of choice I C

In asymptomatic patients in whom balloon 
valvotomy is ineffective and surgical valve 
replacement is the only option, surgery should 
be performed in the presence of a systolic RVP 
>80 mmHg (TR velocity >4.3 m/s)

I C

Intervention in patients with gradient <64 
mmHg should be considered in the presence of:
• symptoms related to PS or,
• decreased RV function or,
• double-chambered RV (which is usually 

progressive) or,
• important arrhythmias or,
• right-to-left shunting via an ASD or VSD.

IIa C

Peripheral PS, regardless of symptoms, should be 
considered for repair
if >50% diameter narrowing and RV systolic 
pressure >50 mmHg 
and/or lung perfusion abnormalities are present

IIa C

Indications Classa Levelb

aClass of recommendation.
bLevel of evidence.
ASD ¼ atrial septal defect; PS ¼ pulmonary stenosis; RV ¼ right ventricle;
RVOTO ¼ right ventricular outflow tract obstruction; RVP ¼ right ventricular
pressure; TR ¼ tricuspid regurgitation; VSD ¼ ventricular septal defect.
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2003 2006 2007 2008 2011 

MRI RVEDVi (ml/m2) 145 152 143 131 153 

MRI RVESVi (ml/m2) 69 66 63 59 60 

MRI RV EF (%) l 52 57 56 55 51 

MRI LVEDVi (ml/m2) 82 77 68 75 76 

MRI l LVESVi (ml/m2) 29 33 29 27 37 

MRI l LV EF (%) 65 57 57 64 52 

MRI PR fraction (%) 30 40 42 40 40 

ECHO Tric. regurgitation +++/++++ +++/++++ +++/++++ +++/++++ +++/++++ 

ECHO l RV pressure (mmHg) 50 50 50 50 50 

Stress
-Echo 

RV pressure max (mmHg) 85 

CPET VO2Max (ml/kg/min) 19,3 19 18 22 22,5 

CPET Workload (Watt) 90 l 100 125 130 103 

ECG QRs duration (ms) 160 l 180 180 180 180 

Arrhythmias no l no no no no 

NT-pro BNP (ng/l) 109 167 131 159 159 
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Key symptoms may include headache, nosebleeds, dizziness, tin-
nitus, shortness of breath, abdominal angina, claudication, leg
cramps, exertional leg fatigue, and cold feet.

The natural course may be complicated by left heart failure,
intracranial haemorrhage (from berry aneurysm), IE, aortic
rupture/dissection, premature coronary and cerebral artery
disease, and associated heart defects.54,55

Diagnostic work-up
See Section 3.2 for general principles.

Clinical features include upper body systolic hypertension, lower
body hypotension, a blood pressure gradient between upper and
lower extremities (.20 mmHg indicates significant CoA), radio-
femoral pulse delay, and palpable collaterals.

Other findings include a suprasternal thrill, a vascular murmur in
the back, or continuous murmurs (due to collateral vessels). Chest
X-ray findings may include rib notching of the third and fourth (to
the eighth) ribs from collaterals, an ectatic ascending aorta, kinking
or double contouring in the descending aorta (‘figure 3’ sign), and
widening of the left subclavian artery.

Echocardiography provides information regarding site, struc-
ture, and extent of CoA, LV function and hypertrophy, associated
cardiac abnormalities, and aortic and supra-aortic vessel diameters.
Doppler gradients are not useful for quantification, neither in
native nor in post-operative coarctation. A diastolic ‘run-off’
phenomenon is presumably the most reliable sign of significant
coarctation or recoarctation.

In the presence of extensive collaterals the gradients are not
reliable. After surgical repair, increased systolic flow rates may
develop, even in the absence of significant narrowing, due to a
lack of aortic compliance.

CMR and CT are the preferred non-invasive techniques to
evaluate the entire aorta in adults. Both depict site, extent, and
degree of the aortic narrowing, the aortic arch, the pre- and post-
stenotic aorta, and collaterals. Both methods detect complications
such as aneurysms, restenosis, or residual stenosis (see Sections
3.2.2 and 3.2.3).

Cardiac catheterization with manometry (a peak-to-peak gra-
dient .20 mmHg indicates a haemodynamically significant CoA in
the absence of well-developed collaterals), and angiocardiography
is still the gold standard for CoA evaluation at many centres before
and after operative or interventional treatment (see Section 3.2.5).

Surgical/catheter interventional treatment (Table 11)
In native CoA with appropriate anatomy, stenting has become the
treatment of first choice in adults in many centres. Whether to use
covered or non-covered stents is unresolved. Biodegradable stents
are in development.

For adults with recurring or residual CoA, angioplasty with or
without stent implantation has been shown to be effective in
experienced hands,56 and preferably stenting has also become
first choice if anatomy is appropriate.

Operative techniques include resection and end-to-end anasto-
mosis, resection and extended end-to-end anastomosis, prosthetic
patch aortoplasty, subclavian flap aortoplasty, interposition of a
(tube) graft, and bypass tube ( jump) grafts.

Re-CoA repair in adults can be complicated, and
ascending-to-descending aorta conduits may be preferable in
cases of difficult anatomy. Although the surgical risk in simple
CoA may currently be ,1%, it increases significantly beyond the
age of 30–40 years. It also carries the risk of spinal cord injury.

As coarctation is not a localized disease of the aorta, associated
problems that may require intervention have to be considered:

† Associated significant aortic valve stenosis or regurgitation
† Aneurysm of the ascending aorta with a diameter .50 mm

[.27.5 mm/m2 body surface area (BSA)] or rapid progression
† Aneurysm at the previous CoA site
† Symptomatic or large aneurysms of the circle of Willis.

Treatment should be performed in centres with extensive experi-
ence in the treatment of CHD.

Follow-up recommendations
Residua, sequelae, and complications are listed below:

† Arterial hypertension at rest or during exercise is common,
even after successful treatment, and is an important risk factor
for premature CAD, ventricular dysfunction, and rupture of
aortic or cerebral aneurysms.57 The geometry of the arch
(gothic, crenel, normal) may play a role in the development of
hypertension. The significance of isolated, exercise-induced
hypertension is a matter of debate.

† Recurring or residual CoA may induce or aggravate systemic
arterial hypertension and its consequences.

† Aneurysms of the ascending aorta or at the intervention site
present a risk of rupture and death.58 Patch repairs (e.g. with

Table 11 Indications for intervention in coarctation of
the aorta

All patients with a non-invasive pressure 
difference >20 mmHg between upper and 
lower limbs, regardless of symptoms but with 
upper limb hypertension (>140/90 mmHg in 
adults), pathological blood pressure response 
during exercise, or significant LVH should have 
intervention

I C

Independent of the pressure gradient, 
hypertensive patients with ≥50% aortic 
narrowing relative to the aortic diameter 
at the diaphragm  level (on CMR, CT, or 
invasive angiography) should be considered for 
intervention

IIa C

Independent of the pressure gradient and 
presence of hypertension, patients with ≥50% 
aortic narrowing relative to the aortic diameter 
at the diaphragm level (on CMR, CT, or invasive 
angiography) may be considered for intervention

IIb C

Indications Classa Levelb

aClass of recommendation.
bLevel of evidence.
CMR ¼ cardiac magnetic resonance; CoA ¼ coarctation of the aorta; CT ¼
computed tomography; LVH ¼ left ventricular hypertrophy.
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