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ABSTRACT
The long-term outcome of patients with tetralogy of
Fallot (TOF) with reconstruction of the right ventricular
(RV) outflow tract is often complicated by the sequelae
of severe pulmonary regurgitation. Progressive
enlargement of the right ventricle, biventricular
dysfunction and arrhythmia are apparent in more than
50% of the patients in the fourth decade of life.
Pathophysiologic implications, clinical assessment and
diagnostic modalities are discussed, whereas CMR
imaging seems to be the procedure of choice.
Therapeutical options for rereconstruction of the RV
outflow tract are mentioned, surgical and interventional
procedures are explained in detail. The optimal timing of
reoperation for significant pulmonary regurgitation after
TOF repair is still a matter of controversy given the
limited runtime of the lately implanted prostheses and
the risk of further reoperation. Early surgery is
recommended in these patients before symptoms
develop, or RV function has declined. Today we believe
that waiting for the patient to become symptomatic is
too late. All in all, pulmonary valve replacement is at
least indicated in patients developing symptoms due to
severe pulmonary regurgitation, particularly if associated
with substantial or progressive RV dilatation, tricuspid
regurgitation and/or supraventricular or ventricular
arrhythmias.

INTRODUCTION
The long-term survival and overall outcome after
surgical repair of tetralogy of Fallot (TOF) is
favourable.1 Nevertheless, in many cases, significant
residua and sequelae persist or develop, as dis-
cussed in detail by Kaemmerer and coworkers.2

Pulmonary regurgitation (PR) is one of the most
common complications. In the past, PR was
regarded as a benign lesion, as many patients toler-
ate PR well for a considerable time. However, PR
can also result in progressive right ventricular (RV)
enlargement, RV fibrosis and biventricular dysfunc-
tion, and finally, in the fourth decade of life only
less than 50% of all patients are free of cardiac
symptoms.1

Mechano-electrical interactions due to PR and
RV volume overload with progressive enlargement
and stretching of the right atrium and RV may be
causal for arrhythmias.
Arrhythmias are reported in up to 35% of TOF

patients, and cardiac death in 6% during a
follow-up period of 30 years.3 In some studies,
moderate or severe PR was the main haemo-
dynamic abnormality in patients with ventricular

tachycardia (VT) and sudden death after TOF
repair.3 In order to avoid these—to some extent
disastrous sequelae—surgical or interventional pul-
monary valve replacement (PVR) is thought of.
PVR may diminish RV size, ameliorate RV func-

tion and improve exercise performance, provided
that operation is performed in time; if, however,
surgery for PR is performed late no significant
improvement in RV size and function can be
expected.2

However, even today, quantification of PR is dif-
ficult, and it is also challenging to decide which
group of patients will benefit from PVR. For these
reasons, indication and timing for PVR are still
controversial issues.

EPIDEMIOLOGIC DATA
The number of patients developing significant PR
after TOF repair is undetermined. Long-term
follow-up studies up to 20 years after TOF repair
give evidence that the number of affected patients
is between 1% and 12%, and will increase with a
longer follow-up interval.2

PATHOPHYSIOLOGIC IMPLICATIONS
PR is often the consequence of a transannular RV
outflow tract patch, that disrupts the integrity of
the pulmonary annulus and the PV.4 The use of a
rigid transannular patch, associated with an
increase of PR, will consecutively cause and/or
aggravate RV volume overload and RV dilatation,
reduction of ejection fraction and finally RV
failure.
Thus, in the long term, PR may amplify the RV

damage during TOF repair caused by ventriculot-
omy, by a scar in the RV outflow tract, by a ven-
tricular septum patch, and by myocardial scars
from the surrender of small coronary arteries.
Moreover, RV function may have been compro-
mised from preoperative cyanosis, pressure over-
load from early shunt operations prior to repair,
and/or deficient myocardial protection.2 Because of
the drawbacks from transannular patching, today
many cardiac surgeons prefer a valve-sparing
operation.
Notably, the degree of PR can be augmented by a

pulmonary artery stenosis, or by an increased pul-
monary artery pressure. The latter originates most
often from pulmonary vascular disease, from a
longstanding aorto-pulmonary shunt prior to
repair, from a residual ventricular septal defect,
from left heart failure, or from lung disease.2
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Moreover, RV dilation as well as dilation of the tricuspid
valve annulus can induce progression of tricuspid regurgitation
(TR) and further RV volume overload.

There are similarities in the pathophysiological response of a
volume-loaded left ventricle (LV) and RV.

In chronic aortic regurgitation, after a variable period of time
during which LV dilatation is potentially reversible, the volume-
loaded LV will develop irreversible ventricular dilatation with
myocardial scaring, fibrosis and increased interstitial collagen; in
these patients, myocardial dysfunction persists even after aortic
valve replacement.5

In a volume-loaded RV, however, significant differences
exist concerning chamber geometry, myofibre architecture,
myocardial contraction pattern, coronary perfusion and the
conduction system.

The degree of pulmonary regurgitation after TOF repair is
dependent on the regurgitation orifice area, the compliance of
the right ventricle and the duration of diastole.

CLINICAL ASSESSMENT
Patient history
Patients with preserved systolic RV function are free of symp-
toms for years or even decades. However, it has to be kept in
mind, that patients with congenital heart anomalies often adapt
themselves and underestimate their disability.

If PR deteriorates to a significant degree, the compensatory
mechanisms of the RV fail, the RV afterload increases, and the
ejection fraction of the RV declines.6 At that stage, patients
usually present with diminished exercise tolerance, fatigue, dys-
pnoea on exertion and sometimes with palpitations due to
supraventricular or ventricular arrhythmias.

An impaired clinical status in long-term survivors after TOF
repair is not only associated with the degree of PR. Also, a low
left ventricular ejection fraction is a strong, independent factor
associated with impaired clinical status, perhaps by means of
ventricular–ventricular interaction, where one ventricle influ-
ences the other adversely.7

Physical examination
Physical examination reveals a jugular venous pulse that is
normal without right heart failure, or mild to moderate systemic
venous pressure elevation with a prominent ‘a’ wave. In TR,
the jugular venous pressure may be elevated, showing a large
‘v’ wave.

A parasternal lift from the right ventricle is palpable in almost
all patients, while the left ventricular apical impulse is usually
absent due to a posterior displacement.

At the left upper sternal border, a prominent main pulmonary
artery impulse may be present.

On auscultation, some adults have an early systolic pulmonary
ejection sound, and a fourth heart sound. The aortic component
of the second heart sound is loud, because of the anterior
position of the aorta, while the pulmonary component of the
widely and fixed split second heart sound is usually diminished
in PR.

There is usually a spindle-shaped systolic murmur in the pul-
monary area, indicating some degree of RV outflow tract
obstruction or pulmonary valve or pulmonary artery stenosis.

An isodynamic, holosystolic murmur of TR, increasing its
intensity after inspiration, may occur at the left lower paraster-
nal border.

Pathognomonic for PR is a diastolic decrescendo murmur at
the left upper parasternal border. The murmur starts immedi-
ately after the (diminished) pulmonary component of the

second heart sound, and is medium to low pitched. The dur-
ation of the murmur is variable, depending on the degree of
PR. With mild PR it is usually short, with moderate degree
nearly holodiastolic, and, again shorter with severe PR. As PR is
associated with a low pulmonary artery pressure, the intensity
of the murmur is usually low.

A third heart sound, as well as hepatosplenomegaly, a
pulsatile liver, ascites, or peripheral oedema occur with right
heart failure.

ECG
A right bundle branch block pattern almost always follows TOF
repair, even if no ventriculotomy has been performed. There are
only few exceptions to this rule.

QRS duration may increase over years, often associated with
increased RV size. The RV volume and mass are positively corre-
lated with the duration of the QRS complex.

Particularly, a progressive QRS duration >180 ms may be a
warning sign of ventricular arrhythmias and sudden death.8

QRS duration >180 ms has a 100% sensitivity for sustained VT
and sudden death, while a QRS duration <180 ms has a nega-
tive predictive value of 100% for these events.8

The change in QRS duration over time (mean 3.5 ms/year) is
an additional predictor of increased risk of sudden death.9

The clinical relevance of these data for the individual,
however, should be interpreted with caution. Some even believe
that QRS prolongation is rather a marker of RV dysfunction but
not for sudden death.

QT dispersion or heart rate turbulence as an expression of an
impaired cardiac autonomic nervous activity may be adjuvant
methods of risk assessment.9

The ECG may also show right atrial enlargement
(P-dextroatriale), right axis deviation and RV hypertrophy.

Atrial or ventricular arrhythmias may be present and need to
be further evaluated in detail.

Chest x-ray
The cardiothoracic ratio (CTR) largely depends on the RV
volume load. Depending on the amount of RV dilatation due to
significant PR, the CTR is usually increased to more than 0.55.

Echocardiography
Transthoracic echocardiographic (TTE) and Doppler assessment
of the RV, pulmonary artery and PR is the first-line imaging
modality in the follow-up of TOF patients. Additionally,
residual RV outflow obstruction, pulmonary artery stenosis,
residual shunts and TR can be evaluated.

Because of the complex RV geometry, the transthoracic echo-
cardiographic evaluation of RV volumes, function and mass has
several limitations, and surrogate markers, such as fractional
area shortening, tricuspide annular plane systolic excursion and
tissue Doppler velocities, have to be applied.10

Three-dimensional TTE will elude some limitations in the
volumetric assessment of the RV at some point. Current echo-
cardiographic techniques to assess RV volume are highly feasible
and reproducible in postoperative Fallot patients. When com-
pared with CMR measurements, three-dimensional reconstruc-
tion of the right ventricle is the most accurate technique.11

In patients with moderate to severe pulmonary regurgitation,
colour flow depicts a flow-reversed blood flow from the right or
left pulmonary artery to the RV body in diastole (figure 1A).
However, Doppler assessment may easily overestimate pulmon-
ary regurgitation.
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As the end-diastolic, RV pressure is often only a few mm Hg
lower than the diastolic pulmonary artery pressure, and it can
be difficult to reliably grade the severity of the PR. In adults,
pulmonary pressure half-time <100 ms has been proposed as a
good indicator of haemodynamically significant PR.12

Some postoperative patients have a restrictive RV function
that is consistent with a lesser degree of pulmonary regurgita-
tion. This type of diastolic dysfunction is marked by an ante-
grade diastolic flow in the pulmonary artery (figure 1B), and
also a flow reversal in the superior vena cava during atrial
systole. The tricuspid E-wave deceleration time is short.

Even if a restrictive RV haemodynamic is adverse in the
early postoperative period, it has emerged as advantageous
in the long term, and may preclude RV dilatation in spite of
significant PR.13

Exercise test
It is well known that PR after tetralogy repair may cause, beside
malignant ventricular arrhythmia and sudden death, reduced
exercise performance.8

Exercise studies with determination of maximum oxygen
consumption (VO2max) and anaerobic threshold are helpful to
assign symptomatology, objectively graduate exercise capacity,

and to unmask exercise limitations secondary to PR. Exercise
parameters are also important for an appropriate decision
making on timely replacement of the pulmonary valve.

MRI, CT and nuclear cardiology
Cardiac Magnetic Resonance (CMR) is an ideal tool for serial
assessment of RV volumes and systolic function in the longitu-
dinal follow-up after TOF repair, providing not only important
anatomic details of both ventricles, pulmonary arteries and the
aorta with good accuracy and reproducibility, but also functional
data about right and left ventricular size, function and muscle
mass, ventricular–ventricular interaction, as well as flow and
regurgitant volumes14 (figure 2). CMR is regarded as the gold
standard for the evaluation of RV size and function, as well as
for the quantitative assessment of PR. Hereby, the deficiency of
older studies, lacking of reproducible data regarding the severi-
tiy of PR and RV size and function have been overcome.
Age-related and gender-related reference values for RV volumes
and systolic function have been published.15

Furthermore the amount of blood flow to each lung in
patients with right or left pulmonary stenosis can be quantified
reliably by CMR.16

A recent CMR study could determine that RV dilatation and
systolic RV dysfunction or LV dysfunction were independent
predictors of major adverse clinical outcomes at a median of
21 years after TOF repair. High-risk CMR parameters in this
study included a preoperative RV end-diastolic volume Z score
of 7 (corresponding to 172 cc/m2 in women, and 185 cc/m2 in
men), or a global systolic dysfunction (ejection fraction
<45%).17

Modern CT provides excellent imaging, in patients with pace-
makers, or other contraindications for CMR however without
haemodynamic information.

Because of the overwhelming developments of CMR, nuclear
cardiology studies have become largely obsolete for longitudinal
follow-up studies after TOF repair.

Cardiac catheterisation
The main purpose of cardiac catheterisation in patients with PR
is to determine ventricular physiology, RV or pulmonary artery
obstruction, or residual shunts. It is particularly indicated if the
haemodynamic status is not clarified by non-invasive procedures
or in the planning of a transcatheter intervention.

THERAPEUTICAL OPTIONS
There are no data to show that medical treatment is able to slow
the progression of PR. Currently, no sufficient reliable data are
available regarding the influence of selective pulmonary vasodi-
lators on the outcome of patients with PR after TOF repair.

PVR is at present the only option to reduce RV size and to
improve RV function in the long term.

Surgical or interventional replacement of the regurgitant PV
can stop PR, and may even reverse the progression of complica-
tions developed from PR, including RV dysfunction and TR.
It remains controversial, however, whether ventricular arrhyth-
mias can be remediated.18 Notably, in a large cohort of patients,
late PVR alone for symptomatic PR and RV dilation did not
reduce the incidence of ventricular arrhythmias and sudden
death.18

Therefore, at the time of PVR, patients with known arrhyth-
mias should be considered for intraoperative ablative treatment.

Figure 1 (A) Colour Doppler flow map showing broad diastolic back
flow (red coded) in the main (arrow) and in the proximal part of the
left and right pulmonary artery (asterisks) as usually seen in higher
grade pulmonary regurgitation. (B) Doppler trace of a patient after
tetralogy of Fallot repair showing moderate residual outflow tract
obstruction with a peak jet velocity of 3.8 m/s and a rapid flow
deceleration during diastole as a sign of severe pulmonary regurgitation
(arrow). Antegrade diastolic flow in the pulmonary artery after the
p-wave indicates restrictive right ventricular physiology (asterisk).
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Surgical replacement of pulmonary valve
Surgical PVR can either be performed as biological valve (pre-
served homografts or porcine bioprosthesis), or as a mechanical
valve.

In experienced centres, the surgical risk of reoperation after
TOF repair is low and the long-term outcome favourable.1

However, the morbidity of repeated cardiothoracic operations is
significant, and these operations become technically more
demanding with every consecutive procedure due to adhesions
and progressive scaring.

Long-term survival rates after TOF reoperation with PVR
were 95% after 5 years, and 76% after 10 years. Freedom from
pulmonary valve re-replacement was 70% after 10 years.19 In
another recent series, the survival probability of PVR was 92%
at 5 years, and 86% at 10 years.18

Even so, the risk of irreversible RV dysfunction must be
weighted against the surgical risk and emerging complications.
Moreover, the durability of a biological or mechanical pulmon-
ary valve prosthesis is not perfect. Bioprosthetic valves will
degenerate in due course, while mechanical prostheses have
other disadvantages, including thrombosis, and requirement of
lifelong anticoagulation.20

Many, but not all patients benefit from PVR. Functional class
and exercise tolerance, ventricular volumes and biventricular
function improve by eliminating the chronic volume overload
from PR.19

However, conflicting data also exist. After PVR, a step-up of a
preliminary reduced RV ejection fraction could not be verified in
all series, even if PVR could reduce RV volumes.21

Interventional replacement of PV-percutaneous pulmonary
valve implantation (PPVI)
Percutaneous pulmonary valve implantation (PPVI) was intro-
duced by Bohnoeffer et al22 in 2000 aiming to reduce the
number of reoperations in patients with complex congenital
heart disease, who needed a valved biological conduit.

The currently available Melody valve consists of a 34 mm
bare metal Cheatham Platinium stent, into which a contegra
bovine jugular venous valve has been sewn (figure 3).

The Edwards Sapien transcatheter valve is made of three bovine
pericardial leaflets sewn inside a stainless steel stent (figure 3).

Meanwhile, PPVI has emerged to be the preferred treatment
for selected patients with conduit dysfunction in the pulmonary
position at some centres. PPVI is feasible at a relatively low
risk, and mid-term follow-up shows a sustained haemodynamic
improvement.23

The intervention is relatively safe with only two published
periprocedural deaths—both due to coronary arterial compres-
sion. The gradient in the right ventricular outflow tract (RVOT)
was reduced significantly, pulmonary regurgitation was abol-
ished and the reintervention rate in the recent series was low.23

If valvular function deteriorates, the valve-in-valve concept
proved to be feasible.

Initially, PPVI was only suggested if a biological conduit was
present in the RVOT, and the patient’s body weight was at least
25 kg. However, in selected patients, PPVI is possible also in
patients with a ‘native’ RVOT, and was possible even in pre-
school children with body weight below 20 kg.23 In conclusion,
PPVI is feasible, safe, with good and sustained haemodynamic
results at mid-term follow-up. Yet, long-term results are missing
after this intervention.

INDICATIONS FOR PULMONARY VALVE REPLACEMENT
In prevailing stenosis (RV systolic pressure >60 mm Hg, TR vel-
ocity >3.5 m/s) selecting patients for therapy is relatively
straightforward.

The treatment indication in patients with predominant pul-
monary regurgitation, or a combination of stenosis and regurgi-
tation, is not as simple. In fact, most patients with RV outflow
tract dysfunction show a combination of obstruction and
regurgitation.23

Figure 3 The Melody valve is delivered over the superstiff guidewire
on an 18, 20, or 22 mm double balloon into the right ventricular
outflow tract. The Sapien valve is available in two sizes (external
diameter 23 and 26 mm, respectively).

Figure 2 Diastolic still frame of a
patient with corrected Fallot’s tetralogy
(A). The dotted line depicts the slice
where forward and backward flow
were measured by phase-contrast
magnetic resonance (B).
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The optimal timing of reoperation for significant PR after
TOF repair is a matter of controversy given the limited runtime
of the lately implanted prostheses and the risk of a further
reoperation.

Currently, more and more experts recommend early surgery
in these patients before symptoms develop, or RV function has
declined.24 Today we believe that waiting for the patient to
become symptomatic is too late. By contrast, some believe that
PVR should be performed only if RV dysfunction is existent.

Unfortunately, currently no randomised controlled studies are
available to help in the decision for timing therapy in presence
of significant pulmonary regurgitation.

A CMR-study in adults with repaired TOF revealed after
PVR, a significant decrease in RV volumes, while the RV systolic
function remained unchanged. However, in patients with a RV
end-diastolic volume >170 ml/m2 or a RV end-systolic volume
>85 ml/m2 before PVR, the RV volumes did not return to
normal after PVR.25

However, in a study including younger patients with TOF
and pulmonary regurgitation RV remodelling after PVR could
be shown at even higher right ventricular enddiastolic (RVED)
volume indices.24

A threshold beyond which RV function is unlikely to decrease
to normal after surgery is difficult to specify at all. However, there
seems to be an age and volume index-dependent potential of the
volume-loaded right ventricle to remodel after adequate therapy
for severe pulmonary regurgitation. Normalisation of RV volumes
has been described when PVR was performed before the end-
diastolic RV volume reached 160 mL/m2 or the end-systolic RV
volume reached 82 mL/m2.25

Frigola et al studied 71 consecutive patients (mean age
22 years, 72% TOF) before and 1 year after PVR by CMR.26

They concluded that treating patients with an end-diastolic
volume <150 mL/m2 leads to normalisation of RV volumes,
improvement in biventricular function, and submaximal exercise
capability. Normalisation of the ventilatory response to carbon
dioxide production was most likely to occur when surgery was
performed at an age </=17.5 years.

To date, it is indefinite, whether a full normalisation of RV
volumes is required for improving the outcome on a long-term
course.

Altogether, even if the RV volume is very high and RV dysfunc-
tion exists, PVR can reduce RV size substantially, and improve
RV function, even if these parameters may not decrease to the
normal range. Apparently, regarding reverse remodelling, no
threshold is present above which RV volumes do not decrease
after PVR.

In the last few years, several international guidelines have
been published focusing on the management of adults with
TOF comprising certain discrepancies (table 1).27–29

The recommendations of our institution are listed in table 2.

CONCLUSION
All in all, PVR is at least indicated in patients developing symp-
toms due to severe pulmonary regurgitation, particularly if asso-
ciated with substantial or progressive RV dilatation, TR, and/or
supraventricular or ventricular arrhythmias.

Finally, the long-term outcome of patients treated according
to the current guidelines has to be evaluated.

Table 1 Recommendations regarding pulmonary valve replacement in adults with previous tetralogy of Fallot according to the current
American, Canadian and European guidelines

ACC/AHA guidelines (2008)27 PVR is indicated for severe pulmonary regurgitation and symptoms or decreased exercise tolerance.
PVR is reasonable in adults with previous tetralogy of Fallot, severe pulmonary regurgitation, and any of the following:

Moderate to severe RV dysfunction.
Moderate to severe RV enlargement.
Development of symptomatic or sustained atrial and/or ventricular arrhythmias.
Moderate to severe TR.

Canadian guidelines (2009)28 The following situations may warrant intervention following repair:
Free pulmonary regurgitation associated with
progressive or moderate to severe RV enlargement (RV end-diastolic volume of greater than 170 mL/m2),
moderate to severe RV dysfunction,
important TR,
atrial or ventricular arrhythmias, or
symptoms such as deteriorating exercise performance.

European guidelines (2010)29 PVRep should be performed in symptomatic patients with severe PR and/or stenosis (RV systolic pressure >60 mm Hg, TR velocity >3.5 m/s)
PVRep should be considered in asymptomatic patients with severe PR and/or PS when at least one of the following criteria is present:

Decrease in objective exercise capacity
Progressive RV dilation
Progressive RV systolic dysfunction
Progressive TR (at least moderate)
RVOTO with RV systolic pressure >80 mm Hg (TR velocity >4.3 m/s)
Sustained atrial/ventricular arrhythmias

PVR, pulmonary valve replacement; RV, right ventricular; RVOTO, right ventricular outflow tract obstruction; TR, tricuspid regurgitation.

Table 2 Contemporary inclusion criteria for pulmonary valve replacement as used at the German Heart Centre Munich

German Heart Centre Munich (2011) ▸ Increased RV pressure (>2/3 systemic pressure, echo peak gradient >80 mm Hg)
▸ Pulmonary regurgitation leading to a CMR-RVED-volume index >150 mL/m2, reduced and declining RV function in cardiac MRI
▸ A combination of stenosis and regurgitation with RV dysfunction and dilatation
▸ Symptomatic (?) patients with declining exercise tolerance (<65% of normal)
▸ No clear lower age limit, looping of stiff delivery system is limited in small patients
▸ Conduits or RV outflow tracts which can accommodate a covered stent to be dilated to at least 18 mm

RV, right ventricle; RVED, right ventricular enddiastolic.
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