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Introduction

INTRODUCTION

Preface

Congenital cardiac defects are the most common congenital defects, comprising one
third of all major congenital anomalies. Since the introduction of congenital cardiac
surgery, the outlook for children born with a congenital heart defect has improved
spectacularly. This thesis describes the outcome up to 40 years after surgical repair
of congenital heart disease, which we call the “unnatural history” of congenital heart
disease.

Epidemiology of congenital heart disease

The incidence of congenital heart disease shows a tendency to increase worldwide and
is currently estimated to be around 8 per 1000 live births." There are intercontinental dif-
ferences, with the highest birth prevalence in Asia (> 9 per 1000). The worldwide increase
in incidence is best explained by better recognition of congenital heart defects due to
better diagnostic tools, such as echocardiography, rather than a real increase. Also, the
better survival of congenital heart disease patients may have an impact, because pa-
tients with congenital heart disease now reach adulthood and most start a family. Their
offspring have a higher risk of recurrent congenital heart disease. Furthermore, the fact
that women become mothers at older age nowadays may play a role, for mothers over
the age of 35 have an overall higher risk of congenital defects in their offspring. On the
other hand, better preconception investigations have resulted in early recognition of
abnormalities during development, with subsequently early termination in severe cases.

The eight most frequent cardiac abnormalities, who represent about 85% of all con-
genital heart defects, are ventricular septal defect (VSD) (34%), atrial septal defect (ASD)
(13%), persistent ductus arteriosus (10%), pulmonary stenosis (8%), tetralogy of Fallot
(5%), coarctation of the aorta (5%), transposition of the great arteries (TGA)(5%) and
aortic stenosis (4%).’

Around 50% of the children born with a congenital heart defect have a mild defect
that has little or no hemodynamic consequences. These children don't need immediate
treatment and some septal defects even close spontaneously during childhood. The
other 50% do need treatment at young age. In the pre-surgical era, about half of those
that needed treatment died in the first year of life, and only 15% reached adulthood.
Especially children born with more complex, cyanotic heart disease, had little chance
to survive their first year. Everything changed with the introduction of cardiac surgery:
in 1944, a shunt was developed by doctors Blalock (in close cooperation with Vivien
Thomas) and Taussig, to improve pulmonary blood flow in duct dependent cyanotic
heart defects by way of connecting the subclavian artery to the ipsilateral pulmonary
artery branch. This procedure is called the “Blalock-Taussig shunt” ever since.”* Particular
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progress came in 1953, when the first cardiac surgery (on a patient with an atrial septal
defect) was performed with the use of cardiopulmonary bypass, developed by Gibbon.*®
By these developments the perspective of children born with a congenital heart defect
has improved spectacularly. Nowadays, of all children born with a heart defect, 95% will
reach adulthood.”

Due to the tremendous improvements in diagnosis, surgical treatment and periopera-
tive care, the prevalence of adult congenital heart disease has increased tremendously.®
More and more patients reach adulthood and adults with congenital heart disease have
indeed outnumbered the children with congenital heart disease.’ The median age of
adult patients with congenital heart disease is gradually increasing too.” More and more
patients reach middle age and even patients above 60 are not a rarity any more. Their
prevalence has been reported to have increased sixfold since 2000.° This tendency is
also seen in the Netherlands (Figure 1).

8000
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m 18 to 40 years
4000 m40 to 60 years
3000 | > 60 years

2000 -

1000 -

2005 2015

Figure 1. Age distribution of patients included in the Dutch ConCor database

Long-term outcome after surgical repair of congenital heart disease

In the early years of cardiopulmonary-bypass surgery, as congenital cardiac surgery
proved to be a very successful treatment strategy with low perioperative mortality and
low complication rates, both cardiothoracic surgeons and (pediatric) cardiologists were
very optimistic and often even thought that their patients could be considered com-
pletely “cured”. However, one or two decades later, they had to adjust their opinions, as it
became apparent that patients did suffer from residual problems and late complications.
A substantial amount of patients needed a reoperation or catheter-based intervention,
some of them developed arrhythmias or heart failure and some even died suddenly,
unexpectedly, at young adult age.”

Reoperations may be necessary for residual defects, that were deemed unimportant
at the time of the initial surgery, or impossible to take care of in one operation. Further-
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more, due to residual abnormalities that could not be repaired at all, or even as a result
of the surgical techniques used, problems that need reintervention could arise years
after the initial operation. For example, in the earliest years of surgical repair of tetralogy
of Fallot, large pericardial patches were used to provide unobstructed flow through the
right ventricular outflow tract and pulmonary valve into the pulmonary circulation. The
resulting pulmonary regurgitation was at the time thought to be harmless. Afterwards,

this regurgitation proved not to be benign at all."

Reoperation for severe pulmonary
regurgitation is now the most frequent reintervention in adults after Fallot repair.

Arrhythmias may be atrial or ventricular and can be related to surgical scars, ana-
tomical abnormalities, chamber dilatation with abnormal wall stress or hemodynamic
overload. Atrial arrhythmias are usually benign, but can be ill tolerated or even lethal in
patients with complex lesions such as single ventricle anatomy (Fontan circulation) or a
systemic right ventricle, as is the case in TGA patients after an atrial switch operation.'
Ventricular arrhythmias are less often encountered but can be life-threatening. For all
arrhythmias it is important to first treat all underlying hemodynamic problems where
possible. Other treatment strategies may include medication, ablation and pacemaker
or ICD implantation. The decision for treatment and the choice for a specific treatment
are less well established in congenital patients.

Heartfailureis infrequently seen in childhood, but may develop in adult life. Ventricular
function may be damaged due to perioperative factors, or by longstanding hypoxemiain
cyanotic defects before repair took place. Also valvular lesions, residual obstructions, ar-
rhythmias and ischemia may play a role. Right ventricular function is often compromised
by longstanding volume overload due to pulmonary regurgitation in Fallot patients, as
mentioned above. Eventually, this right ventricular dysfunction will have impact on left
ventricular function too."” In TGA patients after Mustard repair, systemic right ventricular
function is known to deteriorate over time." Because of the inevitable development of
heart failure in these Mustard patients, the atrial switch operations for TGA have been
largely abandoned since the 1980s, when a new technique became available: the arte-
rial switch operation. However, many patients who underwent an atrial switch operation
are still alive today.

Sudden cardiac death (SCD) occurs more often in congenital heart disease patients
than in the general population. Its estimated overall annual incidence is 0.09%." Pa-
tients with repaired cyanotic heart disease appear to be at the greatest risk, but SCD
also happens in simple congenital heart disease. Risk stratification for this traumatic
complication in these often still young patients remains difficult. Risk factors appear
to be systemic ventricular dysfunction, left ventricular outflow tract obstruction and
prolonged QRS-duration (> 180 ms), but they have been investigated almost exclusively
in Fallot and TGA patients.'*'®
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The impact of sports participation is not well studied. Competitive sports may be dan-
gerous for these patients and may lead to sudden death, although on the other hand a
healthy life-style is advisable. Many doctors are afraid for sudden death and may be too
restrictive, but good data on the safety of sports is lacking.

As a consequence of all these problems that may be encountered, congenital heart
disease is nowadays considered to be more like a chronic disease.

The major evolutions described above have led to a substantial increase in outpatient
visits to our adult congenital heart disease clinic (Figure 2). These adult and elderly
patients require specialized care, for which more and more cardiologists will have to be
trained in this subspecialty.'” Gradually, the focus of care has evolved from keeping our
patients alive to treatment of residual problems and improving quality of life. Together
with our patients, we are now experiencing the long-term outcome after surgery at
young age: the “unnatural history” of congenital heart disease.
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Figure 2. Numbers of outpatient clinic visits over the last decades

Dealing with patients with congenital heart disease as a profession, cardiac surgeons,
pediatric cardiologists, anesthetists and congenital heart disease cardiologist have
“grown up” alongside their patients. Their knowledge and experiences have made
major improvements possible, but it remains very difficult to predict what exactly we
should expect for the future. For both patients and their treating physicians it is of major
importance to know what can be expected in whom and of which late complications to
be aware.
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With great foresight, in 1990 the Rotterdam Quality of Life Study was initiated. In this
study, all consecutive patients operated between 1968 and 1980 in the Erasmus MC
(formerly known as Dijkzigt Hospital) at young age (<15 years) are followed longitudi-
nally. The patients with 1 of the 5 most common congenital heart defects: 1. Atrial septal
defect (ASD), 2. Ventricular septal defect (VSD), 3. isolated pulmonary stenosis (PS), 4.
Tetralogy of Fallot and 5. Transposition of the great arteries (TGA) were included and all
successfully operated patients were invited for an extensive medical and psychological
investigation in-hospital every ten years.

Specific lesions

In atrial septal defect (figure 3), the cross-over (“shunt”) of blood from the higher pres-
sure left heart to the lower pressure right heart at the atrial level (figure 3B) will cause
volume overload of the right heart. This will eventually cause dilatation of both right
atrium and ventricle. If volume overload persists, eventually right ventricular function
may be compromised with the risk of developing heart failure. Also, the increased blood
flow through the pulmonary vascular bed may lead to elevated pulmonary pressures
and eventually pulmonary hypertension. Stretch of the atrial wall due to atrial dilatation
may give rise to atrial arrhythmia. Closure of an hemodynamically significant ASD in
childhood has been proven to be beneficial. Long term outcome concerns are persis-
tence of ventricular dilatation, late development of pulmonary hypertension and atrial

arrhythmias.'®”'

Figure 3A. Normal heart
Figure 3B. Atrial Septal Defect

In ventricular septal defect (Figure 4), shunting of blood from the left ventricle to the
right will cause volume load on the left ventricle, which will dilate in case of a substantial
shunt size. Longstanding (a few years) increased blood flow through the pulmonary
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vasculature will cause pulmonary hypertension. Again, eventually ventricular functional
deterioration may ensue. In case of a very close proximity of the VSD to the aortic valve,
a high velocity shunt jet may cause prolapse of the aortic cusps, causing aortic regur-
gitation.”” Mid- to long-term outcome after surgical correction of a VSD in childhood is
good, but there is concern about late arrhythmia, sinus node disease, the development

of aortic regurgitation and late sudden death.”**

(¥

Figure 4. Ventricular Septal Defect

In isolated pulmonary stenosis (Figure 5), the right ventricle has to produce high
pressures to pump blood into the pulmonary arteries. This will cause right ventricular
hypertrophy, and at a late stage dilatation and eventually failure. Survival after surgi-
cal repair in childhood is good up to mid- to long-term follow-up, but postoperative
pulmonary regurgitation is common, especially when a transannular patch was used to
repair the stenosis. This pulmonary regurgitation is known to be tolerated well for a long
time, up to decades, but may cause right ventricular damage in the long run.”

.

Figure 5. Pulmonary stenosis
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Tetralogy of Fallot (Figure 6) is a cyanotic congenital heart defect caused by ma-
lalignment of the ventricular septum: the outflow part of the septum is displaced ante-
riorly, cranially and rightward and does not connect to the muscular part of the septum.
Besides a ventricular septal defect, this causes the aorta to override the septum and the
right ventricular outflow tract to be very narrow. This infundibular pulmonary stenosis
gives rise to right ventricular hypertrophy. If uncorrected, patients will be cyanotic due
to hypoperfusion of the pulmonary vascular bed and right-to-left shunt over the VSD.
Without repair, mortality in the first year of life is very high. With the introduction of
the Blalock-Taussig shunt in the 1940s survival of Fallot patients has improved, but the
introduction of complete repair has really changed their prospects. In complete repair,
the VSD is closed with a patch, the infundibular pulmonary stenosis is relieved by resec-
tion of the hypertrophied muscular tissue and often a patch plasty of the pulmonary
valve (transannular patch) is performed. Long-term concerns after repair in childhood
are pulmonary regurgitation, right ventricular dysfunction, arrhythmia, aortic regurgita-
tion and late sudden death.”*?

wC

Figure 6. Tetralogy of Fallot

In transposition of the great arteries (Figure 7) the systemic and pulmonary circula-
tion are completely separated because the systemic venous blood is pumped back into
the systemic circulation immediately by the right ventricle that is connected to the aorta
instead of the pulmonary artery. Likewise, the pulmonary venous blood is redirected to
the pulmonary circulation again by the pulmonary artery that is connected to the left
ventricle. Without any possibility to mix desaturated and saturated blood (i.e. and ASD
or VSD), this condition is not compatible with life. Therefore, immediate treatment mak-
ing mixing of blood possible is life-saving and surgical repair is in the neonatal period is
eminent. From the 1960s, surgical repair was performed by the Senning or Mustard op-
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eration, both atrial switch procedures: the systemic venous return is redirected by baffles
to the left, subpulmonary ventricle, while the pulmonary venous return is redirected
to the subaortic right ventricle. This will cause the circulation of blood to be function-
ally normal, but not anatomically: the anatomic left ventricle sustains the pulmonary
circulation and the anatomic right ventricle has to sustain the systemic circulation. After
two to three decades, the systemic right ventricle will show marked deterioration of
function. Patients who had an atrial switch operation have a limited life-expectancy and
many will develop heart failure or arrhythmias. Also there is an increased risk of sudden

death."2%3°
A U
% )

Figure 7A. Transposition of the great arteries
Figure 7B. Mustard repair

Psychosocial outcome

Repair for congenital heart disease does not only affect the medical outcome, but also
has important implications for quality of life. It may affect the subjective health status,
but also educational levels, sports participation and, for instance, sexual functioning
may be hampered.

Historically, patients with congenital heart disease are known to have lower educa-
tional levels and are often living more dependently than the normal population.®",
They are more likely to suffer from psychopathology at young adult age and they do
experience problems with getting a job and getting health or life insurance.***® Nev-
ertheless, their overall satisfaction with life is very good and at least as good, or even
better than in the normal population.

In previous studies on the psychosocial well-being of adults with congenital heart
disease, focus was on psychopathology and educational and occupational levels. Hardly
any literature exists, however, on sexual functioning and sports participation in adult pa-
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tients with congenital heart disease. Regarding subjective quality of life, these aspects
of daily life may be of great significance.
In the sparse studies that have addressed sexual functioning, sexual problems are

reported in up to 20% of the patients *”*®

and misplaced anxieties regarding pregnancy
and delivery do exist.*®

Sports participation was often discouraged in children with congenital heart disease
in the past, out of safety concerns and fear of sudden death. This may have led to de-
creased sports participation in adults with congenital heart disease, while exercising
may have beneficial effects also in this group. There are several reports on the positive
effects of exercise training in patients with acquired heart disease.”® In contrast, other
patients, even with complex congenital heart disease, do engage in sports that would
have been discouraged for valid reasons if they had asked their doctor. This may lead to

unsafe situations.

Purpose of the study

The goal of this study is to prospectively investigate survival and late morbidity in a large
unselected cohort of patients operated for congenital heart disease in childhood and to
assess changes in cardiac function over time. In addition to this medical investigation,
an extensive psychological investigation is performed to investigate the impact of hav-
ing congenital heart disease on psychosocial outcome and quality of life. The patients
are examined every ten years. They are invited to the outpatient clinic for an extensive
medical examination, including ECG, Holter monitoring, echocardiography and exercise
testing. The patients were examined for the first time in 1990 by Folkert Meijboom
(medical part) and Lisbeth Utens (psychological part), the second time in 2001 by Jolien
Roos-Hesselink (medical part) and Susan van Rijen (psychological part). The current
thesis is based on the third medical examination in 2011-12. The psychological outcome
has been described by Petra Opi¢. *°

In the current study, several improved diagnostic techniques were introduced, which
were not available in the past studies. For example, cardiac magnetic resonance imaging
was added in the ASD, Fallot and Mustard groups. For the evaluation of psychosocial
outcomes, the patients were interviewed and fulfilled an extensive questionnaire to
evaluate their psychological well-being and quality of life. In addition, sexual function-
ing and engagement in sports was investigated.

Newly used diagnostic tools

Over the last decade, there have been many improvements in diagnostic techniques to
assess cardiac function in detail. Nowadays, cardiac magnetic resonance imaging (CMR)
is the gold standard to assess ventricular function. This technique was used now for the
first time in the Quality of Life Study. In echocardiography, which is still the most used
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imaging technique in cardiology, image quality can be hampered by lack of good echo
windows and aberrant position of the heart in the thorax. Also, especially in congenital
heart disease, the heart can be too large to be captured by the echo beam. The advan-
tage of CMR over echocardiography in congenital heart disease is that it can visualize
the whole heart as well as its surrounding vasculature with high resolution images,
regardless of a patients posture and the position of the heart, making it much easier
to assess cardiac and vascular anatomy.*’ Also, determination of endocardial borders
is easier, and subsequently calculation of ventricular volumes. By scanning the heart
in multiple slices through the whole cardiac cycle, end-diastolic and end-systolic vol-
umes can be calculated. The difference between these volumes is the ventricular stroke
volume. The ratio of stroke volume and end-diastolic volume is the ejection fraction of
the ventricle, which gives a good indication of ventricular systolic function. Although
systolic ventricular function may be abnormal at rest, for example in patients with re-
paired tetralogy of Fallot, there is evidence that contractile reserve may be preserved,
at least during childhood. Whether this is also the case in adult patients is not known.
Decreased contractile reserve may be a prognosticator of decrease in systolic function at
rest. Ventricular contractile reserve can be assessed with dobutamine stress CMR.* Infu-
sion of dobutamine will simulate exercise, during which ventricular contraction should
increase. In this study, this was performed in patients with tetralogy of Fallot. A low dose
of dobutamine intravenously is enough to evoke the increase in contractility. Infusion of
high dose dobutamine is used in acquired heart disease, mainly coronary artery disease,
to detect myocardial ischemia. Whether ischemia plays a role in the deterioration of ven-
tricular function in Fallot patients, is unknown. There are reports on increased fibrosis
in the hypertrophied right ventricles of Fallot patients.”” Whether this is the result of
ischemia or of other factors in unknown. This is why we decided to perform high dose
dobutamine stress CMR as well, to detect potential ischemia.

Over time, also the methods to study exercise capacity have changed. It still is per-
formed by bicycle ergometry, but cardiac exercise testing has evolved to cardiopulmo-
nary exercise testing,** which was included now in the study protocol for the first time.
In cardiopulmonary exercise testing, in addition to determination of exercise capacity,
maximal oxygen consumption (VO,max) is assessed. This allows differentiation between
the different causes of decreased exercise capacity, which may be cardiac, pulmonary or
the effect of decreased physical fitness. Analyzing exhaled gas compositions can verify
whether a patient has exercised maximally, that is whether anaerobic metabolism was
addressed.

Also for the first time, we added determination of levels of NT-proBNP to the study
protocol. NT-proBNP is a well-established biomarker which has proved to be of clinical
relevance in heart failure in acquired heart disease, but whose role in clinical practice in
congenital heart disease still has to be elucidated. Other studies in our department have
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shown that in congenital heart disease, NT-proBNP levels are often elevated, even in the
absence of any clinical sign of heart failure.* In the current study, we tried to relate levels
of NT-proBNP to clinical and cardiac functional parameters.

CURRENT (THIRD) QUALITY OF LIFE STUDY

From the earlier reports on our cohort and from other literature, we know that up to 25
years postoperatively, late mortality and morbidity are low for patients with a mild le-
sion, but substantial in patients with a more complex lesion such as after repair of Fallot
or TGA. In these two latter groups, there is concern about ventricular function, especially
in the TGA patients, who experience the problems of having a systemic right ventricle
mentioned above. From other literature, exercise capacity is known to be related to
mortality and hospitalization.* Literature on outcome beyond 25 years is virtually non-
existent. This is why we performed a third follow-up study in the Rotterdam Quality of

Life cohortin 2011 (2010-2012). The aims of this study were as follows:

1. To describe the very long term (30-40 years) outcome i.e. survival and morbidity in
this unselected cohort of consecutively operated patients.

2. To determine cardiac function and functional capacity beyond 25 years of follow-up,
with the up-to-date echocardiographic, exercise and magnetic resonance imaging
techniques.

3. To detect changes in cardiac function over time, using the diagnostic imaging tech-
niques that were used historically.

4. To try to identify predictors for late outcome.

5. To determine psychosocial outcome, including participation in work and sports,
sexual functioning and psychopathology.

OUTLINE OF THIS THESIS:

In chapter 2,3 and 5 to 7, the medical results of the Quality of Life 2011-2012 study in
the five different diagnosis groups are described: atrial septal defect, ventricular septal
defect, pulmonary stenosis, tetralogy of Fallot and transposition of the great arteries
corrected with Mustard surgery. In detail mortality, morbidity and current clinical condi-
tion are described 35 years after cardiac surgery.

In chapter 4, the consequences and current treatment of pulmonary stenosis is re-
viewed, including the historical results of the different treatment modalities.

In the subsequent chapters, we describe the psychosocial outcomes in more detail,
with specific papers on sexual functioning and sports activation.
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Because of the many changes that have taken place in the treatment of congenital
heart disease since the beginning of the cardiopulmonary bypass surgery, results
described in this study, on our earliest cohort of patients, cannot be extrapolated un-
adjusted to patients who have been operated during a later era. As mentioned above,
the atrial switch operation (Mustard and Senning operation) for TGA has been aban-
doned. Patients born with TGA nowadays are treated with an arterial switch operation,
preferably. In the last chapter of this thesis, results of our first and second cohort of
subsequently operated TGA patients are compared, the first cohort treated with atrial
and the second by arterial switch.
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ABSTRACT

Objective

To describe the very long-term outcome after surgical closure of an atrial septal defect
(ASD).

Design

Longitudinal cohort study of 135 consecutive patients who underwent surgical ASD
repair at age <15 years between 1968 and 1980. The study protocol included ECG, echo-
cardiography, exercise testing, N-terminal prohormone of brain natriuretic hormone,
Holter monitoring and cardiac MRI.

Main outcome measures

Survival, major events (cardiac reinterventions, stroke, symptomatic arrhythmia or heart
failure) and ventricular function.

Results

After 35 years (range 30-41), survival status was obtained in 131 of 135 patients (97%):
five died (4%), including two sudden deaths in the last decade. Fourteen patients (16%)
had symptomatic supraventricular tachyarrhythmias and six (6%) had a pacemaker im-
planted which was predicted by early postoperative arrhythmias. Two reoperations were
performed. One ischaemic stroke occurred. Left ventricular (LV) and right ventricular
(RV) ejection fractions (EF) were 58+7% and 51+6%, respectively. RVEF was diminished
in 17 patients (31%) and in 11 (20%) the RV was dilated. Exercise capacity and qual-
ity of life were comparable to the normal population. No clear differences were found
between ASD-Il or sinus venosus type ASD.

Conclusions

Very long-term outcome after surgical ASD closure in childhood shows good survival
and low morbidity. Early surgical closure prevents pulmonary hypertension and reduces
the occurrence of supraventricular arrhythmias. Early postoperative arrhythmias are
predictive for the need for pacemaker implantation during early follow-up, but the rate
of late pacemaker implantation remains low. Although RVEF was unexpectedly found to
be decreased in one-third of patients, the functional status remains excellent.
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INTRODUCTION

While transcatheter closure with a device is the current method of choice for correction
in patients with a suitable atrial septal defect (ASD), surgical closure was first choice
treatment until the 1990s and is still the only treatment for large and non-centrally lo-
cated defects. After successful operation at a young age, the natural history of patients
with ASD improved dramatically, with life expectancy similar to that of the general
population.'”

The retrospective study of Murphy et al' was the first to demonstrate the benefits of
early surgical closure. The incidence of postoperative atrial arrhythmias appeared to be
related to the age of the patient at the time of repair. Benefits of closure in childhood
have been confirmed by others,*” although persistent ventricular dilation has been
reported in some but not all studies.

Early and mid-term follow-up of transcatheter ASD closure shows excellent results.®
For a comparison of both closure techniques, information on outcome beyond 30 years
is crucial.

The aim of the present study was to provide data on mortality, morbidity and ven-
tricular function up to 40 years after surgery. The investigation is based on a unique
longitudinal cohort of consecutively operated patients who we examine in hospital
every 10 years using the same protocol.

METHODS

Study population

All patients who underwent surgical closure of secundum (ASD-II) or sinus venosus type
ASD in our institution between 1968 and 1980 at an age <15 years were included in this
study. The first follow-up study was performed in 1990, the second in 2000-2001 and the
current third study in 2010-2011. Detailed information on the surgical procedure and
earlier results have been published previously.?> Current patient survival status was ob-
tained from the Dutch National Population Registry. All living patients who participated
in one or both of the earlier studies were approached for participation in the current
study. The in-hospital cardiac examination included medical history, physical examina-
tion, standard 12-lead ECG, 24-h ambulatory ECG (Holter), echocardiography, bicycle
ergometry with oxygen consumption measurement, N-terminal prohormone of brain
natriuretic hormone (NT-pro-BNP), cardiac MRI (CMR) and the 36-item Short Form Health
Survey (SF-36) questionnaire. If the patient was unwilling or unable to visit the clinic, a
written questionnaire was sent to obtain information on morbidity and permission to
use available information from their medical records.
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Major events

Survival was compared with that of the normal age-matched Dutch population. Major
events were defined as cardiac reinterventions, stroke, symptomatic arrhythmia, heart
failure or endocarditis. Arrhythmias were defined as symptomatic if antiarrhythmic
medication was prescribed, cardioversion or catheter based or surgical ablation had
been applied, or pacemaker implantation was performed.

ECG and Holter monitoring

Standard 12-lead surface ECGs and Holter recordings were analysed as described previ-
ously.®> ECGs with pacemaker rhythm were excluded for comparison of conduction times.
Heart rate variability (HRV) was compared with that of 10 years earlier using the SD of all
normal RR intervals (SDNN).

Echocardiography

Complete two-dimensional (2D) and colour flow Dopplerimaging as well as pulsed-wave
and continuous-wave Doppler echocardiography was performed using an iE33 xMATRIX
X5-1 echocardiograph (Philips Medical Systems, Best, The Netherlands). All up-to-date
techniques and definitions were used following the current guidelines.””"® For right ven-
tricular (RV) function the following parameters were used: fractional area change (FAC)
(normal if 235%), S’ of the tricuspid annulus (normal if =10 cm/s) and tricuspid annular
plane systolic excursion (TAPSE) (normal if =16 mm). For left ventricular (LV) function, 2D
ejection fraction (EF) according to the Simpson rule was obtained. For comparison with
the two previous studies, ventricular function was also assessed visually. Dilation was
defined as left atrial (LA) dimension >45 mm and LV enddiastolic dimension >58 mm.?®

Bicycle ergometry

Maximal exercise capacity and maximal oxygen consumption (VO,max) were assessed
by bicycle ergometry with gradual increments of workload of 20 Watts/min. Exercise
capacity and peak VO, were compared with that of normal individuals corrected for age,
gender, body height and weight. Exercise capacity and peak VO, <85% of the predicted
value were considered to be decreased. Performance was considered maximal when a
respiratory quotient (RER) of >1.1 was reached.

NT-pro-BNP

After a 30 min rest, venous blood samples were collected for determination of NT-pro-
BNP. Standard kits to determine NT-pro-BNP levels were used (Roche Diagnostics, Basel,
Switzerland) with a cut-off value for elevation of 14 pmol/L."®
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CMR imaging

CMR imaging was performed using a Signa 1.5 Tesla whole body scanner (General Elec-
tric Medical Systems, Milwaukee, Wisconsin, USA) using dedicated phased-array cardiac
surface coils. Details of the MR sequence used have been reported previously.'” For CMR
analysis, a commercially available Advanced Windows workstation (GE Medical Systems)
was used, equipped with Q-mass (V.5.2, Medis Medical Imaging Systems, Leiden, The
Netherlands). The ventricular volumetric data set was quantitatively analysed using
manual outlining of endocardial borders in end-systole and end-diastole. Biventricular
end-diastolic volume (EDV), end-systolic volume (ESV), SV, EF and the regurgitation frac-
tions of the valves were calculated. The results were compared with reported normal
values: RVEF <49% and LVEF <54% were considered decreased and RV EDV >107.5 mL/
m? RV ESV >47.2 mL/m? LV EDV >102.5 mL/m? and LV ESV >38.7 mL/m* were considered
enlarged.’

Health status assessment and family history

The results of the SF-36 questionnaire were compared with those in the normal Dutch
population.’ Patients were also asked for the presence of a congenital heart defect in
one of their first- or second-degree relatives.

Statistical analysis

Continuous data are presented as mean+SD unless indicated otherwise. Categorical
variables are represented by frequencies and percentages. Comparison of continuous
variables between independent groups was made by Student t tests. In the case of a
skewed distribution in paired groups, the Wilcoxon signed rank test was performed.
When comparing frequencies, the x” test or Fisher exact test was used where applicable,
and for paired categorical data the McNemar test. For quantifying associations between
two variables the Pearson correlation test was applied. Univariate and multivariate
analysis of predictors of survival and major events was performed with the Cox propor-
tional hazards model. A priori the following variables were selected: age at operation,
ASD subtype, preoperative shunt size, cardiopulmonary bypass time and postoperative
arrhythmia. HRV in 2001 was tested as a predictor for arrhythmias thereafter. The prob-
ability of survival and event-free survival over time was displayed as a Kaplan—-Meier
plot. The level of significance was chosen at p<0.05 (two-sided).
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RESULTS

Survival

Information on survival status was obtained in 131 of the 135 patients. Four patients
were lost to follow-up before 2001. During the total follow-up period, five patients died
(4%). Two patients (both ASD-II) were found dead in bed 28 and 36 years after surgery.
In neither of the patients was an autopsy performed. One of them had complained of
palpitations 2 weeks before he died but he had not consulted a physician. The other
was known to have diminished LV function attributed to longstanding RV pacing. Both
patients had no risk factors for coronary disease. The other three patients died from non-
cardiac causes (cancer in two, suicide in one). Cumulative survival after ASD surgery was
100% after 10 and 20 years, 98% after 30 years and 91% after 40 years (figure 1). This is
comparable to the normal Dutch population.”® Survival in the ASD-Il and sinus venosus
subgroups was not significantly different.

100 ) )
*ﬁ = Survival Dutch population
90+ —— Survival ASD patients
804 —— Event Free Survival

Percentage
o
i

404435 132 132 132 132 130 126 72 1
135 104 104 101 9 8 77 40 4

0 5 10 15 20 25 30 35 40
Time (years)

Figure 1. Survival and survival free of major events (defined as reoperation, arrhythmia, heart failure, endo-
carditis, pacemaker implantation, hospitalisation and death). All-cause mortality, n=5; cardiac surgery, n=2;
stroke, n=1; symptomatic arrhythmia, n=16.

Survival of the normal population is shown from the age of 7.5 years, the mean age at operation of the
cohort. ASD, atrial septal defect.

Study population

The original study cohort consisted of 135 patients (105 ASD-Il and 30 sinus venosus
type). Table 1 demonstrates their characteristics. Age at operation was 7.5+3.5 years
(range 0-14). There was no in-hospital or early mortality. Of the 105 eligible patients
(alive and participating in the earlier studies), 85 (81%) agreed to participate in the third
follow-up study after a mean follow-up of 35 years (range 30-41). Of the 21 patients with
sinus venosus defect, 19 had an anomalous pulmonary venous drainage; one patient
had a persistent left superior caval vein.
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Table 1. Patient characteristics

Total 1990 2001 2011
Number of patients 135 104 94 85
Male 59 (44%) 44 (42%) 39 (41%) 33 (39%)
Cardiac catheterization at diagnosis
QP-QS ratio 231 231 2.3:1 23+0.7
Peak systolic PA pressure 26 26 26 26+7
Surgical data
Age at operation 7.5%35 7.3 7.5 74+£35
Mode of closure
Direct closure 76% 75% 75% 72%
Closure with patch 24% 25% 25% 28%
Sinus venosus type ASD 22% 22% 23% 25%
Follow-up since surgery 15(10-22) 26 (21-33) 35+2.7(30-41)
Age at the time of study 22 33 43 +4.8(32-54)
Major events

Event-free survival is plotted in figure 1.

Reinterventions

Before 2001 one additional operation was performed for closure of a patent arterial
duct. Between 2001 and 2011, one cardiac reoperation was necessary for symptomatic
mitral valve regurgitation. Both operations were in patients with ASD-II.

Arrhythmia

Until 2001, 10 patients had symptomatic arrhythmias and, in the last 10 years, six ad-
ditional patients developed symptomatic arrhythmias. One showed frequent symptom-
atic sinus arrests necessitating permanent pacemaker implantation. Three were treated
medically for atrial flutter (n=1) or atrial fibrillation (n=2), one needed electrical cardio-
version for atrial flutter and afterwards underwent catheter ablation and one patient
was treated medically for supraventricular tachycardia (SVT). During the total follow-up
period 16% of the patients developed symptomatic arrhythmias.

Heart failure
None of the patients developed heart failure.

Stroke

An ischaemic stroke occurred in one patient with sinus venosus type ASD. No evidence
of residual shunt or arrhythmia was found.
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ECG and Holter monitoring

Twelve-lead ECG data are presented in table 2. Atrial flutter was found in two patients,
of whom one was new. The QRS duration increased significantly during the last 10 years,
but only one new case of right bundle branch block was found. On the 24-h Holter no
sustained ventricular tachycardia (VT) was found in 1990, 2001 or 2011 (table 2). There
was a trend towards more supraventricular arrhythmias over time. Atrioventricular (AV)
conduction disturbances were observed in nine patients.

Table 2. Standard 12-lead electrocardiogram, 24-h Holter, bicycle ergometry and echocardiographic pa-
rameters comparing 1990, 2001 and 2011.

P-value*
1990 2001 2011 2011 vs 1990 2011 vs 2001
ECG
Rhythm
Sinus 93 (89%) 82 (89%) 63 (89%) 0.6 1.0
Atrial 6 (6%) 5 (5%) 3 (4%) - 1.0
Nodal 1(1%) 1(1%) 0 - -
Atrial flutter 0 1 (1%) 2 (3%) - 1.0
Pacemaker 4 (4%) 3 (3%) 3 (4%) 0.5 1.0
PRinterval 153.7 153.2 161.0 0.002 <0.0001
PR >200 ms 3% 5% 9% - 0.06
QRS duration 88.3 96.1 100.4 <0.0001 0.001
QTc segment 388 388 400 <0.0001 <0.0001
LVH or RVH 4.1% 4.6% 1.4% 1.0 1.0
24-hour Holter
Supraventricular arrhythmias 44 (45%) 36 (41%) 39 (57%) 0.2 0.6
Sinus node disease 38 (39%) 27 (31%) 16 (24%) 0.3 0.5
SVT 6 (6%) 18 (21%) 30 (44%) <0.0001 0.06
Paroxysmal A fibrillation 0 0 0 - -
Paroxysmal A flutter 0 1 (1%) 0 - -
Continuous A flutter 0 1(1%) 1(2%) - 1.0
VT 3-10 complex 3(3%) 4 (5%) 4 (6%) 1.0 1.0
VT > 10 complex 0 0 0 - -
Conduction disturbances 17 (17%) 8(9%) 10 (15%) 1.0 0.2
First degree AV block 14 (14%) 8 (9%) 7 (10%) 0.8 0.7
Second AV block 2 (2%) 0 2(3%) 1.0 -
Third AV block 0 0 0 - -
Bicycle ergometry
Maximum heart rate 92% 92% 90% 0.6 0.5
(% of expected)
Maximum exercise capacity (%  104% 95% 96% -
of expected)
Significant arrhythmia 0 0 0 -
VO2 max (% of expected) - - 96% -
RER max B — 13 -
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Table 2. (continued)

P-value*
1990 2001 2011 2011 vs 1990 2011 vs 2001

Echocardiography
RA dilatation 5.8% 18.7% 23.5% 0.007 0.8
RV dilatation 26.0% 23.5% 34.3% 0.2 0.5
LA dilatation 1.0% 12.2% 15.7% 0.008 0.7
LV dilatation 4.0% 8.8% 2.9% 1.0 0.1
LV systolic function normal 97.1% 95.5% 95.5% 0.6 1.0
RV systolic function normal 100% 100% 67.2% - <0.0001
Valve insufficiency (>trace)

Aol 0% 1.1% 2.9% - -

MI 11.5% 13.5% 20.0% 0.8 0.1

Pl 44.2% 45.0% 55.7% <0.02 <0.02

Tl 42.3% 48.3% 57.1% 1.0 0.7
Vmax Pl 1.6 m/s 1.5m/s 1.7m/s 0.7 0.8
Vmax Tl 2.1 m/s 2.2m/s 23 m/s 0.03 0.03

LVH = left ventricular hypertrophy; RVH = right ventricular hypertrophy; SVT = supraventricular tachycardia;
VT = ventricular tachycardia; AV = atrioventricular; RA = right atrium; RV = right ventricle; LA = left atrium;
LV = left ventricle; Aol = aortic insufficiency; Ml = mitral insufficiency; Pl = pulmonary insufficiency; Tl = tri-
cuspid insufficiency; Vmax = maximal velocity found with Doppler echocardiography; RER = respiratory
exchange ratio; VO2 max was not performed in 1990/2001

*Because of incomplete follow-up (paired) data, not all P-values are displayed.

Heart rate variability

The mean SD of all normal RR intervals (SDNN) was 166.7+57.9 ms in 2001 and 143.4+42.0
ms in 2011 (p=0.2). There was no difference in HRV between patients with ASD-Il and
sinus venosus types.

Echocardiography

Echocardiographic findings are summarised in tables 2 and 3. No residual shunts were
found. A normal diastolic LV function was observed in 88% of patients, mild abnormal
relaxation in 9% and pseudonormal diastolic filling in 3%. TAPSE was decreased in 22%
of the patients, FAC was reduced in 10% and S’ was diminished in 43%. Comparing
patients with ASD-Il and sinus venosus defects, there were no significant differences
except that S’ and TAPSE were significantly lower in patients with sinus venosus type
whereas RV FAC was higher.

Bicycle ergometry

The results of exercise testing in 1990, 2001 and 2011 are listed in table 2. Eighteen
patients (27%) had a diminished exercise capacity at last follow-up. Mean peak VO, was
96+25% (range 60—194%). One-third had a mean peak VO, of <85%, one-third 85-100%
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Table 3. Echocardiographic parameters 2011

ASD-II Sinus venosus defect P-value
Left ventricle
E/A-ratio 1.3+04 1.3+04 0.99
E/E’-ratio 84+50 85+34 0.95
DET (ms) 226 + 46 224+ 49 0.94
LVEF Simpson (%) 56+5 57+9 0.56
Right ventricle
TAPSE (mm) 19+4 16£2 <0.01
RV pressure (mmHg) 27 +5 26+4 0.60.
FAC (%) 43+9 537 <0.01
S’ (mm) 11£2 9+2 <0.01

E/A ratio = ratio early filling velocity on transmitral Doppler-late filling; E/E'ratio = ratio early filling velocity
on transmitral Doppler-early relaxation velocity on tissue Doppler; DET = deceleration time; LVEF Simp-
son = left ventricular ejection fraction according to modified Simpson rule; TAPSE = tricuspid annular plane
systolic excursion; FAC = fractional area change of right ventricle; S’ = tricuspid annulus maximal systolic
tissue Doppler velocity.

and one-third performed >100%. The threshold RER of 1.1 was reached in 97%. Patients
with reduced exercise capacity or peak VO, did not differ significantly from those with
a normal test result with regard to preoperative shunt size, age at the time of operation
or findings by echocardiography or CMR (dimensions and ventricular function). There
were no significant differences between patients with ASD-Il and sinus venosus defects
but there was a trend towards a better workload in the patients with sinus venosus type
ASD (p=0.07).

NT-pro-BNP

Anincreased NT-pro-BNP level (>14.0 pmol/L) was present in 53% of the patients. Values
varied from 1.5 to 116 pmol/L with a mean of 15.0 pmol/L. No correlation between NT-
pro-BNP and age, age at surgery, ASD type or LV and RV dimensions or function was
found.

CMR imaging

CMR was performed in 57 patients. Reasons for not having a CMR investigation were
patients’ refusal, prematurely ended because of claustrophobia and two patients had a
pacemaker. One study could not be analysed due to technical problems. The results of
CMR are summarised in table 4. There were no differences in mean ventricular volumes
or EFs between patients with ASD-Il and sinus venosus type defects. However, there was
a trend towards more dilated RV volumes in the sinus venosus group (dilated ESV in 57%
Vs 27%, p=0.054).
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Table 4. Cardiac Magnetic Resonance Imaging

ASDII Sinus venosus defect P-value
LV EDV/BSA, mean (mL/m2) + SD (range) 8015 83+16 0.6
LV EDV dilatation 5% 14% 0.3
LV ESV/BSA 33+10 3611 0.4
LV ESV dilatation 24% 43% 0.2
LV EF (%) 59+7 57+8 0.4
LV EF decreased 17% 29% 0.4
RV EDV/BSA 92+15 96+ 16 0.4
RV EDV dilatation 17 % 29% 0.4
RV ESV/BSA 44 +£10 48+ 11 0.2
RV ESV dilatation 27% 57% 0.05
RV EF (%) 52+6 50+7 0.2
RV EF decreased 24% 50% 0.1

A RV EF < 49% and LV EF < 54% were considered decreased and a RV EDV >107.5 mL/m? a RV ESV > 47.2
mL/m? a LV EDV >102.5 mL/m”and a LV ESV > 38.7 mL/m*were considered enlarged.

BSA = body surface area; EDV = end-diastolic volume; ESV = end-systolic volume; EF = ejection fraction;
LV = left ventricle; RV = right ventricle.

Health status assessment and family history

The mean scores on the SF-36 survey for the patients and the normal population are
shown in figure 2. Having had an event did not adversely affect SF-36 scores. A self-
reported family history of congenital heart disease was found in 23% of patients (n=16);
of these, 56% were in first degree relatives. The majority of family members also had an
ASD (n=8). Other defects were a ventricular septal defect (n=3), patent ductus arteriosus
(n=2), univentricular heart (n=1) and valvular heart disease (n=2). Some had more than
one defect. Information on genetic testing was not recorded.

Predictors for late events

Univariate analysis identified only the occurrence of arrhythmias in the early postopera-
tive period as a predictor for the need for permanent pacing during follow-up (HR=16
(95% Cl 3 to 70); p<0.0001). Multivariate analysis was not performed because the num-
ber of events was too low.
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Figure 2. Results of the Short Form Health Survey questionnaire for patients with both types of atrial septal
defect (ASD) and the normal Dutch population. a=significant

difference between patients with ASD-II and sinus venosus type ASD; b=significant difference between
patients with ASD-Il and the normal Dutch population; c=significant

difference between patients with sinus venosus type ASD and the normal Dutch population. Higher scores
reflect higher levels of functioning or well-being.

DISCUSSION

In this cohort of patients who underwent surgical closure of a haemodynamically sig-
nificant ASD 30-41 years ago we found very good survival, no pulmonary hypertension,
good exercise performance and a low incidence of supraventricular arrhythmias. Total
survival was comparable to the normal Dutch population. However, two patients in the
ASD-Il group suffered from sudden death in the last decade, at the age of 36 and 40
years. In these patients arrhythmia as the cause of death cannot be excluded and is
even very likely in one. Signs of pulmonary hypertension, a major problem that may
occur in patients without closure of the ASD,'?' were not found. In addition, the clinical
condition of the patients appeared excellent with normal exercise capacity in most pa-
tients. Neither heart failure nor residual shunts were observed. One patient developed
an ischaemic stroke but a clear relation to the heart defect could not be found. However,
6% of patients required pacemaker implantation during total follow-up.

Arrhythmias

Of the 41% (n=36) of patients with some form of asymptomatic atrial arrhythmia on
Holter recording 10 years ago,” 8% had developed new symptomatic arrhythmias in the
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past 10 years. This was comparable to the incidence in patients with a negative Holter
recording in 2001. Thus, the predictive value of the asymptomatic arrhythmias seen
on Holter monitoring seems limited. The prevalence of atrial fibrillation in our patients
(12%) is higher than in the general population (<0.5%)* but substantially lower than
that reported in natural history studies of patients with ASD (up to 50%) and after surgi-
cal closure at adult age.' *®”*' 2 This indicates that early closure is beneficial in the very
long term. Surgical scars do not seem to induce atrial flutters on a large scale. The lower
incidence of atrial fibrillation appears to be related to earlier termination of the left-to-
right shunt, thereby preventing right-sided pressure overload and further right atrium
dilation which would have increased the vulnerability to atrial arrhythmias.”** Whether
device ASD closure will also prevent the occurrence of SVTs in the long term or will make
patients prone to arrhythmias by direct stretching of the atrial septum or circular scar
formation around the device remains to be established.

Ventricular dimensions, function and pressure

On echocardiography we found a mildly impaired RV function in one-third of our pa-
tients. This is somewhat unexpected as RV function was normal in all patients 10 years
ago. This finding may be due to advances in the assessment of RV function as nowadays
we use more sophisticated parameters than the mere visual assessment which was the
only available method used in our earlier studies. We found no association between RV
function and changes in QRS duration. The findings of FAC and S’ wave as well as the
CMR results confirm abnormal RV function in a quarter of our patients. CMR was not
performed in our earlier studies but RV dilation has also been described by others after

shorter follow-up. De Koning et al*”

described this in younger patients who had their
surgical correction in a more recent era. In contrast to others and our results, no RV
dilation on CMR was reported by Bolz et al even though the same normal values were
applied and the mean age at operation is comparable (6.5 vs 7.6 years).”**® However,
their follow-up period was shorter. Mild LV function impairment was found in one-fifth
of our patients on CMR. This might be a result of the preoperative volume overload due
to ventricular interaction. Literature on LV function after surgical ASD repair is lacking,
but there are some reports of improvements of LV systolic function after transcatheter

ASD closure.®*°

ASD-ll versus sinus venosus type ASD

We did not find any significant difference in survival, occurrence of events, incidence of
arrhythmias, ECG (QRS duration) and Holter-ECG or exercise capacity between patients
undergoing surgery for ASD-II and sinus venosus defects. However, TAPSE and S’ were

slightly reduced on echocardiography in patients with sinus venosus defects. On the
other hand, RV FAC was higher in this group. Integrating all these results, patients with
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a sinus venosus defect may have a worse longitudinal RV function with probably a com-
pensatory preserved circumferential function. New studies with larger patient groups
are needed to confirm these findings.

Predictors for late events

The occurrence of arrhythmias in the early postoperative period showed a strong rela-
tion with the need for permanent pacing during early follow-up. Most pacemakers had
been implanted in the early years after surgery, most are probably related to surgical
damage to the conduction system for two of the three patients (66%) requiring pace-
maker implantation within 4 years after surgery had a bradycardia as their postoperative
arrhythmia. However, two patients needed a pacemaker for AV block very late after
surgery. This is an unexpected finding for which we do not have a clear explanation. We
were not able to identify any other predictors for mortality, late events or ventricular
dysfunction.

Study limitations

As in most studies in this field, the numbers are relatively low and therefore all results
should be interpreted with caution. The number of patients lost to follow-up was limited
with regard to information on survival status, but is larger considering study participa-
tion: only 65% of the survivors of the total cohort participated in the last follow-up.
The patients considered ineligible for participation were either lost to follow-up, had
moved far abroad or did not participate in the previous studies. We believe, however,
that after a follow-up of almost 40 years, participation of 80% of eligible patients is very
acceptable and can be regarded as a representative sample.

CONCLUSIONS

Very long-term (30-41 years) outcome after surgical ASD closure in childhood shows ex-
cellent survival and low morbidity, although two sudden unexplained deaths occurred
at 28 and 36 years after surgery. No pulmonary hypertension and a low incidence of su-
praventricular arrhythmias were found. The general health and exercise capacity of the
patients are excellent and comparable with the normal Dutch population. Persistent RV
dilation, which was observed in our earlier follow-up studies in this cohort of patients,
was confirmed by CMR. Although EFs of both RV and LV are unexpectedly decreased
and RV volumes remain enlarged in some of the patients, their clinical condition remains
sound.
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ABSTRACT

Background

Few prospective data are available regarding long-term outcomes after surgical closure
of a ventricular septal defect (VSD).

Objectives

The objective of this study was to investigate clinical outcomes >30 years after surgical
VSD closure.

Methods

Patients who underwent surgical VSD closure during childhood between 1968 and 1980
were reexamined every 10 years.In 2012, we invited eligible patients to undergo another
examination, which included electrocardiography, Holter monitoring, echocardiogra-
phy, bicycle ergometry, measurement of N-terminal pro-B-type natriuretic peptide, and
subjective health assessment.

Results

Cumulative survival was 86% at 40 years. Causes of mortality were arrhythmia, heart
failure, endocarditis, during valvular surgery, pulmonary hypertension, noncardiac
causes, and unknown causes. Cumulative event-free survival after surgery was 72% at
40 years. Symptomatic arrhythmias occurred in 13% of patients and surgical or catheter-
based reinterventions in 12%. Prevalence of impaired right ventricular systolic function
increased from 1% in 2001 to 17% in 2012 (p = 0.001). Left ventricular systolic function
was impaired but stable in 21% of patients. Aortic regurgitation occurred more often
in the last 20 years (p = 0.039), and mean exercise capacity decreased (p = 0.003). N-
terminal pro-B-type natriuretic peptide (median: 11.6 pmol/l [interquartile range: 7.0 to
19.8 pmol/I]) was elevated (>14 pmol/Il) in 38% of patients. A concomitant cardiac lesion,
for example patent ductus arteriosus, and aortic cross-clamp time were determinants of
late events (hazard ratio: 2.84 [95% confidence interval: 1.23 to 6.53] and hazard ratio:
1.47 per 10 min [95% confidence interval: 1.22 to 1.99], respectively). Patients rated their
subjective health status significantly better than a reference population.

Conclusions

Survival up to 40 years after successful surgical VSD closure is slightly lower than in
the general Dutch population. Morbidity is not negligible, especially in patients with a
concomitant cardiac lesion.
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INTRODUCTION

Ventricular septal defect (VSD) is by far the most common congenital heart defect, with
a birth prevalence of 2.62 per 1,000 live births."” Small defects may not have hemo-
dynamic consequences, but the presence of a significant left-to-right shunt can cause
left ventricular (LV) overload, pulmonary arterial hypertension, ventricular dysfunction,
arrhythmias, and aortic regurgitation.** Surgical closure at a young age is still the
treatment of choice, and mid- to long-term results are good with regard to survival,
morbidity, and quality of life.”” Therefore, most such patients have been discharged
from routine cardiological follow-up. For both patients and their treating physicians, it is
essential to know whether the pre-operative left-to-right shunt and the VSD patch affect
biventricular function or the conduction system in the long term. However, information
on mortality and morbidity beyond 30 years after surgical VSD closure is scarce, and
almost all such data were collected retrospectively, which introduces the possible bias
of including only patients with residual morbidity who are still seen at outpatient clinics.
Our study is part of a unique, ongoing longitudinal follow-up of patients with congenital
heart defects who underwent surgery at a young age at our institution between 1968
and 1980.The current study had 3 objectives: first, to evaluate survival 30 to 40 years after
surgical VSD closure in an unselected cohort; second, to investigate the current clinical
condition of survivors by extensive in-hospital examination and to detect determinants
of outcome; and third, to evaluate the present subjective health status of survivors.

METHODS

Study patients

All consecutive patients who underwent surgical VSD closure at our institution between
1968 and 1980 at <15 years of age formed the original study cohort. This cohort was first
studied in 1990, with a second follow-up performed in 200.>° In 2010 to 2012, survival
status was obtained from the Dutch National Population Registry, and all surviving pa-
tients who had participated in 1 or both of the previous studies were actively invited to
participate in a third study for clinical examination at the outpatient clinic of Erasmus
Medical Center. The study protocol was approved by the institutional Medical Ethics
Committee. Written informed consent was obtained from all participants.

Adverse events

Survival rates were compared with the expected survival rates of an age-matched Dutch
population. Adverse events included all-cause mortality, surgical or catheter-based
cardiac reinterventions, symptomatic arrhythmias (requiring medication, cardioversion,
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ablation, or insertion of a pacemaker/implantable cardioverter-defibrillator [ICD]), en-
docarditis, and heart failure (requiring medication or hospital admission). Mortality and
events were defined as “early” when they occurred within 30 days post-operatively and
“late” when they occurred beyond 30 days. All events were assessed by 2 independent
investigators (M.E.M., J.A.A.E.C.).

Clinical assessment

Examinations included history, physical examination, standard 12-lead electrocardi-
ography (ECG), 24-h Holter monitoring, echocardiography, cardiopulmonary exercise
testing, and N-terminal pro-B-type natriuretic peptide (NTproBNP) measurement. If a
patient was unwilling or unable to visit the outpatient clinic, questionnaires were sent to
obtain information on morbidity and subjective health status and to receive permission
to use the patient’s medical records.

Electrocardiography and 24-h Holter monitoring

Standard 12-lead surface ECGs were analyzed for rhythm, PR interval, and QRS duration.
A 24-h Holter monitoring was performed with a CardioPerfect Holter DR180p 3-channel
recorder (Welch Allyn Cardio Control, NorthEast Monitoring, Maynard, Massachusetts).
Sinus node disease (SND) was defined according to the Kugler criteria: nodal escape
rhythm, sinus arrest >3 s, or severe sinus bradycardia (<30 beats/min at night or <40
beats/min during daytime).®

Cardiopulmonary exercise testing

Maximal workload, heart rate, and peak oxygen consumption (peak VO,) were assessed
by bicycle ergometry with a gradual workload increment of 20 W/min (ramp protocol)
and compared with normative values corrected for age, sex, height, and weight. Per-
formance was considered maximal when a respiratory exchange ratio >1 was reached.

Echocardiography

A complete 2-dimensional transthoracic echocardiogram was performed with the com-
mercially available IE33 system (Philips Medical Systems, Best, the Netherlands). Cardiac
dimensions, ventricular function, and valvular function were measured according to

9-12

published guidelines.” * LV and right ventricular (RV) systolic function were assessed
visually to enable comparison with the 2 previous studies. Systolic function was graded
as normal or mildly, moderately, or severely impaired. Additionally, more objective mea-
surements, including LV ejection fraction (Simpson’s method), RV fractional area change,
and tricuspid annulus plane systolic excursion, were used to quantify systolic ventricular

function. Measurements were obtained by 2 independent observers (M.E.M., J.A.A.E.C.).
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NT-proBNP measurement

Peripheral venous blood samples were collected after 30 minutes of rest. Plasma NT-
proBNP levels were determined with use of the commercially available electrochemilu-
minescence immunoassay Elecsys (Roche Diagnostics, Basel, Switzerland). The normal
value in our hospital is <14 pmol/I.

Subjective health assessment

The 36-item short-form health survey (SF-36) was completed to assess subjective health
status. Results for the patients were compared with their results from 10 years earlier
and with normative data from the general Dutch population."

Statistical analysis

Continuous data are presented as mean SD or median with interquartile range (IQR)
depending on the data distribution. Categorical data are presented as frequencies
and percentages. Changes in patient characteristics since the follow-up study in 1990
and 2001 were evaluated by estimating a trend by use of mixed models, which take
missing values into account. Changes in characteristics between 2001 and 2012 were
analyzed by paired Student t tests. Differences between independent subgroups were
evaluated by unpaired Student t tests or Mann-Whitney U tests (continuous data) and by
chi-square test or Fisher exact test (categorical data). To quantify correlations between
2 variables, the Spearman correlation test was used. Cumulative survival and event-free
survival for all patients and for patients with successful VSD surgery (i.e., excluding early
post-operative mortality) were determined by the Kaplan-Meier method. We compared
the cumulative survival of isolated and nonisolated VSD patients by the log-rank test.
Cumulative event incidences were computed with the use of a nonparametric estima-
tor of cumulative incidence functions, with death as a competing risk. Univariable and
multivariable Cox regression analyses were used to identify determinants of pre-defined
adverse events: all-cause mortality, arrhythmias, reinterventions, heart failure, and en-
docarditis. The mixed models were estimated by use of SAS software (version 9.3, SAS
Institute, Inc., Cary, North Carolina). The cumulative incidence functions were estimated
with R (version 3.1.1, R Foundation for Statistical Computing, Wien, Austria). All other
statistical analyses were performed with the Statistical Package for Social Sciences (ver-
sion 21, SPSS Inc., Chicago, Illinois). The statistical tests were 2-sided, and p < 0.05 was
considered statistically significant. Further information on statistical analysis can be
found in the Online Appendix.
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RESULTS

Study patients

The original study cohort consisted of 174 consecutive patients who underwent sur-
gical VSD closure between 1968 and 1980. Figure 1 presents an overview of patient
participation for the current study. Baseline characteristics, including surgical details
and follow-up duration, are presented in Table 1. Further baseline and surgical details
have been reported previously.>® Median follow-up duration of the actively included
patients was 35.8 years (IQR: 34.0 to 37.3 years; range 30.4 to 40.3 years). Of 91 patients,
70 participated in-hospital, and 21 completed the questionnaires and gave permission
to use their hospital records. Twenty-seven of the 91 patients (30%) had 1 or more
concomitant cardiac lesions (nonisolated VSD), including patent foramen ovale (n=11),
pulmonary stenosis (n = 10), patent arterial duct (n = 6), aortic coarctation (n = 5), atrial
septal defect (n = 4, of whom 2 had partial abnormal pulmonary venous return), mitral
stenosis (n = 2), and aortic stenosis (n = 1). A patent foramen ovale was included as
a concomitant lesion when an intervention was performed to close it. There were no
discrepancies between assessments of the 2 evaluators regarding post-surgical events.

Original surgical cohort n=174
Excluded:
- Died postoperatively <30 days n=17
Included: - Died between 30 days postoperatively
- Study 1990 n=107 p{ and 1990 n=3
et 2001 i ”| - Died between 1990 and 2001 n=3
Y _ - Died between 2001 and current study n=7
- Emigrated/lost n=18
- Refused all prior participations n=18
y
Approached for current study* n=108
> No response n=9
- Refused participation n=8
Y
Included in current study n=91

Figure 1. Flow chart of the study patients.

One patient died shortly after participation in the study. We used the in-hospital-examination results for
this study, and scored him as deceased in the survival analysis. *Patients who were alive, traceable, and
participated in the studies of 1990, 2001 or both.
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A Survival Dutch population B
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Figure 2. Cumulative Survival and Event-Free Survival of VSD Patients With and Without Early Post-Opera-
tive Mortality and Events

Kaplan-Meier curves for survival and event-free survival of patients after surgical closure of ventricular sep-
tal defect (VSD), including early mortality and events within 30 days after surgery (A), and after exclusion
of early mortality and events (B). Seventeen patients died within 30 days after surgery and 14 died during
follow-up of the following causes: arrhythmia (n = 4), heart failure (n = 1), endocarditis (n = 1), valvular
surgery (n = 1), pulmonary hypertension (n = 1), noncardiac cause (n = 4), and unknown (n = 2). The dashed
lines depict 95% confidence intervals. Survival curve of Dutch population represents survival from age 3 to
43 years. *Number of patients at risk for survival. TNumber of patients at risk for event-free survival.

Survival

Information on survival was available for 156 patients (90%). Cumulative survival after
surgical closure, including early post-operative mortality, was 89% at 10 years, 87% at
20 years, 85% at 30 years, and 78% at 40 years, which was significantly lower than in
the general Dutch population of comparable age (Figure 2A). Thirty-one patients died,
with 17 deaths occurring within 30 days of surgery. Cumulative survival after successful
surgery, excluding early post-operative mortality, was 99% at 10 years, 96% at 20 years,
95% at 30 years, and 86% at 40 years, which was slightly lower than the general Dutch
population (Figure 2B). Successful surgery was defined as the group without early post-
operative mortality. In the last 10 years, 8 patients died. One patient died of ventricular
fibrillation 34 years after surgery at 34 years of age. He had received a pacemaker for SND
20 years earlier. One patient who had developed moderate aortic stenosis had sudden
death, presumably due to an arrhythmia, 39 years after surgery at the age of 49 years.
One patient died of heart failure as a result of severely dilated cardiomyopathy, 28 years
after surgery, at the age of 28. There were 3 noncardiac deaths, attributable to breast
cancer, lung cancer, and alcohol abuse 29, 33, and 31 years after surgery, respectively.
The cause of death was unknown for 2 patients, who died 34 and 42 years after surgery,
respectively. Cumulative survival rates of isolated versus nonisolated VSD patients up to
39 years after surgery were comparable (93% vs. 88%) (Figure 3A).
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Figure 3. Cumulative Survival and Event-Free Survival of Isolated and Nonisolated VSD Patients.
Kaplan-Meier curves for survival (A) and event-free survival (B) of patients with isolated and nonisolated
ventricular septal defect (VSD) (mortality, n = 7/7; cardiac reintervention, n = 2/12; arrhythmia, n = 9/3; en-
docarditis, n = 2/2; heart failure, n = 3/1, respectively). Patients who died <30 days after surgery are exclud-
ed from this figure. *Number of isolated VSD patients at risk. tNumber of nonisolated VSD patients at risk.

Adverse events

Cumulative survival free of adverse events was 63% at 40 years (Figure 2A). When early
post-operative mortality was excluded, event-free survival was 72% (Figure 2B). The
event-free survival at 40 years was significantly better in isolated versus nonisolated VSD
patients (79% vs. 57%, respectively) (Figure 3B).

Reinterventions

Cumulative incidence of late reinterventions at 40 years of follow-up was 12% (Figure 4B).
An overview of the reinterventions is summarized in Table 2. Arrhythmias. Cumulative in-
cidence of late symptomatic arrhythmias including pacemaker implantation at 40 years
was 13% (Figure 4C). In the last decade studied, 7 patients developed new symptomatic
arrhythmias: 1 patient had recurrent atrial flutter and fibrillation, treated with electrical
cardioversion and catheter ablation; 1 patient who had a pacemaker for 19 years had
recurrent atrial fibrillation treated with electrical cardioversion; 1 patient had atrial fibril-
lation treated with verapamil; and 1 patient had paroxysmal atrioventricular reentrant
tachycardia. The cumulative incidence of late pacemaker implantation, including ICD in
2 patients, was 7% at 40 years. In the last decade studied, 3 pacemakers were implanted:
1 for SND, 1 for severe bradycardia, and 1 for complete heart block. The last patient
received a biventricular ICD because of ventricular tachycardias and diminished ejection
fraction due to dilated cardiomyopathy. During total follow-up, 3 patients developed
complete heart block.
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Table 2. Types of late cardiac reinterventions

First decade Second Decade
Residual VSD 2 Resection aortic (re)coarctation 3
Resection pulmonary stenosis 2 Balloon dilation aortic (re)coarctation 2
Resection aortic coarctation 1 Residual VSD 1
Resection subvalvular aortic stenosis 1 Surgery for restenosis aortic valve 1
Closure patent ductus arteriosus 1 Aortic root replacement 1
False aneurysm ascending aorta 1 1 Aortic valve replacement 1
Closure sternal dehiscence 1 Pulmonary valve replacement 1
Balloon dilation pulmonary stenosis 1
Third Decade Fourth Decade
Bentall procedure 1 Stenting aortic recoarctation 1
Aortic valve replacement 1
Mitral valve replacement 1

Information on late cardiac reinterventions (beyond 30 days after surgery) was available for 118 patients.
Fourteen patients underwent 1 or more reinterventions.
VSD = ventricular septal defect.

— Allevents —— Cardiac reinterventions
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Figure 4. Cumulative Incidence Functions of
Events After Exclusion of Early Post-Operative
Mortality and Events.
Cumulative incidence function of all adverse
events (A), surgical or catheter-based cardiac
15% reinterventions (B), and symptomatic arrhyth-
mias that required medication, cardioversion,
ablation, or pacemaker/implantable cardio-
verter-defibrillator (C). Patients who died <30
days after surgery are excluded from this fig-
ure. The dashed lines depict 95% confidence
: : : : : : : : : intervals.
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Endocarditis

Cumulative incidence of late endocarditis at 40 years was 4%. During the last 10 years, 1
patient was diagnosed with pacemaker endocarditis caused by Staphylococcus aureus,
which required treatment with antibiotic drugs and replacement of the pacemaker
system.

Heart failure

Cumulative incidence of late heart failure at 40 years was 4%. During the last decade
studied, 3 patients developed heart failure. One of them died during hospitalization,
1 was admitted to the hospital several times, and 1 was hospitalized for heart failure
triggered by a pneumonia. One of these patients developed heart failure 9 years after
epicardial pacemaker implantation, and 1 had diminished LV function before pacemaker
implantation.

Electrocardiography and Holter monitoring

The ECG and Holter findings are summarized in Table 3. None of the patients had ven-
tricular pauses longer than 3's.

Cardiopulmonary exercise testing

Table 3 shows the results of bicycle ergometry. Of the 33 patients with a diminished
exercise capacity (i.e., workload <85% of expected), 6 (18%) had 1 or more reinterven-
tions compared with 1 (3%) in the group with normal exercise capacity (p = 0.049). No
differences were found with regard to current age, surgical characteristics, isolated
versus nonisolated VSD, QRS duration, or ventricular function.

Table 3. Standard 12-lead and 24-h Holter electrocardiogram, bicycle ergometry and echocardiography.

1990 2001 2012

P value P value

Electrocardiography n=107 n=95 n=79 2012vs.1990 2012 vs. 2001
Rhythm

Sinus 104 (97%)  86(91%) 72(91%) 0.125 1.0

Atrial 1(1%) 2 (2%) 2 (3%) 1.0 1.0

Nodal 1(1%) 3 (3%) 1(1%) 1.0 1.0

Pacemaker 1(1%) 4 (4%) 4 (5%) 1.0 1.0

Atrial flutter 0 0 0 - -
PR interval (mean ms + SD) 147 +29 151+28 159+30  <0.001 0.001
PR =200 ms (%) 4 (5%) 7 (8%) 6 (9%) 0.219 1.0
QRS duration (mean ms + SD) 101 +20 113+27 117+27  <0.001 0.010
QRS duration 2120 ms 21 (25%) 29(32%)  25(34%) 0.070 1.0
QRS duration 2180 ms 0 (0%) 2 (2%) 1(1%) 1.0 1.0
24-hour Holter n=103 n=92 n=68
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Table 3. (continued)

1990 2001 2012 P value P value
Electrocardiography n=107 n=95 n=79 2012vs. 1990 2012 vs. 2001
Supraventricular arrhythmias 21 (20%) 25(27%)  25(37%)  0.052 0.286
Sinus node disease 21 (20%) 8(9%) 4 (6%) 0.013 0.289
SVT 0 19 (21%) 22 (32%) <0.001 0.093
Paroxysmal atrial fibrillation 0 0 1(1%) - -
Paroxysmal atrial flutter 0 0 0 - -
VT 3-10 complexes 6 (6%) 2 (2%) 3 (4%) 0.625 1.0
VT >10 complexes 0 0 0 1.0 1.0
Bicycle ergometry n=103 n=93 n=69
Maximal heart rate (%) 89+9 88+ 10 88+ 12 0.190 0.018
Maximal workload (%) 94+19 91+24 87+19 0.001 0.012
Workload <85% 30 (29%) 37 (40%) 33 (48%) 0.017 0.017
Arrhythmias 5(5%) 10(11%)  5(7%) 1.0 0.754
Peak VO, (%) - - 87 +20 - -
Echocardiographic parameters n=107 n=95 n=76
LA end-systolic dimension (mm) 32+5 37+6 38+6 <0.001 0.145
LV end-systolic dimension (mm) 32+5 34+5 33+6 0.981 0.003
LV end-diastolic dimension (mm) 49+6 525 50+6 0.481 <0.001
LV fractional shortening (%) 34+6 34+7 35+8 0416 0.567
Fractional shortening <30% 19 (19%) 24 (27%) 19 (26%)  0.664 1.0
LV posterior wall dimension (mm) 9+2 10+2 8+2 0.791 0.005
Aorta end-diastolic dimension (mm) 30+5 335 33+5 <0.001 0.394
AR 0.022 0.109
None-trace 95 (89%) 79 (83%) 59 (79%)
Mild-moderate 12 (11%) 16 (17%) 16 (21%)
Severe - - B
MR 0.267 1.0
None-trace 91 (87%) 84 (88%) 69 (92%)
Mild-moderate 14 (13%) 11(12%)  6(8%)
Severe - - B
PR 0.012 0.006
None-trace 81 (78%) 68 (72%) 66 (89%)
Mild-moderate 23 (22%) 27 (28%) 7 (10%)
Severe - - 1(1%)
TR 0.286 0.210
None-trace 63 (62%) 41 (43%) 40 (53%)
Mild-moderate 38 (38%) 54(57%) 34 (46%)
Severe - - 1(1%)

Values are n, n (%), or mean SD. *Atrial, nodal, and pacemaker rhythm were excluded from analysis. tPace-
maker rhythm was excluded from analysis. #Significance test was based on log-transformed values. §Sig-

nificance test was based on binary variables (none-trace vs. mild-severe).

LA = left atrium; LV = left ventricular; SVT = supraventricular tachycardia; VT = ventricular tachycardia.
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Echocardiography

Echocardiographic findings are summarized in Tables 3 and 4. Systolic LV function
was mildly impaired in 11 patients (14%), moderately impaired in 3 (4%), and severely
impaired in 2 (3%). The percentage of patients with impaired systolic LV function was
14% in 2001 and 21% in 2012 (p = 0.180). Normal diastolic LV function was observed in
63 patients (89%), pseudonormal diastolic function in 6 (8%), and restrictive relaxation
pattern in 2 (3%). Systolic RV function was mildly impaired in 10 patients (13%) and mod-
erately impaired in 3 (4%). The percentage of patients with impaired systolic RV function
increased significantly over the last decade of study from 1% to 17% (p = 0.001). Patients
with impaired systolic RV function more often had an elevated estimated RV systolic
pressure than patients with normal systolic RV function (42% vs. 12%, p = 0.036), more
often had a pacemaker (23% vs. 3%, p = 0.033), and more often had impaired systolic
LV function (69% vs. 11%, p < 0.001). Diastolic LV function did not differ significantly be-
tween patients with impaired or normal systolic RV function. There were no significant
differences in systolic biventricular function between patients with isolated and noniso-
lated VSD, with and without RV incision, or with and without VSD patch. The percentage
of patients with mild or moderate aortic regurgitation increased significantly over the
last 20 years from 11% in 1990 to 21% in 2012 (p = 0.039).

NT-proBNP measurement

NT-proBNP was measured in 68 patients. The median level was 11.6 pmol/I (IQR: 7.0
to 19.8 pmol/l), with an elevated level (>14.0 pmol/l) measured in 26 patients (38%).
The highest value was 56.5 pmol/l, measured in a woman with an isolated VSD, in sinus
rhythm, and without clinical signs of heart failure. Median NT-proBNP was comparable
between patients with an isolated VSD (n = 50) and those with a nonisolated VSD (n = 18;
11.2 pmol/I [IQR: 6.9 to 18.4 pmol/I] vs. 14.3 pmol/I [IQR: 6.8 to 28.1 pmol/l], p = 0.436).
Patients with impaired systolic RV function (n = 8) tended to have a higher NT-proBNP
than patients with normal RV function (n = 59; 16.2 pmol/I [IQR: 12.9 to 26.6 pmol/I] vs.
11.1 pmol/I[IQR: 6.4 to 19.5 pmol/I], p = 0.063). No relationships were found with systolic
LV function, ventricular dimensions, age at operation, current age, or exercise capacity.

Subjective health status assessment

Seventy four patients completed the SF-36 health survey. The results are depicted in
Figure 5. Patients obtained significantly better scores than the reference population on
all scales except for general health perceptions, which were comparable (p = 0.089).
The patients’ results were comparable with their own results 10 years earlier, except for
mental health, which they now rated better (85 + 13% vs. 80 + 11%, p = 0.030).
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Table 4. Additional diagnostic test results performed only in 2012

Parameter n Median (IQR) Abnormal, n (%)*
LV EF (%) 38 54 [49-61] 9 (24)

E/A ratio 72 1.3[1.1-1.7] 2(3)

E/E'ratio 71 8.5[6.3-10.0] 5(7)

Deceleration time (ms) 72 185[158-218] 20(28)

RV basal dimension (mm) 65 40 [34-46] 26 (40)

RV longitudinal dimension (mm) 64 77 [69-84] 12(19)

TAPSE (mm) 61 19[18-22] 3(5

RV fractional area change, % 49 40 (37-43) 7(14)

Estimated RV systolic pressure, mm Hg 53 28 (24-35) 10(19)

* According to the reference values in the guidelines (09,10). Right ventricular dimensions were measured
during end-diastolic phase.

IQR = interquartile range; LVEF = left ventricular ejection fraction; RV = right ventricular; TAPSE = tricuspid
annular plane systolic excursion.

1001 Il VSD patients

E@ Dutch population

Score (%)

Physical Role Bodily General  Vitality Social Role Mental
Functioning Physical Pain Health Functioning Emotional  Health
Perceptions

Figure 5. Results of SF-36 for VSD patients and the reference Dutch population.

Higher scores represent more favorable subjective health status. A high score on the bodily pain scale indi-
cates subject was free from pain. Error bars show 95% confidence interval.

*p < 0.01. SF-36 = 36-item short-form health survey; VSD = ventricular septal defect.

Determinants of clinical outcome

Higher pre-operative systolic RV pressure tended to be a determinant of mortality
(hazard ratio [HRI: 1.02; 95% confidence interval [CI]: 1.00 to 1.04). Univariable regres-
sion analyses identified nonisolated VSD, early post-operative arrhythmias, and aortic
cross-clamp time as determinants of late events, including mortality. In multivariable
regression analysis with these determinants, patients with nonisolated VSD or patients
with longer aortic cross-clamp time had higher risk for events (HR: 2.84 [95% CI: 1.23 to
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6.53]; HR: 1.47 per 10 min [95% Cl: 1.22 to 1.99 per 10 min], respectively). Early postop-
erative arrhythmias showed a trend toward predicting later events (HR: 2.59 [95% Cl:
0.92 to 7.29]). Patients with a complete heart block in the early post-operative period
more often developed symptomatic arrhythmias during follow-up (HR: 9.7 [95% CI: 2.1
to 44.6]). No other baseline characteristics were significant determinants of outcome.

DISCUSSION

In this unique longitudinal cohort study of VSD patients who underwent surgical repair
at a young age, survival up to 40 years was relatively good but lower than in the general
Dutch population. Although morbidity was substantial, especially among patients with
nonisolated VSD, the reported subjective health status was even better than normative
data.

Mortality and adverse events

Cumulative survival 40 years after surgical VSD closure was 78% in our cohort. One-half of
these deaths occurred within 30 days after surgery. Currently, pulmonary artery banding
is performed only rarely, and advances in surgical and anesthesiology techniques and
improvements in peri-operative care have greatly reduced peri-operative mortality."
In addition, the care during follow-up is better organized today. Therefore, these early
results are not applicable to patients who have undergone surgery in more recent years.
With the exclusion of in-hospital operative mortality, however, cumulative survival in
our cohort was 86% at 40 years, which was still slightly lower than in the general popula-
tion. In more than one-half of the cases, late mortality was cardiac related: cardiac arrest/
sudden death, reoperation, and heart failure (Central lllustration). Cumulative survival
was similar between patients with isolated and nonisolated VSD. Morbidity was higher
in patients with nonisolated VSD and was dominated by reinterventions for concomitant
lesions, for example, aorta-related problems or pulmonary stenosis.

Health status and ventricular function

Most of our patients rated their physical functioning better than the reference popula-
tion; however, their maximal workload at exercise testing was clearly lower than the
reference population, with almost one-half of the patients having a diminished maximal
workload. Furthermore, the maximal workload decreased over the last decades studied.
The median peak VO2 of 87% in our study population was a bit higher than the 73%

|15

in the study by Kempny et al.”” This difference could probably be explained by the fact

that they included patients who underwent exercise testing as part of their ongoing
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outpatient care, whereas our study included many patients who had been discharged
from routine clinical follow-up.

The occurrence of aortic regurgitation appears to be an important issue after VSD
surgery. In our cohort, 1 patient developed severe aortic regurgitation that necessitated
aortic valve replacement, and in the other patients, the prevalence of aortic regurgita-
tion nearly doubled over the last 20 years of the study, from 11% in 1990 to 21% in 2012.

CENTRAL ILLUSTRATION Outcome Up to 40 Years After Surgical VSD Closure

seorsurgia 150 cosure — T~ [

Perimembranous VSD 77% Survival 86%

Left Ventricular Volume Overload 100% l Symptomatic Arrhythmias 13%

Qp/Qs Ratio 2.0[1.7-2.8] Early Post-operative Cardiac Reinterventions 12%

Right Ventricular Systolic Pressure 70 [47-83] Mortality 10% Endocarditis 4%

Gty Heart Failure 4%
Echocardiography

5 i i i 9

Previous Pulmonary Artery Banding (9% Systolic Left Ventricular Dysfunction 21%

- Systolic Right Ventricular Dysfunction ~ 17%

Closure with Patch (89%) - Mild or Moderate Aortic Regurgitation 1%

Primary Closure (11%) - Estimated Right Ventricular Systolic 19%
Pressure >36 mmHg

Slightly Elevated NT-proBNP 38%

Right Ventriculotomy (47%) *Excluding early post-operative mortality (within 30 days)

Mean follow-up duration of 36 + 3 years

Menting, M.E. et al. J Am Coll Cardiol. 2015; 65(18):1941-51.

A cohort of 174 consecutive patients who underwent surgical closure of a ventricular septal defect (VSD) between 1968 and 1980 were examined. The surgical
characteristics and the findings on clinical outcome up to 40 years are depicted in this figure. NT-proBNP = N-terminal pro-B-type natriuretic peptide.

Systolic LV function remained stable over the last decade of study, but impaired sys-
tolic RV function increased. In our cohort, systolic RV dysfunction was not related to VSD
patch or RV incision, but the vast majority of patients with systolic RV dysfunction had
systolic LV dysfunction and more often had elevated RV systolic pressure. This relation-
ship between RV and LV dysfunction could be explained in part by the presence of a
pacemaker in a quarter of patients with RV dysfunction or by systolic ventricular interac-
tion. In the case of systolic LV dysfunction, pulmonary pressure increases, which results
in reduction of RV contractility. Moreover, ventricular interaction is mediated by forces at
the interventricular septum and mechanical coupling through shared myocardial fibers:

When the LV becomes more spherical, the fibers of the interventricular septum
become less oblique, which reduces and impairs RV contractile function.'®'” Systolic
ventricular interaction is also observed in other congenital heart defects."®’® Another
explanation for the higher prevalence of RV dysfunction over time may be the use of
a more sophisticated echocardiographic assessment to facilitate the detection of dys-
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1.”° found a systolic RV impairment up

function. Using tissue Doppler imaging, Klitsie et a
to 20 months after surgical VSD closure in children. Although subclinical RV impairment
may not be of direct clinical relevance, it could be a first sign of systolic RV dysfunction
and does stress the importance of detailed evaluation of RV function after VSD surgery.

NT-proBNP levels were elevated in more than onethird of the patients. This is striking,
because the majority of patients were asymptomatic and had normal systolic biven-
tricular function. No studies were found in the published data on BNP levels in adults
after surgical VSD closure, and only a few in children,”' which reported mildly increased
levels. Prospective studies are necessary to elucidate the prognostic value of BNP in
these patients.

Arrhythmias

In the last 10 years of the study, 4 patients developed supraventricular arrhythmias, and
3 required pacemaker implantation. Cumulative incidence of late symptomatic arrhyth-
mias at 40 years was 13%. This was much lower than the incidence after surgical VSD
closure at adult age® but higher than in patients who underwent surgery after 1980.'**
The incidence of arrhythmias after surgical closure of an atrial septal defect at young
ages is higher.”* Recently, interest has been generated in development of percutaneous
techniques to close VSDs; however, this technique is not implemented in routine clinical
practice and has even ceased in most clinics because of the high rate of post-procedural
heart block (up to 8%).** This is higher than the incidence in our cohort after surgical

closure at a young age (3%), as well as at an adult age.”*”*

Subjective health status assessment

A remarkable finding of the SF-36 results was that patients reported a more favorable
functioning than the reference Dutch population on 7 of the 8 scales and comparable
functioning on 1 scale (general health perceptions). These propitious results for VSD pa-
tients may be attributable to different frames of reference than the normal population,
more adequate coping with the disadvantageous consequences of the congenital heart
defect at advanced age, overcompensation, or social desirability.”®

Determinants of clinical outcome

Although numbers in our study were relatively small, patients with early post-operative
arrhythmia tended to develop more late events. In another cohort of patients with
surgically repaired VSD, transient and complete heart blocks were a risk factor for late
mortality.”’ In that study, a substantial percentage of deceased patients had not received
a pacemaker because either pacemakers had not been developed at that time or they
were only newly available. The relation between early post-operative arrhythmias and
arrhythmias during follow-up was also described after surgery at young age for other
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congenital heart defects.”**® The relation may be explained by surgical damage to the
conduction system or by post-operative scar tissue and fibrosis. Early arrhythmias might
therefore reveal patients at risk for late complications. A simple concomitant cardiac
lesion and longer aortic cross-clamp time during surgery were determinants of late
events. The fact that patients with a concomitant cardiac lesion have a greater risk of
events appears directly related to the relatively higher number of reinterventions in this

group.

Study limitations

Although the number of patients was relatively small, we report results of a longitudinal
follow-up of consecutive patients without selection bias related to disease severity.
After a median follow-up of 36 years, we gathered medical information on 84% of the
eligible patients. We found no significant differences in baseline characteristics between
participating and nonparticipating patients. Therefore, we believe that we have mini-
mized selection bias.

Diagnostic methods have changed over time. For comparisons of echocardiographic
data with previous studies, we had to use the same methods as were used in the past,
which may not be considered current state of the art. However, we also performed and
reported innovative diagnostic methods available in the current era.

CONCLUSIONS

Survival up to 40 years after successful surgical VSD closure is good but slightly lower
than in the general Dutch population. Although many patients have been discharged
from routine follow-up at outpatient clinics, morbidity is substantial, especially in
patients with nonisolated VSD. There is concern about systolic LV and RV dysfunction,
which were observed in 21% and 17% of patients, respectively, and about occurrence
of aortic regurgitation, which almost doubled over the last 20 years of the study. Early
postoperative arrhythmia is a borderline determinant and aortic cross-clamp time a
significant determinant of late events. Therefore, clinical follow-up with long intervals
seems advisable. Despite the reported morbidity, the subjective health status is excel-
lent.
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Online appendix: Additional information on statistical analysis

Changesin patient characteristics since the follow-up study in 1990 and 2001 were evalu-
ated by estimating a trend using mixed models which take missing values into account.
For the continuous variables, a trend was estimated using linear mixed models. When
the distribution of the variables deviated from normality, log-transformations were ap-
plied. For the binary variables, generalized linear mixed models were estimated with a
logit-link function. The variables with three categories (aortic, mitral, pulmonary and
tricuspid regurgitation) were recoded as binary variables (none-trace vs. mild-severe).

Univariable and multivariable Cox regression analyses were used to identify determi-
nants of the predefined adverse events: all-cause mortality, arrhythmias, reinterventions,
heart failure and endocarditis. The following baseline characteristics were included as
determinants in the analyses: non-isolated VSD, age at repair, era of repair, preoperative
systolic RV pressure, pulmonary-systemic flow ratio, preoperative palliation, tempera-
ture during surgery, RV incision, early postoperative arrhythmias, and aortic cross-clamp
time. Baseline characteristics that turned out to be significant in the univariable Cox
regression analysis, were implanted in the multivariable Cox regression model. For every
ten events, one characteristic could be implemented in the multivariable Cox regression
model.

Perspectives

Competency in medical knowledge: Surgical closure represents the standard ap-
proach to management of patients with congenital VSD, but the incidence of post-
operative right ventricular systolic dysfunction has increased over time.
Translational outlook: Longer-term follow-up studies of a larger number of patients
could better define the risks of heart failure, arrhythmias, and death in the years after
repair of congenital VSD.
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Pulmonary stenosis: diagnosis and treatment

Pulmonary stenosis (PS) accounts for approximately 8% of all congenital heart defects.'
Valvular PS is usually an isolated defect, but it can be associated with other congenital
heart defects, such as atrial septal defect (ASD), ventricular septal defect (VSD), and per-
sistent ductus arteriosus. Combined valvular and infundibular PS can be part of tetral-
ogy of Fallot (ToF). The clinical presentation of PS may vary from critical stenosis in the
newborn, to asymptomatic mild stenosis without need for therapy throughout life. The
need for treatment of critical PS in the newborn is obvious, but the optimal timing, type
of treatment, and follow-up strategy for the asymptomatic patient is less well defined.

EPIDEMIOLOGY

PS occurs in about 1 per 2000 live births worldwide.' The prevalence seems to be steadily
increasing over time (figure 1A). There is a slightly higher birth prevalence in Asia as
compared to Europe and the USA' (figure 1B). The underlying cause is not well known,
but should be sought in genetic, environmental, and dietary factors. There is increasing
evidence that epigenetic modifications play an important role in certain diseases apart
from genetics, and this might also be true for PS."' *? Since an increasing number of pa-
tients had surgical or interventional repair during childhood, more and more adults will
be seen with long term residual lesions like pulmonary regurgitation (PR) and restenosis.

MORPHOLOGICAL CLASSIFICATION AND AETIOLOGY

PS can be valvular, subvalvular (infundibular) or supravalvular (figure 2A). Valvular steno-
sis is by far the most common form.

Valvular PS

In valvular PS, the pulmonary valve usually has a dome-like shape with a narrow central
opening (figure 2B). Rudimentary raphes can be seen. Less often, the valve is dysplastic,
with myxomatous thickened leaflets. The latter is associated with Noonan syndrome
(table 1). In ToF there often is a stenotic bicuspid or unicuspid pulmonary valve. Valvular
PS can also be associated with other congenital heart defects such as ASD, Ebstein’s
anomaly, double outlet right ventricle, and transposition of the great arteries.

Subvalvular PS

Subvalvular PS can be infundibular or subinfundibular. Infundibular PS is usually seen
as part of ToF, while isolated infundibular PS is very rare. Secondary infundibular hy-
pertrophy may occur in valvular PS: because the right ventricular (RV) outflow tract
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(infundibulum) is a circular muscular structure, reactive RV hypertrophy can cause a
dynamic outflow obstruction. Subinfundibular PS is also known as ‘double chambered
right ventricle’ (DCRV). In that case, the RV cavity is divided into a high pressure inlet

Birth prevalence (per 10,000 live births)

B 16
p<0.001

14
m
£
E
o 12
@
=
)
e 10
S
o
-
3 3
&
@
Q
S 6
©

T

® : I |
o 41— I
£
£ |
1]

2 R R

0

Europe North America South America Asia Oceania Africa

Figure 1. Birth prevalence of pulmonary stenosis.
A.Time course of birth prevalence until 2010.
B. Reported birth prevalence per continent. Adapted with permission from van der Linde, et al, [1].
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part and a low pressure outlet part, by anomalous muscle bundles. This can be either
a hypertrophied moderator band or local hypertrophy that may develop as the conse-
quence of a high velocity jet of a small VSD, directed at the opposing RV wall. A DCRV
can be misinterpreted as RV hypertrophy due to, for example, pulmonary hypertension.
In contrast to most other causes of right ventricular outflow tract (RVOT) obstruction, a
DCRV can be progressive in adult life.

Supravalvular PS

Supravalvular PS can be isolated, but is often associated with other cardiac or extra-
cardiac abnormalities. It is described in several syndromes, including Williams-Beuren,
Noonan, Allagile, DiGeorge, and Leopard syndrome (table 1). Furthermore, it can occur
in the clinical picture of congenital rubella syndrome. The stenosis can be located in the
common pulmonary trunk, the bifurcation or the pulmonary branches.

CLINICAL PRESENTATION

In the newborn with a critical PS, the suprasystemic RV pressure may result in RV dilata-
tion and failure with severe tricuspid regurgitation (TR) and cyanosis due to right-to-left
shunting over the foramen ovale or an ASD. These infants may present in heart failure
and will often be duct dependent. However, most patients with mild to moderate PS are
asymptomatic and will be discovered by a murmur during routine physical examination

[
branch stenosis (5%)
“supravalvular (1-2%)
—valvular (80-90%)

RA —subvalvular (+5%)

Figure 2. Morphology of pulmonary stenosis.

A. schematic representation of different types of pulmonary stenosis. RA: right atrium, RV: right ventricle.

B. doming pulmonary valve. Courtesy of Dr. M.M. Bartelings and Dr. M.R.M. Jongbloed, Department of Anato-
my & Embryology, Leiden University Medical Centre, the Netherlands
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ininfancy or childhood. There can be mild exertional dyspnoea and fatigue. In untreated
severe PS, the inability to increase pulmonary blood flow during exercise can lead to

chest pain or syncope.

Table 1. Common genetic syndromes associated with pulmonary stenosis

Syndrome Genetic defect

Cardiac features

Non-cardiac features

PTPN11, SOST1, aberrant
RAS-MAPK-signalling,
heterogeneous trait

Noonan

Williams-Beuren  7Q11.23 deletions,

autosomal dominant

trait

Leopard PTPN11, RAF-1,
autosomal dominant
trait

DiGeorge 22Q11 deletion,

autosomal dominant
trait

(velocardiofacial)

dysplastic pulmonary valve
stenosis, supravalvular
pulmonary stenosis,
hypertrophic cardiomyopathy

supravalvular aortic or
pulmonary stenosis

electrocardiographic
abnormalities, supravalvular
or valvular pulmonary
stenosis

conotruncal defects such

as Tetralogy of Fallot,
interrupted aortic arch,
truncus arteriosus, vascular
rings and ASD/VSD

short stature, hypertelorism,
downward eye slant, low set ears

elfin face, short stature, impaired
cognition and development,
endocrine disorders, genitourinary
abnormalities

lentigines, ocular hypertelorism,
abnormal genitalia, retardation of
growth, deafness

hypertelorism, low set and
posteriorly rotated ears, palatal
abnormalities, micrognatia.
Developmental delay, hypoplastic
thymus, hypocalcemia, variety of
immunological abnormalities

Allagile JAG-1,NOTCH-2, peripheral pulmonary facial dysmorphias (triangular
dominant trait stenosis face, wide nasal bridge, deep set
eyes), intrahepatic cholestasis,
butterfly vertebrae
Keutel MGP-mutations multiple peripheral abnormal cartilage calcifications,
autosomal recessive pulmonary stenosis brachytelephalangysm,
trait subnormal 1Q, hearing loss
Congenital - peripheral pulmonary congenital cataract/glaucoma,
rubella stenosis, open ductus Botalli  deafness, pigmentary retinopathy
DIAGNOSTICTOOLS
ECG

In patients with mild PS the ECG can be normal, perhaps showing only a more pro-
nounced right-ward axis deviation. In children and adolescents a right axis up to —100°
to —110° can be completely normal.”* However, in more severe stenosis, RV hypertrophy,
further rightward axis deviation, high R wave amplitude in lead V1 and deep S waves in
the left precordial leads, with an R:S ratio <1in V6, can be seen."*

76



Pulmonary stenosis: diagnosis and treatment

ECHOCARDIOGRAPHY

Transthoracic two dimensional (2D) echocardiography and Doppler imaging is the clini-
cal standard to detect PS and quantify its severity. For visualisation of the pulmonary
valve, the parasternal short axis view and alternatively the anterior angulated subcostal
or subxyphoid view are used (figure 3). These latter views are very useful in neonates
and children, in whom the distances are small. Furthermore, in adults it is sometimes
possible to obtain a parasternal long axis image by rotation of the probe by 90° and an-
gulating towards the right shoulder. In the parasternal short axis view, a thickened and

+PVVTI
Vmax 368 cm/s
Vmean 268 cm/s
Max PG 54 mmHg
Mean PG 32 mmHg
VTl 924 cm

~100
-cm/s
\ ~--100
) L
I --200

--300

--400

Sioms 84bpm

Figure 3. Echocardiographic and angiographic images of pulmonary stenosis

A. two-dimensional parasternal short axis view of a doming pulmonary valve.

B. corresponding Doppler image showing moderate pulmonary stenosis.

C. cineangiographic frame showing doming of the pulmonary valve and hyperkinetic contraction of the
infundibular myocardium.

D. cineradiographic frame showing balloon dilatation of the stenotic pulmonary valve. Note the “waisting“of
the balloon at the site of stenosis.
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often dome shaped pulmonary valve can be seen (figure 3A). Peak and mean gradients
can be measured by Doppler imaging. The orientation of the RVOT in the chest and the
posterior direction of the pulmonary artery make it relatively easy to align the echo
beam to the pulmonary flow, so off-angle interrogation is not a real problem in valvular
and supravalvular stenosis. Continuous wave Doppler imaging can best be obtained
with the sample volume located just distally to the tips of the pulmonary valve. Pulsed
wave Doppler is useful to discriminate between subvalvular, valvular and supravalvular
stenosis. In DCRV, however, alignment problems can be an issue, making it difficult to
measure the true gradient. Double checking with RV systolic pressure estimates from
the TR gradient will prevent underestimation of the true gradient. Both in multilevel
stenosis and more than mild regurgitation, the modified Bernouilly equation will overes-
timate the real gradient. Here too, the TR gradient will give a better estimate of the true
gradient. PS is graded as mild, moderate or severe (figure 4).> Accompanying PR can be
visualised with colour Doppler and continuous wave Doppler techniques. PR severity can
be estimated by the jet length and width compared to the annular diameter and RVOT
on colour Doppler imaging. This is sometimes difficult to assess, especially in eccentric
PR. Diastolic retrograde flow in the pulmonary artery branches, however, is always a sign
of severe PR.This should always be looked for in particular. A PR pressure half time <100
ms is also an indicator of haemodynamically significant PR. Semiquantitative assess-
ment of PR by the PR index (ratio of PR duration to diastolic duration) can be useful’ A
PRindex <0.77 yields 100% sensitivity and 85% specificity for identifying patients with a
significant PR (ie, >24.5% regurgitation). In severe PR, RV diastolic function can become
restrictive. Although this reflects abnormal haemodynamics, its effect is beneficial: the
high end-diastolic RV pressure causes end-diastolic antegrade flow over the pulmonary
valve and thereby limits the amount of PR.

Quantitative assessment of RV volume and function by 2D echocardiography is
limited. Three dimensional (3D) echocardiography can accurately estimate RV volume

Peak Doppler velocity (m/s) <3 3-4 >4
Peak Doppler gradient (mmHg) < 36 36 - 64 > 64
Mean Doppler gradient (mmHg) > 40

Always check tricuspid regurgitation gradient to rule out
overestimation of pulmonary stenosis gradient

Figure 4. Severity grading of pulmonary stenosis
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Figure 5. Echocardiographic measure-
ments of right ventricular dimensions

1. Parasternal long axis view. 2. Paraster-
nal short axis view. 3. Apical four cham-
ber view.

RV, right ventricle; LV, left ventricle; RA,
right atrium; LA, left atrium; Ao, aorta; PA,
pulmonary artery; RVOT, right ventricular
outflow tract; RVIT, right ventricular in-
flow tract; RVLAX, right ventricular long
axis.

and ejection fraction,*" but it has limitations due to a limited acoustic window. Quali-
tative assessment is hampered by subjectivity, but can be used to estimate dilatation
and deterioration of function over time. Routine work-up of the right heart includes
parasternal long and short axis views for measurements of RV inflow and outflow di-
mensions (figure 5) and assessment of the tricuspid and pulmonary valve, and the apical
four chamber view for long and short axis dimensions, tricuspid annular plane systolic
excursion (TAPSE), and fractional area change.

MRI

MRI is useful for studying the anatomy of the RVOT, pulmonary artery and its branches,
using cine and phase contrast techniques and 3D gadolinium imaging. The precise
location of the stenosis can be visualised, which is valuable in distinguishing between
subvalvular, valvular and supravalvular stenosis especially. Flow artefacts in gradient
echo images can be indicative of stenosis or regurgitation. Velocity mapping, based
on the principle of phase shift between stationary and moving tissue, which can be
translated into voxel velocity at any point of the cardiac cycle, can be used to study
the peak velocity of flow over the pulmonary valve. Because this technique detects the
velocity of the fastest protons in the flow, the maximum velocity measured by MRI is
often higher than that measured by echo Doppler, in which the mean velocity of many
erythrocytes is calculated. A major drawback of velocity mapping MRI techniques is that
the technique is based on laminar flow, and is detrimentally affected by turbulent flow
patterns such as in valvular stenosis. Consequently, for determination of flow velocities,
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echocardiography is the technique of choice. Flow volumes, however, can be accurately
assessed by MRI. This is especially useful for determination of the regurgitant volume
in PR after a prior intervention. MRl is considered the gold standard for assessment and
quantification of (right) ventricular volume, mass and function. It is not bothered by
the geometric assumptions that are unavoidable in echocardiography. Limitations of
cardiac MRI are its incompatibility with most pacemakers and other metal devices, the
requirement of breath holds, and a regular heart rhythm. Furthermore, its availability is
still limited and costs are high, and claustrophobia may make a patient unsuitable for
MRI.

Multislice CT

Multislice CT (MSCT) might be the superior diagnostic technique to study the anatomy
of the RVOT and the pulmonary arterial tree especially, but it lacks possibilities for
volumetric and functional assessment. For routine follow-up, MRI is preferred over
MSCT where possible, because of the ionising radiation of the latter, especially where
young patients are concerned. Moreover, for image acquisition with MSCT, a low heart
rate is required. Cardiac catheterisation and angiography This has been the classic way
of determining the severity of PS. Pressure gradients can be measured directly and
angiography represents anatomy accurately (figure 3). Nowadays, cardiac catheter-
ization is used for invasive treatment, because the diagnosis and severity of stenosis

Is one of the following present?
- PS related symptoms ——NO—| o intervention [€
RVOTO . - Decreased RV function indicated
<64 mmHg g - Double-chambered RV
- Important arrhythmias
- R-to-L shunting via ASD/VSD
YES
RVOTO
>64 mmHg o Intervention
(regardless of indicated
symptoms)
YES
>50% diameter narrowing
and NO
Peripheral PS > RVP >50 mmHg

and/or
Diminished lung perfusion

Figure 6. Indications for intervention in pulmonary stenosis(A) and regurgitation after previous treatment
(B). In asymptomatic patients in whom valve replacement is the only option, the treshold for intervention
is higher: surgery should be performed in the presence of a systolic RV-pressure > 80 mmHg (TR velocity
>4.3m/s).

RV, right ventricle; RVOTO, right ventricular outflow tract obstruction; RVP, right

ventricular systolic pressure; PS, pulmonary stenosis; PR, pulmonary regurgitation; TR, tricuspid regurgita-
tion.
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will already have been assessed by echocardiography. For comparison with the older
literature, on which guidelines are still partly based, translating the Doppler derived
peak instantaneous gradient into the peak-to-peak invasive gradient becomes relevant.
Although overestimation of the gradient by Doppler is less likely to occur in pulmonary
valve stenosis than in aortic stenosis, in case of doubt severity confirmation by invasive
measurement is warranted.

TREATMENT

Indications

The goal of treatment is relief of the RVOT obstruction, thereby alleviating the pressure
overloaded RV. Any obstruction in the RVOT and/or pulmonary valve with a Doppler
derived peak instantaneous gradient >64 mm Hg (peak velocity >4 m/s) should be re-
paired. Indications for treatment in moderate PS or peripheral pulmonary artery stenosis
are summarised in figure 6.5 In case of asymptomatic valvular stenosis in which balloon
valvuloplasty is not possible, surgical repair should be performed in the presence of a
systolic RV pressure >80 mm Hg (TR velocity >4.3 m/s).

Choice of treatment

Since balloon pulmonary valvuloplasty (BPV) was introduced in the 1980s, it has rapidly
replaced surgical valvotomy as the preferred treatment. If there is a hypoplastic pulmo-
nary annulus or a severely dysplastic valve, or if the stenosis is infundibular or associated
with other lesions which have to be repaired, the result may be limited and surgical
treatment will often be necessary.

Balloon pulmonary valvuloplasty

Venous access is usually achieved via the femoral vein, but access through the jugular,
axillar or hepatic veins is possible in the case of occluded femoral veins. The valve is
dilated with a balloon sized 1.2-1.4 times the pulmonary annulus. The procedure is
considered successful when the invasive gradient is reduced to <30 mm Hg. In expe-
rienced hands the risk of death or major complications is very low, 0.24% and 0.35%,
respectively."® Complications, including transient bradycardia and hypotension during
balloon inflation, transient or permanent right bundle branch block or atrioventricular
block, balloon rupture, tricuspid papillary muscle rupture, and tears in the pulmonary
artery have been reported, but all are rare. Development of post-procedural infundibu-
lar stenosis may occur, but this usually resolves over time. Rarely, 3-blocker treatment is
necessary for this dynamic RVOT obstruction after balloon valvulotomy.
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Surgical repair

Many different approaches have been used to repair valvular PS. The initial surgical cor-
rection consisted of a closed valvulotomy, first performed in 1948 by Lord Brock. After-
wards the procedure evolved to open valvulotomy, initially using inflow occlusion and
later on cardiopulmonary bypass. Nowadays, an open commissurotomy or valvulotomy
is performed, in which the pulmonary trunk is opened through a vertical incision. If
present, the fused commissures of the valve are opened by incision. Valvular tissue is
excised only when other methods fail to achieve a wide opening. The same goes for
the use of a transannular patch of autologous pericardium. In isolated valvular PS, the
perioperative risk is very low, and the risk of death approaches zero.® As initial treatment,
valve replacement is rare.

Redo intervention and future options

In patients with significant residual PS after BPV, a redo BPV can be performed with
a larger balloon. If this is still unsuccessful, surgical intervention will be necessary.
Sometimes pulmonary valve replacement cannot be avoided. Then implantation of a
non-mechanical valve is preferred, because the risk of thrombosis in pulmonary me-
chanical valves is higher than in mechanical valves in the aortic position. Our preference
is implantation of a pulmonary homograft, but availability of homografts can be limited.
Other surgeons might prefer the use of other bioprosthetic valves. Surgical valve re-
placement may also be necessary in the case of severe, haemodynamically significant PR
after BPV or previous surgery. In patients who have already received a non-mechanical
valve, stenosis or regurgitation can develop over time. In those patients, percutaneous
valve implantation may be an option. For PR after correction with a transannular patch,
percutaneous intervention is not possible yet, but new devices are being developed.
The first in-human implantation of a new, self-expandable valve has been reported.”

Late outcome

Unoperated patients

The natural history of patients with mild PS is usually benign. In the Second Natural
History study,® patients with an invasive peak-to-peak gradient <25 mm Hg had normal
survival and no progression of their stenosis in 25 years of follow-up; patients with a
gradient between 25-49 mm Hg had a 20% chance of ever needing an intervention; and
the majority of patients with a gradient =50 mm Hg experienced progressive stenosis
and required intervention. There was no advantage in delaying intervention in the latter
patient group.
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Patients after surgical correction

Overall survival of patients after surgical correction of valvular PS is good, with survival
rates of 90-96% 25 years after surgery (table 2).>*" If surgery is performed during
childhood then survival is comparable to the normal population, while if repair of the
stenosis is performed at adult age a 70% 25 year survival is described.? Although survival
is good, these patients do have residual lesions. Postoperative PR is common, especially
if a transannular patch is used. Because PR is usually tolerated well for many years, re-
intervention is not often required in the first decades after surgery. In the long run,
however, PR can lead to irreversible RV myocardial damage. Therefore, postoperative PR
should be followed carefully. Indications for reintervention are summarised in figure 6.

Patients after balloon valvuloplasty

Long term outcome and survival after BPV are good, as is summarised in table 2.9 ">
wEW18 At mid-term follow-up (<2 years), restenosis, defined as an invasive gradient >50
mm Hg, is observed in 8-10% of patients. In the absence of severe annular hypoplasia
and valvular dysplasia, this can be treated with a repeat BPV using a larger balloon
with good success rates. Risk factors for restenosis are use of a relatively small balloon
(balloon:annulus ratio <1.2) and an immediate invasive post-BPV gradient of =30 mm
Hg. In the long term follow-up, the freedom of reintervention is reported as 88% and
84% at 5 and 10 years, respectively. Surgical intervention could be avoided in nearly
all patients. PR was present in 40-90% of patients, with increasing prevalence over
time. However, RV volume overload does not seem to be a major problem. The risk of
significant PR seems to be related to younger age at treatment and smaller body surface
area (BSA), more severe PS, use of a large or non-compliant balloon, and low residual
gradient at the time of BPV.

CLINICAL FOLLOW-UP

Patients with PS require lifelong follow-up with regular echocardiographic imaging,
checking for the degree of PR, RV pressure, size and function and TR, unless their steno-
sis is mild (<36 mm Hg) and stable. Attention should also be paid to the occurrence of
arrhythmias. Follow-up frequency depends on the severity of the lesion. Patients with
mild PS, whether untreated or residual, require follow-up only once every 5 years. Pa-
tients with moderate PS or PR should be checked annually, including echocardiographic
imaging every 2 years.
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ENDOCARDITIS PROPHYLAXIS

Prophylactic use of antibiotics to prevent bacterial endocarditis is considered un-
necessary, except in patients who have a valvular prosthesis, whether it is mechanical,
autologous or biological.

PREGNANCY AND RECURRENCE RISK

Because the survival of patients with PS is good, many will reach reproductive age and
will want to start a family. Questions about the haemodynamic burden of pregnancy,
the impact on ventricular function, and the recurrence of PS in the offspring will thus be
frequently encountered.

Recurrence risk

In isolated, non-syndromic PS the recurrence risk is reported to be 1.7-3.7%." "% |n

syndromic PS the recurrence risk will be higher, depending on the inheritance pattern
of the specific syndrome. While the underlying genetic defect has been identified for
the various syndromes associated with PS (table 1), this remains unknown for isolated
valvular PS. Referral to the clinical genetics department should be offered to patients
considering reproduction, especially when other family members also have a congenital
defect.

Pregnancy in PS

In women with mild-to-moderate PS, either native or after previous correction, preg-
nancy is tolerated well. In severe PS, however, pregnancy may lead to right sided heart
failure, due to the increased haemodynamic burden of pregnancy with an increase in
cardiac output of 30-50%. Furthermore, atrial arrhythmias occur more frequently dur-
ing pregnancy, especially in women with a previous history of such arrhythmias. These
complications can occur regardless of the functional class before pregnancy. A decrease
in ventricular function may occur and does not always resolve after pregnancy. In a
Dutch retrospective study of 81 pregnancies in 51 women with mostly mild PS (New
York Heart Association (NYHA) functional class | (almost 90% of patients) or Il), cardiac
complications occurred in 11 pregnancies (14%): two showed persisting deterioration
of NYHA class (I>11), and in nine cases palpitations or arrhythmias were reported, but not
investigated further. In a large review of the literature regarding cardiac and non-cardiac
complications in pregnancy in women with congenital heart disease,18 there appeared
to be no cardiac complications in women with PS, although the rate of hypertensive
pregnancy complications was higher than in the general population. Taking all this
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into account, there seem to be no grounds for discouragement of pregnancy in women
with asymptomatic mild-to-moderate PS with a normal ventricular function, exercise
tolerance and oxygen uptake. In women showing signs of reduced exercise tolerance
or ventricular impairment, correction of the stenosis before conception should be
considered. In severe PS, women should undergo correction before conception or they
should be counselled against pregnancy. Women who are only discovered to have a
significant PS during pregnancy should be followed in a tertiary centre. In the rare case
of progressive right heart failure during pregnancy, BPV is the best treatment option.
BPV can be performed with relatively low risk for the mother and child.” Open heart
surgery in pregnancy has a high risk of fetal complications or death, up to 30%."*' **

Pregnancy in PR

PR is often well tolerated in pregnancy. A London study of 76 pregnancies in 47 women
with variable degrees of residual haemodynamic lesions of the RVOT showed that even
in those with moderate-to- severe PR the pregnancy outcome was good. Predictors
for right heart failure were twin pregnancy, branch PS, RV systolic dysfunction, and RV
hypertrophy.”

Delivery

There will hardly ever be a cardiological indication for delivery by caesarean section.
Unless women are in overt heart failure, vaginal delivery is safe.

EXERCISE AND SPORTS

Patients with mild PS and those without significant residual lesions after previous cor-
rection can live normal lives, without any exercise restriction. They should be allowed to
participate in competitive sports. Patients with moderate PS and normal biventricular
function can participate in moderate levels of exercise, and should be encouraged to
do so. They should avoid competitive and static sports. In patients with severe PS, the
stenosis must be resolved before they can resume unrestricted physical activity. While
awaiting intervention they should be restricted to low intensity sports.

Patients with significant residual PR and RV dilatation should be considered for
pulmonary valve replacement before increasing their level of physical activity. Timing
of such an intervention depends on (systolic) ventricular function, volume and cardiac
reserve, and their deterioration in time.

87



Chapter 4

CONCLUSION

PS is a congenital heart defect with widely variable presentation. It usually can be
treated well, with low risk. Nevertheless, patients can have or develop residual lesions
and therefore most of them require lifelong cardiological follow-up.
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Pulmonary stenosis: key points

» The clinical picture of pulmonary stenosis (PS) varies widely, from critical stenosis

in the newborn to lifelong asymptomatic mild stenosis.
» The birth prevalence of PS seems to be increasing gradually and is highest in Asia.
» PS can be part of an inheritable syndrome; if not, recurrence risk is 1.7-3.5%.

» First choice treatment is balloon pulmonary valvuloplasty. It can be performed

with low risk and has good long term results.

» Patients with mild PS do not need exercise restrictions. Patients with more severe

stenosis should avoid competitive and static sports.

» Pregnancy in women with PS is generally well tolerated. The vast majority can
go safely through pregnancy and delivery as long as adequate pre-pregnancy
counselling and specialised high quality care during pregnancy and delivery are
offered.
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ABSTRACT

Purpose

To provide prospective information on long-term outcome after surgical correction of
valvular pulmonary stenosis (PS).

Methods

Eighty-nine consecutive patients operated for PS during childhood between 1968-1980
in our center are followed longitudinally for 37+3.4 years, including extensive in-hospital
examination every 10 years.

Results

Survival information was available in 93% of the original 89 patients. Cumulative survival
was 97% at 20 years and 93% at 40 years. Excluding perioperative mortality (< 30 days),
survival was 95% at 40 years. Of 46 eligible survivors, 29 participated in the in-hospital
examination, 15 gave permission to use their hospital records (96% participation).
Cumulative event-free survival was 67% after 40 years: 25% needed a reintervention,
12% underwent pacemaker implantation and 9% had supraventricular arrhythmias.
Early reinterventions were mainly for residual PS, late reinterventions for pulmonary
regurgitation. Subjective health status was good. Exercise capacity was normal in 74%
(median 96 [82-107]1% of expected). RV and LV dysfunction was found in 13% and 41%
respectively. The use of a transannular patch (TAP) and younger age at surgery were
predictive for late events (HR 3.02 [95%CI: 1.09-8.37] and HR 0.81/year [95%Cl 0.66-0.98]
respectively). Use of inflow occlusion compared to cardiopulmonary bypass showed a
trend towards more re-interventions (HR 3.19 [95%Cl: 0.97-10.47]).

Conclusion

Survival up to 40 years after successful PS repair is nearly normal. Subjective health
status is good and there is a low incidence of arrhythmias. Reinterventions, however,
are necessary in one quarter and in the last decade a substantial number of patients
developed LV dysfunction.
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INTRODUCTION

Valvular pulmonary stenosis (PS) is a relatively common congenital heart defect, occur-
ring in about 1 in 2000 live births worldwide.' Birth prevalence seems to be increasing,
mainly in Asia,’ but this may be an effect of better recognition due to improved diagnostic
tools. Survival after surgical correction, which has been performed since the mid 1950’
is very good, with reported survival rates up to 96% after 25 years.”* Nowadays, balloon
pulmonary valvuloplasty has largely replaced surgical correction as the first choice treat-
ment. There are still many patients, however, who underwent surgical correction in the
past. They may encounter residual problems like pulmonary regurgitation (PR), which
has been reported increasingly as follow-up duration is increasing,” and may require
reintervention. Also arrhythmias and deterioration in ventricular function have been
reported.** Reports on long-term outcome have been mainly of retrospective nature,
and moreover results beyond 25 years are hardly documented in literature.” Therefore,
we aim to describe survival and morbidity in our cohort of patients that underwent sur-
gical correction of their PS before 1980. This study is unique, as it prospectively followed
a cohort of consecutively operated patients for 30-40 years, with extensive in-hospital
examination every ten years.’

METHODS

Study patients

The 89 consecutive patients who underwent surgical correction for valvular PS in our in-
stitution between 1968 and 1980 at an age <15 years, were included in this longitudinal
study. The cohort was first studied in 1990 and again in 2001. Survival status of all 89 pa-
tients of the original cohort was obtained from the Dutch National Population Registry.
In 1990, erroneously, 36 patients were not invited for the first follow-up study.® In 2001,
efforts were made to trace them, but most were lost to follow-up or did not respond to
the invitation. To allow comparison of repeated measurements, all surviving patients
who had participated in one or both of the previous follow-up studies were invited
to participate in the current, third, detailed in-hospital examination (n=46). Baseline
characteristics, surgical procedure, and earlier results have been reported previously.?
The present study protocol was approved by the institutional Medical Ethics Committee
(2010-015). Written informed consent was obtained from all study participants.

Survival and adverse events

Survival status of the whole surgical cohort was obtained from the Dutch National
Population Registry and compared to the survival of the reference, age-matched Dutch
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population.® Adverse events included cardiac reinterventions (surgical or percutaneous),
symptomatic arrhythmias (requiring medication, cardioversion or ablation), pacemaker
or ICD implantation, stroke, heart failure (requiring medication or hospital admission)
and endocarditis. All events were assessed by 2 independent investigators (JC, MM).

Clinical and subjective health status assessment

Medical examination included history, physical examination, 12-lead electrocardiogra-
phy (ECG), 24-hour ambulatory Holter monitoring, 2D-echocardiography, cardiopulmo-
nary exercise testing and NT-proBNP measurement.

If a patient was unwilling or unable to visit the hospital, a questionnaire was sent to
obtain information on morbidity and subjective health-status, and to receive permis-
sion for the use of information from their medical records. Participants completed the
36-item short-form healthy survey (SF-36) and results were compared to those of the
normative, age-matched Dutch population.’

Electrocardiography and Holter monitoring

Standard 12-lead surface ECGs were analyzed for rhythm, PR interval and QRS duration.
ECGs with pacemaker rhythm were excluded from analysis of conduction times. A 24-
hour Holter monitoring was performed with a Cardio Perfect Holter DR180+ three chan-
nel recorder (Welch Allyn Cardio Control, NorthEast Monitoring, Maynard, MA, USA).

Echocardiography

A complete two-dimensional transthoracic Doppler echocardiography was performed
using the iE33 xMATRIX X5-1 system (Philips Medical Systems, Best, the Netherlands).
Cardiac dimensions and function were measured according to the current guidelines.?
Right ventricular (RV) and left ventricular (LV) function were assessed visually to allow
comparison with the two previous studies. Additionally, more objective measures in-
cluding RV fractional area change (FAC), S’ of the lateral tricuspid annulus and Simpson
biplane method were measured to quantify ventricular function. Measurements were
obtained by 2 independent observers (JC, MM).

Cardiopulmonary exercise testing

Maximal work load and peak oxygen consumption were assessed by cardiopulmonary
exercise testing (CPET) using a bicycle ergometer with gradual workload increments of
20 Watts per minute (Ramp protocol) and compared to the values of normal individuals
corrected for age, gender, height and weight. The ratio of minute ventilation to carbon
dioxide production (VE/VCO2) was assessed at maximum workload. Performance was
considered maximal when a respiratory quotient (RER) of > 1.1 was reached. Maximal
work load of <85% was considered abnormal.
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NT-proBNP measurement

Venous blood samples were collected after 30 minutes of rest. Plasma NT-proBNP was
assessed by electrochemiluminescence immunoassays (Elecsys, Roche Diagnostics,
Basel, Switzerland). The normal value for NT-proBNP in our hospital is <14 pmol/L.

Statistical analysis

Continuous data are presented as mean with standard deviation (SD), or median with
interquartile range [Q1-Q3] depending on the data distribution. Categorical data are
presented as frequencies and percentages. Changes in patient characteristics since the
follow-up studies in 1990 and 2001 were evaluated by estimating a trend using mixed
models which take missing values into account. Differences between independent
subgroups are evaluated by Mann-Whitney-U tests (continuous data), and by Chi® or
Fisher’s exact tests (categorical data). To quantify correlations between two variables,
the Spearman correlation test was used.

Cumulative survival and event-free survival of all patients, and of patients with suc-
cessful PS repair (i.e. excluding postoperative mortality <30 days) were determined
by the Kaplan-Meier method. Cumulative event incidences were estimated with the
Kaplan-Meier method. In case of sufficient event numbers, univariable and multivari-
able Cox regression analyses were used to identify determinants of predefined adverse
events: all-cause mortality, arrhythmias, reinterventions, heart failure and endocarditis.
For the mixed models we used SAS software (version 9.3). All other statistical analyses
were performed using the Statistical Package for Social Sciences (version 21, SPSS Inc.,
Chicago, IL). The statistical tests were two-sided and P<0.05 was considered statistically
significant.

RESULTS

Survival

Survival status could be obtained in 84 of the 89 patients (93%). Two patients died
early due to postoperative complications a third died 10 months postoperatively due
to perioperative brain injury.’ There were 3 late deaths, respectively 24, 25 and 31 years
after operation. One 29 year old patient died in a car accident, one 38 year old died
unexpectedly during his sleep and the third died due to myocardial infarction, aged
37. Cumulative survival was 97%, 94% and 93% at 20, 30 and 40 years of follow-up,
respectively (Figure 1). Excluding early postoperative mortality, survival was 99%, 96%
and 95% at 20, 30 and 40 years of follow-up.
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Figure 1. Survival and event-free survival of PS patients compared to the general Dutch population.

Study patients

Of the 46 eligible patients 44 (96%) were included: 29 (66%) participated in-hospital and
15 (34%) completed the questionnaire and gave permission to use the hospital records
of their regular clinical follow-up. For the current study, the median post-operative
follow-up was 36 years [34-39](range 31-43). The baseline characteristics of the partici-
pants are shown in table 1.

Table 1. Baseline characteristics

Original cohort participants
Baseline characteristics (n=89) 1990 (n =44) 2001 (n=37) 2012 (n = 44)*
Male (%) 53 52 49 49
Palliation (%) 34 4.5 5.4 44
Patch (%) 20 32 32 29
RV incision (%) 35 55 46 51
Cardiopulmonary bypass (%) 46 66 62 67
Inflow occlusion (%) 53 32 38 32
Hypothermia (%) 73 89 89 87
Aortic clamping (%) 45 71 60 67
Age at operation (years) 5.6[2.1-8.3] 4.71.2-7.7] 4.6[1.1-7.5] 5.1[1.1-7.8]
Temperature during surgery (°C) 30[28-33] 30[28-32] 29[28-32] 29[28-32]
Aortic cross clamp time (minutes) 20 [7-37] 18 [5-35] 15 [5-27] 18 [7-38]
Preop. systolic RV pressure (mmHg) 106 [90-140] 119 [95-149.5] 112 [95-144] 112 [90-144]
Follow-up duration (years) - 14.7[12.6-17.7]  25.5[23.8-29.4]  36.3[33.5-39.1]
Age at study (years) - 18.9[16-24] 29.8[27.1-35.8]  39.4[36.9-45.4]

RV=right ventricle. *Participants in 2012 took part in one or both previous studies.
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Adverse events

Cumulative event free survival was 85%, 73%, 71% and 67% at 10, 20, 30 and 40 years.
The most frequent event was reoperation. There we no discrepancies between assess-
ments of the 2 evaluators regarding post-surgical events.

Reinterventions: 25% of the patients needed a reintervention: one patient had a re-
thoracotomy 2 days postoperatively for unspecified postoperative complications. He
died shortly thereafter. Five patients needed a reoperation for residual PS, at 2, 2, 2.5, 3
and 17 years after operation. Four patients needed pulmonary valve replacement (PVR)
for severe PR after 18,18,19 and 30 years. One patient had a balloon dilatation of residual
PS at the age of 16. One patient underwent ASD closure 3 years after the pulmonary
valvotomy.

Arrhythmias: cumulative incidence after 40 years of follow-up was 9%: three patients
had atrial flutter at 16, 18 and 21 years follow-up. One of them developed recurrent
atrial fibrillation afterwards for which an atrioverter ICD was implanted at the age of
30. One other patient had atrial fibrillation at the age of 19. There were no symptomatic
ventricular arrhythmias.

Pacemaker implantation was necessary in 12%: in 2 patients for sick sinus syndrome
at 17 and 19 years of follow-up; in the third for 2™ degree AV-block at the age of 48, 38
years after operation.

No patient developed endocarditis, stroke or heart failure.

Subjective health status assessment

On all SF-36 domains patients scored at least as good as the normative population.
On social functioning, role limitations due to emotional problems and mental health
perception, patients even scored significantly better (Figure 2).

Electrocardiography and Holter monitoring

The ECG and Holter findings are summarized in Table 2. There was no clinically signifi-
cant increase in conduction delay or sinus node dysfunction. None of the patients had
ventricular pauses >3 seconds. There was no progression of SVT or VT on Holter monitor-
ing since 2001. None of the patients showed sustained VTs.

Echocardiography

Table 2 focusses on the comparison with the previous investigations of the same
patients. Table 3 describes the state-of-the-art echo measurements, only assessed in
2012.The decline in ventricular function was found by both visual assessment and semi-
quantitative assessment (RV FAC and LVEF). No correlation between diminished RV and
LV function was observed. There were no significant associations between severity of
valvular regurgitation and any parameter of RV and LV function, although there was a
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Figure 2. SF-36 results for PS patients and the general Dutch population.
Higher scores indicate more favorable status. *P<0.001.

trend towards lower LVEF in patients with severe PR (p=0.062). Patients with a transan-
nular patch repair (TAP) had lower TAPSE (16.5 versus 19 mm, p=0.031) and RV S’ (9.6
versus 12.1 cm/s, p=0.032) than patients without.

Patients operated at normothermia had higher RV FAC (56 versus 45%, p=0.017) and
temperature during surgery was related to TAPSE (p=0.013, p=0.491).

RV S’ was higher in patients operated at older age (p=0.007, p=0.548) and with longer
follow-up (p=0.049, p=0.414).

Patients with TAP tended to have severe PR or PVR more often than patients without
(67% versus 27%, p=0.056). There was no difference in deterioration of LV function in
patients with and without severe PR.

Cardiopulmonary exercise testing

Table 2 shows the results of CPET. Median maximal workload was 96 [82-107]% of ex-
pected. Twenty-six percent of the patients had a diminished exercise capacity (<85% of
expected), this did not deteriorate over the last 10 years. Exercise capacity was related
to LVEF (p=0.024, p=0.516). Exercise capacity was related to temperature during surgery
(p=0.032, p=0.422). Exercise capacity was better in patients without TAP (103% vs 81%,
p=0.027), without RV incision (104 versus 89%, p=0.036) and without prior palliation
(97% versus 69%, p=0.009) and tended to be better in patients who were operated at
younger age (p=0.069, p=0.342).

Peak oxygen uptake was higher in patients without a patch (97% versus 73%, p=0.014)
and lower in patients with diminished TAPSE (72% versus 97%, p=0.023).
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1990 2001 2012
Electrocardiography n=33 n=36 n=35 p-value
Rhythm
Sinus 29 (88%) 34 (94%) 31 (88%) 0.83
Atrial 4 (12%) 0 1 (3%) 0.109
Pacemaker 0 2 (6%) 3(9%) 0.127
PR interval (ms) 150 [130-160] 149 [137-160] 151 [142-178] 0.0039
PR =200 ms (%) 0 2 (6%) 2 (6%) 0.2421
QRS duration (ms) 90 [80-100] 100 [96-114] 103 [96-121] 0.0001
QRS duration 2120 ms 3 (9%) 8 (24%) 8 (25%) 0.1009
QRS duration =180 ms 0 0 0 -
24-hour Holter n=40 n=34 n=28
Supraventricular arrhythmias
Sinus node disease 13 (33%) 12 (35%) 6 (21%) 0.3558
SVT 5(13%) 4(12%) 8 (29%) 0.1117
Paroxysmal atrial fibrillation 0 0 0 -
Paroxysmal atrial flutter 0 0 0 -
VT 3-10 complexes 2 (5%) 1(3%) 2 (7%) 0.7404
VT >10 complexes 1(3%) 0 0 -
Bicycle ergometry n=42 n=34 n=31
Maximal heart rate (%) 94 [89-98] 94 [88-96] 92 [86-96] 0.24
Maximal exercise capacity (%) 102 [90-115] 91 [84-98] 96 [82-107] 0.005
Exercise capacity <85% 8 (19%) 8 (24%) 8 (26%) 0.4101
Arrhythmias 7 (17%) 3 (9%) 2 (6%) 0.1595
VO, max (%) - - 86 [73-105] -
RER max - - 1.33[1.24-1.42] -
VE/VCO2 max 32.2[28.3-34.9]
Echocardiographic parameters n=43 n=36 n=32
LA end-systolic dimension (mm) 32[25-35] 37 [32-40] 38[32-42] <0.0001
LV end-systolic dimension (mm) 25 [26-32] 32[27-34] 30 [26-34] 0.21
LV end-diastolic dimension (mm) 44 [40-48] 47 [43-50] 47 [44-50] 0.015
LV fractional shortening (%) 37 [30-42] 35[28-39] 35 [30-43] 0.309
Fractional shortening <30% 8(20%) 11 (31%) 6 (19%) 0.8214
RV systolic function normal - 35 (95%) 19 (58%) -
LV systolic function normal - 35 (95%) 21 (64%) -
PS peak velocity (m/s) - 1.8[1.5-2.1] 1.8[1.7-2.1] -
TR peak velocity (m/s) - 2.5[2.2-2.7] 2.5[2.4-2.7] -
PR >mild 19 (44) 15(43) 13 (41) 0.7172
TR >mild 3(9) 4(13) 3(11) 0.7232

SVT= supraventricular tachycardia; VT= ventricular tachycardia; RER= respiratory exchange ratio; RA=right
atrium; RV= right ventricular; LA= left atrium; LV= left ventricular; FS= fractional shortening; AR= aortic
valve regurgitation; MR= mitral valve regurgitation; PR= pulmonary valve regurgitation; PS= pulmonary
stenosis; TR= tricuspid valve regurgitation.

Categorical data are presented as n (%); continuous data as median [interquartile range].
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Table 3. Echocardiographic parameters only available in 2012

Median Q1-Q3 Abnormal (n, %) Cutt-off value for normal
TAPSE (mm) 19 17-20.5 5(17) >16
RV FAC (%) 46 39-53 4(13) >35%
RVS 109 9.6-13.3 6 (26) >10cm/s
LV EF (%) 55 49-63 9(41) male >52%, female >54%
E/A ratio 1.3 1.1-1.8 2(6) 0.7-3.1
E/E’ratio 8 6.4-12.3 4(12,5) <15
DET (ms) 204 165-243 15 (48) 139-219
Estimated SRVP (mmHg) 31 25-35 13(52) <30 mmHg

TAPSE= tricuspid annular plane systolic excursion; RV=right ventricular; FAC= fractional area change;
S'= lateral wall pulse tissue Doppler S wave; LV EF= left ventricular ejection fraction by Simpson’s method;
DET= deceleration time; SRVP= systolic right ventricular pressure.

Table 4. Predictors of the clinical end points all events and reintervention

ALL EVENTS (n=17) p-value HR cl

Univariate analysis

Use of a transannular patch 0.034 3.020 (1.089-8.371)
Age at operation 0.042 0.857 (0.738-0.994)
RV incision 0.812

Prior palliation <0.001 35.549 (5.747-219.908)
Inflow occlusion (no CPB) 0.105

Aortic cross clamp time 0.770

Preoperative RV pressure 0.726

Multivariate analysis

Age at operation 0.148 0.9 (0.8-1.0)

Prior palliation 0.001 24.1 (3.7-156.4)
REINTERVENTIONS (n=12) p-value HR cl

Use of a transannular patch 0.015 4611 (1.342-15.841)
Age at operation 0.033 0.805 (0.659-0.982)
RV incision 0.790

Prior palliation 1.000

Inflow occlusion (no CPB) 0.055 3.192 (0.973-10.470)
Aortic cross clamp time 0.734

Preoperative RV pressure 0.482

RV=right ventricle.

NT-proBNP measurement

Median NT-proBNP level was 13.2 [IQR 10.1-23.7] pmol/L. A mildly elevated NT-proBNP
level (>14.0) was measured in 48%. NT-proBNP was not related to LV or RV function, severity
of PR, exercise capacity or any of the baseline characteristics. All 3 patients with more than
mild tricuspid regurgitation had a higher NT-proBNP (29.3 versus 13.2 pmol/l, p=0.046).
NT-proBNP levels correlated with lower S’ of the RV lateral wall (p=0.019, p=-0.507).
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Predictor analyses

Results of the baseline parameters Cox regression analysis are shown in Table 4. The
limited number of events prevented separate testing of all outcomes. Patients who
were operated at older age, who had prior palliation and in whom a patch was used to
relieve the PS, were more likely to have an event. Adjusting for age at operation, prior
palliation remained a statistically significant predictor for events (p=0.001, HR 24.080
(3.7-156.4)). Younger age at surgery and TAP were associated with a higher incidence of
reintervention. Cardiac arrest by use of inflow occlusion showed a trend towards more
reinterventions. The use of a RV incision or a more severe PS preoperatively did not
predict outcome.

DISCUSSION

This prospective longitudinal study of PS patients operated at young age shows that
survival is excellent and comparable to the normal Dutch population. However, event-
free survival is only 67% at 40 years, with 25% of the patients needing at least one
reintervention. There was a low incidence of arrhythmias and no endocarditis or heart
failure occurred. Unexpectedly, we found a deterioration in LV function in more than
40% of the patients, which was associated with a lower exercise capacity.

Mortality and late events

Our study shows that mortality remains low up to 40 years after operation. Previous
reports have shown good survival after successful repair of PS up to 30 years of follow-
up,” however, longer studies were not available until now. Half of the mortality was due
to perioperative complications. When perioperative mortality is excluded, the survival
is even comparable to the normal population. Nowadays, with most PS patients being
treated percutaneously, early mortality is even lower.”

Late mortality in patients with congenital heart disease is typical due to heart failure
or arrhythmias,’ as was found in Fallot patients operated in the same era.'® Heart failure
was not found in our population, although there is ventricular dysfunction and PR in a
substantial number of patients. Fatal arrhythmia is only suspected in one of our patients.
This patient died suddenly and was not known to have diminished ventricular function
and had only mild PR.

Morbidity is mainly due to the need for reintervention, with residual PS being the main
reason for reintervention in the first decades, while reintervention for PR was typically
seen later on. The reintervention rate after balloon valvuloplasty is reported to be lower
(2.5-30%),” but follow-up is inevitably shorter. In comparison with tetralogy of Fallot, the
reintervention rate of PS patients seems to be lower.'” " We found a reintervention rate
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of 25% after 40 years in PS patients versus 44% in Fallot patients, while others report
reintervention rates between 2-20% after PS repair’ and 21-50% after Fallot repair.'" 2
One PS study reports reinterventions up to 59%, but this study also included the very
early era.* In our study 33% of the reinterventions was performed for PR and in addition
25% now has moderate to severe PR, probably needing reintervention in the future. This

underscores the need for lifelong follow-up after PS repair.

Subjective health status

Overall, exercise capacity in our patients was good, and better than reported by Kempny

etal.

Still, one quarter of our patients had a mildly diminished exercise capacity. Their
subjective health status, however, is comparable to or even better than normative data.
The higher scores in our group may be due to different frames of reference, overcom-

pensation, and social desirability."

Arrhythmia

Arrhythmias are not frequently reported to be a major problem in patients post PS repair.
In our group, they occurred in only 9%, and consisted of supraventricular arrhythmias
only. This is much lower than reported by Earing et al, who described clinically significant
arrhythmias (both supraventricular and ventricular) in 38%. None of our patients had
ventricular arrhythmias, neither clinically nor on Holter recording. Although QRS dura-
tion increased mildly over time, none had a QRS duration >180 ms, which is recognized
as a risk factor for ventricular arrhythmias and sudden cardiac death in Fallot patients "°.
AV-conduction delay was not a major problem in our patients. AV-conduction intervals
on ECG did not increase over time, and pacemakers were implanted for sick sinus syn-
drome and AV block only after earlier episodes of SVT.

Ventricular function and PR

While almost every patient in our cohort had a normal ventricular function 10 years ago,
a substantial number developed ventricular dysfunction in the last decade, concerning
both the right and especially the left ventricle. Regarding the RV, we were not surprised
to find a deterioration over time, as this is also observed in Fallot patients, who in part
suffer from the same residual problems. Zdradzinski et al reported similar RV function
and volumes in patients after surgical PS repair as in Fallot patients.'® In our study, the
amount of RV dysfunction in PS patients was less than in Fallot patients, studied in a
comparable manner and after a comparable follow-up.'® Puranik et al. also found a worse
ventricular function (on CMR) in Fallot patients compared to PS patients with the same
amount and duration of PR."” This was related to the presence of an acontractile patch in
the RVOT. Others reported larger RV volumes, worse RV EF and more PR in Fallot patients
compared to PS patients treated with balloon valvuloplasty.'® ' Also in our study TAPSE
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and RV lateral S, measures of RV function, were better in patients without a patch. In
conclusion, the RV in PS patients seems better than in Fallot, but also hampered by the
presence of a TAP.

The observed deterioration in LV function is harder to explain. Our first thought, of
having become more critical in visual assessment of ventricular function, seems to be
offset by the results of the semi-quantitative assessments confirming diminished LV
function. In addition, diminished LV function was found to be associated with diminished
exercise capacity, so this seems clinically relevant. Is this deterioration of LV function due
to suboptimal techniques of cardiac arrest and cardio-protection during surgery in the
earliest surgical era? We did not find a difference in LV function between patients that
were operated using inflow obstruction or cardiopulmonary bypass, or between those
operated in the earliest years compared to those who were operated in the later years, to
underscore this argument. We assumed a contribution of ventricular-ventricular interac-
tion, but were not able to show an association between diminished RV and LV function
in our relatively small group.

A substantial number of our patients had more than mild PR, but this did not deterio-
rate over the last decade. PR is known to be tolerated well for a long time, and timing
of PVR remains difficult. The goal is to prevent irreversible deterioration of ventricular
function. Most recommendations on when to intervene for PR are based on findings in
Fallot patients *°. In the absence of more specific literature, we tend to apply the same
recommendations in post-PS patients. Because deterioration of RV function may be
present in completely asymptomatic patients, regular follow-up seems indicated.

Predictors for late events

Although the amount of events in our study group was too small to test for different
events separately, we were able to show that the use of palliation prior to the PS repair,
the use of a TAP and repair at younger age were related to more events.

CONCLUSION

Survival up to 40 years after successful repair of PS is nearly as good as survival in the
general population. Subjective health status is very good. There is a low incidence of
arrhythmias. Reinterventions, however, are necessary in one quarter of the patients and
function of both right and left ventricle need careful attention.

Study limitations

The number of patients in this study is limited. Nevertheless, we were able to gather
medical information on 44 (96%) of the 46 approached patients, of whom we have data
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over time. Moreover, this is the only cohort worldwide that is being followed conse-
quently every 10 years, regardless of whether patients are still followed in the outpatient
clinic.

Due to the limited number of events in our cohort, we were only able to perform
univariable testing for predictors of outcomes.

Diagnostic methods have changed inevitably over the last decades. For comparison
with data of the previous study in this cohort, we used the same methods as were used
in the past. Additionally, we performed and reported all up-to-date diagnostic methods
which were available in 2012.
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ABSTRACT

Background

Prospective data on long-term survival and clinical outcome beyond 30 years after
surgical correction of tetralogy of Fallot are nonexistent.

Methods and Results

This longitudinal cohort study consists of the 144 patients with tetralogy of Fallot who
underwent surgical repair at <15 years of age between 1968 and 1980 in our center. They
are investigated every 10 years. Cumulative survival (data available for 136 patients) was
72% after 40 years. Late mortality was due to heart failure and ventricular fibrillation.
Seventy-two of 80 eligible survivors (90%) participated in the third in-hospital investiga-
tion, consisting of ECG, Holter, echocardiography, cardiopulmonary exercise testing,
N-terminal pro-brain natriuretic peptide measurement, cardiac magnetic resonance
(including dobutamine stress testing), and the Short Form-36 questionnaire. Median
follow-up was 36 years (range, 31-43 years). Cumulative event-free survival was 25%
after 40 years. Subjective health status was comparable to that in the normal Dutch
population. Although systolic right and left ventricular function declined, peak exercise
capacity remained stable. There was no progression of aortic root dilation. A previous
shunt operation, low temperature during surgery, and early postoperative arrhythmias
were found to predict late mortality (hazard ratio, 2.9, 1.1, and 2.5, respectively). An
increase in QRS duration and a deterioration of exercise tolerance and ventricular dys-
function did not predict mortality. Insertion of a transannular patch was a predictor for
late arrhythmias (hazard ratio, 4.0; 95% confidence interval, 1.2-13.4).

Conclusions

Although many patients needed a reoperation or developed arrhythmias, late mortality
was low, and the clinical condition and subjective health status of most patients re-
mained good. Previous shunt, low temperature during surgery, and early postoperative
arrhythmias were found to predict late mortality.
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INTRODUCTION

Tetralogy of Fallot (ToF) is the most prevalent form of cyanotic congenital heart diseases.'
Although mortality was substantial in the earliest era of surgical correction,? survival
has improved dramatically over the years: 90% of patients are currently alive 30 years
after successful surgical correction at a young age.>® Despite these satisfactory results,
survival up to 30 years is lower than in the normal population, and little is known about
long-term functional outcome and life expectancy beyond 30 years. >’

Although anatomic correction and physiological correction have been achieved, com-
plications such as pulmonary regurgitation leading to right ventricular (RV) dysfunction,
recurrent obstruction of the RV outflow tract, arrhythmias, sudden death, and aortic
dilation and regurgitation are found in late survivors."*’

Information on outcome after correction beyond 30 years is limited and has mostly
been collected retrospectively. Most previous studies focused on a selection of patients
regularly seen at the outpatient clinic, which may lead to selection bias. Our study is
part of a unique ongoing longitudinal follow-up that started in 1990. The patients are
investigated in hospital every 10 years.'” ' The aim of the present study is to provide
data on survival and clinical course, including late sequelae, in survivors up to 40 years
after initial correction and to detect predictors for outcome.

METHODS

Study patients

All consecutive patients who underwent surgical correction for ToF (excluding pulmo-
nary atresia) in our institution between 1968 and 1980 at <15 years of age were included
in this longitudinal study. The cohort was first studied in 1990, and the second follow-up
was performed in 2001. For the current third follow-up, survival status of the patients
was obtained from the Dutch National Population Registry. All patients who were alive
and had participated in 1 or both of the earlier follow-up studies were invited for the
third in-hospital investigation in 2011 to 2012. Detailed information describing the
baseline characteristics, surgical procedure, and 10- and 20-year follow-up results has
been reported previously."” "' The study protocol was approved by the institutional
Medical Ethics Committee (2010-015). Written informed consent was obtained from all
study participants.

Survival and adverse events

Survival was compared with the survival of the reference, age-matched Dutch population.
Adverse events were defined as all-cause mortality, cardiac reinterventions (both percu-
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taneous and surgical), symptomatic arrhythmias (needing medication or an intervention),
stroke, heart failure (needing medication or hospital admission), and endocarditis.

Clinical assessment

Medical examination included history, physical examination, subjective health status
assessment (Short Form-36), standard 12-lead ECG, 24-hour ambulatory Holter moni-
toring, 2-dimensional echocardiography, cardiopulmonary exercise testing, N-terminal
pro-brain natriuretic peptide (NT-proBNP) measurement, and cardiac magnetic reso-
nance (CMR) imaging with dobutamine stress testing unless contraindicated.

If a patient was unwilling or unable to visit the outpatient clinic, a questionnaire was
sent to obtain information on morbidity and subjective health status and to receive
permission for the use of information from medical records.

Subjective health status assessment

The scores on the 36-item short-form healthy survey (Short Form-36) of all study partici-
pants were compared with results of the normative Dutch population'? and with their
own results from 2001.

ECG and Holter monitoring

Standard 12-lead surface ECGs were analyzed for rhythm, PR interval, and QRS duration.
ECGs with pacemaker rhythm were excluded from comparison of conduction times. A
24-hour Holter monitoring was performed with a Cardio Perfect Holter DR180+ 3-chan-
nel recorder (Welch Allyn Cardio Control, NorthEast Monitoring, Maynard, MA).

Echocardiography

A complete 2-dimensional transthoracic Doppler echocardiography was performed with
the iE33 xMATRIX X5-1 system (Philips Medical Systems, Best, the Netherlands). Cardiac
dimensions and function were measured according to the current guidelines.” ' RV
function was assessed visually to allow comparison with the 2 previous studies. Addi-
tionally, more objective measures, including fractional area change and tricuspid an-
nular plane systolic excursion, were measured to quantify RV function.

Cardiopulmonary exercise testing

Maximal workload and oxygen consumption (VO,max) were assessed by cardiopulmo-
nary exercise testing using a bicycle ergometer with gradual workload increments of 20
W/min (ramp protocol) and compared with the values of normal individuals corrected
for age, sex, height, and weight. The ratio of minute ventilation to carbon dioxide pro-
duction (VE/VCO,) was assessed at the anaerobic threshold and at maximum workload.
Performance was considered maximal when a respiratory quotient of > 1.1 was reached.
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NT-proBNP measurement

Peripheral venous blood samples were collected after 30 minutes of rest. Plasma
NT-proBNP levels were determined with the use of the commercially available electro-
chemiluminescence immunoassay Elecsys (Roche Diagnostics, Basel, Switzerland). The
normal value for NT-proBNP in our hospital is <14 pmol/L.

CMR imaging with dobutamine

CMR imaging was performed with a Signa 1.5-T whole-body scanner (GE Medical
Systems, Milwaukee, WI) with dedicated phased array cardiac surface coils. Details of
the MR sequence used have been reported previously.”” Images were collected at rest
and after low-dose (7.5 pg-kg™'-min™") and high-dose (20 pg-kg™"-min™') dobutamine
administration. Contraindications for the use of dobutamine were previous sustained
ventricular tachycardia (VT), frequently recurrent supraventricular tachycardia, and in-
flow or outflow obstruction of the ventricles. For CMR analyses, a commercially available
Advanced Windows workstation (GE Medical Systems) was used, equipped with Q-mass
(version 5.2, Medis Medical Imaging Systems, Leiden, the Netherlands). The ventricular
volumetric data set was quantitatively analyzed by a single investigator (J.A.A.E.C.) using
manual outlining of endocardial borders in end systole and end diastole, excluding large
trabeculae (visible on 3 subsequent slices) and the papillary muscles from the blood vol-
ume. Biventricular end-diastolic volume, end-systolic volume, ejection fraction (EF), and
valvular regurgitation fractions were calculated and compared with reference values.'®

Statistical analysis

For the descriptive data analyses, we used the Statistical Package for Social Sciences
(version 20.0, SPSS, Inc, Chicago, IL). Continuous data are presented as mean with stan-
dard deviation or median with interquartile range. Categorical variables are presented
as frequencies and percentages. For comparison of continuous variables between
independent groups, the Student unpaired t test was used; for repeated measures, the
paired t test or Wilcoxon signed-rank test were performed. Frequencies of unpaired data
were compared by use of the x2 test or Fisher exact test when applicable, and for paired
data, the McNemar test was used. To quantify correlations between 2 variables, we used
the Pearson correlation test or Spearman correlation test. For advanced statistical analy-
ses of the longitudinal and survival data, the R software version 3.0.1 package was used
(www.r-project.org). Univariable and multivariable Cox proportional hazard regression
analyses were used to identify predictors for the predefined events: all-cause mortal-
ity, arrhythmias or pacemaker implantation, and pulmonary valve replacement (PVR).
The following covariates were included in the models: early postoperative arrhythmias,
temperature during surgery, palliative shunt before corrective surgery, insertion of a
transannular patch, age at operation, and era of operation (before or after 1975). Because
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of the low frequencies for the aforementioned events, we used a penalized likelihood
approach for estimating the Cox model."”” To account for missing covariate data, we used
a multiple imputation approach.'® Wald tests were used to assess which covariates were
most associated with the risk of each event. Time-dependent Cox regression analysis
was used to assess the effects of the time-dependent covariates: QRS duration, VT on
Holter, exercise capacity, and left ventricular (LV) fractional shortening on outcome.
For description of survival of the total cohort and the Dutch reference population, the
Kaplan—Meier method was used. Cumulative event incidences were computed with the
use of a nonparametric estimator of cumulative incidence functions. All statistical tests
were 2 sided, and the level of significance was at P<0.05.

RESULTS

Study patients

The original study cohort consisted of 144 consecutive patients who underwent surgi-
cal correction of ToF between 1968 and 1980. Baseline characteristics are presented in
Table 1. Further baseline and surgical details have been reported previously.' "

For the present study 36 years (range, 31-43 years) after correction, 80 patients were
eligible. Of them, 72 (90%) were included: 53 (66%) participated in-hospital and 19
(24%) gave permission to use the hospital records of their regular clinical follow-up.
There were no differences in baseline characteristics between the participating and

nonparticipating patients.

Table 1. Baseline characteristics.

No third
Total 1990 2001 2012 study* P-valuet
n=144 n=79 n=79 n=72 n=72
Male, n (%) 87 (60%) 46 (58%) 44 (56%) 42 (58%) 45 (63%)  0.609
Age at study, yrs (IQR) - 18.5[15.1-23.2] 30.4[26.3-35.6] 39.8 [36.1-45.5] - -
Age at operation, yrs (IQR) 4.6 [1.7-6.6] 4.3 [1.4-6.5] 4.3[1.4-6.6] 3.8[1.4-6.6] 4.911.8-7.2] 0.163
Prior palliation, n(%) 50 (35%) 25 (32%) 25 (32%) 20 (28%) 30(42%)  0.080
Transannular patch, n(%) 87 (60%) 48 (55%) 47 (54%) 48 (67%) 44 (51%) 0.488
Hypothermia, n(%)
Temperature <20°C 43 (30%) 25 (32%) 27 (34%) 24 (33%) 19(26%)  0.746
Temperature 20-35°C 89 (62%) 52 (66%) 50 (63%) 47 (65%) 42 (58%)
Temperature unknown 12 (8%) 2(2%) 2 (3%) 1(1%) 11 (15%)

* Including deceased and emigrated patients.
12012 vs. no third study.
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Survival

Survival status was obtained in 136 patients (94%). Eight patients moved abroad and
were untraceable. Cumulative survival after surgical correction was 83% after 10 years,
81% after 20 years, 78% after 30 years, and 72% after 40 years (Figure 1). In total, 35 of
the 144 patients died, 23 within 30 days after surgery. Of the hospital survivors, cumula-
tive survival was 98% after 10 years, 96% after 20 years, 92% after 30 years, and 86% after
40 years. In patients who survived 30 days postoperatively, incident mortality rate was
0.29 per 100 patient-years. In the last 10 years, 6 patients died. Three patients died of
end-stage heart failure 26, 28, and 38 years after surgery at 31, 32, and 51 years of age,
respectively. Two of them had nonsustained VTs on Holter in 1990 or 2001. In 1 of these
patients, death was triggered by an infection. Two other patients died of ventricular
fibrillation 24 and 34 years after surgery at 28 and 41 years of age, respectively. One
patient died after a shooting incident.

Adverse events

Cumulative event-free survival after 40 years was 25% (Figure 2). In the last 10 years, 35
patients (49% of the participants) were hospitalized at least once.

Reinterventions

The cumulative incidence of reinterventions after 35 years of follow-up was 44% (Fig-
ure 3). In the last decade, 32 patients required >1 reinterventions: PVR (n=20); closure
of a ventricular septal defect (n=8); balloon dilation of the pulmonary artery or branch
(n=6); aorta-related reoperation (n=3), including 1 elective aortic arch replacement
because of an aneurysm (aortic diameter, 57 mm); and infundibulectomy (n=1).
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Figure 1. Survival of the cohort and the general Dutch population.
Kaplan Meier plot describing survival in the studied cohort compared to the Dutch reference population.
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Unnatural history of tetralogy of Fallot

Pulmonary valve replacement

Despite a rather conservative approach to PVR in our center,'' the cumulative incidence
of PVR was 40% at 35 years (Figure 3). Of the participating patients, 35 underwent PVR
at a median of 24 years (interquartile range, 16-29 years) after the initial correction. In
the last decade, surgical PVR was performed in 19 patients for the first time, 2 of whom
underwent transcatheter PVR later. One patient underwent transcatheter PVR after
receiving a surgical homograft in 2000.

Arrhythmias

The cumulative incidence of symptomatic arrhythmias was 17% at 35 years (Figure 4).
In the last decade, 5 patients had new symptomatic arrhythmias; 3 patients had atrial
fibrillation and needed electric cardioversion. One of them underwent catheter ablation
afterward. One patient had atrial flutter, and 1 patient was treated for arrhythmias of
unknown origin in another hospital. In the last decade, 2 patients received a pacemaker
and 2 received an implantable cardioverter-defibrillator (ICD). Both ICDs were implanted
for secondary prevention after the patients experienced sustained VTs. One other
patient had an ICD indication because of recurrent VTs but has refused implantation.
Thirty-five years after surgical correction, the cumulative incidences of pacemaker and
ICD implantation were 10% and 5% respectively.
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Figure 4. Cumulative incidences of SVT, VT and all arrhythmias, including implantation of pacemaker and
ICD.
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Heart Failure
The cumulative incidence of heart failure at 35 years of follow-up was 3%.

Stroke
In the last decade, 4 patients had a transient ischemic attack. Two of them had an open
foramen ovale.

Endocarditis

Two patients were diagnosed with endocarditis: 1 had bacteremia with Streptococcus
oralis 5 years after ICD implantation, which resolved on antibiotics only after the ICD had
been removed. The other had bacteremia with Streptococcus sanguis 21 years after pul-
monary homograft implantation. The patient was treated with antibiotics and remained
free of recurrent bacteremia afterward.

Subjective health status assessment

Patients scored significantly better on the domains of role limitations resulting from
physical or emotional problems, bodily pain, and social functioning compared with
normative data (Figure 5). In direct comparison with their own previous results, patients
showed a less favorable general health perception (P=0.042) than 10 years ago.

ECG and Holter monitoring

The ECG and Holter findings are summarized in Table 2. None of the patients had ven-
tricular pauses >3 seconds.

1001 .
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Figure 5. Results of SF-36 for ToF patients and the normal Dutch population.
Higher scores indicate more favorable subjective health status. *P < 0.001.
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Echocardiography

Echocardiographic findings are summarized in Tables 2 through 4. The systolic function
of both ventricles diminished in the last 10 years. In 21 patients (40%), the estimated RV
pressure was >40 mm Hg, but in all but 3 patients, this was completely attributable to
residual pulmonary stenosis. Normal diastolic LV function was observed in 35 patients
(55%), impaired relaxation in 13 (20%), pseudonormal diastolic filling in 2 (3%), and
restrictive relaxation pattern in 14 (22%). There was no progression of aortic root dila-
tion in the last decade. No correlations were found between pulmonary regurgitation or
tricuspid regurgitation and right atrial dilation, RV dilation, or RV function.

Cardiopulmonary exercise testing

Table 2 shows the results of bicycle ergometry. Forty percent of the patients had a
reduced exercise capacity (<85% of expected workload). These patients did not signifi-
cantly differ from those with a normal test result with regard to age at the time of opera-
tion, current age, or findings at echocardiography and CMR (dimensions and ventricular
function).

NT-proBNP measurement

Median NT-proBNP level was 16.4 pmol/L (interquartile range, 6.7-32.0 pmol/L). An el-
evated NT-proBNP level (>14.0 pmol/L) was measured in 58% of the patients. NT-proBNP
(logarithmic) correlated modestly with echocardiography-derived LV end-systolic
dimension (r=0.31, P=0.03) and CMR-derived LV end-diastolic volume (r=0.36, P=0.01).
No correlations were found with age at operation, current age, exercise capacity, or RV
dimensions.

CMR imaging

CMR was performed in 49 of the 72 patients (68%). Contraindications for CMR were
either the presence of a pacemaker or ICD or claustrophobia. The results of CMR are
summarized in Table 5. RV and LV end-diastolic dilation was observed in 15 patients
(31%) and 2 patients (4%), respectively. In 23 patients (47%), RV EF was diminished, and
in 14 (29%) patients, LV EF was diminished. RV EF correlated with LV EF (r=0.54, P<0.001).
Thirty patients consented to dobutamine stress. In 5 of them, dobutamine administra-
tion was terminated before the dose was increased because of adverse effects: increase
in ventricular extrasystoles, ventricular bigeminy, nonsustained VT, symptomatic blood
pressure drop, and anxiety. All of these effects recovered spontaneously. LV EF and RV
EF increased significantly after administration of 7.5 ug-kg™"-min™" dobutamine (P<0.001
for both), but after a dose of 20 pg-kg™-min”", there was no further increase (P=0.4 and
P=0.9, respectively).
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Table 2. Diagnostic measurements.

P-value*
1990 2001 2012 2012vs.1990 2012 vs. 2001
Electrocardiography n=79 n=79 n=70
Rhythm
Sinus 66 (84%)  69(87%) 58(83%) 0.7 0.3
Atrial 6 (8%) 5 (6%) 4 (6%) 0.7 1.0
Atrial flutter 1 (1%) 3 (4%) 0 - -
Atrial fibrillation 0 0 1(1%) - -
Nodal 1 (1%) 0 0 - -
Pacemaker 5 (6%) 2 (3%) 7 (10%) 1.0 0.1
PR interval (mean ms + SD) 159+32 162+27 173+41 0.008 0.02
PR >200 ms (%) 3 (4%) 4 (6%) 11(18%) 0.02 0.1
QRS duration (mean ms + SD) 120+29 135+32 144432 <0.001 <0.001
QRS duration >120 ms 27 (39%)  46(62%)  46(72%) <0.001 0.1
QRS duration >180 ms 1 (1%) 6 (8%) 8(13%) 0.1 0.2
24-hour Holter n=70 n=76 n=56
Supraventricular arrhythmias 15 (21%) 44 (59%) 29 (52%) 0.03 1.0
Sinus node disease 12 (17%) 20 (27%) 14 (25%) 0.5 1.0
SVT 7 (10%) 27 (36%) 19(34%) 03 0.8
Paroxysmal atrial fibrillation 1(1%) 1(1%) 1(2%) 1.0 1.0
Paroxysmal atrial flutter 0 1 (1%) 0 - -
VT 3-10 complexes 7 (10%) 9(12%) 10(18%) 1.0 0.4
VT >10 complexes 0 1(1%) 1 (2%) - 1.0
Bicycle ergometry n=73 n=71 n=>52
Maximal heart rate (mean % + SD) 86+11 89+10 86+12 0.7 0.04
Maximal exercise capacity (mean % + SD) 88+17 83+16 89+18 0.6 0.02
Exercise capacity <85% 26 (36%) 39 (55%) 21(40%) 1.0 0.3
Arrhythmia 14(19%) 17 (24%) 12(23%) 0.2 0.6
VO, max (%) - - 81+17 - -
RER max - - 1.4+0.2 - -
VE/VCO, - anaerobic treshold - - 27.0+40 - -
VE/VCO, - max workload - - 29.5+4.1 - -
Echocardiographic parameters n=79 n=79 n=70
RA dilation 35(44%) 65(82%) 59(86%) <0.001 0.7
RV dilation 72(91%) 56(71%) 62(89%) 0.7 0.01
LA dilation 3 (4%) 12(15%)  23(34%) <0.001 0.01
LV dilation 1(1%) 7 (9%) 7 (10%) 0.4 1.0
RV systolic function normal - 54(78%) 19(28%) - <0.001
LV systolic function normal 76 (96%)  70(90%) 34 (50%) <0.001 <0.001
FS <20% 3 (4%) 7 (10%) 6 (9%) 0.6 0.7
Valve regurgitation (>trace)
AR 4 (5%) 15(19%) 19(28%) <0.001 0.1
MR 0 6 (8%) 13(19%) 0.004 0.004
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Table 2. Diagnostic measurements. (continued)

P-value*
1990 2001 2012 2012vs. 1990 2012 vs. 2001

PR 65(82%) 62(79%)  43(62%) 0.002 0.001

TR 45(57%)  49(62%) 49(71%) 0.1 0.4
Vmax PR (m/s) 1.8 1.8 2.0 0.007 0.1
Vmax TR (m/s) 27 2.8 27 0.6 0.7
LA diameter (mm) 32+6 37+7 39+6 <0.001 0.001
LV diameter (mm) 44+6 49+6 48+7 <0.001 0.7
Aortic diameter (mm) 32+6 37+6 365 0.002 0.08

SVT = supraventricular tachycardia; VT = ventricular tachycardia; RER = respiratory exchange ratio;
RA = right atrium; RV = right ventricle; LA = left atrium; LV = left ventricle; FS = fractional shortening;
AR = aortic regurgitation; MR = mitral regurgitation; PR = pulmonary regurgitation; TR = tricuspid regurgita-
tion; Vmax = maximal velocity found with Doppler echocardiography.

* P- values are displayed only for measures performed in two or all three studies.

Predictor analyses

Results of the baseline parameters Cox regression analysis are presented in Table 5.
Early postoperative arrhythmias, a palliative shunt before initial correction, and lower
temperature during surgery were predictive of mortality. In the time-dependent Cox
regression analyses, no predictors for mortality were found. Increase in QRS duration
and decrease in maximally achieved workload during cardiopulmonary exercise test-
ing over time were predictive for PVR (hazard ratio, 1.14 per 10-millisecond increase,
P=0.023; and hazard ratio, 0.961, P=0.001, respectively) but not for mortality. Ventricular
dysfunction on echocardiogram or arrhythmias on Holter in 1990 or 2001 did not pre-
dict adverse outcome. After adjustment for changes in QRS duration, exercise capacity,
VTs on Holter, and LV fractional shortening, patients without a previous palliative shunt
still showed a trend toward lower all-cause mortality (hazard ratio, 0.22; P=0.064). The
presence of a supraventricular arrhythmia on ECG in 1990 or 2001 predicted mortality
(hazard ratio, 13.9, P=0.016; and hazard ratio, 14.5, P=0.004, respectively).

DISCUSSION

In this unique prospective, longitudinal cohort study of an unselected cohort of ToF
patients with detailed clinical evaluation and analysis of predictors for outcome, we
found that late mortality up to 40 years was low. Early postoperative arrhythmias were
found to be a new predictor for late mortality. Although morbidity was substantial, the
subjective health status was excellent, and objective exercise capacity remained stable.
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Table 3. Additional diagnostic test results performed only in 2012: Echocardiography

Median IQR Abnormal (n, %)*
PR Vmax (m/s) 2.0 [1.7-2.3] 17 (46%)
TAPSE (mm) 18 [16-22] 10 (16%)
RV FAC (%) 38 [32-48] 15 (33%)
LV EF (%) 51 [45-57] 15 (42%)
E/A ratio 14 [1.0-1.8] 6 (9%)
E/E'ratio 9.4 [8.0-12.6] 6 (10%)
DET (ms) 190 [160-240] 27 (43%)
IVC collapse > 50% (n, %) 60 (94%)
HV ratio S>D (n, %) 7 (15%)

DET indicates deceleration time; FAC, fractional area change; HV S/D ratio,
hepatic vein ratio of systolic to diastolic wave; IQR, interquartile range; IVC,
inferior vena cava; LV EF, left ventricular ejection fraction; PR, pulmonary
regurgitation; RV, right ventricular; TAPSE, tricuspid annular plane systolic
excursion; and Vmax, maximal velocity found with Doppler echocardiography.

*According to the reference values in the guidelines for structural heart disease.'"*
Table 4. Additional diagnostic test results performed only in 2012:
7.5 pg/kg/min 20 pg/kg/min p-value

Cardiac Magnetic Resonance Atrest dobutamine  dobutamine restvs 7:5 7.5vs. Zf)
imaging n=49 n=30 n=26 Hg/kg/min  ug/kg/min
LV EDV/BSA (mL/m?) 74 [64-86] 70 [62-84] 60 [55-71] 0.071 <0.001
LV ESV/BSA (mL/m?) 29 [22-37] 16 [13-22] 12[10-17] <0.001 <0.001
LV EF (%) 61 [54-69] 77 [74-83] 80 [74-84] <0.001 0.247
RV EDV/BSA (mL/m?) 96 [81-120] 92[79-121] 89[75-109] 0417 <0.001
RV ESV/BSA (mL/m?) 49 [36-63] 36 [28-49] 35[25-42] <0.001 0.048
RV EF (%) 49 [45-59] 63 [53-69] 64 [57-70] <0.001 0.939

BSA indicates body surface area; EDV, end-diastolic volume; EF, ejection fraction ESV, end-systolic volume;
FAC, fractional area change; LV, left ventricular; and RV, right ventricular.

Mortality and major events

In the total cohort, cumulative survival 40 years after surgical correction was 72%, with
one fifth of deaths occurring within 30 days after surgery. In the hospital survivors,
cumulative survival was 86% after 40 years of follow-up. This is only slightly lower than
survival in the general Dutch population. The causes of late death in our cohort were
heart failure and arrhythmia, which is in accordance with the literature.®*'** Morbidity
was substantial in our population; only one quarter of the patients were free from events
after 40 years. Reinterventions were required in nearly half of the patients, mostly PVR.
This is considerably more than reported in other studies, probably reflecting the earlier

era of initial operation and longer duration of follow-up in our study.® "'
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Table 5. Predictors of the clinical endpoints all-cause mortality, arrhythmias/PM implantation and PVR.

Univariable model Multivariable model
Endpoint HR c P-value HR cl P-value
All-cause mortality
Early postoperative arrhythmias 333 [1.60-6.95] 0.001 2,52 [1.18-5.36] 0.017
Temperature during surgery (per °C decrease) 1.18 [1.05-1.30] 0.003 1.14 [1.01-1.28] 0.029
Prior shunt 1.64 [0.85-3.23] 0.144 294 [1.32-6.25] 0.008
Transannular patch 1.27 [0.62-261] 0.518 0.74 [0.36-1.53] 0419
Age at operation 0.90 [0.81-1.01]1 0.071 0.89 [0.76-1.03] 0.118
Operated after 1975 0.93 [0.47-1.84] 0.833 0.54 [0.24-1.20] 0.131
Arrhythmias/PM implantation
Early postoperative arrhythmias 436 [1.57-12.10] 0.005 3.68 [1.29-10.52] 0.015
Temperature during surgery (per °C decrease) 1.00 [0.90-1.12]  0.923 1.01 [0.89-1.14] 0.906
Prior shunt 2.17 [0.91-5.00]  0.080 1.96 [0.68-5.56]  0.213
Transannular patch 591 [1.37-25.47] 0.017 3.99 [1.19-13.41] 0.026
Age at operation 1.00 [0.86-1.15]  0.947 095 [0.79-1.15]  0.621
Operated after 1975 0.58 [0.25-1.38] 0.219 041 [0.16-1.03]  0.059
Pulmonary valve replacement
Early postoperative arrhythmias 1.90 [0.79-4.57] 0.149 1.33 [0.55-3.25] 0.525
Temperature during surgery (per °C decrease) 1.09 [1.00-1.16] 0.045 1.02 [0.93-1.11]  0.650
Prior shunt 1.64 [0.86-3.13] 0.133 2,50 [1.00-6.25] 0.049
Transannular patch 6.40 [2.26-18.10] <0.001 3.50 [1.39-8.86] 0.008
Age at operation 091 [0.82-1.01]1 0.087 092 [0.79-1.05] 0.215
Operated after 1975 272 [1.29-5.76]  0.009 1.88 [0.84-420] 0.126

Cl = confidence interval; HR = hazard ratio; PM = pacemaker.

Health status assessment

Exercise capacity was clearly impaired in our ToF patients but remained stable in the last
10 years. The lowest VO,max in our study population was 51% of the predicted value.
This is still considerably higher than the 36% described by Giardini et al** as a cutoff
value for greater risk of cardiac-related death. Remarkably, patients themselves reported
favorable physical functioning and even less interference from physical problems in
their work and daily activities than the reference Dutch population. This is in contrast
to earlier reports by Knowles et al,”® who reported less favorable results in ToF patients
compared with their healthy siblings. The better scores in our group may be due to dif-
ferent frames of reference, overcompensation, and social desirability.”* Over time, our
patients showed a decrease in general health perception scores, which can be related to
age because this effect also is seen in the general population.'

Arrhythmias

Arrhythmias and sudden death are important late complications.**** We found a lower
prevalence of arrhythmias than described by Khairy et al.”* In our study, supraventricular
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arrhythmias were common on Holter, but only 5 patients had symptomatic arrhythmias.
The prevalence of SVT on Holter did not increase in the last decade and did not predict
outcome. In addition, an increase in QRS duration did not predict arrhythmias or mortal-
ity. However, strikingly, 2 of the 3 patients with an atrial arrhythmia (atrial flutter) on ECG
in 2001 died during the last 10 years. Their atrial arrhythmia could have been an indica-
tor of worsening hemodynamics, but none of these patients had more than mild RV
dysfunction, and only 1 had LV dysfunction in 2001. It seems that these supraventricular
arrhythmias should not be considered insignificant.

Ventricular function

Late deterioration of RV and LV function has been an increasing concern.”®* Indeed, this
was found in our study because systolic RV function was impaired in >75% and systolic
LV function in 50% of the patients. Moreover, diastolic LV dysfunction was found often.
The deterioration of LV function could be explained by adverse ventricular-ventricular
interaction associated with RV dilation, which influences LV twist.”® We found a signifi-
cant association between RV and LV dysfunction. In addition, we found a modest but
significant correlation between LV dimensions and NT-proBNP levels. In other studies,
NT-proBNP levels correlated with both LV and RV dimensions and LV function.” Whether
NT-pro-BNP predicts clinical outcome remains to be established. Administration of do-
butamine during CMR led to an increase in RV EF and LV EF at a low dose, but no further
increase was observed at a high dose. As described by Parish et al. who found a similar
stress response,® this is caused mainly by the lack in further decrease of RV end-systolic
volume, indicating diminished contractile reserve. Because this is not apparent at rest,
dobutamine stress CMR may contribute to the decision making in terms of intervention
such as timing of PVR in these patients.”'

Aortic dilation

Dilation of the ascending aorta is found in 15% to 87% of the ToF patients ** presum-
ably inherent to volume overload resulting from the original overriding position of the
aorta. Additionally, intrinsic vascular wall properties could play a role. We found aortic
root dilation (=40 mm) in 24% of our patients at the last follow-up. The long-term risk
of aortic dilation in ToF patients has not been clarified yet. In our longitudinal follow-
up, the aortic diameter did not increase over time, and until now, no aortic dissection
occurred. However, in 1 patient, the aortic arch was electively replaced because of an
aortic diameter of 57 mm.

Predictors for late events

Patients with a palliative shunt before initial correction, that is, Waterston shunt, Blalock-
Taussig shunt, or Potts anastomosis, were more at risk of dying or needing PVR than
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patients without them. Because in our cohort the use of a palliative shunt was related to
the era of surgery rather than to anatomy, selection bias regarding more or less favorable
anatomy is very unlikely. Therefore, our study supports early initial correction without
previous shunt if the patient’s condition tolerates.

Mortality was higher in patients who experienced early postoperative arrhythmias. In
addition, these patients had a higher risk of late arrhythmias or pacemaker implantation.
The occurrence of early arrhythmias and their relation to the increased risk of death and
permanent pacing have previously been described in small series and, on the basis of
our results, seem to have clinical relevance.”®** More attention for these early postopera-
tive arrhythmias and their underlying mechanism is needed and may attribute to risk
stratification for preventive interventions such as ICD implantation.

A QRS duration >180 milliseconds and an increase in QRS duration over time have
been recognized as predictors for VT and late sudden death.* * Our study showed a
steady increase in QRS duration over time. However, all patients with a QRS dura-
tion >180 milliseconds in 1990 or 2001 are still alive, and QRS duration could not be
identified as predictor for mortality in our study.

Although the numbers in our study are small, supraventricular arrhythmias on ECG in
1990 or 2001 seem to be predictive of mortality. The importance of atrial arrhythmias
as a predictor for outcome has been suggested before. However, the exact mechanism
remains to be elucidated.’

The insertion of a transannular patch has received much attention as a possible
cause of pulmonary regurgitation and long-term morbidity. Our results confirm the
association of a transannular patch with PVR but not with mortality. These results are
similar to the results of the study by Lindberg et al.*® Furthermore, we found an associa-
tion between the use of a transannular patch and the occurrence of late arrhythmias.
Nowadays, surgeons tend to use smaller transannular patches to minimize pulmonary
regurgitation and its long-term sequelae. Whether this will result in better outcome has
to be established.

Study limitations
Although the number of patients in this study is relatively small, we report the results
of a longitudinal follow-up of consecutive patients without selection bias related to
disease severity. After a median follow-up of 36 years, we gathered medical information
on 72 of the approached patients (90%). We found no significant differences in baseline
characteristics between participating and nonparticipating patients; therefore, we
believe that we have minimized selection bias.

From 1968 to 1980, the era in which our cohort was operated on, the standard surgical
policy gradually changed from secondary correction after previous shunting, use of a
large transannular patch, and surgery at very low temperature to primary correction
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at higher temperatures. These factors were accounted for in our analyses of predictors
for outcome. We believe that there is no bias concerning temperature during surgery,
but we cannot completely exclude that the use of a previous shunt was related to more
complex anatomy.

Diagnostic methods have been changed during the last 36 years. For comparing
echocardiography data of the present study with the previous studies, we had to use
the same methods used in the past. Some of these techniques are not seen as being
up-to-date. However, we also performed and reported innovative diagnostic methods
available in 2012.

CONCLUSIONS

Long-term survival after successful surgical correction of ToF in childhood is good.
Morbidity, however, is substantial, with almost half of the patients needing at least 1
reintervention. There is concern about the deterioration of both RV and LV function.
Nevertheless, the clinical condition and subjective health status of most patients remain
good, and aortic dimensions did not increase over time.
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Chapter 7

ABSTRACT

Aims

To describe long-term survival, clinical outcome and ventricular systolic function in a
longitudinally followed cohort of patients after Mustard repair for transposition of the
great arteries (TGA). There is serious concern about the long-term outcome after Mus-
tard repair.

Methods and results

This longitudinal single-center study consisted of 91 consecutive patients, who un-
derwent Mustard repair before 1980, at age <15 years, and were evaluated in-hospital
every 10 years. Survival status was obtained of 86 patients. Median follow-up was 35
(IQR 34-38) years. Cumulative survival was 84% after 10 years, 80% after 20 years, 77%
after 30 years, and 68% after 39 years. Cumulative survival free of events (i.e. heart
transplantation, arrhythmias, reintervention, and heart failure) was 19% after 39 years.
Reinterventions were mainly required for baffle-related problems. Supraventricular and
ventricular arrhythmias occurred in 28 and 6%of the patients, respectively. Pacemaker
and/or ICD implantation was performed in 39%. Fifty survivors participated in the cur-
rent in-hospital investigation including electrocardiography, 2D-echocardiography,
cardiopulmonary-exercise testing, NT-proBNP measurement, Holter monitoring, and
cardiac magnetic resonance. Right ventricular systolic function was impaired in all
but one patient at last follow-up, and 14% developed heart failure in the last decade.
NT-proBNP levels [median 31.6 (IQR 22.3-53.2) pmol/L] were elevated in 92% of the
patients. Early postoperative arrhythmias were a predictor for late arrhythmias [HR 3.8
(95% CI 1.5-9.5)], and development of heart failure [HR 8.1 (95% Cl 2.2-30.7)]. Also older
age at operation was a predictor for heart failure [HR 1.26 (95% ClI 1.0-1.6)].

Conclusion

Long-term survival after Mustard repair is clearly diminished and morbidity is substantial.
Early postoperative arrhythmias are a predictor for heart failure and late arrhythmias.
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INTRODUCTION

The survival of patients with transposition of the great arteries (TGA) has improved
dramatically after introduction of the atrial switch procedures described by Senning in
1959' and Mustard in 1964.” At that time, the choice was made in our center to pref-
erentially apply the Mustard procedure. Although the Mustard procedure has reason-
ably good outcome during the first two decades of life,® late sequelae are frequently
encountered including arrhythmias, baffle-related complications, and right ventricular
(RV) dysfunction leading to heart failure.> > Since the mid-1980s, the Mustard procedure
has been replaced by the arterial switch operation.® Nevertheless, cardiologists continue
to see older patients after Mustard repair.*> The cumulative survival after atrial switch
is = 80% after 25 years.>>’® The morphologic right ventricle supporting the systemic
circulation remains an important concern and may cause a high burden of morbidity
and premature mortality from heart failure.’

So far, reliable information on outcome beyond 30 years is limited. The aim of this
study is to assess survival, occurrence of arrhythmias and systemic ventricular dysfunc-
tion, and clinical course over a time span of nearly 40 years. This study is unique by its
longitudinal design and extensive in-hospital investigations every 10 years.

METHODS

Study population

All 91 consecutive patients who underwent Mustard repair for transposition of the great
arteries in our institution between 1973 and 1980, at age <15 years, were included in this
longitudinal study. In 36 patients, additional VSD closure or relief of pulmonary stenosis
was performed in the same procedure. These patients are referred to as ‘complex TGA.
The cohort was first studied in 1990,'° and the second follow-up was performed in 2001.
All patients who were alive and had participated in one or both of the previous studies
were invited to participate in the current third study. Survival status was obtained from
the Dutch National Population Registry. Patients were invited to participate and were
seen at the outpatient clinic of Erasmus Medical Center between April 2011 and March
2012. Detailed information describing the baseline characteristics, surgical procedure,
and 10-year and 20-year follow-up results has previously been reported.*'® The study
protocol was approved by the institutional Medical Ethics Committee (2010-15). Written
informed consent was obtained from all study participants.
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Adverse events

Survival was compared with the expected survival of the normal, age matched Dutch
population. Major events were defined as: all-cause mortality; heart transplantation
(HTx); cardiac reinterventions; symptomatic arrhythmias, or heart failure. Arrhythmias
were defined as symptomatic if antiarrhythmic medication was prescribed, cardioversion
or catheter based or surgical ablation had been applied, or pacemaker/ICD implantation
was performed. Heart failure was defined as hospitalization for heart failure or initiation
of heart-failure medication.

Clinical assessment

All participating patients underwent extensive medical examination including history,
physical examination, standard 12-lead electrocardiography (ECG), 24 h ambulatory
Holter monitoring, 2D-echocardiography, bicycle ergometry with maximum oxygen
consumption (VO2 max), NT-proBNP measurement, and if possible cardiac magnetic
resonance (CMR) imaging.

If a patient was unwilling or unable to visit the outpatient clinic, an additional ques-
tionnaire was sent to obtain information on morbidity, and to receive permission for the
use of information from their medical record.

Electrocardiography and 24 h Holter monitoring

Standard 12-lead surface ECGs were analyzed for rhythm, PR interval, and QRS dura-
tion. A 24 hour Holter monitoring was performed with a Cardio Perfect Holter DR180+
three-channel recorder (Welch Allyn Cardio Control, North East Monitoring, Maynard,
MA, USA). Sinus node disease (SND) was defined according to the Kugler criteria, as
described previously.'

Echocardiography

A detailed two-dimensional transthoracic echocardiogram was performed using the
commercially available 1E33 system (Philips Medical Systems, Best, the Netherlands).
Cardiac dimensions and function were measured according to the current guide-
lines."" Right ventricular systolic function was also assessed visually (‘eyeballing’) to
make a comparison with the two previous studies possible. Right ventricular systolic
function was graded as normal or mildly, moderately or severely impaired. Addition-
ally, more objective measures including fractional area change (FAC), S’ of the tricuspid
annulus, and tricuspid annulus plane systolic excursion (TAPSE) were used to quantify
RV function. Elevated pulmonary pressure was defined as early diastolic pulmonary
regurgitation flow velocity of >2.5 m/s or, in the absence of (sub)pulmonary obstruction,
mitral regurgitation flow velocity >3.0 m/s. The presence of baffle leakage or stenosis
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was assessed with colour Doppler echocardiography. All measures were obtained by
two independent observers.

Bicycle ergometry

Maximal workload and maximal oxygen consumption (VO, max) were assessed by bi-
cycle ergometry with gradual workload increment of 20Watts per min (Ramp protocol),
and compared with that of normal individuals corrected for age, gender, body height,
and weight. The ratio of minute ventilation to carbon dioxide production (VE/VCO,)
was assessed at the anaerobic threshold and at maximum workload. Performance was
considered maximal when a respiratory quotient (RER) of >1 was reached.

NT-proBNP measurement

Peripheral venous blood samples were collected after 30 min rest. Plasma NT-proBNP
levels were determined with the use of the commercially available electrochemilumi-
nesence immunoassay Elecsys (Roche Diagnostics, Basel, Switzerland). The reference
value of normal for NT-proBNP in our hospital is <0,14 pmol/L.

Cardiac magnetic resonance imaging

Cardiac magnetic resonance imaging was performed using a Signa 1.5-Tesla whole-
body scanner (GE Medical Systems, Milwaukee, WI, USA) with dedicated phased-array
cardiac surface coils. Details of the used MR sequence have been reported previously."
For CMR analyses, a commercially available Advanced Windows workstation (GE Medical
Systems) was used, equipped with Q-mass version 5.2 (Medis Medical Imaging Systems,
Leiden, the Netherlands). Ventricular volume was quantified using manual outlining
of endocardial borders, excluding large trabeculae and the papillary muscles from the
blood volume, in end-systole and end-diastole.

Statistical analysis

For the descriptive data analyses, we used the Statistical Package for Social Sciences
version 20.0 (SPSS Inc., Chicago, IL, USA). Continuous data are presented as mean + SD,
or median with interquartile range (IQR) depending on data distribution. Categorical
variables are presented as frequencies and percentages. For comparison of continuous
variables between independent groups, the Student’s unpaired t-test was used. For
paired groups, the paired Student’s t-test or Wilcoxon signed-rank test were performed.
Frequencies of unpaired data were compared with use of the Chi? test or Fisher’s exact
test when applicable, and for paired data the McNemar test was used. To quantify cor-
relations between two variables, the Pearson correlation test or Spearman correlation
test was used.
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For advanced statistical analyses of the longitudinal and survival data, the R software
version 3.0.1 package was used (available at www.r-project.org). Univariable and mul-
tivariable Cox proportional hazard regression analyses were used to identify predictors
for the predefined adverse events: all-cause mortality and HTx; arrhythmia or pacemaker
implantation; heart failure, and need for reinterventions. The following baseline covari-
ates were included in the models: age at operation, era of Mustard operation (before
or after the median, 1977), simple vs. complex TGA, temperature during surgery, and
early postoperative arrhythmias, defined as any arrhythmia within 30 days after Mustard
repair. Clinical parameters from 1990 and 2001 that were included in the models com-
prised: QRS duration; exercise capacity; RV systolic function and severity of tricuspid
regurgitation on echocardiography; signs of SND, VT, or SVT on Holter. Due to the low
frequencies of the aforementioned events, a penalized likelihood approach was used in
the multivariable Cox model." To account for missing covariate data, we used a multiple
imputation approach." Wald tests were used to assess which covariates were most as-
sociated with the risk of each event. In addition, time-dependent Cox regression analysis
was used to assess the effects of the time-dependent covariates QRS duration, exercise
capacity, and ECG rhythm on outcome.

Cumulative survival plots and cumulative event incidences for the predefined adverse
events were calculated using the Kaplan-Meier method. The survival of Mustard patients
was compared with the expected survival of the normal Dutch population. The Mantel
and Haenszel log-rank test was used to compare survival curves. All statistical tests were
two-sided and a P-value of < 0.05 was considered significant.

Table 1. Baseline characteristics

Total 1990 2001 2012

n=91 n=58 n=>54 n=50
Male (%) 65% 69% 70% 64%
Age at time of study (years) — 14.1[12.8-17.5]  25.8[24.5-30.1]  35.8[34.4-40.1]
Age at operation (years) 0.7[0.3-3.2] 0.7 [0.3-2.5] 0.7 [0.3-2.5] 0.7 [0.4-2.5]
Prior palliation (n, %) 83 (91%) 55 (95%) 52 (96%) 47 (94%)
Follow-up since surgery (years) — 13[12-16] 25 [24 - 28] 35[34 -38]
Hypothermia during surgery:
Temperature <20°C (n, %) 60 (66%) 44 (76%) 40 (74%) 37 (74%)
Temperature 20-35°C (n) 22 (24%) 11 (19%) 11 (20%) 10 (20%)
Temperature unknown (n) 9('10%) 3(5%) 3 (6%) 3 (6%)
Complex TGA (%) 40% 36% 33% 36%
Pacemaker before 1990 (n, %) 12 (13%) 8 (14%) 8(15%) 6 (12%)

TGA=transposition of the great arteries
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RESULTS

Study population

The original study cohort consisted of 91 patients. Baseline characteristics are presented
in Table 1. An overview of the patient participation for the current study is presented in
Figure 1. Median age at operation was 0.7 (IQR 0.4-2.5) years. Age at current study did
not differ significantly between patients operated before and after 1977 (28.0+15.9 vs.
31.1 years, P = 0.257). There were no differences in baseline characteristics between the
current participating and non-participating patients.

Survival

Survival status was obtained of 86 (95%) patients. Cumulative survival without HTx was
84% at 10 years, 80% at 20 years, 77% at 30 years, and 68% after 39 years (Figure 2). Five
patients moved abroad and were untraceable. The median postoperative follow-up was
35 (IQR 34-38) years. Twenty-two patients died: five patients died within 30 days after
surgery. Until the first follow-up study in 1990, 13 patients died, 7 of whom suddenly
without evidence of prior heart failure or arrhythmias.'® In the following decade, two
patients died of heart failure.’ In the last decade, two patients died, both of ventricular

Original surgical cohort n=91
- Died <30 days postoperative n=5
»| - Died between 30 days postoperative
and 2012 n=17
v - Heart transplantation n=2
Alive in 2012

without heart transplantation n=67

Not approached because

»| - emigrated n=5
- refused all prior participation n=7
A 4
Approached for participation  n=55
»| - No response n=4
v - Refused participation n=1
Included in current study n=50

Figure 1. Flow chart of the study population.
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Survival and event-free survival
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Figure 2. Kaplan Meier survival curves for survival without heart transplantation and event-free survival,
i.e. free of heart transplantation, cardiac reinterventions, symptomatic arrhythmias, heart failure or death.
Survival without heart transplantation was compared to the survival of the Dutch population.

fibrillation (VF). One patient died of VF during exercise, without previous signs of heart
failure. This patient had showed nonsustained VT on Holter in 1990, but never had ex-
perienced symptomatic arrhythmias. The other patient developed VF in hospital, shortly
after ICD implantation, before threshold testing could be performed. Resuscitation was
not successful. He had received the ICD because of severely impaired RV systolic func-
tion. No differences in survival and event-free survival between patients with simple or
complex TGA were observed (Figure 3). Two patients underwent successful HTx for fail-
ure of the systemic right ventricle, respectively 26 and 37 years after Mustard correction.

Adverse events

During total follow-up, 66 patients had at least one of the pre-defined adverse events,
with a subsequent cumulative event-free survival of 19% after 39 years (Figure 2).

Reinterventions

In the last decade, three patients (6%) underwent catheter intervention for inferior baffle
stenosis. In one of them, reintervention for superior baffle stenosis was performed in the
same procedure. One patient had an acute myocardial infarction at the age of 45 years,
for which she underwent a successful percutaneous coronary intervention. During total
follow-up, 27 patients (cumulative incidence of 46%) required reintervention, mainly for
baffle stenosis or leakage (n = 19). The median time between Mustard repair and first
baffle reintervention was 14.8 (IQR 10.3-20.6) years.
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Survival Simple versus Complex
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Figure 3. Survival for complex versus simple TGA
Kaplan Meier curves for survival without heart transplantation of patients with complex TGA (n=36) versus
simple TGA (n=55).

Arrhythmias

In the last decade, two patients (4%) developed atrial fibrillation (AF), two patients (4%)
had atrial flutter, one patient (2%) had VF, and two (4%) experienced both VT and SVT.
The cumulative incidence of SVT was 28% and of VT/VF was 6% during total follow-up. In
total, pacemaker implantation was performed in 19 patients (cumulative 33%) and ICD
implantation in three patients (6%). One patient received an ICD for primary prevention,
and the other two for secondary prevention.

Heart failure

In the last 10 years, 7 patients (14%) developed heart failure of whom five needed hos-
pital admission. During total follow-up, 12 patients (23%) developed heart failure; 2 of
them died and 2 underwent HTx.

History and clinical evaluation

The median age at the time of the current study was 36 (IQR 34-40) years with a median
postoperative follow-up of 35 (IQR 34-38) years. Median oxygen saturation was 97 (IQR
96-99)%. Twenty-six patients (52%) used cardiac medication comprising: ACE-inhibitors
(n = 16), beta-blockers for heart failure (n = 2) or arrhythmia (n = 9), digoxin (n = 6),
or other antiarrhythmic drugs (n = 5). One patient was treated for pulmonary arterial
hypertension with sildenafil. A total of 22 patients (44%) had at least one hospital admis-
sion in the last decade. No paradoxical embolic events occurred. Seven women had 13
successful pregnancies. Three patients refrained from pregnancy after careful counsel-
ling regarding the possible risks posed by their cardiac status.
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Electrocardiography and 24 h Holter

The results are summarized in Table 2. The majority of patients were in sinus rhythm
(66%).QRS duration increased significantly over time (Figure 4). On Holter, no significant
bradycardia (ventricular pauses longer than three seconds) or sustained VTs were ob-
served. None of the patients with non-sustained VT (16%) was symptomatic. There were
no differences in the incidence of supraventricular or ventricular arrhythmias between
patients with simple and complex TGA (P = 0.4).

Echocardiography

The systemic RV function deteriorated over time (Table 2). At last follow-up, only one
patient (2%) had a good RV systolic function. Right ventricular systolic dysfunction was
mild in 11 patients (23%), moderate in 28 (60%), and severe in 7 (15%). Both RV FAC and
TAPSE were decreased in the majority of patients (Table 3). TDI SX was below 10 cm/s
in all but one patient. Lower RV FAC was correlated with a larger RV annulus dimension
(r = -.35, P = 0.03). There was no difference in RV systolic function or a difference in
deterioration of RV systolic function over time between patients with simple or complex
TGA.To investigate the impact of pregnancy on deterioration of RV systolic function, we
compared changes in RV systolic function between women with and without previous
pregnancy. No significant differences were found. More patients developed regurgita-
tion of the aortic, pulmonary, and tricuspid valve. Severe tricuspid regurgitation was not
significantly associated with diminished RV systolic function. Eight patients (16%) had
elevated pulmonary arterial pressures. Neither pulmonary nor mitral regurgitation peak
velocities were related to the severity of RV dilation or RV systolic dysfunction. In 18
patients, residual lesions were found comprising mild obstruction of the inferior baffle
(n =4), pulmonary venous baffle (n = 4) or both (n = 2), pulmonary valve stenosis (n =9),
baffle leakage (n = 2), residual VSD (n = 1), and residual ASD (n = 1). All lesions were well
tolerated and did not require intervention.

Bicycle ergometry

Maximal exercise capacity was decreased but remained stable over the last 10 years
(Table 2). Sixty-nine percent achieved a VO, max <85% of the predicted value. During
exercise, six patients had an increase in ventricular extrasystoles; in two patients, these
were multifocal. No SVT or VT was observed.

NT-proBNP

Median NT-proBNP level was 31.6 (IQR 22.3-53.2) pmol/L. An elevated NT-proBNP level
was observed in 92% of the patients. NT-proBNP correlated with age (r = 0.5, P = 0.01)
and there was a trend with RV FAC (r = -.33, P = 0.059) and RV annulus dimension
(r=0.30, P = 0.063). Patients with pacemaker rhythm or AF had significantly higher NT-
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1990 (10) 2001 (3) 2012 P-value*

n=58 n=>54 n=50 2012vs. 1990 2012vs. 2001
12-lead electrocardiogram n=58 n=>54 n=47
Rhythm
- Sinus rhythm 40 (69%) 34(63%) 31 (66%) 0.4 1.0
- Atrial rhythm 6 (10%) 5 (9%) 5(11%) 0.7 0.7
- Atrial fibrillation / flutter 1(2%) 0 3 (6%) 0.2 0.2
- Nodal rhythm 7(12%) 7 (13%) 1(2%) 0.2 0.03
- Pacemaker rhyhtm 4 (7%) 8 (15%) 7 (15%) 0.5 1.0
PR interval (ms) 162+42 165+23 175+43 <0.001 0.02
PR interval >200 ms 1(2%) 1(3%) 7 (21%) 0.03 0.1
QRS duration (ms) 94+11 110+17 117+19 <0.001 0.001
QRS duration >120 ms 0 1(25%) 3(33%) 0.01 0.5
RBBB 5 (9%) 9 (17%) 20 (40%) <0.001 0.001
24-hour Holter ECG n =57 n=>50 n=37
Mean heart rate (bpm) - - 7314 - -
Maximum heart rate (bpm) - - 132428 - -
Minimum heart rate (bpm) - - 44+10 - -
Sinus node disease 18(32%) 30(60%) 19 (51%) 0.003 0.3
Paroxysmal AF/flutter 1(2%) 0 4 (9%) 0.3 0.5
VT 3-10 complexes 3 (5%) 4 (8%) 6 (16%) 0.1 0.5
VT >10 complexes 0 0 0 - -
Bicycle ergometry n=49 n=49 n=36
Maximum workload (%) 84(74-93] 74[64-84] 73 [68-87] 0.001 1.0
Maximum heart rate (%) 86 [80-90] 87[79-92] 85[76-92] 0.2 0.02
VO, max (%) - - 69 [54-80] - -
RER max - - 1.3[1.3-1.4] - -
VE/VCO2 - anaerobic threshold 28.3[25.8-33.8]
VE/VCO2 - max workload 29.3[28.7-38.6]
Echocardiogram n=58 n=53 n=47
RV systolic function normal 40 (69%) 3 (6%) 1(2%) <0.001 0.3
Valve regurgitation (>trace)
- Aortic regurgitation 4 (7%) 5 (9%) 7 (15%) 0.03 0.2
- Mitral regurgitation 8 (14%) 2(23%) 11(23%) 0.3 0.7
- Pulmonary regurgitation 15 (26%) 7 (51%) 7 (57%) <0.001 0.3
- Tricuspid regurgitation 36 (62%) 45(85%) 43 (92%) 0.001 0.2
Severe tricuspid regurgitation 1(2%) 0 (19%) 7 (38%) <0.001 0.1
Mitral regurgitation vmax (m/s) 29 25 2.8 0.7 0.4
Pulmonary regurgitation vmax (m/s) 1.9 1.9 2.0 0.1 0.9

bpm: beats per minute, RER: respiratory exchange ratio, SVT: supraventricular tachycardia, vmax: maximum

velocity, VT: ventricular tachycardia.

Values are presented as mean+SD, median [IQR] or n (%).
* p-values are displayed only for measurements performed in two or all three studies
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proBNP levels than patients with sinus or atrial rhythm [134.3 (IQR 44.4-230.5) vs. 28.6
(IQR 21.9-40.4) pmol/L, P = 0.006].

Cardiac magnetic resonance imaging

Cardiac magnetic resonance was performed in 24 patients (48%). The reasons for not
performing CMR in the others were the presence of a pacemaker (n = 16), refusal (n=7),
and claustrophobia (n = 3). The results of CMR are summarized in Table 3. Median RV
ejection fraction was 47 (IQR 28-71)%. Patients with complex TGA had a higher LVEF (67
vs. 58%, P = 0.007) and RVEF (56 vs. 43%, P = 0.005) than patients with simple TGA.

Predictor analyses

Results of Cox regression analyses are presented in Table 4. Patients operated before
1977 more often died, but needed fewer reinterventions than patients operated after
1977. Early post-operative arrhythmias were predictive for arrhythmias and for de-
velopment of heart failure during follow-up. Using a time-dependent Cox regression
model, early postoperative arrhythmias were predictive for heart failure independent
of changes in QRS duration, exercise capacity, and loss of sinus rhythm over the three
study moments. No clinical parameters derived from ECG, echocardiography, Holter,
and bicycle ergometry in 1990 and 2001 were predictive for outcome.

DISCUSSION

This longitudinal study, evaluating Mustard patients systematically every 10 years for
nearly 40 years, shows that patients operated in the 1970s have an acceptable survival
and remain in remarkably stable clinical condition despite substantial morbidity and
compromised ventricular systolic function. Although ventricular systolic function shows
a further decline over time and arrhythmias are often encountered, exercise capacity
remains stable.

QRS 1990-2001-2012
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Table 4. Predictors for clinical endpoints; all-cause mortality, reinterventions, heart failure and arrhythmias

Univariable model Multivariable model
Endpoint HR cl p-value HR cl p-value
All-cause mortality
Early postoperative arrhythmias 2.04 [0.76 - 5.50] 0.158 1.50 [0.55-4.10] 0.432
Temperature during surgery 1.15 [1.04-1.26] 0.004 1.05 [0.95-1.17] 0.328
Complex or simple TGA 0.99 [0.43-2.25] 0.972 1,00  [0.44-230] 0.995
Age at operation 1.11 [0.95-1.28] 0.182 0.97 [0.80-1.17] 0.738
Operated before 1977 426 [1.44-1260] 0.009 289  [1.00-8.33] 0.049
Reintervention

Early postoperative arrhythmias 0.50 0.12-2.09 0.343 1.23 [0.62-0.36 0.739
0.88-1.08 0.589 1.03  [090-1.18 0.622

[ ] ]

Temperature during surgery 0.97 [ ] ]
Complex or simple TGA 1.35 [0.64 - 2.86] 0.428 133 [0.63-2.81] 0.450

[ ] ]

[ ] ]

Age at operation 0.88 0.73-1.08 0.239 0.99 [0.77-1.28 0.944
Operated before 1977 0.37 0.18-0.78 0.008 0.34 [0.14-0.84 0.020
Heart failure

Early postoperative arrhythmias 3.00 [0.81-11.12] 0.100 8.13  [2.15-30.72] 0.002
Temperature during surgery 1.02 [0.89-1.18] 0.760 0.92 [0.77-1.11] 0.393
Complex or simple TGA 0.70 [0.22-2.19] 0.695 1.26 [0.38-4.19] 0.706
Age at operation 1.23 [1.01-1.50] 0.038 1.26 [1.01-1.56] 0.041
Operated before 1977 1.22 [0.39-3.86] 0.730 0.57 [0.15-2.07] 0.391
Arrhythmias

Early postoperative arrhythmias 462 [1.96-10.90] <0.001 3.82 [1.54-9.49] 0.004
Temperature during surgery 1.11 [1.02-1.21] 0.012 1.05 [0.95-1.17] 0.331
Complex or simple TGA 1.12 [0.53 - 2.36] 0.765 1.42 [0.65 - 3.09] 0.378
Age at operation 1.18 [1.03-1.35] 0.019 1.09 [0.91-1.29] 0.356
Operated before 1977 1.95 [0.96 - 3.98] 0.065 1.10 [0.48 -2.51] 0.829

Cl=95% Confidence Interval; HR= Hazard Ratio; TGA= Transposition of the great arteries

Survival and major events

Survival in our cohort is clearly worse than in the general Dutch population. So far, re-
sults after the arterial switch operation are better, but follow-up in these patients is still
inevitably shorter.'®'® Survival seems comparable to patients after the Senning opera-
tion however, only follow-up of no longer than 20 year has been described for Senning
patients.' In contrast to findings by Lange et al..® survival rates of patients with simple
and complex TGA were similar in our study. At 25-year follow-up, there was a difference
in event-free survival between simple and complex TGA. This difference disappeared
over the last 10 years. While in the previous decade, heart failure was the main cause
of death, ventricular arrhythmias were the sole cause in the last decade. Ventricular ar-
rhythmias are associated with impaired systemic ventricular systolic function in Mustard
patients.”” One of our patients had VF despite having only mild systolic ventricular dys-
function. Survival results were not as bad as we expected, based on the findings in this
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cohort 10 years ago. However, morbidity was substantial. Baffle-related complications
are the most frequent cause of reintervention, which has been described by Horer et
al” However, as only three baffle-related reinterventions were performed in the last 10
years, baffle problems seem to have been addressed effectively in the previous decades
and new stenosis are not often encountered.

Systemic right ventricular systolic dysfunction

Progressive decline in systemic RV systolic function is confirmed by our study and
remains the major concern in Mustard patients. Tricuspid regurgitation increased in
line with further deterioration of RV systolic function and dilation of the ventricle. The
degree of RV systolic dysfunction was correlated with NT-proBNP levels, a known marker
of prognosis in acquired heart failure.” Decline in RV systolic function seems to be con-
firmed by CMR-derived ejection fraction, although normal values for these subaortic RVs
are not available. Nevertheless, the median RVEF in our patients is lower than the RVEF
measured in the younger patients with systemic RVs described by Dobson et al.”* As the
benefit of conventional heart failure medication for failing subaortic RVs is limited,”**
we expect that more patients will qualify for heart transplantation in the future.

Interestingly, patients with complex TGA had a higher LV and RV ejection fraction on
CMR than those with simple TGA. Possibly, the presence of a residual LV outflow tract
obstruction with subsequent higher systolic LV pressure causing a more favourable
position of the interventricular septum improves ventricular interaction and thereby
ventricular systolic function. However, regarding our CMR results, our study population
was small and data will have to be confirmed by larger studies.

Arrhythmias

In the last decade, the incidence of SVTs has doubled. This is worrisome, as Kammeraad
et al.”? showed that SVTs are a predictor of sudden cardiac death. The occurrence of
atrial macro-re-entry tachycardia could be related to extensive atrial scar tissue, since
patients with a systemic RV without atrial scarring (i.e. congenitally corrected TGA) have
significantly less SVTs.”> Also increase in atrial pressure caused by ongoing decline in RV
systolic function could induce AF. Although Holter recordings did not show an increase
in ventricular arrhythmias, five patients experienced them and two of them died. This
urges the question whether more patients with systemic RV systolic dysfunction should
receive an ICD for primary prevention. Decisions on this topic are difficult, because in
these young patients inappropriate shocks are known to occur more often and con-
sequent psychological problems are of major concern.”**” Moreover, lead implantation
may lead to obstruction in relatively narrow superior systemic venous baffles.”® Addition-
ally, lead renewal may be necessary over time in these relatively young patients, which
has a significant morbidity. On the other hand, two patients died because of VF in the
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last decade, which probably could have been prevented by an ICD in one. Sinus-node
disease has been a major concern and the main reason for pacemaker implantation in
Mustard patients.”® Although more than half of our patients showed signs of SND on
Holter, only two additional pacemakers were implanted for this indication. Moreover,
there was no further loss of sinus rhythm on ECG. Therefore, SND appears to be primarily
a problem of the earlier decades after surgery.

Functional capacity

Exercise capacity is clearly impaired in our cohort of patients, but remained stable in
the last 10 years. This impaired exercise capacity and lower VO, max are in line with
the reference values for patients after atrial switch operation described by Kempny et
al.*® Exercise capacity could be limited by several factors: failure to increase ventricular
stroke volume due to impaired myocardial contractile reserve, the inability to augment
ventricular filling because of noncompliant baffles or inadequate coronary flow reserve
in the hypertrophic RV, and chronotropic incompetence, which is a known problem
in Mustard patients.>’ In our patients, the maximum heart rate during exercise testing
declined over the last 10 years .

Predictors for late events

Older age at time of Mustard repair was associated with a higher chance of developing
heart failure. This emphasizes the importance of early surgery, which became standard in
the last era of Mustard repair. In patients who are operated at an older age, the prolonged
presence of cyanosis may negatively affect the ventricular myocardium. Mortality was
significantly higher in the patients operated before 1977 than in those patients oper-
ated after 1977. This could reflect improvement in experience, in surgical techniques,
and in the quality of perioperative care. Early postoperative arrhythmias predicted the
development of late arrhythmias and also the occurrence of heart failure in our cohort.
Sarkar et al.**found early post-operative arrhythmias to be associated with late sudden
death and childhood junctional rhythm in Mustard patients was a predictor for late SVTs
in the study of Puley et al.®® Possibly, the relation between early and late arrhythmias
can be explained by surgical damage to the conduction system and the presence of
post-operative scar tissue and fibrosis. The relation between early arrhythmias and heart
failure is new and needs attention. As patients with early arrhythmias receive a pace-
maker more often, ventricular function could be hampered by longstanding abnormal
ventricular activation.** Also the use of negative inotropic antiarrhythmic drugs could
have had a negative effect on RV function. For example, 20% of our patients used a beta-
blocker. On the other hand, perhaps the occurrence of early post-operative arrhythmias
is an independent sign of a compromised haemodynamic or anatomic situation. Further
studies should investigate the exact role and predictive value of these early arrhythmias.

149



Chapter 7

Study limitations and advantages

Although the number of patients in this study is limited, we report the follow-up of
a consecutive cohort of operated patients, without selection bias related to disease
severity. After a follow-up of nearly 40 years, we gathered medical information on 50
(91%) of the 55 approached patients. We found no significant differences in baseline
characteristics between participating and non-participating patients. Therefore, we are
confident that there was no selection bias and consider the patients who participated in
this study as a non-selected population. Most other studies report on selected patients,
still regularly seen at the adult outpatient clinic, while we approached the total patient
population operated in the pre-defined time period to visit the hospital.

Assessment of RV function with the use of echocardiography is difficult in the normal
heart, and even more difficult in Mustard patients.”> Normal values for subaortic RVs
are not available. The same holds for CMR. Cardiac magnetic resonance is an elegant
technique to assess RV volume and function, also in Mustard patients. However, a sub-
stantial amount of the Mustard patients has a pacemaker, which makes it impossible to
perform a CMR. Even with the use of MRl compatible pacemakers, the intracardiac leads
will continue to cause artefacts in the area of interest and thus accurate assessment of
RV function in these patients remains difficult.

Diagnostic methods have been changed inevitably over the last decades. Therefore,
for comparison to data of the previous studies, we used the same methods as were used
in the past. In addition, we performed and reported all up-to-date diagnostic methods
which were available in 2012. We believe that this study provides unique data, because
this is the only study to examine the same cohort of Mustard patients longitudinally.

CONCLUSIONS

Forty years after Mustard repair, two-third of our original cohort are still alive. There is a
progressive decline in RV systolic function and an increasing incidence of arrhythmias
and heart failure. However, functional capacity remains stable.
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ABSTRACT

Background

It is unclear whether sports participation in adults with repaired congenital heart dis-
ease is safe and has benefits.

Methods

Congenital heart disease (ConHD) patients who underwent corrective surgery for Atrial
Septal Defect, Ventricular Septal Defect, Pulmonary Stenosis, Tetralogy of Fallot or Trans-
position of the Great Arteries in our center between 1968 and 1980 were included, and
participated in our longitudinal follow-up study with serial evaluations in 2001 and 2011.
At both time points patients filled in questionnaires on sports participation, subjective
physical functioning and quality of life. Exercise testing, echocardiogram and 24-hour
continuous ambulatory ECG-monitoring were performed in both 2001 and 2011. All
clinical events (re-intervention, arrhythmia, heart failure) were prospectively recorded.

Results

No relationship was found between practicing sports and the occurrence of sudden
death, PVCs or SVTs. Patients with moderate/complex forms of ConHD practiced fewer
hours of sports compared with the general Dutch normative population. Patients with
both simple and moderate/complex ConHD who practiced sports showed a higher ex-
ercise capacity. More favorable subjective physical functioning was found for moderate/
complex patients who practiced sports.

Conclusions

Adults with repaired ConHD are less often involved in sports than the Dutch general
population. The patients that were engaged in sports show a higher exercise capacity
than those who did not. Sports participation in patients with ConHD was not associated
with an increased incidence of adverse cardiac events.
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INTRODUCTION

Since the first surgical techniques for patients with congenital heart disease (ConHD)
became available some 55 years ago, virtually every area of medical care has evolved
substantially. These improvements led to an increased survival for patients with ConHD,
with over 90% of infants reaching adulthood nowadays.'

Sports participation in adults with ConHD is a relatively new territory and many physi-
cians are having difficulty in advising their patients. The first concern is the safety of the
patients, and the fear exists that exercise training and competitive sports participation
may increase the risk of adverse events, including sudden death. In this field, however,
there is a paucity of prospective data and controversial opinions still exist concerning
the safety for these patients to be regularly engaged in sports.”?

Participation in sports can have beneficial effects on quality of life, as was recently
shown in a multicenter randomized controlled trial for adolescents with ConHD, and
also for ischemic heart disease and heart failure.*® Moreover, adolescents overall do not
achieve the 60 min of recommended daily moderate to vigorous physical activity.” The
recent RCT showed that practicing sports reduced passive leisure time spending.*

We therefore planned the present study to investigate the clinical consequences of
sports participation in adults with repaired ConHD, with particular emphasis on the
occurrence of adverse cardiac events, but also assessing the cardiovascular functional
capacity, the patients’ physical fitness and quality of life. To this scope, we took advan-
tage of the long-standing follow-up program, which includes consecutive ConHD pa-
tients operated at the Erasmus Medical Center between 1968 and 1980, and extensively
followed-up every 10 years.

METHODS

Inclusion criteria

The original cohort consisted of all consecutive patients who underwent surgical correc-
tion for Atrial Septal Defect (ASD), Ventricular Septal Defect (VSD), Pulmonary Stenosis
(PS), Tetralogy of Fallot (ToF) or Transposition of the Great Arteries (TGA) between 1968
and 1980 in the Erasmus MC, and were younger than 15 years at the time of surgery. This
patient cohort has been investigated in 1991, in 2001, and again in 2011. The baseline
characteristics and medical and psychosocial results of these investigations have been
reported previously.®"

The target population of the third follow-up (conducted in 2011) consisted of the
362 patients who had previously participated in 2001. Of these patients, 10 died (i.e.,

6 cardiac-related, 3 unknown, 1 accident), 1 underwent heart transplantation and 22
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patients were lost to the follow-up. Of the

remaining 329 eligible patients, 245 pa- 362 At follow-up in 2001

tients (already examined in 2001) agreed to

participate and represent the study popula-
tion of the current analysis in 2011. The L » 10 Died
flow-chart describing the plan of the study
. . . . —1 Heart Transplantation
is shown in Figure 1. No differences were

found in baseline characteristics between ——22 Untraceable

the patients who participated again in 2011 v

and those who did not.
329 Eligible & contacted

Assessment procedure

All patients were invited to the outpatient

. . . — 84 Refused to participate
clinic for cardiac and psychological ex- paricip

amination and were informed of the study v

project. During the outpatient visit, patients

underwent a cardiac examination which 245 Participants in 2011

consisted of 24-hour Holter monitoring, an
electrocardiogram, an echocardiogram and ~ Figure 1. Flow-chart of patient inclusion
exercise testing. The participation in exer-

cise programs, sports and psychosocial characteristics were assessed by questionnaires,
which are described in detail below. The questionnaires were administered verbally
for patients who had difficulty reading or understanding the written questions. The
research protocol was approved by the institutional ethical committee of the Erasmus

MC and all patients included in the present analysis provided written informed consent.

Questionnaires and normative groups

Sports participation was assessed using the same general questionnaire on leisure
activities in 2001 and 2011 which is based on the Dutch Central Bureau of Statistics
(CBS).""' In addition, in 2011, four items of the “Baecke questionnaire”, widely used
for assessing habitual physical activity in epidemiological studies'® were used. Sports
participation was defined as any form of solitary or group physical activities outside of
regular walking and cycling throughout the day. In order to make comparison with the
general Dutch population possible, the types of sports were classified according to the
CBS, which was also used to obtain normative values for the average Dutch population
(data retrieved in 2012)." Specifically, the categories “Extensive” (more than 5 h of sports
per week), “Little/ Moderate” (in between 1 and 5 h of sports per week) and “None” (up to
1 h or less of sports per week) were used. The physiologic types of sports that patients in
our study were practicing (listed in Table 3) were classified according to Mitchell et al.'®
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This classification shows the percentage of patients practicing dynamic and static sports
in different intensities.

According to the classification adopted at the American Heart Association Task Force
on Adults with CHD,'® patients with repaired ASD, VSD and PS were classified as simple
ConHD (unless they had complications such as severe ventricular dysfunction),while
patients with ToF or TGA (all operated with a Mustard repair) were classified as moderate
to complex ConHD.

Clinical events were defined as surgical/transcatheter re-intervention, ICD implantation,
pacemaker implantation, heart failure or symptomatic and clinically relevant arrhythmia.
Arrhythmias (supraventricular tachycardia or ventricular tachycardia) were defined as
clinically relevant if anti-arrhythmic medication was needed, cardioversion or catheter-
based or surgical ablation had been applied, or hospitalization was necessary. Data on
events were collected from patient records, and classified by the first and last authors.
Maximal exercise capacity was assessed by bicycle ergometry and was compared with
that of normal individuals corrected for age, gender, body height and weight.”® Gradual
increments of workload of 20 Watts per minute were used. Exercise capacity <85% of
the predicted value was considered to be decreased. VO2 max was also measured in the
evaluation of 2011, but not in 2001.

Subjective physical functioning”' was assessed by the physical functioning scale of the
SF-36. This scale measures the amount of limitation in physical activities due to health
problems. Good reliability and validity for the Dutch version of the SF-36 have been
reported.”

Self-perceived quality of life was assessed by the Linear Analogue Scale (LAS) for Quality
of Life. The LAS has been proven valid, reliable, and sensitive for the ConHD popula-
tion.” This instrument was not used in 2001 and therefore no historical comparison can
be made.

Statistical analyses

Continuous data are presented by means + SD. In case of a skewed distribution (sig-
nificant Kolmogorov-Smirnov test or highly skewed histogram by visual inspection),
medians and interquartile ranges [IQR] (Q1-Q3) are displayed. The SF36 Physical Func-
tioning scale is analyzed with means + SD according to its manual.” To assess differ-
ences between ConHD diagnostic groups (simple versus moderate/complex), t-tests or
Mann-Whitney-U tests were utilized. Longitudinal comparison was assessed by paired
sample t-tests or Wilcoxon signed-rank tests.

Categorical variables are represented by percentages. When comparing categorical
variables between ConHD diagnostic groups (simple versus moderate/complex ConHD),
Chi-square tests or Fisher exact tests were used. Longitudinal (repeated measures)
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comparison of categorical variables was analyzed by the McNemar test for 2 x 2 paired
tables.

Univariate Cox regression was used to assess the association between death and
ConHD, and to assess the association between death and practicing sports in 2001.
Hazard ratios (HRs) with 95% confidence intervals (Cls) are reported. Univariate logistical
regression analyses were applied to assess the association between arrhythmias and
sports participation in 2011 (yes/no), adjusted for age, gender, complexity of ConHD,
and systemic ventricular function in 2011. We report odds ratios (ORs) and correspond-
ing 95% confidence intervals. Only variables that had a p-value of <0.1 were used in
the multivariate regression. Multivariate logistical regression was applied to PVCs (127
cases) adjusting for complexity of congenital heart disease, systemic ventricular func-
tion and sports (yes/no), SVTs (69 cases) adjusting for age and gender and VTs (23 cases)
adjusting for complexity of congenital heart disease, systemic ventricular function,
exercise capacity and sport (yes/no).

Two-tailed probability values of <0.05 were considered statistically significant. The
statistical program IBM SPSS Statistics for Mac, Version 20.0 (released 2011) was used for
all statistics. Figures were made using GraphPad Prism version 6.0a for Mac, GraphPad
Software (released July 18, 2012), La Jolla, California, USA.

RESULTS

Baseline characteristics in 2001

The baseline characteristics of the patients included in this analysis are shown in Table 1.
Patients with simple ConHD who were not practicing sports were smoking more ciga-
rettes per day compared with those who were practicing sports (hours) (20 [14-20] vs.
10 [4-15], p = 0.009), and showed a significantly lower exercise capacity (% predicted of
norm) (89.6 + 21.9 vs. 97.5 £ 15.2, p = 0.008). Patients with moderate/complex ConHD
who were not practicing sports in 2001 were significantly older (years) (29.5 [24.2-35.0]
vs. 26.7 [23.7-29.3], p = 0.036), had a significantly lower exercise capacity (% predicted
of norm) (75.3 £ 17.2 vs. 84.1 £ 21.0, p = 0.047), had a higher average heart rate (beats
per minute) (76.0 [72.0-80.0] vs. 71.0 [66.8-77.5], p=0.021) and showed worse results
on subjective physical functioning (QoL score) (95.0 [75.0-100.0] vs. 95.0 [90.0-100.0],
p = 0.039) compared with patients who were practicing sports in 2001.

Mortality or arrhythmias

Of the 362 patients evaluated in 2001, 10 patients died and 1 patient underwent heart
transplantation over the follow-up period of 10 years. Clinical characteristics of these
11 patients are reported in Table 2. We found an association between the presence of
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moderate/complex ConHD and the occurrence of death (HR [95% ClI: 4.3 [1.1-16.6],
p = 0.036). We found no relationship between practicing sports and the occurrence of
death (HR [95% Cl]: 0.6 [0.2-2.3], p=0.482). The changes in sports participation in pa-
tients in the period from 2001 to 2011 are shown in Fig. 2.

We also did not find a relationship between sports participation and the occurrence of
PVCs (OR [95% Cl]: 0.3 [0.1-1.05], p = 0.06), SVTs (OR [95% Cl]: 0.9 [0.5-1.5], p = 0.572) or
the average heart rate (R? =.008, F(1,224)= 1.8, p =0.181). There was a negative associa-
tion between sports participation and the occurrence of VTs (OR [95% Cl]: 0.3 [0.1-0.7],
p = 0.010); however, this association disappeared after adjustment for potential con-
founders (OR [95% Cl]: 0.5 [0.2-1.4], p = 0.169).

Simple ConHD
2001 2011
n=46
No Sport > No Sport
n=74 % n=71
“4%
/7Q28
Sport Sport
n=91 > n=94
n=66
Complex ConHD
2001 2011
n=31
No Sport > No Sport
n=45 n=46
A2
o
574
Sport Sport
n=35 > n=34
n=30

Figure 2. Flowchart of sport participation between 2001 and 2011.

Abbreviations: ConHD = Congenital Heart Disease;

The category “No sports” contains patients who never practiced any sports and patients who stopped prac-
ticing sports between 2001 and 2011. The category “Sports” contains patients who remained practising
sports between 2001 and 2011, and patients who started practicing sports between 2001 and 2011.
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Characteristics of sports participation in patients with ConHD in 2011

The types of sports participated by patients in 2011 are listed in Table 3. More than half
of the patients were involved in high-dynamic sports (57.9%).

Table 3. Type of sports participation of ConHD patients in 2011

High
30.9%

Moderate
43.4%

Increasing static component

25.7%

Low Moderate High
36.8% 5.3% 57.9%

Increasing dynamic component

Data is for total ConHD group. Table based on the study of Mitchell et al. [18]

Fig. 3 shows sports participation in patients with ConHD in 2011 compared with nor-
mative data derived from the general population. Specifically, patients with moderate/
complex ConHD practiced fewer hours of sports in comparison with the normal popula-
tion. Both simple and moderate/complex ConHD patients were underrepresented in the
‘Extensive’ sports category compared with the general Dutch population.

p=0.002 p=0.032

1007 - B Extensive Figure 3. Sports participation in 2011
80- Litle/Moderate Versus normative data

p=0.011 p=0.6 mm None Abbreviations: Extensive = 5 or more

60+ hours per week; Little/Moderate = In

between 1 and 5 hours of sports per
week; More than 5 hours of sports per
20+ week; None = Up to 1 hour or less of
sports per week. Categories are based

40-

Percentage of population

0-
Norm Simple Moderate/ on normative data derived from the
ConHD  Complex Dutch Central Bureau of statistics [15].
ConHD

Fig. 4 shows that patients who practiced sports had a significantly higher exercise
capacity compared with patients who did not practice any sport.

Table 4 shows that patients with simple ConHD who were not practicing sports had
a worse exercise capacity than patients who were practicing sports (86.6+18.2 vs.
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200- | p<0.0001

> p<0.0001 ’ Figure 4. Relationship between exercise ca-
.2 150 pacity and hours of sports practiced
§: $ Abbreviations: Extensive = 5+ hours of sports
o §100' per week; Little/Moderate = 1 to 5 hours of
E ~ sports per week; None = Up to 1 hour or less
) 50+ of sports per week. The X-axis represents the
w hours of sports practiced in 2011. On the Y-axis

0 the exercise capacity is shown. Practicing > 5

Nolne LitteIM:)derate Exterl15ive hours/week sports per week or more results in
a better exercise capacity.

Hours of sports

96.8+19.2, p=0.001). The same influence was observed for moderate/complex patients
(75.9£19.3vs.90.1 + 19.2, p = 0.003).

The total sports group showed a lower incidence of ventricular tachycardia (14.5% vs.
4.7%, p=0.008, not in the table) and fewer premature ventricular complexes (64.2% vs.
49.2%, p = 0.023, not in the table).

In addition, patients with moderate/complex ConHD who were not practicing sports
showed a worse exercise capacity compared with those who were practicing sports
(90.0 [75.0-95.0] vs. 95.0 [89.7-100.0], p-value = 0.001).

Patients with moderate/complex ConHD who were practicing sports showed a signifi-
cantly higher Physical Functioning compared with patients who did not practice sports
(95.0 [89.7-100.0] vs. 90.0 [75.0-95.0], p = 0.001). No differences were found on quality
of life (according to the LAS instrument).

Clinical consequences of sports participation over time

Over the period of 10 years, 22.5% of the patients showed deterioration in systemic ven-
tricular function, while 69.6% remained stable. In 7.9% of the patients, an improvement
in systemic ventricular function was observed. The patients who practiced sports, more
often remained stable (77.0% vs. 61.0%, overall p-value=0.031).

When looking at subjective physical functioning over time, deterioration was seen
in the group of patients that stopped practicing sports between 2001 and 2011 (95.0
[85.0-100.0] vs. 92.5 [75.0-100.0], p = 0.035). Systemic ventricular function did not dete-
riorate in patients who stopped practicing sports over time compared with patients who
remained practicing sports (20.9% vs. 30.6%, p = 0.276).

These influences were observed only when the data were analyzed for the overall pa-
tient’s cohort, and were lost when looking separately at simple and moderate/complex
ConHD.
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Major complications between 2001 and 2011

Table 5 lists the major complications that occurred between 2001 and 2011. In total, 46

patients had only events before the first assessment in 2001. These patients were ex-

cluded from analysis. A total of 26 patients had one or more major cardiac events. There

were no significant differences between patients who did or did not practice sports.
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Table 5. Clinical events between 2001 - 2011

Major events between 2001 - 2011

Simple ConHD Moderate/complex ConHD
Total No sports  Sports p No sports Sports p
n=245 n=74 n=91 n=45 n=35
Major events
Overall 10.6 (26) 8.5 (6) 53(5 0425 19.6 (9) 17.6 (6) 0.828
Arrhythmia 6.5(16) 5.6 (4) 43(4) 0.726 10.9 (5) 8.8 (3) 1.000
Pacemaker implantation 2.9(7) 2.8(2) 0.0 (0) 0.184 8.7 (4) 2.9(1) 0.388
Surgical reintervention 2.4(6) 2.8(2) 0.0 (0) 0.184 43(2) 5.9(2) 1.000
ICD implantation 1.6 (4) 1.4(1) 1.1(1) 1.000 43(2) 0.0 (0) 0.505
Heart failure 1.2(3) 0.0 (0) 0.0 (0) - 6.5 (3) 0.0 (0) 0.258

Abbreviations: Complex ConHD = Tetralogy of Fallot (ToF) & Transposition of the Great Arteries (TGA); Con-
HD = Congenital Heart disease; ICD = Implantable Cardioverter Defibrillator; Simple ConHD = Atrial Septal
Defect (ASD) & Ventricular Septal Defect (VSD) & Pulmonary Stenosis (PS). Data are expressed as n(%); One
person can have multiple major complications.

DISCUSSION

Our study shows that sports participation in adults with ConHD has a positive influ-
ence on exercise capacity, both in patients with simple and moderate/complex ConHD,
without conveying major negative consequences such as death or arrhythmias. In the
patients with moderate/complex ConHD a positive influence on subjective physical
function was also observed.

Sports participation in patients with ConHD

Almost half of the adults with ConHD included in the present analysis were engaged in
sports. Compared with the general Dutch population, the patients with ConHD, and es-
pecially those with moderate/complex ConHD, practice sports for fewer hours per week.

Our findings are in line with two previous studies,”**

and in contrast only with Immer
et al. who unexpectedly reported a higher rate of sports participation in patients with
simple and complex forms of ConHD compared with the general population.?® Patients
with more complex forms of ConHD are known to have a reduced exercise capacity.”
This finding is the most logic explanation why complex patients (as shown in our study)
are less often involved in sports. They are probably limited in their possibility to sport,
based on their reduced physical capacities. However, it has been shown that children
and adolescents with ConHD were able to improve their peak oxygen uptake with an
exercise program, so the depressed exercise capacity may partially be explained by the
absolute lack of exercise, mostly based on fear for complications or negative impact on
cardiac function.*****?73% We found that practicing sports did increase exercise capacity
in patients with ConHD, including those with the more complex lesions.
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Indeed, we found not only a positive influence on exercise capacity but also on
subjective physical functioning, including the patients with more complex ConHD.
Previous studies have shown ambiguous results, with some studies reporting that an
active lifestyle in ConHD patients has a positive influence on exercise capacity or peak

6,25,31,32

oxygen uptake and perceived physical functioning, while other studies found no

relationship.***

Safety

The results on safety in this article should be interpreted with caution due to the small
sample size. The rare case of a young man with an operated Tetralogy of Fallot dying
suddenly at the sports field is a dramatic and emotional event that raises a number of
questions regarding the safety of sports participation and explains the implementation
of strict regulations.** On the other hand, many patients with moderate/complex ConHD
can and do participate in sports without major problems and can even reach the highest
level of achievement. For instance, Shaun White, also operated for Tetralogy of Fallot
won Olympic gold twice on snowboarding.*® Proper studies on safety are lacking and
are difficult to perform.

In our prospective observational cohort, we found no significant relation between
sports participation and sudden cardiac death or other adverse events such as ominous
arrhythmias. Moreover, we found less ventricular ectopic beats and short VTs on Holter
ECG monitoring in patients that were actively engaged in sports and a trend for a favor-
able influence on ventricular function. Of course, there may be a bias selection in sports,
usually compromising the individuals in better conditions, but nevertheless these
patients seem not to be at higher risk.

We found high scores on subjective physical functioning in patients with ConHD,
with the possible consequence of overestimating their physical capabilities. This might
indeed imply that they might choose a sport that can potentially be harmful. In our
study, over 50% was engaged in high-dynamic sports and a small subset of patients
(6.6%) practiced sports both at the highest static and dynamic level. Despite participa-
tion in these demanding sports, we found no negative influence on ventricular function
or clinical events. Our study supports the concept that sports participation in patients
with Con HD can be approached with more confidence and may imply more beneficial
consequences than believed in the past. Our findings open also the question of the
appropriateness of the current restrictive guidelines regarding sports participation in
these patients.®

Recommendations

Although our study shows no overall increased risk of cardiac complications and death,
recommendation for practicing sports should take into account the unique medical his-
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tory of the patient. Advice on the type of sport should be based on the personal situation
and anticipated effort levels, and if needed can be supervised by a physician first.**”**
In a recent publication, Budts et al. have published a 6-step evaluation in order to be
able to advise patients for a high, moderate or low intensity sport.*® Takken et al. have
published guidelines for children with ConHD on physical activity, recreational sports
and exercise training.*® Solid programs of sports participation with medical supervision
as described successfully for patients with heart failure may be necessary also for our

(adult) patients with ConHD.

Limitations of the study

Although this is the first report based on longitudinal data, no firm conclusions on safety
can be drawn due to the relatively small size of the patient population. Larger series and
longer follow-up are clearly warranted to consolidate our positive experiences regarding
the low mortality and better ventricular function associated with sports participation.
Our findings open also the discussion regarding less conservative rules regarding sports
participation in these patients.

The patients included in this study had one of the following diagnoses: ASD, VSD,
PS, ToF or TGA, therefore, the obtained results may not be applicable to all forms of
ConHD. The results of the safety of sports from the logistic regression (mortality, heart
frequency and arrhythmias) should be drawn with caution since our data is based on an
observational cohort and selection bias may exist. Patients participating in sports may
have been in better health condition at baseline. We tried to avoid this bias by dividing
the group into patients with simple and moderate/complex heart disease, but still a bias
cannot be ruled out. Also, the study design in 2001 did not anticipate these analyses on
sports behavior in 2011. Therefore, patients were not instructed in 2001 to write down
the dates in which they changed or stopped to practice sports, nor did they wear an
accelerometer to objectify duration and intensity of sports participation. Therefore, in
the “No sports” category patients who did practice sports for a certain amount of hours
prior to the assessment in 2011 could have been included.

Lastly, a questionnaire on sports participation (without objective measurement)
unfortunately does not always reflect reality. Furthermore, duration of sports does not
equal intensity. Outcome on these questionnaires should be interpreted bearing this in
mind.

CONCLUSION

The results of this study suggest that sports participation in patients with congenital
heart disease does not increase the risk of arrhythmias or sudden cardiac death. Patients
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with congenital heart disease who participate in sports have better subjective and
objective (physical) functioning than those who do not.
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ABSTRACT

Background

To investigate the overall sexual functioning and disease specific sexual problems in
congenital heart disease (ConHD) patients, for both genders and different cardiac di-
agnostic groups, and compare these with Dutch normative data. Also disease specific
sexual problems were investigated.

Methods

From a longitudinal cohort of patients, operated for ConHD between 1968 and 1980, 254
patients (median age: 40, 53.4% male) were included in this study: atrial septal defect
(n=72), ventricular septal defect (n=71), pulmonary stenosis (n=30), tetralogy of Fallot
(n=53) and transposition of the great arteries (n=28). Patients completed internation-
ally validated, generic questionnaires and also disease specific instruments on sexual
functioning.

Results

Patients showed a delay in starting sexual activities compared with peers. Females with
ConHD scored significantly worse compared with normative data on all scales of sexual
functioning, indicating a broad range of sexual problems and 15% showed clinical levels
of sexual dysfunction. Of the males, 14% suffered from erectile dysfunction. Males with
ConHD scored worse on erectile function, orgasmic function and satisfaction regarding
their sexual life compared with normative data. No differences were found between the
different cardiac diagnoses. The majority of patients reported disease specific worries
and fears about the use of contraceptives, heredity, pregnancy and delivery. Patients
indicated to have been suboptimally informed about sexuality in early adolescence.

Conclusions

This study shows that sexual functioning is impaired in adults with ConHD. Providing
information to patients about sexuality, pregnancy, delivery and heredity should be
improved, and given at young age.
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INTRODUCTION

The number of adults with congenital heart disease (ConHD) is steadily increasing due to
the successes of pediatric cardiology and open-heart surgery. This nascent demographic
phenomenon is creating major issues concerning the optimal medical and psychological
management of these patients.”” Adults with ConHD have very specific needs, both on
medical and psychosocial topics. Previous studies concerning psychosocial well-being
and quality of life in adult ConHD patients have largely neglected sexual functioning
and only very few studies have reported on this topic.*

As part of a longitudinal study following a large cohort of consecutive patients op-
erated for ConHD at young age, we investigated sexual functioning 30-43 years after
cardiac surgery. Sexual functioning was assessed with both internationally validated
instruments and disease-specific questionnaires, for males and females separately.

The aims of this study are:

1. To investigate the overall sexual functioning, for both sexes and different cardiac
diagnostic groups, and compare this with the general population.

2. Toinvestigate disease specific problems in sexual functioning.

METHODS

Inclusion criteria

The original cohort exists of all consecutive patients who underwent their first open
heart surgery for Atrial Septal Defect (ASD), Ventricular Septal Defect (VSD), Pulmonary
Stenosis (PS), Tetralogy of Fallot (ToF) or Transposition of the Great Arteries (TGA) be-
tween 1968 and 1980 in the Erasmus Medical Center, and were younger than 15 years
at the time of surgery. This cohort has already been investigated in 1990/1991 and in
2000/2001.The baseline characteristics, medical and psychosocial results of these inves-
tigations have been reported in detail previously.> '

The target population of this third follow-up (2010-2011) consisted of the 412 patients
who participated in the previous 2 follow-ups. Of these patients, ten had died (causes:
6 cardiac-related, 3 unknown, 1 accident), 1 underwent heart transplantation and 28
patients were untraceable. Of the remaining 373 eligible patients, 102 refused to par-
ticipate in this study due to practical reasons (work, distance to hospital), leading to a

response rate of 73%.

Patient sample

Of the 271 patients who participated and completed psychological instruments, 17
patients refused to complete the questionnaires on sexual functioning. Patients were
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classified into 2 groups of disease severity according to the classification adopted at the
American Heart Association Task Force on Adults with CHD."" Patients with corrected
ASD, VSD and PS were classified as simple ConHD (unless they had complications such
as severe ventricular dysfunction), while patients with ToF or TGA (all operated with a
Mustard repair) were classified as moderate to complex ConHD.

Assessment procedure

The research protocol was approved by the institutional ethical committee and com-
plies with the 1975 Declaration of Helsinki. All patients were approached uniformly and
invited to visit the hospital for extensive cardiac and psychological examination. All
participating patients signed informed consent before participating. During their visit,
a cardiologist performed the cardiac and medical examination. The semi-structured
interview and psychological questionnaires were completed during the hospital visit.
Due to practical reasons (work, children), 20 patients completed the questionnaires at
home. The questionnaires were administered verbally for patients who had difficulty
reading or understanding the questionnaires.

Instruments and normative groups

The Female Sexual Function Index (FSFI) is a multidimensional and standardized self-
report questionnaire used to assess 6 domains of sexual functioning in females.'” The
FSFI has shown good discriminative validity between females with and without sexual
problems.'*"

The Female Sexual Distress Scale-Revised (FSDS-R) is a 12 item self-report question-
naire used to assess sexual related personal distress indicating sexual dysfunction. The
FSDSR measures the psychological distress encountered during sexual intercourse.'* "

If a patient scores within the clinical range on both the FSFI and the FSDSR, this is
classified as a DSM-IV sexual disorder. Normative data for both the FSFl and FSDSR were
derived from Kuile et al.'”” Normative data on sexual dysfunctions in the general Dutch
population were derived from the Rutgers Foundation.'

The International Index of Erectile Function (lIEF) is a multidimensional self-report
questionnaire that measures erectile function and sexual functioning in males.'” Nor-
mative data for the IlEF questionnaire was derived from Rosen et al."” Normative data
on erectile dysfunction in the general Dutch population was derived from the Rutgers
Foundation."”

The ConHD Specific Problems related to Sexual Functioning (CSSP) is a structured
self-report specifically designed for this study by 2 congenital cardiologists and a
psychologist specialized in ConHD to assess the impact of ConHD on sexual function-
ing (unpublished questionnaire Utens et al. 2010). Normative data on general sexual

functioning of the Dutch population was derived from the Rutgers Foundation.'®'®

180



Sexual functioning in adults with congenital heart disease

Statistical analyses

Categorical variables are represented by frequencies and percentages. Where appropri-
ate, a chi-square test or Fisher’s exact test was used when comparing frequencies. Data
on generic questionnaires (FSFI, FSDSR, IIEF) were analyzed conform to international
manuals using means and standard deviations.'”"” Data on disease-specific question-
naires are represented with medians and interquartile ranges because of the skewed
nature of the data. Comparison of continuous variables between simple and moderate/
complex ConHD was made with Student’s T-tests, comparison between ASD, VSD, PS, ToF
and TGA groups was made by one-way ANOVA tests. In case of a skewed distribution,
Mann-Whitney-U tests resp. Wilcoxon signed rank tests were used. Univariate binary
logistic regression (forced entry model) was used to test for effects of medication on
erectile function and for the effects of educational level, occupational level and income
on sexual dysfunctions in both men en women. Two-tailed probability values of <0.05
were considered statistically significant. The statistical packages IBM SPSS Statistics for
Mac version 19.0 (Release 19.0.0) and R (64 bit) for Mac, version 2.14.2 were used to
perform the calculations.

RESULTS

Baseline characteristics

The baseline characteristics of the 254 included patients (53.5% male, median age 40
years) are summarized in Table 1. A total of 97% was heterosexual, 2% was homosexual
and 1% was bisexual. The majority of patients were married, and 84.5% reported to be
sexually active. Patients with moderate/complex ConHD used cardiac medication sig-
nificantly more often than the patients with simple ConHD (p=0.004) and, on average,
had a worse systemic ventricular function (p<0.001).

Gender specific sexual functioning compared to normative data

Females (FSFI and FSDSR) (Figure 1)

On all sexual functioning scales (FSFI questionnaire), females with ConHD scored
significantly worse compared to normative data, indicating a broad range of sexual
problems; with younger females showing worse outcome compared to older females
(groups based on median age of 39 years) (p<0.0001). However, on the FSDS-R scale
assessing sexual distress indicating pathological sexual dysfunction, females obtained
similar results compared to normative data. A pathological sexual disorder (defined on
both clinical levels on the FSFl and FSDS-R) was present in 14.6% of our female patients
compared to 17.7% in the reference group (p=0.5)."
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Sexual functioning in adults with congenital heart disease

In-between ConHD diagnostic groups: No difference was found on either of the ques-
tionnaires between diagnostic groups.

Effect of systemic ventricular function: Univariate logistic regression showed no sig-
nificant effects of systemic ventricular function on the prevalence of sexual disorders in
females (FSDSR, FSFI and clinical score).

Effects of socio-economic status: Univariate logistic regression showed no significant
effects of occupational level, educational level and income on the prevalence of sexual
disorders in females (FSDSR, FSFl and clinical score).

Males (IIEF) (Figure 2)
Males with ConHD scored worse on erectile function, orgasmic function, intercourse
satisfaction and overall satisfaction compared to normative data. This result indicates
a broad range of sexual problems. A total of 13.7% of males scored within the clinical
range of having erectile dysfunction. This is more than twice as high as in normative data
stratified by age (5.9%, p=0.002). Patients with erectile dysfunction were not significantly
older than patients without (p=0.8). The use of beta-blockers did not have an effect on
erectile function in this population (p=0.9).

Diagnostic groups: No difference was found between the different ConHD diagnoses.

Effect of systemic ventricular function: Univariate logistic regression showed no sig-
nificant effects of systemic ventricular function on the prevalence of sexual disorders in
males (IIEF and clinical score).

Effects of socio-economic status: Univariate logistic regression showed no significant
effects of occupational level, educational level and income on the prevalence of sexual
disorders in males (erectile disorders on the IIEF).

Disease specific problems related to sexual functioning (Table 2 - Table 4)

Gender specific sexual aspects are shown in Table 2. Females had their first menstrual
period at a median age of 13 years, which is comparable to the general Dutch population.
Cardiac complaints worsened in 11% of females during menses. Menstrual complaints
mainly consisted of pain (41.7%) and excessive blood loss (35.1%). A total of 19.8%
required medical treatment for menstrual related problems.

Problems before, during and after sexual activity (Table 3)

Patients in our study were on average 18 years old when they first had sexual intercourse.
On average, they had 1 sexual partner during the past 3 months. Roughly a quarter of
patients (24.7%) had sexual intercourse between zero and one time per month, 23.3%
had sexual intercourse between 2 and 3 times per month, almost a third (28.4%) had
sexual intercourse four to nine times per month and the rest (11.4%) had sexual inter-
course more than nine times per month.
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Table 2. Female disease specific sexually related aspects, fears & worries

ConHD classification

Total -
N=118 Simple Moderate/complex

N=86 N=32 p
N % N % N %

At what age did you get your first menstrual period?
Age (median [IQR]) 13[12-14] 13[12-14] 13[12-14] 0.5

Do you get more complaints from your ConHD or do the complaints change before or after your menstrual
period?

Yes 13 110 9 10.5 4 12.5 0.7
Have you ever experienced one of the following complaints?

>5 weeks between menses 11 9.5 10 11.8 1 32 0.3

<5 weeks between menses 7 6.1 7 8.4 - - 0.2

Excessive bloodloss 40 35.1 27 325 13 419 0.3

Painful menses 48 417 36 429 12 38.7 0.7

6 months no menses 14 124 12 14.5 2 6.7 0.3

Spotting 5 11.6 10 12.2 4 12.9 1.0
Did you ever need medical attention for menstrual complaints?

Yes 23 198 17 20.0 6 19.4 0.9
Are you (pre)menopausal?

Yes 19 165 17 20.5 2 6.3 0.1

Age (median [IQR]) 45 [42-47] 45 [42-47] 44 [42-44] 0.5
Are you receiving medical treatment for your (pre)menopause?

Yes 3 2.6 2 24 1 3.1 1.0

Data are displayed as n %, unless indicated otherwise.
IQR = Interquantile Range

The majority (76.5%) of patients felt satisfied with their overall physical appearance.
Obesity was the main reason why some of the patients felt dissatisfied. When rating the
appearance of their scar, patients scored a 6 on a scale from 1 to 10 (1 = ugly, 10 = beau-
tiful). The surgical scar made 11.4% of patients feel ashamed and less attractive during
sexual activity. This was reported significantly more often by females (17.5% versus 6.2%
in males, p=0.004).

Of all patients, 11.7% reported having problems with sexual activities because of their
ConHD. This was observed more frequently in females compared with males (16.2%
versus 7.7%, p=0.037), and more frequently in moderate/complex ConHD patients com-
pared with simple ConHD patients (21.8% versus 7.1%, p=0.001). In addition, 11.6% of all
patients reported that their ConHD had a great influence on starting and maintaining a
relationship. Remarkably this was reported significantly more often in the simple ConHD
group compared to the moderate/complex ConHD group (17.5% versus 8.9%, p=0.048).
Overall, patients did not have to prematurely cease with sexual activity due to heart
complaints.
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Sexual functioning in adults with congenital heart disease

About 1 in every 5 patients reported not having enjoyed sexual activity (18.6%), hav-
ing feelings of insecurity (15.7%) or felt unable to achieve sexual arousal during sexual
activity (19.5%) within the last month. Not enjoying sexual activity was reported more
often by females compared to males (25.5% versus 13.1%, p=0.015).

About 1 in 4 patients worry about their sex life (23.8%). This was reported more fre-
quently by females (30.8% versus 18.0%, p=0.021).

A total of 7.8% of patients reported having been forced to perform sexual activity
against their will. This finding was higher in females compared to males (11.3% versus
4.6%, p=0.05).

When asked to rate the information provided by physicians about sexuality and
ConHD, patients scored a 2.0 on average on a 1-10 Likert scale (1 = not being informed
about the influence of sexuality on ConHD, 10 being optimally informed). AImost half of
the patients (45%) rated the provided information on the possible side effects of sex on
their heart condition as 1, and 68% of patients scored <5 (unsatisfactory).

Contraceptives, pregnancy and heredity (Table 4)

Patients began using contraceptives at a median age of 18 years. The most used con-
traceptive was the condom, followed by oral contraceptives and sterilization. 10.9% of

Female sexual functioning and distress
FSFI+FSDSR

6 40
O Bl ConHD

Norm

30

* $<0.0001
©=0.006
©p=0.0001
Op=0.7

20

Score
w

Figure 1.

ConHD = all congenital heart diseases together; Norm = normative data.

A high score indicates favorable sexual functioning. On the distress scale, a high score indicates high dis-
tress. Data are presented using means.
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Male sexual functioning
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Figure 2.

ConHD = all congenital heart diseases together; Norm = normative data.
A high score indicates favorable sexual functioning. Data are presented using means

males were sterilized, versus 5.9% of females (p=0.166). A minority of patients (4.7%)
became pregnant while using contraception.

The vast majority of patients (86.2%) never discussed the possible side effects of
different methods of contraceptives with their physicians. There was a strong gender
difference in information received from the physician; with females asking and receiving
more information. Despite this, only 20% of women reported to have received informa-
tion from their physicians regarding the use of contraceptives. Of this group, 56% had to
actively ask for this information. Females reported having a greater fear of being infertile
compared to males (26.2% versus 12.0%, p = 0.007). In addition, females reported ex-
periencing more feelings of fear concerning the heredity of their ConHD (64.5% versus
41.0%, p<0.0001). The fear of harmful effects of their heart disease on the outcome of
their child was reported by 34.5% of patients. This was reported significantly more often
in patients with moderate/complex ConHD (43.7% versus 30.3%, p=0.05). Patients with
moderate/complex ConHD also had significantly more fears of not having enough en-
ergy to raise children (16.9% versus 4.6%, p=0.002) and fears of a lower life expectancy
as a disability to fully raise children (19.7% versus 5.9%, p=0.002). ConHD was a limiting
factor in the decision of having children in 14.6% of patients, mostly in females com-
pared with males (22.2% versus 7.6% p=0.002) and in patients with moderate/complex
ConHD compared with simple ConHD patients (22.2% versus 11.0%, p=0.027).
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Sexual functioning in adults with congenital heart disease

A total of 21.3% of females feared that pregnancy would have a negative influence on
their heart or on their overall clinical condition. This was found more often in females
with moderate/complex ConHD (p<0.0001). In addition, some of the females feared that
delivery would have a negative effect on their heart (28.0%) and overall health (21.5%).
Both of these findings were higher in females with moderate/complex ConHD group
compared to females with simple ConHD (p<0.0001).

DISCUSSION

The present study shows a broad range of sexual problems in both men and women
with ConHD. Concern over sexual health appeared to be stronger in women. Sexual
functioning was significantly impaired compared to normative data. Our female pa-
tients reported a wide range of problems, including a lower sexual desire, less arousal,
and more pain during sexual intercourse. The proportion of male patients with erectile
dysfunction was more than twice as high as in the general population. Male sexual
functioning was clearly impaired as to satisfaction regarding intercourse and orgasmic
function.

No differences were found between cardiac diagnostic groups on generic question-
naires into sexual functioning. However, disease-specific instruments showed that
patients with moderate/complex ConHD viewed their ConHD as a limiting factor in hav-
ing children. Concerns included not having enough energy in raising children, having a
lower life expectancy, potentially harmful effects of the pregnancy on their child, their
heart and overall health.

Disease specific problems related to sexual functioning

An important issue is whether the surgical scar influences personal feelings and hereby
indirectly the sexual functioning of patients. Some patients indicated that the scar was
part of their body and a symbol that their life had been saved. Earlier in life about half
of patients from this same cohort reported to have been troubled by their scar.? Now,
10 years later, during the third follow-up of this cohort, a minor proportion of patients
still felt ashamed because of their scar and felt less attractive. This was especially seen
in females. However, compared to the 2 previous follow-ups, these numbers seem to
have declined. A possible explanation is that with older age, patients seem to have ac-
cepted the scar and find it less important. This hypothesis is supported by Horner et
al."” who described that patients reported to conceal or hide their scars mostly during
adolescence. Most problems were observed around 20 years of age, the age that many
people start a relationship. This may imply that the desire of young females to correct
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Sexual functioning in adults with congenital heart disease

their scar by plastic surgery should be taken seriously, but does seem age-related and is
often not a problem after 10 years.

Patients from our study lost their virginity at a significantly older age compared to the
general Dutch population.'® It has been reported that a lower educational level is associ-
ated with an early age of losing virginity.' Taking into account the lower educational
level of the present cohort,” the significantly older age when losing virginity is even
more noticeable. In our opinion this finding can be explained by possible overprotec-
tion from parents.”’ In addition, the later age at which patients become independent
and gain autonomy could play a role.”"? Finally, feelings of uncertainty or feelings about
being less attractive might play a role here. Previously, during the second follow-up of
this study at a younger age, our patients reported feeling limited due to their surgical
scars. This could also have contributed to fear of rejection, which may cause patients to
become sexually active at a later age.

Gender-specific sexual functioning

In our study we found that female patients had their first menstrual period at a median
age of 13 years, which is in line with literature and normative data.'®* There was no
difference between simple and moderate/complex ConHD patients.

Although females obtained significantly worse outcomes on the FSFI compared
to normative data, the prevalence of sexual disorders in females (14.6% had clinical
range on both the FSFI and FSDSR) did not differ from the general Dutch population.
A possible explanation for this is that the FSDSR instrument is not sensitive enough to
measure distress in females with ConHD. In contrast to the study of Reid et al.”> we did
not find that females with a moderate/complex ConHD had significantly more sexual
partners indicating promiscuity. This could however be explained by the age difference:
the patients in our study are older.

Of the male patients, 13.7% experienced a clinical level of erectile dysfunction, which
is higher than reported previously using the same instruments in ConHD patients,*® and
over twice as high as in the general Dutch population.'®

Contraceptives, pregnancy and heredity

This study also shows areas in outpatient care to which more attention should be paid.
Only a minority of patients (13.8%) reported to have been fully informed about how
sexuality, pregnancy, and contraceptives can influence their heart and overall general
health.”*° 20% of females reported to have been informed regarding contraceptives by
their physician. Studies have shown poor knowledge about contraceptives with many
misconcepts.’’* Of course, at the age of 40, this probably is not a big issue anymore,
but there seems to be a clear need for counseling provided at a younger age, preferably
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before puberty. Information could be provided by pediatric cardiologists, but also by
nurse practitioners or patient organizations.

Clinical implications

Since this cohort has reached the age of 30-56 years, and most patients have children,
the need for sexually oriented information may have disappeared, and may be higher
in younger patients. Patients reported to have had worries and fears in the past about
the heredity of ConHD, harmful effects on the unborn child and infertility. Patients were
also worried about the harmful effects of pregnancy and delivery on their own heart
and overall health."*?® Caregivers should bear in mind that patients wish to receive
information about contraceptives and sexual activities.** Therefore, we would recom-
mend that patients receive disease specific information regarding sexual activities at
young age, before planning to have children. Considering that most hospitals have com-
bined transfer of patients from pediatric to adult clinics, this would provide a perfect
opportunity to counsel patients about this problem, for instance by a nurse practitioner.
Highlighted topics should at least include the safe use of contraceptives, sexual activi-
ties, pregnancy and delivery.

Strengths and study limitations

This study is the first to report on gender-specific sexual functioning in a systematically
followed consecutive series of 30-56 year old patients. Both internationally validated
generic questionnaires and disease specific instruments were used to measure sexual
functioning for both genders. Where possible, outcomes were compared to normative
data. Unfortunately, data on sexual functioning in males is scarce. There was no Dutch
[IEF data of male reference groups for the Netherlands. Therefore, IIEF normative data
from the USA was used. The patients included in this study all had the diagnosis of ASD,
VSD, PS, ToF or TGA, and all were followed in an adult tertiary care center in the Nether-
lands. Therefore, the obtained results may not be applicable for all ConHD patients, nor
in all countries worldwide. The FSDSR instrument may not have been specific enough to
detect clinical levels of problems with sexuality in females.

Future recommendations

With increasing age, it can be expected that erectile disorders and menopausal
complaints in ConHD patients may worsen. Systematic follow-up of sexual function
is therefore recommended in this population since the present patients with ConHD
already show high levels of sexual dysfunction. Attention for and information on sexual
functioning should be organized for adolescents with ConHD. The extent in which these
findings can be extrapolated to other heart conditions is unknown and should be inves-
tigated.
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CONCLUSIONS

Sexual functioning in ConHD adults has largely been neglected in psychosocial research.
Our study shows that sexual functioning is hampered substantially in adults with ConHD.
Importantly, providing information to patients about sexuality, pregnancy, delivery and
heredity should be improved and given at a younger age to assure the best holistic care.
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ABSTRACT

Aim

To describe the long-term cardiological and psychological results of our first surgical
cohort of arterial switch operation (ASO) patients and compare the results with our
earlier series of Mustard patients.

Methods

Twenty-four survivors of ASO operated in our centre (1985-1990) were evaluated by ECG,
echocardiography, MRI, exercise-testing, 24-hour Holter-monitoring and health-related
quality of life questionnaire. The results were compared with 58 adult Mustard patients
who were evaluated in 2001 using the same study-protocol.

Results

ASO was performed at a median age of 13 days and Mustard operation at 2 years. Median
follow-up was 22 (range 20-25) and 25 years (22-29), respectively. After ASO survival was
better (p=0.04). The event-free survival after 22 years was 77% after ASO versus 44%
after Mustard (p=0.03). Good systemic ventricular function was present in 93% after
ASO versus 6% after Mustard (p<0.01). Exercise capacity in ASO was 85% of predicted,
compared to 72% in Mustard patients (p=0.01). Aortic regurgitation was found in 21% of
in ASO versus 16% in Mustard patients. Arterial switch patients versus Mustard patients
reported significantly better quality of life and less somatic complaints.

Conclusion

The progression made in surgical treatment for transposition of the great arteries from
Mustard to ASO has had a positive impact on survival, cardiac function, exercise capac-
ity, and also self-reported quality of life and somatic complaints. Longer follow-up is
warranted to monitor aortic regurgitation.
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Outcome of the arterial switch operation

INTRODUCTION

Complete transposition of the great arteries (TGA) is one of the most common cyanotic
congenital heart diseases." Until three decades ago, atrial repair (Mustard or Senning)
was the only surgical option. Long-term follow-up showed considerable ongoing mor-
tality and morbidity mainly caused by progressive right systemic ventricular failure.”
Nowadays, the arterial switch operation (ASO),has become the established surgical
correction.’ Operative survival after arterial switch in the current era is good, with a
operative mortality rate of 5% to 6%.*> Mid- and long-term follow-up studies are also
encouraging, however, the oldest survivors of ASO at most centers are young adults.*"°
The aim of this study was to describe the long-term cardiac outcome and quality of life
in our first surgical cohort of arterial switch patients and compare the results with the

outcome data of our series of Mustard patients.

METHODS

Study protocol

Simple TGA was defined as TGA without concomitant abnormalities or minor concomi-
tant abnormalities (atrial septal defect, ventricular septal defect not requiring surgical
patch closure or a persisting arterial duct); others were defined as complex TGA. Major
events were defined as death, cardiac transplantation, re-intervention (surgery or
catheter intervention), pacemaker implantation or hospital admission for arrhythmia,
endocarditis or heart failure.

The protocol included physical examination, 12-lead electrocardiography (ECG), 24-
hour Holter monitoring, echocardiography, cardiac magnetic resonance imaging (MRI),
bicycle exercise test, N-terminal pro-Brain Natriuretic Peptide measurements (NT pro
BNP) and quality of life assessment (short form 36). The results of the ASO group were
compared with patients after Mustard procedure operated between 1973 and 1980,
who were studied in 2001 after a comparable follow-up at a comparable age, using the

same protocol except for MRl and NT-proBNP measurements.”"

Echocardiography

Transthoracic two-dimensional echocardiography studies were performed using the
iE33 ultrasound system (Philips Medical Systems, Best, the Netherlands). Systemic
ventricular systolic function was visually graded as normal, moderate or poor. Left
ventricular end-systolic dimension and left ventricular end-diastolic dimension were
measured using the standard parasternal long axis. Diastolic function was obtained by
measurements of transmitral inflow pattern. Valvular stenosis and regurgitation severity
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were graded according to current guidelines.'”" Body surface area was derived with
the DuBois formula and aortic diameter was corrected for body surface." Aortic root
dilatation at the sinuses of Valsalva was defined as an aortic root diameter ratio above
the upper limit of 1.3 of predicted.

MRI

MRI was performed using a Signa 1.5 Tesla MR imaging system (General Electric, Milwau-
kee, WI, USA). The cardiovascular magnetic resonance imaging studies were analyzed
on an Advanced Windows workstation (General Electric Medical Systems, Milwaukee,
WI, USA), equipped with Q-mass (version 5.2, Medis Medical Imaging Systems, Leiden,
the Netherlands). The ventricular volumetric data set was quantitatively analyzed using
manual outlining of endocardial and epicardial borders in end systole and end diastole."

Exercise capacity

Maximal exercise capacity was obtained using bicycle ergometry. The exercise capacity
measured was indexed for age, sex and body height, standardized for the Dutch popula-
tion.

NT-proBNP

Peripheral venous blood was collected from each patient and analyzed using the
electrochemiluminescence immunoassay kit (Elecsys 2010, Roche Diagnostics GmbH,
Mannheim, Germany). NT-proBNP <15 pmol/L was defined as normal.

Short Form 36

Health-related quality of life was assessed using the Dutch Short-Form 36.'® Higher
scores indicate a better quality of life. Effect sizes were expressed in terms of Cohen’s d,
(small effects: d<0.3., medium effects: 0.3<d<0.8, large effects: d>0.08). The scores of the
arterial switch patients were compared to the Mustard patients and also to an age- and
gender-specific Dutch population sample."”

Behavioural/emotional problems

Behavioural/emotional problems were assessed using a screening list for psychopathol-
ogy: the Adult Self-Report (ASR) (Achenbach & Rescorla, 2003) and its previous version
(Young Adult Self-Report (Achenbach, 1997), respectively. Age-equivalent Dutch
population data on the ASR (n=938) was derived from Vanheusden et al.'® For historical
comparisons, 88 common items of the ASR and Young Adult Self-Report were used.

202



Outcome of the arterial switch operation

Patients

Between 1985 and 1990, 75 consecutive patients underwent ASO successfully in our
institute. Forty-five patients were referred from other countries in Europe and could not
be traced for adequate follow-up. Baseline characteristics and survival data of all other
30 patients were obtained by chart review and by contacting the civil registry. Twenty-
nine (Dutch) survivors were invited to participate in this follow-up study in 2009. Institu-
tional board review was obtained (NL26121.078.08) and participating patients provided
informed consent. Five patients refused to participate, thus this cohort comprised 24
patients.

Control Groups

In 2001 an extensive study of Mustard patients was performed with survival data avail-
able in all 91 patients and 58 patients participated in the in-hospital protocol. These 58
patients serve as the Mustard control group. The results of these Mustard patients were
described previously in detail and are presented in the tables.’

The scores of the SF 36 and the Adult Self-Report were compared to the Mustard
patients and also with the Dutch population sample. Additionally, for comparison of
echocardiographic measurements, we studied 23 gender- and age matched healthy
controls.

Statistical methods

Continuous data are presented as mean with standard deviation and were compared
with the Student-T or Mann-Whitney test. Discrete variables are presented in absolute
numbers and percentages and were analysed using the chi-square or Fischer’s exact test
and Mann-Whitney test for ranked discrete data. Cumulative survival rates were calcu-

Table 1. Baseline characteristics of arterial switch population and Mustard population.

ASO Mustard
30 58 p value
Male 17 (57) 40 (69) 0.26
Age at operation 13 days 2 years <0.01
Rashkind septostomy 12 (40) 41 (71) <0.01
Simple TGA 17 (57) 22(38) 0.1
With IVS 16 (53)
With VSD without patch 1(4)
Complex TGA 13 (43) 36 (62)
TGA with VSD with patch 7(23)
TGA with DORV and/or aortic pathology 6 (20)

All data are number of patients (%) IVS intact ventricular septum VSD ventricular septal defect DORV dou-
ble outlet right ventricle.
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lated with the Kaplan-Meier method and the Tarone-Ware test was used to compare the
ASO and Mustard patients. The level of significance was p < 0.05 (two sided). The data
were analyzed with the SPSS version 16.0 software (SPSS Inc., Somers, NY).

RESULTS

Baseline characteristics of the 30 patients after ASO are shown in Table 1. Thirteen pa-
tients had complex TGA (43%), of which 2 patients with hypoplastic right ventricle (one
with hypoplastic aorta). Lecompte’s manoeuvre was applied in 70% of cases; the main
reason not to apply the Lecompte’s manoeuvre was side to side position of the aorta
and pulmonary artery. The coronary pattern was left anterior descending artery and
circumflex from the left coronary sinus and right coronary artery from the right coronary
sinus in 50% of the patients; all other had various other coronary patterns.

Survival

One patient with hypoplastic right ventricle and hypoplastic aorta died at 18 months of
age, no specific cause could be identified by autopsy. Overall cumulative survival rate of
the arterial switch patients was 97% at 25 years after operation while in Mustard patients
this was 77% (Figure 1).

1004 4 ASO
p=0.04
80 Mustard
Figure 1. Cumulative survival after
g 7 transposition of the great arteries.
g 40 ASO: patients with arterial switch
operation studied in 2009; Mustard:
2 patients after Mustard operation,
o - studied in 2001.
o s 10 15 20 Age (years)
ASO 30 25 25 24 21
Mustard 91 68 57 46 41

Reinterventions

Twelve re-interventions were performed in 6 arterial switch patients, mainly for pulmo-
nary artery stenosis: reoperation (n=7), balloon dilatation (n=3) and one reoperation for
residual atrial septal defect and ventricular septal defect. One patient with complex TGA
suffered from ventricular tachycardia (VT) at age 19, treated by ablation and Implantable
Cardioverter Defibrillator (ICD) implantation. No interventions for neo-aortic regurgita-
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1001 [—|—‘—
‘\1\:\—‘ ASO simple
2 801 =
® L
% — ASO complex
2 60
° Mustard simple
2 40 Figure 2. Event-free survival after
bo 1 Mustard complex . :
g transposition of the great arteries.
o0l Events were defined as reinterven-
tion, heart failure, or arrhythmias.
04
T T T T T
0 5 10 15 20 Age (years)
ASO simple 17 13 12 1" 10
ASO complex 13 10 10 9 8

Mustard simple 34 25 21 15 12
Mustard complex 57 43 36 31 29

tion or coronary obstruction or hospital admission for heart failure were necessary. At 22
years follow-up the overall event-free survival was 77% in arterial switch patients versus
44% in Mustard patients p=0.03.(Figure 2) Event-free survival was 88% for simple TGA
and 62% for complex TGA for patients who underwent ASO (p=0.15). In complex TGA
patients there were 0.036 events per patient year, this was 0.006 events per patient year
in simple TGA patients.

Follow-up study

Twenty-four arterial switch patients participated in our in-hospital prospective follow-
up study with a median age at follow-up of 22 years (IQR 20-24), of which 63% was male.

Electrocardiography and 24 hours monitoring

All 24 patients were in sinus rhythm at follow-up. One patient needed anti-arrhythmic
medication and received an ICD. Voltage criteria for LV hypertrophy or dilatation were
found in 47%. Nineteen patients had Holter-monitoring. In 3 patients, non-sustained
VT’s were documented, of which 2 had VTs shorter than 10 beats. None of the arterial
switch patients had supraventricular arrhythmias.

Echocardiographic findings

Echocardiography was performed in 23 of the 24 arterial switch patients. Mild or mod-
erate neo-aortic regurgitation was present in 17% and 4%, respectively, whereas no
severe neo-aortic regurgitation was found. Mild neo-aortic stenosis was observed in one
patient. Increased peak flow velocity (>2.0 m/s) was found across the pulmonary artery
in 43% of the patients, the highest velocity found was 3.8 m/s. By detailed inspection of
the images, it was concluded that anatomical deformities were responsible for 50% of
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Table 2. Echocardiography findings in arterial switch patients.

ASO Controls
Echocardiogram 23 23 p-value
LVEDD mm 52+6 49+4 0.09
LVESD mm 32+5 29+3 0.06
FS % 37+7 38+5 0.35
IVS ED mm 9+1 9+1 0.93
PWED mm 8+1 8+1 0.48
Aortic sinus mm 33+6 26+3 <0.01
Aortic sinus ratio 1.1+0.15 0.9 +£0.08 <0.01
Em/s 0.9+0.3 0.8+0.2 0.06
Am/s 04+0.1 04+0.1 0.21
E/A ratio 23+09 22+05 0.65
DET msec 193 £51 202 +30 0.47

Echocardiography: All data are mean + standard deviation. ASO patients with Arterial Switch Operation,
LVESD Left ventricular end-systolic dimension, LVEDD left ventricle end-diastolic dimension, FS fractional
shortening, IVSED end-diastolic thickness of the interventricular septum, LVPWED end-diastolic thickness
of the posterior wall, E early component of the transmitral inflow pattern, A late component of the transmi-
tral inflow pattern, DET deceleration time of E.

Table 3. Overview outcome after surgery for transposition of the great arteries.

ASO (2009) Mustard (2001)  p- value

NYHA class | 100% 24% <0.01
Sinus rhythm 100% 63% <0.01
Sinus node disease 0% 43% <0.01
Normal systemic ventricular function 93% 4% <0.01
Maximum heart rate reached during exercise testing 89% 84% 0.12
Exercise tolerance % of expected 88% 72% 0.03
Exercise capacity below 85 % of predicted value 53% 76% 0.05

ASO = arterial switch operation, Mustard = Mustard correction.

obstructions; whereas surgery related obstruction (suture line or Lecompte’s manoeu-
vre) was responsible for the other 50%. Mild pulmonary regurgitation was found in 42%,
severe pulmonary regurgitation in 4%.

Systemic ventricular function was judged to be normal in 93% and no diastolic dys-
function was found. Mean fractional shorting was 37%, which was comparable with the
healthy controls (Table 2).

Physical capacity

Results are presented in Table 3. Two patients needed medication; the patient with the
ICD received beta-blockers, whereas another patient was treated with ACE-inhibitors
because of moderate LV dysfunction.
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. t Figure 3. Quality of life: SF-36. PF, physical func-
1o tioning; RP role limitations due to physical; health
problems; BP, bodily pain; SF, social functioning; MH,
general mental health; RE, role limitations due to
) s emotional problems; VT, vitality; GH, general health
® o+ | perceptions; ASO, patients with arterial switch op-
eration; Mustard, patients after Mustard operation;
x Norm, normal Dutch population matched for sex and
n age.”* Significant difference between ASO vs. Mus-
P R B S WA RE VT oH tard and vs. Norm. t Significant difference between
ASO vs. Norm. # Significant difference between ASO

vs. Mustard.

Twenty patients underwent exercise testing. No arrhythmias occurred. One patient
had a rate- depended right bundle branch block during exercise and 3 patients (20%)
showed ST alterations (downslope ST depression > 2 mm), but with additional testing
no coronary artery obstruction was found (2 MIBI scans and CT angiogram).

MRI

Magnetic resonance imaging was performed in 13 arterial switch patients (54%). Rea-
sons for not participating in the MRI were: claustrophobia (5), refused (5) and ICD (1). The
mean ejection fraction measured with MRI was 66% for the left ventricle and 62% for the
right ventricle. One patient had a left ventricle ejection fraction of 41%. The neo-aortic
root had a mean diameter of 39 mm (range 30 to 49 mm), 44% of the patients had a
neo-aortic root diameter of more than 40 mm.

Table 4. Differences in mean behavioural/emotional problems scale scores between ASO patients and
Mustard patients.

Problems Scores

ASR scales Switch (n=17)>M (SD) Mustard (n =55) M (SD) p-value
Anxious/Depressed 4.1 (4.3) 5.9(5.2) 0.19
Withdrawn 1.9(2.0) 3.1(2.6) 0.90
Somatic Complaints 2.3(3.3) 3.6(3.1) 0.04
Thought Problems 1.8(2.4) 2.0(2.1) 0.45
Attention Problems 3.4(2.1) 3.5(2.4) 0.98
Aggressive Behavior 1.9(1.8) 2.8(2.3) 0.15
Rule-Breaking Behavior 24(1.8) 2.8(2.3) 0.95
Intrusive 2.0(2.2) 2.3(2.0) 0.48
Internalizing Problems 8.4(8.8) 12.6(9.1) 0.05
Externalizing Problems 6.4 (4.0) 7.8(5.3) 0.47

? Data on behavioural/emotional problems was available in 17 arterial switch patients and 55 Mustard pa-
tients
ASR = Adult Self-Report

207



Chapter 10

NT-proBNP

NT-proBNP was measured in 18 arterial switch patients. Mean NT-proBNP was 10.1
pmol/L + 12.2. Three patients had an elevated NT-proBNP level, of which 2 patients (21.4
and 23.3 pmol/L) had normal LV function. Their exercise capacity was 82 and 84% of
predicted. The patient with the ICD had a moderate LV dysfunction and a NT-proBNP
level of 52.2 pmol/L.

Quality of life

Eighteen patients completed the quality of life questionnaires. Outcomes are presented
in Figure 3. Arterial switch patients scored better than the normal Dutch population on
the scales physical functioning, vitality and role limitations due to emotional problems
(p <0.01). Compared to Mustard patients, arterial switch patients scored better in the
sub domains physical functioning (p<0.01), general health perceptions (p=0.04) and
vitality (p=0.04). All differences showed medium effect size.

Behavioural/emotional problems

Data was available on 17 arterial switch patients and is presented in Table 4. Overall, be-
havioural/emotional functioning was good. There was no significant difference between
the arterial switch patients and the normative data from the Dutch general population
on any of the ASR scales (data not shown). Arterial switch patients had significantly less
somatic complaints than the Mustard patients (p=0.04).

DISCUSSION

This study describes the outcome of a small cohort of arterial switch patients. However,
this group represent a good sample of the whole surgical cohort and was studied ex-
tensively, including MRI and psychological outcome. This study offers the possibility of
a historical comparison with outcome after Mustard operation, because a large cohort
of Mustard patients was studied with the same follow-up protocol after a comparable
period of time in our institution before.

Twenty-two years after ASO, excellent survival, low morbidity and favorable quality
of life was found and outcomes are significantly better than after Mustard correction.
Lessons from the past taught us that one should be careful with early optimism: where
first results of the Mustard operation were reported to be good, major problems became
apparent in adult life, of which most significant the failing capacity of the right ventricle
to sustain the systemic circulation.”'® Until now, few studies have been published on
the outcome after ASO in adulthood. And until now results are favourable.>® Therefore,
optimism about the outcome after ASOs seems justified.
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Our results show that both survival and event-free survival of TGA patients have
dramatically improved with the introduction of ASO, as was expected and hoped for.
In this study we compared the outcome of the two surgical techniques used in patients
with TGA, as both cohorts are based on the planned follow-up of consecutive operated
patients and not random patients seen at an outpatient clinic. Furthermore, both groups
are studied in a similar designed long-term follow-up study using the same instruments
for a medical and psychological assessment.

In our cohort of arterial switch patients there was a relatively high percentage of com-
plex TGA. Survival was clearly better than after the Mustard procedure and comparable
with other studies after ASO with a lower percentage of complex TGA.**® However, in
complex arterial switch patients the event rate per patient year was considerably higher
than in the simple patients. Pulmonary artery stenosis was especially common in these
patients.

Clinical condition and ventricular function

Arterial switch patients were in good clinical condition 22 years after surgery, whereas
only 24% of the Mustard patients were in NYHA class I. The inferior condition of the
Mustard patients may be caused by the impaired systemic (right) ventricular function.

At long-term follow-up 93% of arterial switch patients in our study had normal
systemic (left) ventricular function. The feared deterioration of the ventricular function
late after arterial switch operation, related to coronary artery abnormalities, was not
observed. However, in one patient, a diminished LV function was found (ejection frac-
tion 41% using MRI) without a good explanation. Also, diastolic function parameters
were found to be normal in this small sample of patients.

Surprisingly, we found a reduced exercise capacity in arterial switch patients compared
to the normal Dutch population (although better than Mustard patients).' This reduced
exercise capacity was not exclusively found in patients with diminished LV function or
significant right ventricular outflow tract obstruction. The reduced levels of physical
activity may be caused by overprotection of parents during childhood. In addition, lack
of training or self-esteem has been described in literature, as cause for this diminished
exercise capacity.”’Ischemia was also suggested, and in our study three patients showed
ST segment changes; however, additional evaluation excluded coronary pathology.
Giardini et al. described reduced exercise capacity in young patients after ASO, but none
showed ischemic electrocardiographic changes during exercise.”’ Finally, chronotrope
incompetence may play a role.”?

The development of arrhythmias was rare and sinus rhythm with normal conduction is
maintained long-term after ASO, while after Mustard procedure there is a high incidence
of supraventricular arrhythmias and sinus node dysfunction. Only one arterial switch
patient with complex TGA and moderate LV function underwent ICD implantation for
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ventricular tachycardia; he also had a mildly elevated NT-proBNP. This was also seen in
two other patients, who did not have a diminished LV function. More data on biomarkers
as a predictor of adverse outcome are warranted.”

Valvular abnormalities

From other studies, we know that neo-aortic regurgitation may become a problem later
in life.>* Our results confirm the presence of mild to moderate neo-aortic regurgitation in
21% of the patients, and none of them has yet required reintervention and none showed
severe regurgitation.

Some degree of neo-aortic root dilatation is almost universal and several studies have
shown serial increases in neo-aortic root diameter.* We found in 44% of the ASO patients
a neo-aortic root of more than 40 mm. Early data suggest that neo-aortic dilatation may
stabilize in adulthood, but follow-up is too short to be certain.

The main indication for reintervention in ASO patients was pulmonary artery stenosis,
as was the case in the study by Oda et al.” In our study, nearly half of the arterial switch
patients had a residual gradient across the pulmonary artery or pulmonary valve, and
some may need additional reinterventions in the future, warranting further close moni-
toring.

Health-related quality of life and behavioral/emotional problems
Self-reported physical functioning and vitality were better in arterial switch patients
compared with normative data.'” This is remarkable, as exercise capacity was reduced.
Overestimation of physical functioning compared with actual exercise test results has
also been found by Gratz et al. **

Of noteworthy is that behavioral/emotional functioning was as good as in the normal
population.'®

Compared with the Mustard group,® arterial switch patients scored more favorably on
physical functioning, general health, and vitality, which confirms the results of Muller et
al.® In addition, they had less self-reported somatic complaints.”’” These findings are of
utmost importance as subjective well-being influences costs of medical and also other
care.

STUDY LIMITATIONS

As with many studies on congenital heart disease, patient numbers are small in this
study. Furthermore, we realize that a direct comparison between the results of Mustard
and arterial switch patients in the same era would be the best possible study design.
However, this is not feasible as nowadays all our TGA patients undergo an ASO. The study
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design, using the same tests after a comparable follow-up period and at the same age,
seems the second best option. The two groups differ in several aspects: not only have
surgical treatment feasibilities and age at repair changed, but anesthetic techniques
and neonatal care have also improved. Both groups were the first cohort of patients
using that specific surgery; therefore, results of more recent patients may be slightly
different. Although patients were lost to follow-up due to foreign citizenship, the cohort
described represents all arterial switch patients still under regular follow-up.

CONCLUSION

Long-term follow-up after ASO shows excellent survival, low morbidity, and favorable
quality of life, and is clearly better when compared with the outcome after Mustard
operation. Good cardiac function is the norm after ASO. However, results indicated
lower-than-expected exercise capacity, the ongoing risk of developing important
neo-aortic root dilatation with neo-aortic regurgitation. Reinterventions for pulmonary
artery problems did occur. Careful systematic clinical follow-up is warranted to monitor
these patients further.
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SUMMARY

The major improvement in survival of patients with congenital heart disease since the
introduction of surgical repair in the 1950s has led to an increasing focus on late compli-
cations and quality of life.

This thesis focusses on the outcome beyond 30 years of follow-up in five patient
groups with common congenital heart defects: atrial septal defect, ventricular septal
defect, pulmonary stenosis, tetralogy of Fallot and transposition of the great arteries.
These groups have been followed prospectively for several decades and are seen in the
hospital every ten years. As follow-up is now approximating 40 years, we made a first
effort to determine predictors for outcome.

In chapter 2, the results after surgical closure of an atrial septal defect are described.
Survival is very good (91% after 40 years) and the reintervention rate is very low, but still,
two patients died suddenly in their fourth decade, possibly due to arrhythmia. Although
there were no signs of pulmonary hypertension, no increase in sinus node dysfunction
and a low incidence of atrial arrhythmias, we unexpectedly found a decrease in right
ventricular function in 1/3 of our patients and in left ventricular function in 1/5. Although
none of our patients developed heart failure, this underscores the need for life-long
follow-up even in these patients who are considered to have had a benign congenital
heart defect.

In chapter 3, we describe the outcome after surgical repair of a ventricular septal defect.
Here, survival is significantly less than in the general population (78% after 40 years). This
is mainly due to perioperative mortality, probably reflecting the early era of congenital
heart surgery with less experience and less sophisticated equipment than nowadays,
as perioperative mortality is much lower in the current era. Nevertheless, also patients
who survived their operation have a slightly lower survival than the general population
(86% after 40 years). Mortality is due to sudden death, reoperations for concomitant
lesions and heart failure. Morbidity is substantial, with 28% of the patients experiencing
an adverse event by 40 years of follow-up. There is a 13% incidence of arrhythmia and
12% of reinterventions. Although patients are very satisfied with their quality of life and
physical capacities, half of them have a diminished exercise capacity. Left ventricular
function did not decrease significantly over time, but there was a significant decrease
in RV function. Ventricular-ventricular interaction may play a role. Moreover, there was
a significant increase in aortic regurgitation. Although overt heart failure developed in
only 4% yet, the decline in ventricular function and increase in aortic regurgitation war-
rants lifelong careful follow-up in these patients as well.
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Chapter 4 is a review on pulmonary stenosis (PS), which can be valvular, subvalvular
or supravalvular. Initially, all significant pulmonary stenoses were repaired surgically.
Nowadays, the first choice treatment for valvular PS is percutaneous balloon valvulo-
plasty. While the diagnosis of severe PS was established by cardiac catheterisation in the
past, this can nowadays be done by echocardiography and/or cardiac MRI. Inevitably,
follow-up after surgical repair is longer than after percutaneous treatment, but for both
treatment modalities survival is reported to be good. Both treatment options can lead
to pulmonary regurgitation, which is tolerated well for many years, but may eventually
lead to right ventricular dilatation and dysfunction. Therefore, patients with pulmonary
regurgitation after PS repair should remain under regular follow-up and may need a new
intervention as is well-known in Fallot patients.

Chapter 5 describes the long-term outcome in patients who underwent surgical repair
of pulmonary stenosis in childhood. In them, survival is comparable to the general popu-
lation (93% after 40 years), but the need for reinterventions is substantial: one quarter
of patients needed a reintervention during 40 years of follow-up. Reinterventions were
necessary for residual PS in the early decades, and for severe pulmonary regurgitation
from the 2™ decade after repair onwards. The incidence of atrial arrhythmias is limited,
and no ventricular arrhythmias were observed. Subjective health status is good and
patients rate their own physical functioning at least as good as the general population.
However, also in this patient group, there was a decline in both left and right ventricular
function, and diminished left ventricular function was related to observed diminished
exercise capacity.

Chapter 6 describes the outcome in patients after surgical repair of tetralogy of Fallot.
Cumulative survival in this group is clearly diminished, with only 72% alive after 40 years
of follow-up. Although perioperative mortality was high in this early era of congenital
heart surgery, late mortality cannot be neglected. Late attrition is due to heart failure
and ventricular arrhythmias. Morbidity is high, with 44% of patients needing a reinter-
vention, 17% having symptomatic arrhythmias and 3% developing heart failure. There
is a gradual decline in both right and left ventricular function, and also LV diastolic func-
tion is impaired in many patients. Progressive aortic root dilatation, however, does not
seem to be a major problem.

The decline in left as well as right ventricular function appears to be the effect of
ventricular-ventricular interaction, as RV and LV dysfunction were clearly related in our
study. There are also signs of diminished contractile reserve, for during dobutamine
stress, on cardiac MRI both RV and LV function increased only at low dose dobutamine,
but failed to increase at high dose dobutamine infusion. However, exercise capacity is
relatively good (89% of the norm) and did not deteriorate in the last 10 years.
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Chapter 7 reveals the outcome in our group patients who received a Mustard repair
for transposition of the great arteries. In this group, survival was known to be the least
favorable of all 5 groups (68% after 40 years) and within decades after operation the
function of the systemic right ventricle was observed to decline. The expectation of
further decline in systemic ventricular function was confirmed by our study, but the
survival was not as bad as was expected. Although late mortality was mainly due to
heart failure in the previous decade, in this last decade patients died due to ventricular
arrhythmias. Reinterventions were necessary mainly for either baffle stenosis or leak-
age, and most of them were performed in the first 2 decades after Mustard repair. Thus,
baffle problems seem to have been addressed effectively in the past and new stenoses
were rarely encountered. An increase in tricuspid regurgitation was observed, in line
with further deterioration of systemic RV function. Cardiac magnetic resonance imag-
ing (CMR) findings seem to confirm the decline in systemic RV function, although it is
difficult to judge the function by CMR as normal values for these ventricles do not exist.
The incidence of supraventricular arrhythmias doubled over the last decade and this
is worrisome, as SVTs are associated with sudden cardiac death. No increase in VT on
Holter monitoring was observed, although five patients clinically experienced VT and
two even died of it. Indications for ICD are not well established. There is concern about
inappropriate shocks and lead complications in these relatively young patients, with
substantial psychological impact. Pacemakers, on the other hand, are often needed and
implanted in Mustard patients, mainly for sinus node disease. Although signs of sinus
node disease are found increasingly in many of our patients, there were a few additional
pacemaker implantations over the last decade. Despite all problems described above,
exercise capacity remained remarkably stable since last follow-up and also subjective
health-related quality of life was reported to be good.

In chapter 8 and 9, we describe two important aspects of quality of life in adult con-
genital patients that have been somewhat or even totally neglected in the past: sports
participation and sexual functioning. Patients with congenital heart disease are known
to have lower educational levels, lower occupational levels and lower income compared
to the general population. Also, there is more psychopathology in young adulthood, but
this problem appears to dissolve with increasing age. Having survived into middle adult-
hood, are there also more problems with sports participation and in sexual functioning
compared to the general population?

In chapter 8, we investigated sports participation and its clinical consequences in our
surgically repaired ASD, VSD, PS, Fallot and Mustard patients. Historically, patients with
congenital heart disease were discouraged from participating in any sports because
it was thought to be dangerous. Fear still exists that strenuous physical exercise may
induce arrhythmia or other adverse events, even sudden death. On the other hand,
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even in heart failure patients, nowadays exercise training is thought to be beneficial: it
improves condition and quality of life. In our study, no association was found between
sports participation and (sudden) death. Almost half of our patients were engaged in
sports. This is less than in the normal population. Probably obviously, patients with
complex congenital heart disease were found to practice the fewest hours of sports and
engage more often in less intensive sports. The patients that were engaged in sports had
a better exercise tolerance, a healthier life style and in those with moderate/complex
congenital heart disease even a better subjective physical function than patients who
did not. Moreover, indications were found that ventricular function remained stable
more often in patients who perform sports. In regard of the observed deterioration of
ventricular function found over time in all diagnosis groups, this is an important notion.
However, more research is mandatory to give better insight in the effects of sports and
provide optimal advice to our patients.

In Chapter 9, we describe sexual functioning in congenital heart disease patients. The
majority of the patients was married and sexually active. Compared to the general
population, both females and males scored worse on sexual functioning scales: women
reported a wide range of problems, including less sexual desire, less arousal and more
pain during intercourse. However, the amount of really pathologic sexual dysfunction
was equal to that in the general female population. Men reported more erectile dysfunc-
tion, which was significantly more frequent than in the general male population, more
orgasmic dysfunction and less intercourse satisfaction.

Questioned about pregnancy and heredity, female patients appeared to have more
anxiety concerning infertility due to their heart defect and recurrence risk of their
heart defect. Especially patients with moderate or complex congenital heart disease
were concerned that their heart disease would have a negative effect on the outcome
of their child. With regard to pregnancy itself, female patients were concerned that a
pregnancy and delivery would have a negative effect on their cardiac condition and
overall clinical condition. This concern was most frequently observed in women with
moderate/complex congenital heart disease. Virtually all patients would have wished
to have had more information on these matters, as well as on safety and potential side
effects of contraception methods. As their anxieties may be exaggerated or unjustified
or, contrarily, insufficient, more information should be given to patients on sexuality,
pregnancy and heredity. This information should be given timely, preferably at young
age, before sexuality and pregnancy become an issue in daily life.

Chapter 10 describes the long-term outcome of the current treatment strategy for
transposition of the great arteries: the arterial switch operation (ASO). A historical com-
parison with the Mustard patients is made. The major advantage of ASO is that the left
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ventricle is sustaining the systemic circulation, like in the normal heart. Survival up to 25
years after ASO is obviously better than after Mustard operation (97% versus 77%), and
in 93% LV function remained preserved (versus 6% normal systemic ventricular function
in the Mustard group). This was also reflected by a much better exercise capacity in ASO
patients (85% versus 72% of the norm), although the exercise capacity in ASO patients
was not normal. Although several ASO patients needed a reintervention for pulmonary
artery stenosis due to the Lecompte manoeuvre, and one ASO patient suffered from
ventricular tachycardia, the event-free survival in the ASO group was significantly better
than in the Mustard group (77% versus 44%).
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DISCUSSION

The milestone successes since the early years of surgical congenital heart defect repair
have led to dramatic improvements in the prognosis of patients with congenital heart
disease. Most patients now survive well into their adult years and focus has shifted
from mere survival to late complications and quality of life. Many patients do suffer
from residual problems. This is still creating new challenges, both in diagnosing and
treating these patients, but also in organizing the care for them. Congenital cardiology
has become an established subspecialty in cardiology, and the growing population in
congenital heart disease patients needs to be met by a sufficient number of special-
ized cardiologist and trained nurses. Even in a country as small as the Netherlands, this
implies that academic, tertiary, centers for congenital heart disease should stratify the
specific care in cooperation with non-academic centers. In this regard, permission for
surgical and interventional treatment is limited to a few tertiary centers only. The non-
academic hospitals will increasingly participate in the outpatient care for patients with
congenital heart disease. To facilitate the organization of care, we need to learn which
patients are at increased risk of developing serious adverse events and should be taken
care of in tertiary centers and which patients are at lower risk and therefore can be man-
aged in a secondary or even primary care center. This is not an easy goal to accomplish,
because the ongoing innovation of surgical repair for congenital heart defects, as well
as new insights and developments in medical care have resulted in many changes and
adaptations in surgical techniques, resulting in an actual present day variety of patients.
In addition, many forms of congenital heart disease can be treated percutaneously
nowadays. Therefore, outcome in patients that were treated in the earliest era of con-
genital heart surgery cannot thoughtlessly be extrapolated to patients that are treated
later on. Nevertheless, prospectively studying the long-term outcome of patients that
were operated in earlier eras remains the only way to improve our knowledge and will
provide important information and feedback for both patients and their treating physi-
cians on what may be expected in different diagnoses groups.

Survival

In general, survival is decreased in all forms of congenital heart disease, whether simple
or complex.' However, in our study we see a clear difference between simple lesions
such as ASD, VSD and PS on the one hand, tetralogy of Fallot in the middle and more
complex lesions such as TGA corrected with a Mustard repair on the other (Figure 1).

The substantial perioperative mortality in the early years of congenital heart surgery will
have contributed to the idea of decreased life expectancy. In our cohort, there were clear
differences in perioperative mortality between the groups. It was substantial in Mustard,
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Survival in all diagnoses
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Figure 1. Kaplan-Meier curves for survival in all diagnoses studied.

VSD and Fallot repair (Table 1). Nowadays, perioperative mortality is much lower, surely
in the congenital heart defects that were studied in this thesis. Perioperative mortal-
ity after Fallot repair nowadays is close to zero even in neonates.” > We found that in
ASD and pulmonary stenosis, survival is as good as in the normal population. As we
are now observing their life expectancy to be near normal, societal limitations should
be re-assessed. Since life expectancy can be considered normal in selected diagnoses,
no generalized limitations can be applied anymore. The cardiac anomaly in itself is not
necessarily a reason anymore for these patients to be withheld from a mortgage or af-
fordable life and disability insurance. Still, many insurance companies demand higher

Table 1. Cumulative survival and incidence of events.

ASD PS VsD Fallot Mustard
Perioperative mortality 0% 2% 10% 16% 5%
Cumulative survival* 91% 93% 76% 72% 68%
Survival excluding postoperative mortality* 91% 95% 86% 86% 72%
Event-free survival* 60% 67% 62% 26% 19%
Reinterventions 2% 25% 13% 44% 46%
SVT 16% 9% 10% 13% 28%
VT 0% 0% 0% 6% 6%
Pacemaker 6% 12% 6% 10% 33%
ICD 0% 0% 0% 5% 6%
Heart failure 0% 0% 3% 3% 23%
Endocarditis 0% 0% 4% <1% <1%

* survival after 40 years of follow-up
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Survival excluding postoperative mortality (< 30 days)
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Figure 2. Kaplan-Meier curves for survival excluding perioperative mortality (< 30 days postoperative).

insurance premiums because of supposed decreased longevity and higher mortality
and disability in patients with any form of congenital heart disease. This appears to be
unjust in patients after successful ASD of PS repair. After the initial perioperative mortal-
ity the survival curve is exactly the same is in the normal Dutch population (Figure 2).

Once patients have survived the perioperative period, survival after VSD repair is also
very good, but slightly less than in the normal population. Although in our cohort,
mortality did not differ significantly between isolated and non-isolated VSD, the cardiac
morbidity that occurred seems to be related to additional cardiac lesions that developed
or were detected during follow-up and do not appear to be related to the congenital
defect itself. In tetralogy of Fallot, perioperative mortality was substantial, reflecting the
early surgical era with less sophisticated perioperative care techniques. For example, in
the early years, deep hypothermia was used to limit the necessity of cardiopulmonary
bypass, which was at that time associated with a higher risk of complications when used
in neonates and small children.” Later on, the use of deep hypothermia was limited
because of concerns regarding inadequate neurologic protection and negative effects
on postoperative inflammatory response.> ® However, the patients that survived repair
showed a very acceptable survival, only mildly decreased in comparison with the
general population. Mortality was mostly due to heart failure and arrhythmia, which
is in concordance with the literature,”® but worrisome nevertheless. The worst survival
was expected, and found, in the patients after Mustard repair. Although, even in those
early days, perioperative mortality was rather low (5%) in comparison with Fallot and
VSD repair, their survival curve clearly deviates from that of the general population.
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Event-free survival in all diagnoses
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Figure 3. Kaplan-Meier curves for survival free from cardiac reintervention, symptomatic arrhythmia, PM/
ICD implantation, heart failure, endocarditis or stroke.

Mustard patients were already known to show marked decrease of their systemic right
ventricular function and are at risk of arrhythmia. In the previous decade, mortality in
Mustard patients was due to heart failure. In the last decade, however, their mortal-
ity was due to ventricular arrhythmias. This is alarming, although in congenital heart
disease sudden death is among the common modes of death, especially in the cyanotic
lesions.” ' Our finding stresses the need for better identification of patients at risk for
these arrhythmias. So far, the association between reduced systemic ventricular function
and arrhythmia and sudden death is understandable and has indeed been described in
patients after atrial switch repair."""* However, considering the fact that all atrial switch
patients will eventually develop progressive systemic RV dysfunction, we need more
reliable predictors to further identify which patients are at the highest risk of arrhythmic
death and who need ICD implantation for primary prevention. Whether ICD therapy
for these ventricular arrhythmias will indeed improve life expectancy, will have to be
determined in future studies. Heart failure due to progressive systemic RV dysfunction
may eventually be a more important determinant of life expectancy.

Event-free survival is not equal to the pattern of survival: here even in some of the
groups with good survival, the event rate was substantial (Figure 3).

Reinterventions
Reinterventions were necessary at least in some patients in all of the studied diagnoses
(Table 1). Only in the ASD group, the reintervention rate was very low.

In patients after VSD repair, reinterventions were mainly necessary for concomitant
cardiac lesions which could not or did not have to be repaired during the initial opera-
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tion. In several cases reintervention was necessary for aortic valve abnormalities that
developed later on. A relation between these aortic valve abnormalties and the VSD
cannot be excluded. Considering the increase in aortic regurgitation that was found,
more reinterventions for aortic valve disease may be expected in the future. This neces-
sitates continuation of close follow-up in patients after VSD repair, to allow timely aortic
valve intervention. If aortic regurgitation is discovered in time, aortic valve repair may
be performed instead of aortic valve replacement. In patients with an unrepaired small
VSD located in close proximity of the aortic valve, close vigilance for any deterioration of
valve function is warranted, to prevent the development of aortic regurgitation by the
hemodynamic effects of the high-velocity VSD jet (Venturi effect).’

Pulmonary regurgitation after repair of tetralogy of Fallot, is a well-recognized problem.
Itis known to be associated with the often liberal use of a transannular patch to resolve
right ventricular outflow obstruction in the early days of Fallot repair. Our results show
that more and more patients need reintervention for severe pulmonary regurgitation
with longer follow-up, even in our center, where a rather conservative approach towards
pulmonary valve replacement is still advocated.

Because of this high prevalence of pulmonary regurgitation in patients operated upon
in the early surgical era, during the subsequent eras the surgical strategy has shifted
towards avoiding prior palliative shunt placement and transannular patching whenever
possible. There still is debate on which is the optimal timing and policy for primary Fallot
repair, especially concerning repair in neonates.”™ '® In them, often the right ventricular
outflow tract is too narrow for repair without the use of a transannular patch. However,
even in the neonatal period, Fallot repair is performed with low mortality and morbidity
nowadays.’ The group of Ichikawa studied the outcome after repair of tetralogy of Fallot
with preservation of the pulmonary annulus."” They found a good survival (96% after 20
years) and freedom from moderate or worse pulmonary regurgitation of 35% after 20
years. So even after using annulus sparing surgical techniques, the amount of pulmonary
regurgitation is substantial. More recently, new pulmonary valve sparing techniques
have been developed and used, including balloon dilatation of the PV annulus and
reconstruction of the valve cusps, with good short-term results.'®*° However, even with
the use of these techniques, early pulmonary regurgitation does still occur. Whether
this will lead to the same rate of reinterventions after very long follow-up needs to be
established, but the hope is that it will be less of a problem than in our cohort. Based
on the results of all different strategies so far, and knowing that there will always be
a trade-off between relief of the outflow tract obstruction and the avoidance of valve
incompetence, we believe that early Fallot repair should be advocated, with the use of
a valve sparing technique and avoidance of transannular patching whenever possible,
to minimize the risk of development of substantial regurgitation. Unless cyanotic spells
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preclude postponement of repair, it is a good strategy to wait for some months and
operate at the age of 3-6 months, to avoid the potential negative effects of extracor-
poreal circulation which are more outspoken in neonates, and are a cause of increased
perioperative morbidity and mortality in them.'®*"** Postponing repair until after the
early neonatal period will also allow growth of both child and right ventricular outflow
tract, so that the need for a transannular patch can be critically assessed.

Reintervention for pulmonary regurgitation was also necessary in many patients after
PS repair, albeit to a lesser extent than in Fallot patients. This may be related to the fact
that transannular patching was used more often in the Fallot group that in the PS group.
Also in the PS group, the presence of PR was related to the use of a transannular patch.
Additionally, pulmonary regurgitation may be tolerated less well in Fallot patients due
to a worse RV function compared to PS patients with the same amount and duration of
PR as described by Puranik et al,”® making reintervention necessary earlier. Recurrent
pulmonary stenosis does occur after surgical repair of PS in a minority of patients. This
does not seem to imply that the result of the primary valvulotomy of the dysplastic
pulmonary valve was suboptimal, for even in the earliest era of surgical repair the im-
mediate results of valvulotomy were good, despite the sometimes limited time available
in cardiac arrest by inflow occlusion. When a reoperation for recurrent stenosis has be-
come necessary, the surgeon often finds newly fused cusps of the dysplastic valve. This
phenomenon is apparently also seen in tetralogy of Fallot, where sometimes a recurrent
stenosis of the right ventricular outflow tract develops. When this occurs, it does so in
the first years after repair. As ventricular pressure overload may be tolerated less well
than volume overload, reinterventions for recurrent stenosis may be necessary earlier
in the follow-up.

Nowadays, the first choice treatment for isolated pulmonary valve replacement is bal-
loon valvuloplasty. Periprocedural and long-term survival are very good, but follow-up is
inevitably shorter than after surgical PS repair. Reintervention after pulmonary balloon
valvuloplasty is reported to be necessary in up to 30% of patients after 10 year of FU, and
almost exclusively for residual or recurrent stenosis so far.”*

Timing of reintervention for PR also remains difficult. Guidelines are based on expert
opinion because of lack of consistent literature.”> Pulmonary valve replacement should
be considered for many reasons, and although many papers and guidelines were pub-
lished on the topic, there is no consensus on clear-cut thresholds for when to intervene.
When a patient with severe pulmonary regurgitation becomes symptomatic, the need
for intervention will be obvious. However, a patient may only become symptomatic
after severe deterioration of right ventricular function, which may not be reversible after
valve replacement or, in severe cases, may even preclude surgery. In patients after Fal-
lot repair, there are reports that advocate a threshold for right ventricular volume, for
example 160 ml/m2 or 170 ml/m2,because once the right ventricle has dilated beyond
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that threshold, irreversible RV deterioration may occur.’®?” In our opinion, however, it
is difficult to explain the need for intervention in a completely asymptomatic patient if
RV volume is the only criterion. In addition echocardiographic and MRI measurements
both have their limitations in providing consistent and precise information. In our cen-
ter, we apply a more selective approach, valuing longitudinal developments over static
figures.”® We take into account changes in ventricular size and function as well as objec-
tive measurement of exercise capacity to unmask unapparent functional deterioration
and development of arrhythmias or ventricular extrasystoles. Based on our results, this
seems a reasonable strategy: we did not see a high incidence of heart failure or a steep
rise in mortality.

When the indication for pulmonary valve replacement is established, the choice of
valve substitute may be difficult. Historically, there is a preference for the use of a homo-
graft, because of fear of valve thrombosis in mechanical valve prosthesis. The risk of valve
thrombosis used to be regarded as considerable.?®* Results after PVR with a biological
valve are good and still considered the gold standard.*' The limited durability of bio-
logical valves is still a problem, though, and need for reintervention for biological valve
deterioration is the rule. Because of this, the use of mechanical valves is reconsidered in
selected cases. Fairly recently, reports by Frehling and Dehaki show reasonably good re-
sults after mechanical pulmonary valve replacement, with freedom of valve thrombosis
in 91% of their patients after 10 years. The patients in their group that did experience
valve thrombosis could often be treated with thrombolysis and 98% remained free from
reintervention after 10 years.*** In general, however, most often a non-mechanical valve
is chosen. So once the pulmonary valve is replaced, the countdown is started towards
repeated reinterventions. In our center, the freedom from valve-related re-operation
after placement of a pulmonary allograft is reported to be 81% at 15 years.* A recent
study by Sabate Rotes et al showed 75% freedom from reintervention 15 years after PVR
using a homograft in patients with tetralogy of Fallot.* Also after the Ross procedure (in
which the aortic valve is replaced by the patients’own pulmonary valve and a homograft
is placed between the RVOT and pulmonary artery), the durability of the homografts
is quite good.* Since the introduction of percutaneous pulmonary valve implantation,
the outlook for patients after homograft valve replacement has improved. They now
can often be treated by percutaneous valve implantation when their biological valve
becomes dysfunctional. How long exactly a percutaneous PVR will delay the next surgi-
cal reintervention remains to be established, because follow-up on these valves is still
somewhat limited. Durability so far is good, with over 90% of the patients surviving
free from reintervention after 5 years of follow-up.”’” However, there is concern about
endocarditis in these percutaneous valves, which is reported in up to 6% after a mean
follow-up of 2 years®®, and more often than after surgical pulmonary valve replacement
(8.5 vs 6%) in a direct comparison made by the group of Boudjemline.* Percutaneous
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pulmonary valve endocarditis (PPVE) may run a very aggressive course and mortality
rates are high. Because vegetations may be difficult to detect and antibiotic therapy is
prescribed easily when a patient has fever without a clear diagnosis, PPVE may easily
be missed initially. Both doctors and patients should be aware of the risk and remain
vigilant for possible signs. Taking blood cultures before starting antibiotics should be
advocated. Currently, percutaneous techniques to implant pulmonary valves have
extended towards use in native pulmonary valves in selected cases.”’

In patients after Mustard repair, reinterventions were mainly necessary for baffle-
related problems. These problems apparently become manifest in the first decades after
Mustard repair, and don’t seem to be a problem during late follow-up. Baffle leakage will
be present directly after surgery, but may take a while to become a significant problem.
Baffle stenosis may become a problem due to relatively limited growth: one can imagine
that baffles that are constructed in the first year of life will become relatively too small
during childhood growth. Our result show that, once resolved, these baffle problems
do not often return. In the last decade of our study no interventions for baffle problems
were necessary.

So far, only two of our Mustard patients underwent heart transplantation, which may
be regarded as the ultimate reintervention for a failing systemic right ventricle. Observ-
ing the gradual decline in ventricular function in this group, an increasing number of
these patients may be expected to require a transplant in the (near) future. This is not
an easy treatment option, because a heart transplantation after Mustard repair may be
technically challenging and there is an increased risk of perioperative complications
compared to heart transplantation in required heart disease. *' Furthermore, there is
a very strict screening traject before a patient can be accepted for transplantation and
a shortage in donor organs. Additionally, a donor suitability may be further hampered
by mismatches in HLA-compatibility, which occur more often in congenital patients
who have had prior interventions and blood transfusions. Moreover, development of
pulmonary hypertension due to longstanding systemic RV dysfunction may preclude
suitability for transplantation of the heart only. These patients may require a heart-lung
transplantation, but donor organ shortage and unsatisfactory results have made this
an illusionary treatment option in the Netherlands. Whereas implantation of ventricular
assist devices (VADs) as a bridge to transplantation, or even as destination therapy, is
customary in end-stage failure of systemic left ventricular failure nowadays,* this is
not a widely performed strategy in patients with systemic right ventricular failure yet.
However, VADs are used even in this group of patients. Although implantation of such
a device will be more complicated in a heavily trabeculated systemic right ventricle or
in a patient who had extensive prior heart surgery, successful implantations are being
reported increasingly.** There is even a case report of a patient in whom a ventricular
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assist device was implanted to achieve reversal of pulmonary hypertension to enable
subsequent heart transplantation.*

Arrhythmia and sudden cardiac death

Arrhythmias were encountered in all patient groups that were studied, but the inci-
dence in the patients with simple congenital heart defects was low. Atrial arrhythmias
and pacemaker implantations were encountered in all diagnosis groups, but ventricular
arrhythmias and ICD-implantations were only observed in Fallot and Mustard patients.

Atrial tachyarrhythmias may be caused by increased wall stress due to atrial volume
overload, leading to fibrosis of the atrial wall. Also, the presence of an atrial scar may
lead to reentrant tachycardia. In patients after ASD closure and Mustard repair the pres-
ence of an atrial scar is obvious. In the other diagnoses, this may not be the case. For
example, repair of pulmonary stenosis using circulatory arrest by inflow occlusion may
have been performed through an incision in the pulmonary artery. Unfortunately, in
the surgical reports from several decades ago, the locations of incision and cannulation
are not always indicated clearly. Probably they were considered to be so obvious that
describing them in all details was considered superfluous.

As in ASD patients the incidence of atrial arrhythmias was low, early closure of an
ASD appears to prevent atrial arrhythmias. They are much more frequent, occurring in
up to 50%, in unrepaired ASD." This supports the issue of increased wall stress due to
longstanding atrial volume overload. The presence of an atrial scar does not seem to
induce atrial reentrant tachycardia on a large scale in our group. Moreover, the presence
of any form of atrial arrhythmia on Holter recording does not predict clinically relevant
arrhythmias. In patients undergoing ASD closure at adult age, atrial arrhythmias are
more frequent before closure and they typically do not disappear after surgical closure.
It was thought that the surgical scar might play a role, but because we did not find
these arrhythmias often after surgical repair in childhood, it seems that this is not the
major factor. In a study by Silversides et al,*® a previous history of atrial arrhythmia
and age > 55 years were risk factors for (recurrent) arrhythmia after percutaneous ASD
closure in adults, but the incidence of new onset atrial arrhythmia was low. Whether
device ASD closure will also prevent the occurrence of SVTs in the long term or will make
patients prone to arrhythmias by direct stretching of the atrial septum or circular scar
formation around the device remains to be established. So far, the occurrence of new
onset atrial arrhythmias after device closure appears to be low.* *°

The finding that in our patients after VSD repair, the incidence of atrial arrhythmia
was also low, and lower than in patients after VSD closure at adult age ,*' may indicate
that these arrhythmias are indeed caused by the mechanism of atrial volume overload.
Patients after PS repair did suffer from arrhythmias the least, and only atrial arrhythmias
occurred.
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Although ventricular arrhythmias were not observed in patients after ASD, VSD or PS
repair, some patients did die suddenly in these groups. An arrhythmic cause of death
cannot be excluded in these cases and in some even seemed likely.

In the patients with more complex forms of congenital heart defects, i.e. the Fallot
and Mustard patients, late occurrence of arrhythmia and sudden death is a much bigger
problem. In both groups, the atrial scars made during the repair may predispose to re-
entrant atrial tachycardias, and there is concern about ventricular arrhythmias. Though,
overall, the incidence of arrhythmia in patients after Fallot repair was not very high, and
lower than described by others,*® both atrial and ventricular arrhythmias were found
in our cohort. The prevalence of arrhythmias on Holter-recording did not predict out-
come, and this prevalence did not increase over time either. To our opinion, the routine
performance of Holter-recordings in asymptomatic patients is of limited value. Increase
of QRS-duration over time and a QRS-duration over 180 ms have been associated with
ventricular tachyarrhythmia and sudden death.*** Although in our cohort QRS-duration
indeed increased significantly over time, and several patients have a QRS-duration > 180
ms, we were not able to confirm this predictive value. This may of course be due to the
relatively small size of our group and the relatively low incidence of arrhythmic events.
However, ventricular arrhythmias and arrhythmic death was encountered in our Fallot
group and some patients did receive an ICD for secondary prevention.

In the group of Mustard patients, the cumulative incidence of atrial arrhythmias was
high and several patients experienced ventricular arrhythmias. The incidence of atrial
arrhythmias has doubled over the last decade. This is worrisome, as they are known to
predict sudden cardiac death in this patient group."" Obviously, the presence of extensive
atrial scar tissue will play a major role in the pathophysiology of these atrial arrhythmias.
Indeed, atrial macro-reentrant tachycardia is often encountered in patients after atrial

switch operations,® ¢

and atrial arrhythmias occur much less frequently in patients with
congenitally corrected transposition of the great arteries, who also have a systemic right
ventricle, but without the atrial scarring.”” Apart from the atrial scars, increase of atrial
pressures over time, caused by decline in ventricular function and consequent increase
in end-diastolic ventricular pressures and systemic AV-valve regurgitation, may also play
a role in the development of atrial arrhythmias, especially atrial fibrillation, in Mustard
patients. More than atrial reentry tachycardias, the occurrence of atrial fibrillation may
be an indicator of hemodynamic decline. The incidence of ventricular arrhythmias ap-
pears to increase over time, and several patients died of them. Risk stratification and
decision making on whom to provide with an intracardiac defibrillator (ICD) remain
difficult. Obviously, patients with severe or progressive failure of their systemic RV will
be at higher risk of ventricular arrhythmias and sudden cardiac death. So far, however,
implantation of ICDs as a primary preventive strategy is not widely used. As many pa-
tients suffer from supraventricular tachycardias as well, they will be at a higher risk of
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receiving inappropriate ICD shocks. Furthermore, lead complications and device infec-
tions pose a serious threat to these still relatively young patients, who may probably
need their ICDs for a long time. This will all have impact on the quality of life.*® The argu-
ments pro and con the use of an ICD for primary prevention in these patients have to be
carefully considered and tailored to every individual patient. In my opinion, ventricular
dysfunction in itself must not be the only criterion to decide towards ICD implantation.
There has to be an additional criterion, for example an increase in premature ventricular
beats or non-sustained ventricular tachycardias on Holter recording. When a Mustard
patient needs a device because of conduction disease, adding the ICD function seems
wise in the setting of a severely decreased systemic RV function, even when there is no
evidence of non-sustained VTs yet. Hopefully, the development of better discrimination
algorithms and better leads will diminish the negative impact of an ICD on quality of life
in the future.

Bradyarrhythmias were also encountered in all diagnosis groups. This may be the
result of the lesion itself. Of course they can be also due to peri-operative damage to the
conduction system. Certainly in the earliest era of cardiac surgery, the anatomic knowl-
edge of the major conductive pathways was not as precise as it is today. Nowadays,
well-trained surgeons know exactly how to avoid damage to the conduction tissue.
Later on, progression of fibrosis of the conduction system may develop due to advanc-
ing age or hemodynamic sequellae of the repaired cardiac defect leading to increased
wall stress. Furthermore, the use of anti-arrhythmic drugs to treat tachyarrhytmias may
compromise conduction. Drug-induced bradycardia may indeed also be an indication
for pacemaker implantation.

In ASD patients, most pacemakers were implanted during early follow-up, and 2/3 of
the patients who received a pacemaker had bradycardia in the early postoperative pe-
riod. This is compatible with peri-operative damage to the conduction system. However,
although no significant increase in signs of sinus node disease or AV-conduction delay
was found on Holter-recordings, some patients needed a pacemaker late after surgery
for AV-block.

Despite the early era, the incidence of postoperative conduction problems after VSD
repair was very limited, and the rate of late pacemaker implantation is low. Very few
patients had complete heart block, although damage to the conduction system has
been reported after surgical VSD closure.”

Peri-operative damage to the conduction system was not a problem after PS repair, as
in this group the first pacemaker was implanted after 17 years of follow-up. In the Fallot
group, there were a few patients requiring a pacemaker early after surgery, and the rate
of late pacemaker implantation is low.

Sinus node disease is the main reason for pacemaker implantation in patients after
Mustard repair. Although signs of sinus node disease were observed on Holter-record-
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ings in more than half of our patients, only very few pacemakers were implanted for this
indication during late follow-up.

Overall, late conduction disorders were not a major problem in any group, but still did
occur in some of the patients. This underscores the need for continuation of follow-up.
As the benefit of Holter monitoring in the absence of complaints appears to be very lim-
ited, this is not a good diagnostic tool. Perhaps implantation of a very small continuous
loop recorder would be a better way of detecting arrhythmias and conduction disorders.
It will be interesting to study the utility of this relatively new diagnostic method. For
now, we inform our patients about the symptoms to be aware of, and to seek medical
attention in case of such symptoms.

Heart failure and ventricular function.

Although heart failure was absent in the groups after ASD and PS repair, we observed at
least some deterioration of ventricular function in all diagnosis groups.

The further decline in systemic RV function that was observed in our Mustard popula-
tion is no surprise, and this declined function is now confirmed by CMR in our study.
Although normal values are not available for these systemic RVs in CMR, on visual as-
sessment they are clearly abnormal. Many different theories exist on why the RV fails as
a systemic ventricle. It is thought to be due to a combination of many factors, among
which pre-repair hypoxic damage; differences in myocardial fiber orientation between
the right and left ventricle, making the RV contraction more like a bellow than like the
wringing motion of he left ventricle; presumed mismatch between blood supply and
demand in the systemic RV that is usually provided with a single coronary artery instead
of two for a left ventricle and impaired inflow through the non-compliant atrial baffles,
compromising ventricular filling.®* Others have shown increased fibrosis (indicated by
late gadolinium enhancement on CMR) in systemic RVs. ¢ % The presence and extent
of fibrosis are related to higher levels of NT-proBNP and lesser exercise capacity pa-
rameters®' , as well as ventricular function and adverse clinical outcome.* In patients
after Fontan repair, myocardial fibrosis is associated with adverse ventricular mechanics
and ventricular arrhythmias.”® Whether this also holds for Mustard patients has to be
determined.

The eventual failure of the systemic right ventricle is a major problem, because until
today there is no successful strategy to avoid it, apart from changing the type of surgical
repair: the atrial switch has been replaced by the arterial switch operation. In dysfunc-
tional systemic left ventricles, ACE-inhibitors and beta-blockers have been proven to be
able to support the ventricle and prevent or delay deterioration, often even leading to
improvement of left ventricular function. Treatment strategies for failing left ventricles
are well established. On the contrary, although several aspects of heart failure in sys-
temic right ventricles are alike, some aspects are clearly different and no medication
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has shown any real benefit in delaying or preventing heart failure in failing systemic
RVs. So far, for Mustard patients with heart failure, heart transplantation, and maybe a
ventricular assist device are the only ultimate therapeutic options.

In patients after Fallot repair, late deterioration of not only right, but also left ven-
tricular function has been a concern for some time.*** Indeed this deterioration was
confirmed in our study, and observed to be progressive. The decrease in RV and LV
function was again confirmed by CMR, by which we also showed decreased contractile
reserve. In contrast, this lack in contractile reserve was not found after Fallot repair in
children.”’ This may be due to shorter follow-up or due to better surgical techniques and
perioperative care in these children that were operated in a more recent era.

Several factors can be thought to be involved in this RV dysfunction: prior to surgi-
cal repair, the right ventricular myocardium may be damaged by hypoxia and pressure
overload; during repair, there may be ischemic damage due embolic micro infarction
or lesions to aberrant coronaries, as well as due to ventricular incision. Post repair, the
right ventricle may be further challenged by residual obstruction of the right ventricular
outflow tract and pulmonary regurgitation, and the presence of a patch in the RVOT may
have negative effects RV myocardial contraction.® Arguments for pre-repair damage
to the ventricular myocardium are found in CMR studies, which have showed that late
gadolinium enhancement (LGE), a sign of myocardial fibrosis, was present in the right
ventricles of patients after Fallot repair and that the amount of LGE is was higher in pa-
tients operated at an older age.®® LGE has also been demonstrated in children and young
adults with (unoperated) aortic stenosis, and this was related to diastolic dysfunction
in these patients.* An argument for perioperative damage to right ventricular function
may be that the fibrosis is often located at the sites of surgical resections and incisions.®®
The presence and amount of fibrosis is related to exercise tolerance and neurohormonal
activation, as well as arrhythmia.®®

The deterioration of LV function in Fallot appears to be mostly due to ventricular-
ventricular interaction.” There is increasing evidence for the presence of subclinical
diastolic dysfunction of the left ventricle in Fallot patients. Dragulescu et al demon-
strated by strain imaging studies that abnormal LV mechanics are present in children
and adolescents after Fallot repair even in the absence of systolic LV dysfunction.”" In
their study, the volumes and function of the patients LVs, tested by CMR, were similar to
those of healthy controls. The LV longitudinal, radial and circumferential strain and twist
patterns, however, were clearly lower in Fallots than in controls. The study by Ahmad et
al, also showed diastolic dysfunction of the LV in Fallot patients: LV filling was disturbed
by RV dilatation.”” In our own center, LV twist patterns were clearly abnormal in our Fal-
lot cohort”

Myocardial fibrosis is also found in the left ventricles of patients after Fallot repair.®®
This may reflect perioperative ischemic damage, but there are signs that ventricular-
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ventricular interaction may cause fibrosis as well: a study of the effects of pulmonary
artery banding on ventricular fibrosis in rabbits showed development of fibrosis in both
right and left ventricle and this appeared to be related to an increase of profibrotic
signaling pathways, especially TGF-B1.”* These effects may play a role in Fallot as well.

Probably the causes of deterioration in ventricular function in PS patients are similar,
at least to a certain degree, to those in Fallot.

Although the original effect of an ASD is volume overload of the right ventricle, this
appears to be much better tolerated than the volume overload by PRin Fallot. In ASD, the
volume overload rarely causes the RV to fail and therefore ASD can go undetected well
into adult life.” This is absolutely not the case in Fallot patients with PR. This difference
in response to volume overload between (unoperated) ASD patients and (operated)
Fallot patients was confirmed by an echocardiographic deformation imaging study by
Dragulescu et al.” In our cohort of operated ASD patients, the presence of RV dilatation
was evident already, but we now observed systolic RV dysfunction for the first time.
Deterioration of left ventricular function was observed in some patients as well. This has
not been described before and is not easy to explain. Maybe also in these patients, the
answer lies in ventricular-ventricular interaction, but we were not able to show a relation
between RV ad LV dysfunction in our study. Whether the systolic functional deteriora-
tion was preceded by diastolic function, which may be an argument to underscore the
role of ventricular-ventricular interaction is not known, for diastolic function was not
assessed before.

Finally, in the VSD-group, LV-dysfunction was observed during the previous studies
in our cohort. It did not increase over time however, but was confirmed by the up-to-
date echocardiography techniques. In contrast, right ventricular dysfunction was not
observed during the earlier studies, but was now found in 17% of the VSD patients.
Whereas LV-function may not have completely recovered from the volume load caused
by the VSD prior to repair, the reason for right ventricular dysfunction must be sought
elsewhere. We did not find a relation between RV dysfunction and right ventriculotomy
or the use of a VSD patch, although these were applied very frequently in our cohort.
There was a relation between RV dysfunction and the presence of elevated pulmonary
pressure and with having a pacemaker, which may compromise ventricular function
by increased afterload and altered activation patterns respectively. We assume that
ventricular-ventricular interaction must pay a role too, for when a left ventricle becomes
more spherical, this changes the orientation of the septal myocardial fibers, affecting RV
systolic contraction. More recently, RV dysfunction was demonstrated in children after
VSD repair using tissue Doppler techniques.”” One may question whether subtle signs
of systolic RV dysfunction were indeed present before in our patients, but simply not
detected by lack of these newer echo techniques.
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Endocarditis

In none of the groups studied, endocarditis was a frequent problem. In the patients
with repaired ASD and PS, no endocarditis was observed at all, and the incidence in
Fallot and Mustard patients was very low (<1%). The highest incidence of endocarditis
was found in VSD patients, but during the latest follow-up, the one case of endocarditis
that occurred may also have been associated with the presence of a pacemaker instead
of the repaired VSD. Historically, VSD is indeed regarded as one of the congenital heart
defects with a higher risk of developing endocarditis,”® and in a Dutch risk stratification
model it was found to be associated with a higher endocarditis risk.”” However, a recent
report from Rushani et al did not identify VSD as a risk factor for IE in children.®® The
incidence of endocarditis in congenital heart disease is still substantial, but due to better
diagnostics and treatment strategies the mortality has declined remarkably.®’ Whether
the incidence of endocarditis is going to increase after the adjustment of the guidelines
for prevention of bacterial endocarditis in 2009, remains to be awaited.

Determinants of outcome

Early postoperative arrhythmias

In our study, in all diagnosis group but pulmonary stenosis (in which the occurrence of
postoperative arrhythmias was least well documented), the occurrence of arrhythmias,
both tachy- and bradyarrhythmias, in the early postoperative period were related to
outcome. The relation between early and late arrhythmias and pacemaker implantation,
as found in the ASD group, is imaginable, for surgical damage to the conduction system
may not always recover and postoperative scars and fibrosis may become a substrate for
arrhythmias.

The relation with heart failure in the Mustard group was unexpected and is harder to
explain. We postulated that postoperative AV-block and subsequent pacemaker implan-
tation could contribute to decrease in ventricular function through the longstanding
abnormal ventricular activation. This has been described by others, both in congenital
and acquired heart disease.?” ®* Biventricular pacemaker implantation for bradycardia
indications is reported to prevent LV dysfunction in the long run,® but implantation of
such a biventricular device is often not easy and sometimes even impossible in patients
with congenital heart disease.** ® Besides that, many of the patients in our cohort re-
quiring a pacemaker did so before biventricular pacing was even invented yet.

In case of persisting postoperative arrhythmias, the use of antiarrhythmic medications
may compromise ventricular function through negative inotropic effects.

Another possible explanation for the association of postoperative arrhythmias with
heart failure may be that the occurrence of these arrhythmias itself is an indicator of
worse hemodynamic status after surgery. The incidence of and risk factors for arrhyth-
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mia in the direct postoperative period have been studied by others.* These arrhythmias
do indeed seem to be related to greater case complexity and prolonged CPB time.
Moreover, postoperative arrhythmias have been associated with higher postoperative
rise in troponin levels, reflecting greater peri-operative myocardial damage.

In patients after repair of Fallot, early postoperative arrhythmias were even predictive
of (late) mortality. As mentioned above, postoperative arrhythmias may be related to
higher complexity of congenital heart defects and myocardial damage. When they oc-
cur, they may also prolong ventilator time and postoperative intensive care stay, which
are associated with increased postoperative mortality.® Late mortality may be mediated
through late arrhythmias, which were found to be predicted by the same early postop-
erative arrhythmias in this group. It is widely known that mortality late after Fallot repair
is often arrhytmogenic.’ Also in our group, the presence of SVT on the ECG in 1990 or
2001 appeared to predict mortality. More attention for (early) arrhythmias seems war-
ranted and the predictive role and underlying mechanism of these arrhythmias should
be focus for further research.

Use of palliative shunts and transannular patches.

In both Fallot and PS patients, the use of a transannular patch (TAP) was associated with
adverse outcome: in both groups TAP use predicted pulmonary valve replacement. This
is hardly surprising, as pulmonary regurgitation is an inevitable consequence of TAP use,
and has been reported elaborately before. In The Fallot group, TAP use also predicted
late arrhythmias, potentially also facilitated by volume overload of the right heart due
to pulmonary regurgitation. It did not predict mortality, though.

The use of a palliative shunt before complete repair resulted in more events in the PS
group and higher mortality in the Fallot group. As in our study the use of prior pallia-
tion was mainly related to the era of surgery, this cannot be explained by mere disease
complexity. This finding underscores the benefit of early primary repair, which has been
common practice for years now.

Other predictors for outcome
In the VSD group, the number of events was too low to test separate outcomes. Non-
isolated VSD and longer aortic cross-clamp time were associated with a higher risk of
late events. Both may be explained by more complex heart disease, which may take
longer to repair and, as mentioned before, by the concomitant lesions which needed
intervention later on.

We were a little surprised by our finding that older age at repair was related to a
lower risk for events in the PS group. Maybe this is due to natural selection: possibly the
patients with less severe disease survived until surgical treatment of their PS became
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available, while patients with more severe disease did not survive until surgical treat-
ment became available.

Quality of Life and social functioning

Subjective health status, social and emotional function and overall quality of life were
reported to be good in all of the patient groups we studied. Even subjective physical
functioning was reported to be good, except by the patients after Mustard repair.

8.8 and also in line with other

These result are similar to those of 20 and 10 years ago
literature.®” °° Other studies report impaired quality of life on the domains of physical
functioning.” The absence of impairment in psychosocial functioning may be due to
several factors. The awareness of being born with a heart defect may cause patients to
adjust their expectations in life and redefine their internal standards and values. This
response shift may make them more appreciative of the things that they are able to do
instead of regretting things they cannot. One study reported quality of life to be worse
in younger patients with congenital heart disease compared to older patients.”” This
may indeed reflect a readjustment of expectations with increasing age. On the other
hand, lack of knowledge of their heart condition may give rise to unrealistic expecta-
tions towards physical capabilities in patients with congenital heart disease. This may
cause the subjective impairment in physical functioning described by others.”

Sports participation
There are clear controversies about sports participation in patients with congenital heart
disease. In the past many patients were advised against physical exercise because of fear
for unsafety, especially the occurrence of sudden cardiac death. Both parents and doc-
tors were rather overprotective.” Recently, however, concerns changed in the direction
of the negative effects of a sedentary life style. In both healthy individuals and patients
with acquired heart disease, engaging in sports and physical exercise have been shown
to be beneficial.”*® Sports participation is reported to be associated with better exercise
capacity and quality of life in adults with congenital heart disease.”*” Recently, there
are reports that these beneficial effects are seen in children and adolescents with con-
genital heart disease as well.”® ®* Recommendations on sports participation in patients
with congenital heart disease have become less strict over time.'*”'*' Nevertheless, our
study shows that sports participation is still lower in these patients than in the general
population. Although many patients in our cohort now have young families and busy
jobs, which they may report to be the reason for not doing regular exercise, this cannot
be the sole explanation, because these factors are present in the general population as
well.

Although medical insights on sports participation have evolved, patients and maybe
also doctors may still have a wrong idea or feel unsure about what level of exercise they
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can safely perform. Patients who have heard their whole life that participation in sports
will be unsafe for them, will need some time to adjust to these new insights. However,
Moons already reported in 2005 that patients knowledge about what exercise they were
allowed to perform was good in over 2/3 of them.'” So, are there other factors involved?
Maybe some patients unnecessarily use their heart disease as an excuse not to perform
physical exercise. Their heart defect may give them some secondary disease profit. Also,
their environment may still be too careful and simply not allow them to participate. Laws
of liability may also have a negative influence on sports participation in sports clubs.
Patients (as well as their environment) should be made more aware of the beneficial
effects of physical exercise and - after individual risk assessment- encouraged more to
engage init.

The most feared negative effect of sports participation still is sudden cardiac death.
When sudden death occurs during exercise or sports, it obviously has a great impact.
On the other hand, patients with congenital heart disease should not be withheld from
the beneficial effects of exercise and sports participation. We did not find an increased
risk of adverse events like sudden death or arrhythmias in patients who did engage in
sports, both in simple and more complex disease. However, our findings should be inter-
preted with care, because there were some cases of sudden death during exercise in our
group and whether our patients were advised on sports participation was not studied.
Moreover, our study used self-reported sports participation and exercise capacity, which
is not always in line with reality.

Literature on the safety of sports participation in congenital heart disease is sparse.
Studies that report on the incidence of cardiovascular events during sports participation
have been focusing on sudden cardiac death in athletes mostly.'” From these studies we
know that SCD in athletes is mostly due to hypertrophic cardiomyopathy and coronary
anomalies. Whether, and especially which congenital heart defects are at risk of SCD
induced by exercise is not to be learned from these reports, as hardly any congenital
heart disease was included in these studies. From the studies reporting on SCD in ath-
letes, it is learned that most SCD happens in individuals of which the presence of heart
disease was unknown. In this aspect, our patients with congenital heart disease are in
advantage: at least we know how their heart functions and we can make an individual
exercise recommendation.

It is important to realize that sports participation does not imply competitive sports
participation necessarily. Historically, competitive sports were discouraged in almost all
patients with congenital heart disease in fear of these patients pushing themselves too
far due to pear pressure.'” In the general population, however, the incidence of sud-
den cardiac death is equal in non-competitive and competitive sports.'” Clearly more
prospective studies are necessary in this field. For now, we feel that sports participation
should not be discouraged, but individual advice is crucial.
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Sexual functioning

In our study we found that patients with congenital heart disease become sexually ac-
tive at a significantly older age than the general Dutch population, and both women and
men scored lower on sexual functioning scales.'® This is different from what was reported

by Moons et al,'”’

who reported a similar frequency of sexual problems in patients with
congenital heart disease and healthy controls. Nevertheless, in that study, patients re-
ported to be more distressed by these problems than the healthy controls. In our group,
there was no relation between diminished sexual functioning and ventricular function
or socio-economic status. In males, the increased erectile and orgasmic dysfunction was
not related to the use of medication, for instance beta blocking agents, which we would
have expected. Physical sexual development does not seem to be delayed, as the age
of menarche was not different from the general population in our female patients. The
difference in age of losing virginity becomes even more notable considering the fact
that educational levels in our patients were lower than in the general population.”’ A
lower educational level is usually associated with losing virginity at a younger age.'®
Perhaps growing up in a more protected - or even overprotected - environment may
cause this difference,'® or anxiety and feelings of insecurity and shame regarding the
thoracotomy scar. Insecurity about their scar was noted especially in young female pa-
tients in our cohort previously,'” but appears to have diminished now that the patients
are older. Furthermore, anxiety about not being able to perform sexual activities due to
their cardiac disease may make patients more hesitative to engage in a sexual relation-
ship. At least, our patients with more complex heart disease reported concerns on not
being able to endure pregnancy or to be able to raise children. These anxieties may have
contributed to avoiding sexual relationships.

Conclusions, clinical implications and future perspectives

This thesis provides insight in the very long term survival and morbidity in patients that
underwent repair of a congenital heart defect (ASD, VSD, PS, Fallot or TGA) in childhood,
now up to over 40 years ago. Survival in patients after ASD or PS repair is normal. In
patients who survived their VSD of Fallot repair, survival is also good. As expected based
on previous reports, survival after Mustard repair of TGA is clearly decreased and we
must prepare for an ongoing and possibly accelerating decline.

Most patients with repaired congenital heart defects are leading satisfactory and fairly
normal lives, fully participating in society: they have a job, get married, have children
and do everything that healthy people do. Sports participation, however, is reduced in
comparison with the general population. Because sports participation is related to bet-
ter exercise tolerance in daily life, as well as better quality of life, we should provide our
patients with better information on the safety and benefits of sports participation, and
keep stimulating them to implement regular exercise in their daily routine. Specialized
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training programs addressing specific patient groups may help to overcome any anxiety
towards sports participation and help sustain a good exercise routine and level. In ad-
dition, providing more information on specific sexual issues and impact of pregnancy is
important for patients and should be implemented in standard care.

Despite the good survival and quality of life, late morbidity is substantial. Addition-
ally, we found deterioration of ventricular function over time in patients in all diagnosis
groups. This implies that all patients, even those who had only mild congenital heart
defects and are asymptomatic, must remain under follow-up in the outpatient clinic.
On top of the growth of our patient population due to the improved survival, this will
add to the need for specialist care providers and centers to expand. These care provid-
ers must be adequately trained in congenital heart disease, and be aware of any late
problems that may occur, even in patients who apparently are doing fine. Unfortunately,
sudden (cardiac) death occurred in all groups we studied, and also in patients in whom
that was not expected at all. Despite our finding new and confirming known predic-
tors of adverse outcome, individual risk stratification remains difficult. Furthermore, it
is impossible to extrapolate our results, observed in patients operated in the first era of
congenital heart surgery, to patients operated for the same diagnosis in later eras. The
latter underwent different surgeries and nowadays an increasing number of patients is
treated percutaneously. We therefore must continue to study the outcome in all differ-
ent groups of congenital heart disease, after all different ways of repair and treatment.

Despite this interpretation of “old” results and attempting to apply them to the mov-
ing target that congenital heart disease still is today, it is fascinating to see that things
that we learn from these old cohorts of patients do provide new insights that may be
useful today. For example, we probably did not notice subclinical signs of ventricular
failure in the past, because we did not have the diagnostic techniques to unmask them
yet. In this aspect, biomarkers like NT-proBNP may be useful. Early signs of ventricular
decline are being discovered increasingly by new diagnostic tools. There is increasing
evidence that systolic ventricular failure is preceded by diastolic ventricular dysfunction.
This diastolic dysfunction should and probably can be detected earlier. Tissue Doppler
and speckle tracking deformation imaging and evaluation of diastolic ventricular func-
tion are upcoming and should be implemented in routine care. However, normal values
of diastolic dysfunction in acquired heart disease do not necessarily apply to congenital
heart disease. Defect-specific criteria should be developed. Meanwhile, follow-up of
changes in the already available criteria should prompt therapeutic action sooner. This
too is easier said than done, especially in patients after Mustard repair, in whom effective
(medical) treatment strategies currently still do not exist. None of the studies assessing
the use of (conventional) medical therapy that were performed so far managed to show
any benefit. In all studies, the negative results are feared to be - at least in part - due to
small sample sizes. It is always very difficult to collect enough patients to participate.
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And maybe we have been addressing the wrong target: possibly failure of a systemic
RV is not mainly due to increased afterload. Preload limitations (the inability to increase
preload during exercise because of the incompliant atrial baffle tissue) may play an im-
portant role as well, or the inevitable development of tricuspid regurgitation. Therefore,
we need larger, international, multicenter studies with longer follow-up, in which the
changes in diastolic and systolic ventricular function are assessed by state-of the art
echocardiography and CMR to adequately assess the effects of afterload reduction and
beta-blockers. With regard to determination of diastolic function in congenital heart
disease, we need studies relating echocardiographic parameters to invasive measure-
ments, for example pressure-volume loop recordings or invasive end-diastolic pressure
measurements. Possibly gadolinium late enhancement CMR may help us to explain why
the conventional parameters like E'don’t work: we may prove that these measurements
are done in patch or scar tissue (for example the VSD patch in Fallot) instead of myocar-
dial tissue.

Regarding the issue of timing of PVR in Fallot patients, we need to add (LV) diastolic
function assessment and (RV) contractile reserve measurement to the decision mak-
ing. With these parameters of ventricular function we should be able to identify those
patients who would benefit from PVR before they start to show systolic ventricular
dysfunction. The current availability to perform repeat pulmonary valve interventions
may facilitate the decision towards earlier PVR, but the concerns on endocarditis after
percutaneous pulmonary valve implantation preclude a “one size fits all” guideline.

The problem of inevitable heart failure in Mustard patients remains to be a major is-
sue. Few patients will qualify for interventions on tricuspid regurgitation, for in many
the precarious state of their systemic ventricle will increase the perioperative risk unac-
ceptably. In selected patients, pulmonary artery banding may cause a useful shift of the
interventricular septum to improve the systemic RV function, but we doubt that this
will be an option for many patients. So in the end, we have to screen them for heart
transplantation. The timing of when to start this screening is also extremely difficult,
as many patients are functioning very well with their poorly contracting systemic RV.
Also more attention should be paid to the specific needs of ventricular assist device
therapy in patients with congenital heart disease. These patients are often young and
may indeed benefit from these new techniques, but anatomic and technical hurdles
should be overcome.

Finally, involving patients and patient-organizations in the design and implementa-
tion of future research seems logic and important.
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Aangeboren hartafwijkingen zijn de meest voorkomende aangeboren afwijkingen. Ze
komen voor bij ongeveer 8 per duizend levendgeborenen. Ongeveer de helft van deze
kinderen heeft een milde afwijking waarvoor geen onmiddellijke behandeling nodig is.
De andere helft heeft wel op jonge leeftijd een operatie nodig. Voordat hartchirurgie
voor aangeboren hartafwijkingen mogelijk werd, overleed het merendeel van deze
kinderen op jonge leeftijd, vaak al in het eerste levensjaar. Slechts zo'n 15% haalde de
volwassenleeftijd. Dankzij de introductie van hartchirurgie in de vijftiger jaren is de
overleving van deze patiénten spectaculair verbeterd. Van de kinderen die tegenwoor-
dig met een hartafwijking geboren worden, bereikt 95% de volwassen leeftijd. Dit heeft
geleid tot een sterke groei van het aantal patiénten met een(geopereerde) aangeboren
hartafwijking, en deze patiénten worden gelukkig ook steeds ouder. Hierdoor is de na-
druk in de zorg voor deze patiénten verschoven van overleven naar kwaliteit van leven.
Het wordt steeds belangrijker om te weten met welke late complicaties en problemen ze
te maken zouden kunnen krijgen en hoe ze een optimaal leven kunnen leiden.

Dit proefschrift behandelt de lange termijn resultaten na operatie van een aangeboren
hartafwijking opgedeeld in vijf verschillende patiéntengroepen, te weten:

> atriumseptumdefect: een gat in het tussenschot van de boezems van het hart,

» ventrikelseptumdefect: een gat in het tussenschot van de kamers,

> pulmonaalstenose: vernauwing van de longslagaderklep,

> tetralogie van Fallot: een meer complexe hartafwijking, waarbij er een combinatie
is van onder andere ventrikelseptumdefect en pulmonaalstenose, en

» transpositie van de grote vaten, waarbij de aorta en longslagader uit de verkeerde
hartkamer komen en er dus zuurstofarm in plaats van zuurstofrijk bloed in de li-
chaamscirculatie terecht komt.

Deze patiénten werden allemaal op jonge leeftijd (<15 jaar) in Rotterdam geopereerd
tussen 1968 en 1980 en worden elke tien jaar gevolgd. In het huidige onderzoek hebben
we voor het eerst ook geprobeerd om voorspellers voor uitkomsten te identificeren,
aangezien de follow-up duur nu de veertig jaar nadert.

In hoofdstuk 2 worden de lange termijn uitkomsten beschreven bij patiénten die wer-
den geopereerd aan een atriumseptumdefect (ASD). Het is bekend dat als zo'n ASD
niet gesloten wordt, op de lange termijn vaak boezemritmestoornissen en pulmonale
hypertensie (hoge bloeddruk in de longbloedvaten) ontstaan. Uit ons onderzoek blijkt
dat de patiénten die op kinderleeftijd chirurgische sluiting van hun ASD ondergingen
een zo goed als normale overleving hebben (91% na 40 jaar follow-up). Zij hebben
weinig nieuwe ingrepen nodig en boezemritmestoornissen komen bij deze patiénten
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veel minder vaak voor dan bij patiénten waar het ASD niet is gesloten. Ook pulmonale
hypertensie blijkt te worden voorkomen door sluiting van het ASD op kinderleeftijd.
Ondanks deze gunstige resultaten zijn er wel twee van de 131 patiénten uit onze groep
plots overleden, mogelijk aan een ritmestoornis. Daarnaast heeft een derde van de
patiénten een verminderde rechter kamerfunctie en een vijfde een licht verminderde
linker kamerfunctie na 40 jaar follow-up. Hoewel geen van de patiénten hartfalen heeft
ontwikkeld, blijft het wel belangrijk om deze patiénten, met wie het over het algemeen
dus heel goed gaat, levenslang te controleren.

Hoofdstuk 3 beschrijft de lange termijn resultaten bij patiénten die werden geopereerd
aan een ventrikelseptumdefect (VSD). Ook bij een ongecorrigeerd VSD is er grote kans
op ontwikkeling van pulmonale hypertensie en achteruitgang van de pompfunctie van
het hart op de lange termijn. De overleving in ons cohort is met 78% na 40 jaar signi-
ficant minder goed dan in de algemene bevolking. Dit komt vooral doordat de sterfte
rondom de operatie aanzienlijk was, waarschijnlijk ten gevolge van het vroege chirur-
gische tijdperk waarin deze patiénten werden geopereerd: destijds was er aanzienlijk
minder ervaring met dit soort operaties en waren de medische apparaten die erbij
gebruikt werden veel minder ontwikkeld dan nu. Tegenwoordig is de perioperatieve
sterfte veel lager. Desalniettemin hebben ook de patiénten die de operatie overleefden
geen helemaal normale overleving (86% na 40 jaar). Doodsoorzaken zijn plotse dood,
reoperaties voor bijkomende hartafwijkingen en hartfalen. Een aanzienlijk deel van de
patiénten (28%) heeft na 40 jaar follow-up een complicatie gehad. Zo kreeg 13% een rit-
mestoornis en 12% had een nieuwe ingreep nodig. Hoewel de patiénten zeer tevreden
zijn met hun dagelijks leven en fysieke prestaties, heeft toch de helft een verminderd
inspanningsvermogen. De linker kamerfunctie nam niet af over de tijd, maar de rechter
kamerfunctie verslechterde wel. Hierbij kan interactie tussen de twee hartkamers een
rol spelen. Daarnaast was er een toename in aortakleplekkage. Hoewel tot nu toe slechts
4% van de patiénten werkelijk hartfalen kreeg, maken de achteruitgang in kamerfunctie
en de toename van aortakleplekkage ook in deze patiénten levenslange follow-up
noodzakelijk.

Hoofdstuk 4 is een review over pulmonaalstenose (PS). Zo'n PS kan zich bevinden op,
onder of boven het niveau van de klep. Aanvankelijk was de behandeling van alle be-
langrijke pulmonaalstenosen een operatie, maar tegenwoordig worden vernauwingen
op klepniveau bij voorkeur behandeld met een ballondilatatie. Voorheen moest de
diagnose ernstige PS worden gesteld met een hartcatheterisatie, maar tegenwoordig
kan dat met een echo of MRI van het hart. De resultaten op de lange termijn van zowel
klepoperatie als ballondilatatie zijn goed, maar niet helemaal te vergelijken, want de
follow-up van klepoperaties is langer, omdat deze ingreep al langer gedaan wordt. Beide
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behandelmogelijkheden kunnen echter in de loop van de tijd leiden tot pulmonaal-
kleplekkage. Deze lekkage wordt heel lang goed verdragen, maar kan uiteindelijk wel
leiden tot overbelasting van de rechter kamer waardoor de kamerfunctie kan verslech-
teren. Daarom moeten ook patiénten met pulmonaalkleplekkage na eerdere correctie
van hun pulmonaalklepstenose onder controle blijven op de polikliniek. Zij hebben
mogelijk in de toekomst een nieuwe klepingreep nodig, zoals bij Fallotpatiénten, een
andere hartafwijking met ook lekkage van de pulmonaalklep al uitgebreid bekend is.

In hoofdstuk 5 beschrijven we de lange-termijn uitkomsten van de patiénten die op
kinderleeftijd chirurgische correctie ondergingen van een pulmonaalklepstenose. Zij
hebben een overleving die vergelijkbaar is met de algemenen bevolking (93% na 40
jaar). Na 40 jaar heeft echter wel een kwart van hen een nieuwe ingreep nodig gehad. In
de eerste decennia na de operatie was dat vooral vanwege een nieuwe klepvernauwing,
maar vanaf de 2° decade was dat vooral vanwege ernstige kleplekkage. Deze patiénten
hebben niet vaak boezemritmestoornissen en tot nu toe helemaal geen kamerritme-
stoornissen. Ze hebben, vinden ze zelf, een goede kwaliteit van leven en kunnen zich
net zo goed inspannen als een ander. Ook in deze groep vonden we echter achteruit-
gang in zowel linker als rechter kamerfunctie, en verminderde linker kamerfunctie bleek
gerelateerd aan een verminderd inspanningsvermogen.

In hoofdstuk 6 worden de resultaten 40 jaar na chirurgische correctie van de tetralogie
van Fallot beschreven. De overleving van deze patiénten is duidelijk minder dan in de
algemene bevolking (72% na 40 jaar). Ook in deze groep was de perioperatieve sterfte
destijds behoorlijk, maar de overleving van patiénten die hun operatie goed hebben
doorstaan is vrij goed (86% na 40 jaar). We kunnen echter niet ontkennen dat ook bij hen
de overleving niet helemaal normaal is. Late sterfte is het gevolg van hartfalen en ka-
merritmestoornissen. Ook hebben veel patiénten restproblemen: 44% had een nieuwe
ingreep nodig, 17% had last van ritmestoornissen en 3% ontwikkelde hartfalen. Er is een
geleidelijke achteruitgang in zowel rechter als linker systolische kamerfunctie en ook de
diastolische linker kamerfunctie is bij veel patiénten inmiddels afgenomen. Progressieve
dilatatie van de aorta werd gevreesd maar blijkt in de praktijk geen groot probleem. De
verslechtering in functie van linker en rechter kamer kan, in ieder geval gedeeltelijk,
verklaard worden door interactie tussen deze twee kamers. Er zijn ook aanwijzingen
dat de “contractiele reserve” van de hartkamers verminderd is: bij deze patiénten heb-
ben we met dobutamine stress MRI daarnaar gekeken en hoewel de systolische functie
van beide kamers verbeterde na toediening van een lage dosis dobutamine, trad geen
verdere verbetering op na toediening van een hoge dosis dobutamine. Desondanks is
het inspanningsvermogen van de Fallotpatiénten relatief goed (89% van de norm) en is
dat stabiel gebleven over de afgelopen tien jaar.
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Hoofdstuk 7 beschrijft de bevindingen in onze patiénten die een Mustard operatie
hebben ondergaan ter behandeling van transpositie van de grote vaten. In deze groep
was de overleving duidelijk minder dan normaal: 68% is na 40 jaar nog in leven. Dit kwam
niet als een grote verrassing. Het was reeds bekend dat de functie van de rechter kamer,
die bij deze patiénten (ten gevolge van hun atriale ompoling) als systeemkamer moet
functioneren, vaak al achteruit is gegaan tegen de tijd dat deze patiénten de volwassen
leeftijd hebben bereikt. De verwachting was dat deze verslechtering van systeemka-
merfunctie zou doorzetten, en onze studie bevestigt dat inderdaad. De overleving was
echter toch minder slecht dan werd gevreesd. In de voorgaande decade was sterfte
met name het gevolg van hartfalen, maar in de afgelopen tien jaar overleden patiénten
met name door kamerritmestoornissen. Nieuwe ingrepen waren met name nodig voor
vernauwingen of lekken in de “baffles’, de constructie die door de chirurg werd gemaakt
om het bloed op boezemniveau naar de andere kamer te leiden. Deze nieuwe ingrepen
waren met name nodig in de eerste 2 decennia na Mustardoperatie, en zijn nadien geen
groot probleem meer. Wel is er een geleidelijke toename in tricuspidaliskleplekkage
(lekkage van de hartklep tussen de boezem en de rechter kamer), die gelijk op gaat met
verdere afname van de systeem rechter kamerfunctie. Onze bevindingen bij MRI lijken
deze afgenomen functie van de systeem rechter kamerfunctie te bevestigen, hoewel
het lastig is om precieze uitspraken te doen omdat er eigenlijk geen normaalwaarden
bekend zijn voor een rechter ventrikel die als systeemkamer functioneert. We zagen
verder een verdubbeling in het optreden van boezemritmestoornissen in de laatste tien
jaar. Dat baart zorgen, omdat ook deze - normaliter milde - ritmestoornissen wel geasso-
cieerd zijn met plotse hartdood in deze patiénten. We vonden geen toename van kamer-
ritmestoornissen op Holter-registraties, maar er waren wel 5 patiénten die daar last van
kregen en twee zijn er zelfs aan overleden. Er zijn geen duidelijke criteria voor handen
voor preventieve implantatie van een intracardiale defibrillator (ICD) ter bescherming.
Deze patiénten zijn relatief jong en hebben vaak ook boezemritmestoornissen waardoor
ze meer kans hebben op onterechte ICD-shocks, wat psychisch heel belastend kan zijn.
Ook is er zorg om eventuele leadcomplicaties. Pacemakers zijn daarentegen wel vaker
nodig in Mustardpatiénten, vooral vanwege sinusknoopdysfunctie. In toenemende
mate tonen de patiénten in onze studie wel tekenen van sinusknoopdysfunctie, maar
het afgelopen decennium leidde dat niet tot implantatie van veel meer pacemakers.
Ondanks alle hierboven beschreven late problemen is de inspanningstolerantie van
de patiénten de laatste 10 jaar opvallend stabiel gebleven en vinden ze zelf hun eigen
kwaliteit van leven heel goed.

In hoofdstuk 8 en 9 komen twee belangrijke aspecten van kwaliteit van leven aan bod
die tot nu toe bij patiénten met aangeboren hartafwijkingen sterk onderbelicht zijn
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gebleven, namelijk sporten en seksueel functioneren. Het is bekend dat patiénten met
een aangeboren hartafwijking gemiddeld een lager opleidingsniveau, een baan op een
lager niveau en een lager inkomen hebben dan de algemene bevolking. Zij hebben ook
meer psychologische problemen op jonge leeftijd, maar deze problemen lijken zich op
te lossen met het stijgen van de leeftijd. Zijn er, nu de patiénten dertigers en veertigers
zijn, ook meer problemen bij sporten en/of in seksueel functioneren dan in de algemene
bevolking?

In hoofdstuk 8 hebben we sportparticipatie en de klinische gevolgen daarvan onder-
zocht in onze patiénten met chirurgisch gecorrigeerd ASD, VSD, pulmonaalstenose,
tetralogie van Fallot en na Mustardoperatie voor transpositie van de grote vaten. Voor-
heen werd deze patiénten vaak ontraden om te sporten, omdat gevreesd werd dat dat
gevaarlijk voor hen zou kunnen zijn. Er is nog steeds vrees dat zware fysieke inspanning
bij deze patiénten kan leiden tot ritmestoornissen of andere complicaties, zelfs plotse
dood. Anderzijds is tegenwoordig zelfs bij patiénten met hartfalen aangetoond dat
lichaamsbeweging en training gezond is: het verbetert ook bij hen de conditie en kwa-
liteit van leven. In onze studie hebben we geen verband gevonden tussen deelname
aan sport en (plotse) dood. Bijna de helft van de patiént deed aan sport. Dit is minder
dan in de normale bevolking. Zoals we eigenlijk al verwachtten deden de patiénten met
meer complexe hartafwijkingen het minst aan sport, en als ze aan sport deden dan was
dat op een minder intensief niveau dan de anderen. De patiénten die wel aan sport
deden hadden een beter uithoudingsvermogen, een gezondere leefstijl en, bij degenen
met een meer complexe hartafwijking zelfs een beter fysiek functioneren dan zij die
niet aan sport deden. Er waren daarnaast ook aanwijzingen dat de kamerfunctie vaker
stabiel bleef bij patiénten die sporten. Dit is een belangrijke bevinding, aangezien in
alle diagnosen een geleidelijke achteruitgang in kamerfunctie is beschreven. Om deze
potentieel gunstige effecten van sporten beter te doorgronden en onze patiénten beter
te kunnen adviseren, is meer onderzoek naar het effect en de veiligheid van sporten bij
patiénten met een aangeboren hartafwijking hard nodig.

In hoofdstuk 9 beschrijven we het seksuele functioneren bij patiénte met een aange-
boren hartafwijking. De meerderheid van de patiénten is getrouwd en seksueel actief.
Vergeleken met de algemene bevolking scoorden zowel de vrouwelijke als de man-
nelijke patiénten slechter in de vragenlijsten naar seksueel functioneren: vrouwelijke
patiénten rapporteerden een scala aan problemen, waaronder verminderde behoefte
aan seks, minder makkelijk opgewonden raken en meer pijn bij het vrijen. Echt pa-
thologische seksuele dysfunctie kwam echter bij de vrouwelijke patiénten even vaak
voor als bij vrouwen in de algemene bevolking. Mannelijke patiénten rapporteerden
meer erectiestoornissen, meer orgasmeproblemen en meer ontevredenheid over ge-
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slachtsgemeenschap. Vrouwelijke patiénten hadden vaker last van onzekerheid betref-
fende zwangerschap en de erfelijkheid van hun aangeboren hartafwijking. Met name
de vrouwen met meer complexe hartafwijkingen waren bezorgd dat hun hartafwijking
een negatief effect zou kunnen hebben op hun kind. Ten aanzien van de zwangerschap
en bevalling zelf waren ze bang dat dat een negatief effect zou kunnen hebben op
hun hartfunctie en algemene conditie. Vrijwel alle patiénten gaven aan dat ze graag
meer informatie hadden gehad over deze zaken en ook over de veiligheid en eventuele
nadelige effecten van de verschillende methoden van anticonceptie. Omdat sommige
patiénten overmatig of onterecht bezorgd zijn, en andere zich misschien onvoldoende
bewust zijn de risico’s van een zwangerschap, moeten onze patiénten betere voorlich-
ting krijgen over seksualiteit, zwangerschap en erfelijkheid. Deze informatie moet tijdig
worden gegeven, bij voorkeur al op een jonge leeftijd, voordat seksualiteit en zwanger-
schap aan de orde zijn in hun dagelijks leven.

Hoofdstuk 10 beschrijft de lange-termijn uitkomsten na de arteriéle switch operatie
(ASO), ofwel de ompoling van de grote vaten zelf. Dit is de nu gangbare behandeling
voor patiénten die geboren worden met transpositie van de grote vaten. Er wordt een
historische vergelijking gemaakt met de Mustardpatiénten. Het grote voordeel van
de ASO is dat de linker kamer de systeemkamer wordt, zoals bij een normaal hart ook
het geval is. Overleving tot 25 jaar na ASO is duidelijk beter dan na de Mustardope-
ratie (97% versus 77%), en bij 93% bleef de linkerkamerfunctie goed (tegenover een
goede rechterkamerfunctie bij slechts 6% van de Mustardpatiénten). Dit werd ook
weerspiegeld in een veel beter inspanningsvermogen bij de ASO-patiénten vergeleken
met de Mustardpatiénten, hoewel ook bij de ASO-patiénten het inspanningsvermogen
minder was dan normaal (85% van de norm bij ASO-patiénten versus 72% van de norm
bij Mustardpatiénten). Hoewel verscheidene ASO-patiénten een nieuwe ingreep nodig
hadden en één van hen kamerritmestoornissen had, was de event-vrije overleving bij de
ASO-patiénten duidelijk beter dan in de Mustardgroep (77% versus 44%).
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Summary of PhD training and teaching activities

PhD Portfolio

PhD period: 2009-2015

Name PhD student: Judith A.A.E. Cuypers
Erasmus MC Department: Cardiology
Research School: COEUR

Bogers

Supervisor: J.W. Deckers

Promotors: J.W. Roos-Hesselink, A.J.J.C.

1. PhD training

General academic skills
- BROK course

Research skills
- Short Introductory Course on Statistics & Survival Analysis for MD's

In-depth courses
- COEUR Research seminars
- Advanced Life Support

Presentations

- ESC Oral Abstract presentation (2x)

- ESC Poster Abstract presentation (2x)
- NVVCVoorjaarsvergadering

National and International conferences

- 4th European Echocardiography course on congenital heart disease
- European Society of Cardiology

- Cardiac Problems in Pregnancy, Valencia

- EuroEcho

- NVVC congresses

- 10th European Echocardiography course on congenital heart disease

Seminars and workshops

- Harttransplantatie Rotterdam, een donorhart voor de baby en de
babyboomer?

- Tour d’'Horizon

- Ontwikkeling hart

- Symposium Acute Coronaire Syndromen

- Acute myocardial infarction: the next decade

- Cardiology and Vascular Medicine Update and Perspective

- Karel V Symposium (5x)

- Cardiovascular Magnetic resonance Munich, Germany

- Mini Symposium Hypertrofische Cardiomyopathie

- Thoracale aortapathologie - nieuwe inzichten , actuele behandeling

- 22" International Symposium on Adult Congenital Heart Disease

- Afscheidssymposium Dr. A.H.M.M. Balk

- Update hypertrofische cardiomyopathie en contrastecho

- Symposium Congenitale Cardiologie

- Fifth European meeting on Adult Congenital Heart Disease

Year

2015

2010

2009-2015
2013

2012-2013
2014-2015
2015

2009

2009, 2011-2015
2010

2010

2010-2015

2015

2009

2009, 2014
2010
2010
2010
2010, 2011
2010,2012-2015
2011

2011
2011,2013
2012

2012

2013

2013
2014

Workload
(Hours)

20

20
12

N

20
144
24
19
75
20
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2.Teaching activities

Lecturing

Lectures affiliated hospitals (4)
RISK/PKV-onderwijs

COEUR congenital heart disease

Minor congenitale cardiologie
Verpleegkundige & hartfunctie congressen
ESMRMB Hands-on MRI course

Advanced Echo Course on Congenital Cardiology
IC-onderwijs

Summer Med School

Symposium Congenitale Cardiologie
Assistentenonderwijs

Symposium acute cardiologie Dordrecht

Year

2009-2012
2009-2015
2009-2015
2010-2015
2010-2015
2011
2012,2014
2012
2012
2012
2013-2014
2015

Workload
(Hours)

N D
S

ON o o 2N =B~ A~ W’
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Curriculum vitae

Judith Anne Adriane Ellen Cuypers is geboren op 21 oktober 1973 in Heeze. Na haar
eindexamen in 1992 aan het Augustinianum te Eindhoven studeerde zij Geneeskunde
aan de Universiteit van Maastricht. Zij behaalde het doctoraal examen in augustus 1998,
waarna zij begon als assistent Cardiologie in het Academisch Ziekenhuis Maastricht. In
2000 startte zij daar met de opleiding Cardiologie (Opleider professor dr. H.J.J. Wellens).
De interne vooropleiding deed zij in het Rijnland Ziekenhuis te Leiderdorp (Opleider dr.
F. Cluitmans), waar zij vervolgens bleef voor het B-jaar Cardiologie. Zij vervolgde haar
opleiding tot Cardioloog in het Leids Universitair Medisch Centrum (Opleider professor
dr. E. E. van der Wall). Op 1 oktober 2006 werd zij geregistreerd als Cardioloog.

Van oktober 2006 tot juli 2007 werkte zij als Cardioloog bij de Hartrevalidatie van het
Bronovo Ziekenhuis in Den Haag. Sinds medio juli 2007 is zij staflid in het Erasmus MC,
waar zij zich verder specialiseerde in de aangeboren hartafwijkingen.

Zij is getrouwd met Onno Hendriks en samen hebben zij een zoon: Bram (9 jaar).
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Dan is het boek klaar en denk je dat je er bent. Vervolgens blijkt het laatste — misschien
wel meest gelezen- hoofdstuk nog best een klus. Want hoewel promoveren op het laatst
voor een groot gedeelte bestaat uit monomaan en eenzaam achter de computer zitten
werken, was dit boek er niet gekomen zonder de hulp, op vele fronten, van velen. Hier
volgt een poging om hen allemaal te bedanken.

Allereerst wil ik mijn grote waardering uitspreken voor alle patiénten die aan deze studie
hebben meegewerkt. Zonder hun bereidheid om al die verschillende onderzoeken te
ondergaan en vele vragenlijsten, sommige over heel persoonlijke zaken, in te vullen,
was dit proefschrift er GUberhaupt niet geweest.

Mijn promotoren, professor Jolien Roos-Hesselink en professor Ad Bogers, dank ik voor
de gelegenheid dit mooie en klinisch zeer relevante onderzoek te mogen doen. Jolien,
als klinisch dokter “pur sang” was promoveren niet altijd al mijn primaire levensdoel,
maar toen je mij de gelegenheid bood om dit onderzoek te gaan doen heb ik die kans
met beide handen aangegrepen. Jouw gedrevenheid werkt zeer stimulerend, en voor
het combineren van research met klinisch werk, gezin en ook nog een sociaal leven
heb je mij het goede voorbeeld gegeven. Daarnaast maakt jouw grote inzet het team
congenitale cardiologie tot een productieve en toch zeer gezellige en collegiale groep.
Ad, jij straalt altijd rust en vertrouwen uit en wist ondanks je drukke agenda steeds
genoeg tijd te maken om mij met weinig maar weloverwogen woorden weer een stap
verder te helpen. Van zaken zoals het samen napluizen van historische en soms slecht
leesbare operatieverslagen heb ik dingen geleerd die in geen enkel leerboek te vinden
zijn. Jolien en Ad, dank voor jullie vertrouwen in mij en de geweldige samenwerking bij
het verwezenlijken van dit mooie doel.

De leden van de kleine commissie, prof. dr. Werner Budts, prof. dr. Wim Helbing en prof.
dr. Felix Zijlstra, dank ik voor het kritisch lezen en beoordelen van mijn proefschrift, en
ook prof. dr. Jaap Deckers en prof. dr. Mark Hazekamp dank ik voor hun bereidheid plaats
te nemen in de grote commissie.

Mijn meest directe collega’s Annemien van den Bosch en Maarten Witsenburg, congeni-
tale sparring partners, werkvrienden, kritische mede-auteurs van mijn manuscripten,
dank dat jullie het mij de afgelopen jaren mogelijk hebben gemaakt om tijd vrij te
maken om aan het onderzoek te besteden. Mede dankzij jullie bereidheid om klinische
zaken over te nemen is me dat gelukt. Sorry dat ik het de laatste maanden over bijna
niets anders meer had..
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Mijn andere mede-auteurs, Folkert Meijboom, Lisbeth Utens Ron van Domburg, Mo-
hamed Ouhlous, Lisanne Konings, Maarten Slager, Eric Boersma, Dimitris Rizopoulos en
Sara Baart, dank ik voor hun zeer gewaardeerde wetenschappelijke input en kritische
commentaar. Folkert, zonder jou was de Quality of Life studie er niet geweest. Dank
dat je mij — samen met Jolien - naar Rotterdam hebt gehaald! Lisbeth, dankzij jou kijkt
onze studie er niet alleen naar de medisch uitkomsten na kinderhartchirurgie, maar ook
naar de minstens zo belangrijke uitkomsten op psychosociaal gebied. Jouw toch net
wat andere kijk op de zaak werkt verfrissend. Dank voor jouw altijd opbouwende kritiek
en vriendelijke suggesties. Ron, het was vaak ver terugzoeken, maar dankzij jouw goede
contacten bij het GBA en CBS en niet te vergeten het roemruchte CLINT hebben we toch
maar mooi alle oude gegevens weer boven water gekregen. Eric, Dimitris, Sara en hierbij
ook niet te vergeten Elena Rosalina Andrinopoulou (Elrozi), met alleen de basiscursus
statistiek op zak was ik er nooit gekomen. Dank jullie voor het geduld om samen tot
een ook voor verstokte clinici begrijpelijke weergave van de resultaten te komen, terwijl
we soms vanuit twee tegengestelde richtingen op dezelfde golflengte moesten zien
te raken. Maarten en Lisanne, dank voor het helpen invoeren en analyseren van alle
gegevens, jullie hulp aan de basis heeft mij een heel eind op weg geholpen. Mo, het is
maar goed dat ik vooraf niet vermoedde dat het tekenen van al die MRI's zo'n enorme
klus zou zijn..

Dan mijn kamergenoten van BA-308, van heden en verleden:Titia, Denise, Petra, Jannet,
John, Myrthe, Iris, Vivan en Allard en ook de wisselende samenstelling van studenten,
jullie houden het ondanks de drukte in ons kippenhok altijd gefocussed en toch gezellig.
Myrthe, jij verdient als mijn “ number one tweede auteur” de meeste credits, maar jullie
allemaal functioneren als helpdesk bij writers block, statistiekperikelen, onbegrijpelijke
Word-eigenaardigheden, en zo nodig ook als klaagmuur. Veel van jullie hebben mij links
of rechts ingehaald en hebben reeds de doctorstitel. Ik ben blij dat ik dan op gebied
van medische zaken jullie hier en daar nog wat kan leren. Nog een speciaal woord van
dank voor mijn Quality of Life 3 counterpart Petra Opic: jij hebt ervoor gezorgd dat alle
deelnemers aan onze studie vloeiend van het ene naar het andere onderzoek werden
geloodst, dat mijn laptop het EMC-systeem aankon, en ondertussen was je al zo'n beetje
doctor voordat je dokter was. En nu ga je naar Zwitserland om te worden opgeleid tot
intensivist, ik wens jou daar een prachttijd en een geweldige carriére.

Vele anderen hebben bijgedragen aan de uitvoering van mijn studie: mijn dank aan alle
echolaboranten, in het bijzonder Jackie McGhie, Marian Blum en Ellen Wiegers, die al
die uitgebreide studie-echo’s hebben gemaakt; aan alle hartfunctielaboranten en MRI-
laboranten voor het vaak doen van extra moeite om alles voor elkaar te krijgen. Nienke
en Sjoerd, samen hebben wij ons in alle dobu-stress staande gehouden.
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Onze secretaresses Celeste Manley en Tineke van der Kolk, dank voor jullie onmisbare
plan- en regelwerk om de studie in goede banen te leiden, en natuurlijk voor jullie moral
support! En niet te vergeten René Frowijn voor het maken van al die mooie figuren voor
in artikelen, presentaties en dit boek.

Dank aan al mijn collega cardiologen van polikliniek, afdelingen en subspecialisaties, die
met teveel zijn om hier stuk voor stuk bij naam te noemen. Het is met jullie allemaal erg
prettig samenwerken en naast de serieuze zaken is er gelukkig ook ruimte voor een lach
en zelfs — mocht dat nodig zijn - een traan. Dit geldt zeker ook voor mijn collega’s van de
thoraxchirurgie, kindercardiologie en niet te vergeten de cardiovasculaire radiologen.

Mijn paranimfen, Thomas Wierema en Michelle Michels. Thomas, jou ken ik ondertus-
sen al veel langer wel dan niet. We gaan terug tot de allereerste onderwijsgroep in
Maastricht en ondertussen blijken ook onze gezinnen het uitstekend met elkaar te
kunnen vinden. Ik vind het een eer dat je vandaag hier naast me wil staan. Michelle, jij
ligt een heel promotietraject op me voor en ik heb veel geleerd van jouw ervaringen.
Bijna jaloersmakend hoe georganiseerd jij altijd bent, en dank dat ik daar voor deze dag
ook gebruik van mocht maken. Samen naar huis fietsen houdt ons op de hoogte en fit,
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