
ADULT PATIENTS WITH CONGENITAL CARDIAC

malformations represent a continuously grow-
ing population, owing to improvements in

medical care, advances in surgical techniques, and
meticulous postoperative care. Current surgical stan-
dards make mortality the exception in many diseases,
and results are judged more in terms of morbid-
ity, residual defects, freedom from reoperation, and
long-term functional outcome. Closer follow-up of
these patients becomes mandatory, and non-invasive
modalities are increasingly being recommended and
used.

In a substantial number of patients with congeni-
tal defects, the right ventricle is in a functionally or
anatomically abnormal position, thereby sustaining

a state of chronic pressure or volume overload.
Diagnoses include transposition, congenitally cor-
rected transposition, tetralogy of Fallot, and certain
subsets of double outlet right ventricle.

Except for qualitative data, such as clinical status,
functional classification, and echocardiography, there
are few other possibilities to diagnose deterioration
of right ventricular function. Although these estab-
lished diagnostic modalities may allow for appropriate
adjustment of medical therapy, or decision making
with regards to surgical timing in symptomatic
patients or in patients with obvious myocardial
impairment, this is not the case in more subtle situ-
ations. Newer non-invasive quantitative diagnostic
tools would be of particular value in asymptomatic
or minimally symptomatic patients with borderline
right ventricular function, for whom there are cur-
rently several therapeutic dilemmas. Management of
these patients would be improved by establishing
accurate quantitative determinants of right ventric-
ular function, and by relating them to the already
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existing qualitative ones. The combined information
could thus be implemented in daily clinical practice.

In this review, we discuss the various states of
right ventricular functional overload in certain con-
genital cardiac malformations, and present noninva-
sive quantitative data obtained in our institution for
the assessment of right ventricular function that has
proven to be applicable to clinical follow-up in these
patients.

Congenital cardiac malformations with right
ventricular overload

Tetralogy of Fallot
Residual lesions after repair of tetralogy may include
suboptimal relief of the obstructed right ventricular
outflow tract, or residual pulmonary artery stenosis,
leading to a state of chronic pressure overload (Fig. 1).
After complete repair, particularly when a patch has
been placed across the ventriculo-pulmonary junc-
tion, various degrees of pulmonary valvar insuffi-
ciency may create volume overload, and eventual
dilation, of the right ventricle.

Double outlet right ventricle with a subaortic ven-
tricular septal defect and pulmonary stenosis schema-
tically follows this physiology, and is corrected
surgically in a similar fashion to tetralogy of Fallot.
The long-term fate of the right ventricle may, there-
fore, be diagnostically considered and followed in the
same manner.

Transposition
There remains a large cohort of young adults with
concordant atrioventricular and discordant ventriculo-
arterial connections (“transposition”) who have under-
gone an atrial switch of the Senning or Mustard type
in childhood.1 After the atrial switch, the morpho-
logically right ventricle functions as the systemic
ventricle, leading to long-term problems of chronic
right ventricular pressure overload, and to tricuspid
valvar regurgitation with right ventricular volume
overload (Fig. 2). Refractory atrial arrhythmias due
to multiple incisions and suture lines in the atriums
may also induce or exacerbate right ventricular fail-
ure. Obstructions or leaks across the atrial baffle may
respectively lead to systemic or pulmonary venous
obstruction, and left-to-right shunts. The morphology
of the morphologically right ventricle in patients
after a Senning or Mustard procedure is analogous to
that in patients with unoperated congenitally cor-
rected transposition, the combination of discordant
connections at both atrioventricular and ventriculo-
arterial junctions, where the ventricle is round, and
the ventricular septum is convex towards the mor-
phologically left ventricle.2

Congenitally corrected transposition
Although the natural history of congenitally cor-
rected transposition may allow asymptomatic sur-
vival into adulthood, the majority of unoperated
patients face long-term consequences of failure and
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Figure 1.
A spin echo resonance image showing pulmonary valvar stenosis
with a wide pulmonary trunk in a patient subsequent to surgical
correction of tetralogy of Fallot. RV: right ventricle; LV: left ventricle.
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Figure 2.
A gradient echo resonance image showing the “4 chamber” view
after surgical correction of transposition using the Mustard proce-
dures. The arrows indicate the baffles. Abbreviations as for Figure 1.
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dilation of the morphologically right ventricle, tri-
cuspid valvar insufficiency, and complete heart
block3–6 (Fig. 3). The etiology of right ventricular
failure is multifactorial, and probably leads to right
ventricular dysfunction that worsens in relation to
the development of tricuspid valvar insufficiency
and/or complete heart block.7 This remains true after
physiologic, also called “classical” repair, where the
morphologically right ventricle continues to support
the systemic circulation.8

Quantitative diagnostic methods for
noninvasive assessment of right 
ventricular function

The electrocardiogram
A 12-lead electrocardiogram may give considerable
insight into the degree of pressure and/or volume
overload, and allows a simple and inexpensive first
glimpse at right ventricular function after repair of
various congenital cardiac malformations.

A retrospective study was undertaken in our insti-
tution of a cohort of 48 patients with chronic right
ventricular pressure overload subsequent to surgical
correction of various congenital lesions.9 The main
criterion for inclusion was chronic right ventricular
pressure overload, with a right ventricular systolic
pressure greater than 35 millimetres of mercury as
assessed by echocardiography, after surgical repair 
of the congenital cardiac disease, without important
additional hemodynamic lesions, and in asympto-
matic or minimally symptomatic patients in the first
or second classes of the functional categorization of
the New York Heart Association. The patients were

classified into three groups according to their diag-
nosis: patients with congenitally corrected transposi-
tion; patients who had undergone an atrial switch
procedure for transposition, and patients with a sub-
pulmonary pressure overloaded right ventricle. The
last group was divided into two subgroups: those
with tetralogy of Fallot, and those with right ven-
tricular pressure overload due to other congenital
cardiac diseases. Our study showed a gradual prolon-
gation in the duration and dispersion of the QRS
complexes in patients with chronic right ventricu-
lar pressure overload, regardless of the nature of the
congenital cardiac disease. In the studied popula-
tion, right ventricular end diastolic volume, right
ventricular mass, and brain natriuretic peptide were
increased compared to the known reference values
for healthy volunteers. A significant correlation was
found between the duration of the QRS complex and
right ventricular end diastolic volume in patients
with a subpulmonary right ventricle submitted to
chronic pressure overload. We also demonstrated a
significant correlation between the duration of the
QRS complex and right ventricular mass in patients
with tetralogy of Fallot.

Several studies have described the importance 
of the duration and dispersion of the QRS complex
as a predictor of malignant tachycardias and sudden
death in patients with congenital cardiac disease.10,11

Gatzoulis et al. found that, in patients with tetral-
ogy, a QRS wave wider than 180 milliseconds was a
strong predictor for malignant ventricular tachycar-
dias. They also introduced dispersion of the QRS
complex as a marker for inhomogeneity of ventricu-
lar depolarization.10 These studies, nonetheless, were
limited to specific types of cardiac lesions.10,11 Our
study showed changes in electrocardiogram markers
over time in patients with chronic right ventricular
pressure overload, regardless of the nature of the
congenital cardiac malformations.

Magnetic resonance imaging
Magnetic resonance imaging represents the diagnostic
noninvasive technique of choice for the evaluation of
right ventricular function in congenital cardiac dis-
ease, by its potential to obtain both anatomic detail
and quantification of flow. It is useful in detecting
intracardiac narrowings, and obstruction of homo-
graft conduits, following cardiac surgery in patients
with complex malformations.12–15 Its accuracy, and
superior reproducibility, are setting a new gold stan-
dard for the quantification of right ventricular ejec-
tion fraction, cardiac output, myocardial mass, and
wall thickness.12,16 Technical advantages of mag-
netic resonance imaging in comparison with other
techniques are the excellent spatial resolution, the
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Figure 3.
A gradient echo resonance image in “4 chamber” plane from a
patient with congenitally corrected transposition. Abbreviations as
for Figure 1, TP: tricuspid valvar prosthesis.
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characterisation of myocardial tissue, multi-plane
versatility, and the potential for three-dimensional
reconstruction.17 Cardiac magnetic resonace imag-
ing allows an accurate noninvasive functional assess-
ment of the right ventricle, but further development
of this diagnostic method needs to be done in a mul-
tidisciplinary fashion amongst cardiologists, radio-
logists, physicists, software scientists, and imaging
machine producers.

Results of dobutamine testing assessed by resonance
imaging in patients with tetralogy, congenitally
corrected transposition, and transposition
We explored the effect of dobutamine stress and its
possible clinical implications in different groups of
asymptomatic patients with chronic right ventricu-
lar overload due to congenital cardiac disease.18–20

We studied asymptomatic and minimally sympto-
matic patients in the first and second classes of the
functional classification of the New York Heart
Association with chronic right ventricular pressure
overload. In all, we assembled 29 patients with a 
systemic morphologically right ventricle, 16 after an
atrial switch for transposition, and 13 patients after
physiologic repair of congenitally corrected trans-
position, 22 patients with a chronically pressure-
overloaded subpulmonary right ventricle, and 11
age and sex-matched healthy volunteers. Magnetic
resonance imaging was applied both at baseline, and
during dobutamine stress, to determine right ven-
tricular volumes and ejection fraction.

Compared to the left ventricle of healthy controls,
all patients had larger right ventricular volumes. We
demonstrated heterogeneity in response to dobuta-
mine stress, between the different groups of patients.
We found decreased right ventricular end diastolic
volumes, suggesting impaired filling, and decreased
stroke volume in patients after an atrial switch for
transposition. In recent studies using invasive tech-
niques, the group of Redington21,22 also observed
reduced diastolic filling and right ventricular stroke
volume in response to dobutamine stress testing in
patients with surgically corrected transposition.
Based on their results, they speculated that the
capacitance and conduit function of the abnormal,
and often calcified, intraatrial pathways, may be
responsible for the failure of augmentation of stroke
volume during exercise.22

During dobutamine stress, our patients who had
undergone repair of tetralogy of Fallot showed a
remarkable decrease in right ventricular stroke vol-
ume, accompanied by both failure to augment right
ventricular ejection fraction, and impaired right ven-
tricular filling. In a recent study using magnetic res-
onance imaging, including 15 asymptomatic patients

with tetralogy of Fallot, Roest et al.23 described no
significant change in ejection fraction during physi-
cal exercise. In discordance with our results, these
authors described a minimal increase in right ven-
tricular end diastolic volume, and in stroke volume,
during exercise. Two reasons may explain the differ-
ences between these two studies. In our study, we
used magnetic resonance imaging with pharmaco-
logical stress, while Roest et al.23 used physical stress.
Second, our patients were markedly older, namely 
27 years of age, compared to 17.5 years, and therefore
probably having less compliant right ventricles, due
to longer term overload and hypertrophy. Similar to
our results, Gatzoulis et al.24 used radionuclide angio-
graphy in 95 patients with tetralogy of Fallot. They
noticed failure of the right ventricle to increase its
ejection fraction during physical exercise, interpret-
ing their findings as indicative of early right ventric-
ular dysfunction. The right ventricle in tetralogy of
Fallot is subject from birth to hypoxia and pressure
overload. This results in structural and functional
changes, such as hypertrophy, interstitial fibrosis,
cellular atrophy, and myofibrillar disorganization.
These may all represent possible causes for an inap-
propriate response to stress in asymptomatic patients
with tetralogy of Fallot.21

In our small, but consecutive, group of patients
with congenitally corrected transposition, we found
an appropriate response to dobutamine stress. Markers
of right ventricular function of our unoperated patients
with congenitally corrected transposition were closer
to controls than our patients who had undergone
physiological repair. Dobutamine stress assessed by
resonance imaging may help to define the subgroups
of patients with favorable anatomy who might pro-
ceed in asymptomatic fashion into adulthood with-
out the need for surgery.

Echocardiography
Echocardiography is the most frequently used techni-
que for imaging the right ventricle. Doppler echocar-
diography can provide morphologic and hemodynamic
information through segmental analysis of most
congenital cardiac defects.25 Also, echocardiography
provides indirect documentation of pulmonary arte-
rial hypertension, and can estimate its severity by the
presence of right ventricular dilation and/or hyper-
trophy, the presence of tricuspid or pulmonic valvar
regurgitation, along with Doppler estimation of
right ventricular systolic pressure.26

In clinical practice, cardiologists and echocardio-
graphic technicians are faced with a wide variety of
right ventricular lesions caused by congenital car-
diac disease. It is likely that some abnormalities may
be recognized, but all the characteristics of a certain
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congenital lesion may be underappreciated.26 For
this reason, and considering that echocardiography
is still the first diagnostic choice in patients with
congenital cardiac malformations, it is necessary that
both the interpreting cardiologist and the echocar-
diographic technician have special competencies in
the evaluation of congenital cardiac disease.

Plasma neurohormones
Recent publications have shown that concentrations
of atrial natriuretic peptide and brain natriuretic
peptide are elevated in the plasma of patients with
asymptomatic systolic dysfunction, and that these
parameters are highly accurate for the detection of
cardiac failure.27,28 Brain natriuretic peptide is a
marker for ventricular dysfunction,29 and is secreted
in both atriums and ventricles, especially in failing
ventricles.30 Brain natriuretic peptide has potent
diuretic and systemic vasorelaxant properties.31

In normal subjects, atrial natriuretic peptide is
synthesized and secreted almost exclusively in the
atrium, whereas patients with congestive cardiac
failure have increased production of atrial natriuretic
peptide in both atriums and ventricles, in response
to increased atrial stretch.29 Although previous stud-
ies have suggested that neurohumoral markers play a
role not only in left ventricular dysfunction, but also
in right ventricular dysfunction,31–33 their clinical
applicability in the detection of right ventricular
dysfunction is not yet established. Speculation as to
their usefulness in noninvasive detection of right
ventricular failure is all but too tempting, especially
in patients with congenital cardiac malformations.

We measured the levels of these peptides in 21
asymptomatic or minimally symptomatic patients
with chronic right ventricular pressure overload due
to a congenital cardiac malformation, and in seven

healthy volunteers.34 Right ventricular ejection frac-
tion was determined using magnetic resonance imag-
ing. Right ventricular ejection fraction of the
volunteers was significantly higher than right ven-
tricular ejection fraction of the patients. Between
patients and volunteers, there was a significant dif-
ference in the concentrations of the peptides in 
the plasma. Right ventricular ejection fraction was
inversely correlated with the levels of both peptides
(Fig. 4). In a recent paper, Bolger et al.33 found a
highly significant stepwise increase of neurohumoral
activation according to New York Heart Association
functional class and systemic ventricular function.
The authors interpreted these results as a state of
chronic cardiac failure in adults with congenital car-
diac disease, relating to the severity of symptoms and
ventricular dysfunction, and not necessarily to the
underlying anatomic substrate. Our study was focused
on asymptomatic or minimally symptomatic patients
with chronic right ventricular pressure overload, but
basically both studies showed similar results. The
levels of the peptides were elevated in the patients as
compared to healthy controls, and a strong correla-
tion was found between right ventricular function
and neurohumoral activation.

The results of recent studies involving right ven-
tricular neurohumoral activation are encouraging
clinical implementation of the levels of neurohor-
mones in the plasma, brain natriuretic peptide in
particular, as quantitative markers for right ventric-
ular function.34–37 It is very likely that, in the near
future, this peptide might serve as a marker to assess
the efficacy of treatment in patients with right ven-
tricular dysfunction, such as that encountered after
acute pulmonary embolism, or after various repairs
of congenital cardiac malformations that place the
right ventricle under strain.
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Figure 4.
Correlation between levels of brain natriuretic peptide (BNP) in the plasma and right ventricular ejection fraction (RVEF – Fig. 4a), and
between levels of atrial natriuretic peptide (ANP) in the plasma and ejection fraction (Fig. 4b). The solid lines represent the linear regression
and dotted lines are 95% confidence intervals of the regression line. (Reproduced with permission from Heart).
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Discussion

The fate of the morphologically right ventricle in
congenital cardiac disease is an increasing source of
concern and debate, both with regards to modalities
of follow-up and issues of management. The long-
term prognosis of these patients is open-ended, and
is mainly dependent on right ventricular function,
the eventual occurrence of right ventricular failure,7

and disorders of rhythm.38,39 Because of the growing
population of adults with congenital cardiac disease,
irrespective of whether they have undergone surgery,
new modalities of noninvasive follow-up are required
which are accurate, reproducible, and allow for ear-
lier detection of pressure or volume overload of the
right ventricle, prior to the occurrence of failure or
irreversible myocardial damage. Early detection of
right ventricular failure may permit better medical
management and a better insight as to the optimal
timing for preventive surgery.40

Patients with atrial switch procedures for transpo-
sition, or for double outlet right ventricle with sub-
pulmonary ventricular septal defect, generally show
reduced exercise tolerance, which has been attrib-
uted to factors such as an abnormally low response 
of heart rate, filling abnormalities of the right ventri-
cle, and systolic dysfunction. Intrinsic myocardial
damage of the right ventricle in the systemic posi-
tion, obstructions to the systemic or pulmonary path-
ways, and leaks across and rigidity of the baffles in
the heart, may all contribute to this picture.

Failure to increase stroke volume during dobuta-
mine stress was confirmed as the primary hemody-
namic abnormality in patients with tetralogy of Fallot.
Failure to increase right ventricular ejection fraction,
and the significant decrease in right ventricular end
diastolic volume during dobutamine stimulation,
suggested impaired systolic and diastolic function in
these patients.

In patients with congenitally corrected transposi-
tion, the natural history of right ventricular pressure
and/or volume overload allows survival to adult-
hood. The possibility of right ventricular failure,
nonetheless, and the almost inevitable tricuspid val-
var insufficiency, mandate accurate and reproducible
diagnostic imaging to improve management of the
patient and fine-tuning of surgical correction. Mag-
netic resonance imaging undoubtedly provides the
best imaging modality for preoperative assessment,
and gives a comprehensive visualization of intra-
cardiac pathways, allowing for determination of the
optimal surgical strategies.

Magnetic resonance imaging has become an estab-
lished diagnostic modality for follow-up, as well 
as for preoperative assessment of patients with con-
genital cardiac disease requiring first time surgical

intervention, or reoperations. Broadening indica-
tions for the use of plasma neurohormones, such as
brain and atrial natriuretic peptides, may reveal
them to be promising future quantitative markers
for the early detection of right ventricular dysfunc-
tion, in asymptomatic patients with congenital car-
diac malformations.

In conclusion, although substantial knowledge
has been gained about right ventricular function in
various congenital cardiac malformations, both in
the native state and after surgery, there is much left
to do. Imaging and noninvasive quantitative param-
eters already play a role in the diagnosis of right ven-
tricular function. These diagnostic modalities will
gradually take an even more important part in clini-
cal practice. Implementation of reliable and repro-
ducible parameters for right ventricular function will
enable a more aggressive follow-up tailored to the
needs of the individual patient.
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