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Abstract

All children have a natural need to move, play, and perform activities. Physical activity is necessary for optimal physical,
emotional, and psychosocial development for healthy children as well as children with congenital heart disease (CHD).

In this paper we provide recommendations for physical activity, recreational sport, and exercise training in children and
adolescents with CHD. In general, children with CHD should be advised to comply with public health recommendations
of daily participation in 60 min or more of moderate-to-vigorous physical activity that is developmentally appropriate and
enjoyable and involves a variety of activities. While all patients with CHD can participate and benefit from physical activity
and exercise, those with specific lesions or complications may require counselling regarding precautions and

recommendations.
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Introduction

All children have a natural need to move, play, and
perform activities. Physical activity is necessary for
the optimal physical, emotional, and psychosocial
development of healthy children as well as children
with congenital heart disease (CHD). However, many
parents, patients, caregivers, educators, physicians, and
other health professionals have questions regarding
appropriate levels of physical activity for children and
adolescents with CHD.

Recent recommendations for sport participation in
patients with CHD' ™ have focused mainly on eligibility
criteria for competitive sports. The current recommen-
dations will extend to leisure sports, physical activity,
and even exercise training programmes with the focus
on promotion of physical activity and exercise, while
identifying circumstances for precautions and specific
guidance and counselling. It will provide recommenda-
tions for clinical practice.

Defining physical activity and exercise

Many different types of physical activity and exercise
can be performed in many different settings. Table 1
first provides definitions for the different types of

Table 1. Definitions of exercise terminology

exercise (physical activity, leisure sports, competitive
sports, and exercise training).

Physical performance depends on five basic func-
tions: strength, endurance, skills/coordination, speed,
and flexibility. Regular exercise can improve all of
them. As strength and endurance are more closely
related to the cardiovascular system, this paper
mainly focuses on these two functions.

All physical activities can be characterized according
their static (need for strength) and dynamic (need for
endurance) components, as reviewed by Mitchell et al.*
and shown in Figure 1.

In addition to the static/dynamic classification, some
physical activities might be associated with increased
risk of injury if loss of consciousness occurs (like swim-
ming or horse riding) and some other of physical activ-
ities have a high possibility of body collision or trauma
that could have serious consequences, like severe bleed-
ing, aortic dissection, device damage, or embolization.

Changing physical fitness

In contrast to physical activity, physical fitness is the
ability of a participant to perform physical activity and
exercise. It depends on habitual variables like the
amount of regular physical activity, but also on

Term Definition

Physical activity

Any active bodily movements resulting from muscle contraction that increases the metabolic rate

above the resting level. In general vigorous activity is defined as activities that increase metabolic
rate to more than six times the resting rate [>6 metabolic equivalent of task (MET)]. Moderate
activity is defined as an activity within 3—6 MET.

Leisure sport

Recreational physical activities without pressure to play, continue to play, or play at a higher

intensity than is desired by the participant. The activity or sport may be organized or informal,
and may be ad hoc or structured for competition between participants or teams. However, any
participant may stop participating or may lower the intensity of their participation at any time,
without perceived pressure or coercion from self or others to continue.

Competitive sport

Organized, competitive, and skilful physical activities inside fixed rules of commitments and fair play.

It involves pressure to train or play, or continue to train/play, at a high intensity regardless of
whether that intensity is desired by or recommended for the participant. The source of the
coercion or pressure may be from the participant, other participants, coaches, or spectators.

Exercise training

Specialized, planned methods and programmes of physical activity used to increase a subject’s

physical activity capacity (habilitation or rehabilitation), performance, or fitness. The exercise
training may or may not occur under the supervision of an exercise professional.

Sedentary lifestyle

A lifestyle with no or marginally regular physical activity or exercise. It is usually characterized by

excessive time spent in sedentary pursuits, such as watching TV, using the computer, and playing

video games.
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Bobsledding/Luge*t, field
events (throwing),
gymnastics*f, martial arts*,

Body building *f, downhill
skiing*t, skateboarding*t,
snowboarding*t, wrestling*

sailing, sport climbing,
water skiing*t, weight
lifting*t, windsurfing*t

Archery, auto racing*t,
diving*t, equestrian*t,
motorcycling*t

Il. Moderate
(20-50% MVC)

American football*, field
events (jumping), figure
skating*, rodeoing™t,
rugby*, running (sprint),
surfing*t, synchronized
swimmingt

Basketball*, ice hockey*,
cross-country skiing
(skating technique),
lacrosse*, running (middle
distance), swimming, team
handball

Increasing static COMPONENt ———|-
I1I. High
(>50% MVC)

l. Low
(<20% MVC)

Baseball/softball*, fencing,
table tennis, volleyball

Badminton, cross-country
skiing (classic tehcnique),
field hockey*, orienteering,
race walking,
racquetball/squash,
running (long distance),
soccer*, tennis

A. Low
(<40% VOo1ay)

Increasing dynamic COmMpOoNENt se—————--

B. Moderate
(40-70% VOypay)

C. High
(570% VOppmay)

Figure |. Classification of organized sports and exercise.

This classification is based on peak static and dynamic components

achieved during participation. It should be noted, however, that higher values may be reached during training or competition. The
increasing dynamic component is defined in terms of the estimated percentage of maximal oxygen uptake (VOZmax) achieved and
results in increasing cardiac output. The increasing static component is related to the estimated percentage of maximal voluntary
contraction (MVC) reached and results in increasing blood pressure load. The lowest total cardiovascular demands (cardiac output
and blood pressure) are shown in green and the highest in red. Blue, yellow, and orange depict low moderate, moderate, and high
moderate total cardiovascular demands. *Risk of bodily collision. fIncreased risk if syncope occurs. (From Mitchell et al.* reproduced

with permission from Elsevier).

Table 2. Classification of exercise training intensity concerning endurance exercise based on maximal oxygen uptake (VO,,,,), heart

rate (HR) reserve, or maximal heart rate in children

Intensity % VO3max % HR e % HR nax Type

Very light <20 <29 <54 Active recovery training

Light 20-39 29 54 Rehabilitative training

Moderate 40-59 47 66 Endurance training

Heavy 60-84 65 77 High-intensity endurance training
Very heavy >85 >87 >91 Interval training

Modified from Pollock et al.> Carvalho and Mezzani,® Hui and Chan.”

bodily variables like overweight or chronic disease
state, as well as on genetic components.

Endurance exercise is the most common way to
improve cardiovascular fitness. The benefits of exercise
are dependent on the dose of exercise. The dose of exer-
cise can be described using the so-called FITT factors,
where FITT stands for Frequency, Intensity, Time, and
Type of activity. In addition, the duration of a pro-
gramme (week/months) is an important factor.

The intensity of an endurance exercise programme is
usually described based on the percentage of a

participant’s maximal oxygen uptake capacity or
oxygen consumption (VO,ax). In Table 2, the intensity
levels for endurance exercise ranging from very light to
very heavy are described, as well as the corresponding
percentage of heart rate reserve and maximal heart
rate.”’

For muscle strength or resistance exercise, the inten-
sity is classified as the ratio between muscle contraction
and maximum voluntary contraction (MVC), as shown
in Table 3. Strength exercise with a low intensity will
not result in an improvement in cardiovascular fitness

Downloaded from cpr.sagepub.com at Universiteitsbibliotheek Utrecht on August 22, 2011



4 European Journal of Cardiovascular Prevention & Rehabilitation 0(00)

(VOamax) Or muscle strength (MVC). Training with a
very high intensity increases the risk of injury, espe-
cially in children.

Training models for strength and endurance training
in childhood are quite similar to those in adults.
However, they should be considered more a theoretical
construct than a real training programme, as children
often lose interest in strict training plans or overly
structured activities and will not participate.

In general, all exercise training and sport sessions
should start with a 10-15-min dynamic warm-up
period followed by 20-60min of exercise training.
Finally, a 10-min cool-down period with less intensive
activities and stretching should end the exercise training
session. Between the training sessions there must be
enough time to recover (12—48 h depending on intensity
and condition of the child).

Particularly in children, it is important to take into
account the age of the target group when the aim is to
establish an exercise training programme or recommenda-
tions for physical activity, exercise, or the promotion of
sport participation. In preschool children, the

Table 3. Classification of exercise training intensity concerning
strength exercise based on maximal voluntary contraction (MVC,
one repetition maximum)

Intensity % MVC Effects on strength

Low <20 Virtually none

Moderate 20-50 Rehabilitative

High 50-70 Optimal to increase muscle strength

Very high >70 Optimal to increase muscle mass

development of skills and even difficult coordinative
tasks is of utmost importance. Prepubertal children are
usually bored by ‘adult type’ endurance training (e.g. sta-
tionary cycling) with continuous intensity. Strength train-
ing in prepubertal children is only recommended under
the close supervision of a conscientious trainer or paedi-
atric physical therapist and should be mainly aimed at
improving skills and technique and not at lifting high
weights.® A playful mixture of different activity tasks
focusing mainly on skills/coordination, but also on
speed and carefully on flexibility and strength, is the
goal in this age group. Training effects in the prepubertal
age group can predominantly be found in improved effi-
ciency of the muscles and improved neuronal control of
the muscle and not in an increase in muscle mass. In pre-
pubertal children, muscle growth is limited by low levels of
sex hormones. Moreover, it is during this period that
physical activity habits for later life are established.

For pubertal children, other components of exercise
play a more important role. Social components like inte-
gration into a team or compliance to fixed rules are impor-
tant. After puberty, training can be similar to adults’,
focusing especially on strength (for muscle mass) and
endurance (for aerobic capacity), but not forgetting the
already-mentioned and very important other aspects of
sport. For all age groups, it is one of the most essential
tasks of parents, teachers, and trainers to avoid a seden-
tary life style during childhood and to convince the child
that participation in physical activity is fun.

The general recommendations following the FITT
principle for physical activity participation and exercise
training in healthy children and adolescents are shown
in Table 4. Interval training can be used alternatively
with aerobic training in healthy children.’

Table 4. General recommendations following the FITT principle for physical activity participation and exercise training in healthy
children and adolescents

Muscle strength  (resistance)

FITT Cardiovascular (aerobic) training Interval training training

Frequency >3 times/week >3 times/week 2-3 times/week

Intensity Moderate-to-heavy exercise 3-5 min of light-to-moderate High (50-70% MVC)

(VOzpeak 40—85%) baseline exercise (VOzpeak 20
to 59%) interrupted 6-8 times
by 1-3 min bouts of very
intense exercise (VOZPeak
>85%)

Time 20-60 min In total 20—60 min 2-3 min per muscle group (about
8-20 repetitions), in total
>30min

Type Running, jumping, cycling, swim- Running, jumping, cycling, Push-ups, sit-ups/crunches, pull-

ming, football

swimming

ups, handgrips, squats, climb-
ing, martial arts, rowing

MVC, maximal voluntary contraction; VO,, oxygen uptake or oxygen consumption; Interval training can be used alternatively with aerobic training in

healthy children.’
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Reduced fitness of children with CHD

Many children with CHD have reduced exercise capac-
ity and a reduced level of physical activity. A signifi-
cantly reduced aerobic capacity in patients with CHD is
worrisome, as health outcome and survival may be
directly related to exercise capacity.'® Exercise capacity
is an important predictor of health outcome and sur-
vival in adult patients with cardiovascular disease'® and
children with pulmonary disease,'' as well as in healthy
children.'®!? This relation of exercise capacity and sur-
vival as well as morbidity has also been shown in
patients with congenital heart disease," especially in
those with repaired tetralogy of Fallot,'* transposition
of the great arteries after atrial redirection,'® and with
Fontan circulation.'®

Other potential benefits of regular physical activity
and exercise in patients with CHD include the adoption
of a healthy lifestyle. In the long term, physical activity
and exercise may be beneficial to prevent atheroscle-
rotic cardiovascular disease, dyslipidaemia, obesity,
hypertension, osteoporosis, and type 2 diabetes, which
are frequently observed in sedentary individuals.'’
Furthermore, increased physical activity in childhood

is associated with improved gross motor performance
and positive emotional, social, and intellectual
development.'®

The reduced physical activity levels that have been
noted among children with CHD are probably not
caused by physiological factors (such as reduced exer-
cise capacity), since several studies have shown that the
relationship between exercise capacity and physical
activity is low. Rather, it has been suggested that over-
restriction of children with CHD by parents, caregivers,
healthcare providers, educators, and sports trainers
might be important'®?* and related to misperceptions
regarding the relative risks versus benefits of
participation.

In adults with heart disease, exercise rehabilitation
programmes are mostly targeted towards patients with
coronary artery disease’' and more recently also towards
patients with chronic heart failure.?” In the sections on
specific congenital heart lesions, we outline whether and
how the general physical activity and exercise recommen-
dations for healthy children should be modified for chil-
dren with a typical lesions and treatment history. The
recommendations for the most common congenital
heart defects are summarized in Table 5.

Table 5. Summary of physical activity recommendations for common congenital heart defects

Cardiorespiratory

Musculoskeletal

Other

Healthy children 60 mins/day MVPA

2-3 days/week

<2-h screen time

Septal defects

Aortic stenosis

Mild
Moderate

Aortic regurgita-
tion (mild to
moderate)

Bicuspid aortic
valve (isolated)

Coarctation of
aorta

Participation in competitive
sport, leisure sport and phys-
ical activity unrestricted

Like healthy

Like healthy

Limit to moderate intensity at
competitive sport only

Like healthy

Like healthy

Like healthy

Aortic dilatation or aneurysm (stable)

Mild

Moderate

Like healthy

Limit to low and moderate
intensity competitive sport
only

Intensity unrestricted within safe
limits for injury prevention

Like healthy

Like healthy
Limit to moderate intensity only

Like healthy

Avoid very high intensity

Limit to low or moderate inten-
sity only

Avoid very high intensity

Limit to low intensity only

Light activity for 3—6 months
after device placement or
until sternotomy heals

Exercise testing is recommended
in order to objectively docu-
ment normal heart function
with exertion.

Rule out left ventricular or aortic
dilatation and arrhythmia.

Exercise test to rule out abnor-
mal BP response to exertion
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Table 5. Continued

Cardiorespiratory

Musculoskeletal

Other

Pulmonary stenosis
<30 mmHg
gradient
30-50 mmHg
gradient
Tetralogy of Fallot
(without
significant
regurgitation)
Pulmonary or tri-
cuspid valve
regurgitation
(significant)
Ebstein anomaly
(without
significant
regurgitation)
Transposition of
the great arter-
ies (arterial
switch, without
significant
residuals)
Transposition of
the Great
Arteries (con-
genitally
corrected)
Functional single
ventricle (Fontan)

Implanted devices
(pacemaker,
defibrillator)

Eisenmenger or
pulmonary
hypertension

Heart
transplantation

Like healthy

Limit to low or moderate inten-
sity competitive sport only
Like healthy

Limit to low-to-moderate inten-
sity competitive sport only if
right ventricular dysfunction

Like healthy

Limit to low-to-moderate inten-
sity competitive sport only

Limit to low or moderate inten-
sity competitive sport only

Limit to low-to-moderate inten-
sity competitive sport only

Like healthy

Individualize recommendations
based on clinical status and
exercise response

Individualize recommendations
for competitive sport

Like healthy

Limit to low or moderate inten-
sity only
Like healthy

Limit to low-to-moderate inten-
sity competitive sport only if
right ventricular dysfunction

Like healthy

Limit to low-to-moderate inten-
sity competitive sport only

Limit to low-to-moderate inten-
sity only

Limit to low-intensity competi-
tive sport only

Like healthy

Individualize recommendations
based on clinical status and
exercise response

Individualize recommendations
for competitive sport

Exercise test may be useful

Exercise test and Holter monitor
are recommended

Exercise test and Holter monitor
recommended

Should be individualized
depending on clinical status

Exercise test and Holtor moni-
tor are recommended

Contact limitations if on
anticoagulants

Avoid activities with risk of con-
tact to device or leads

Exercise test assessment is
recommended

Exercise test assessment is
recommended

For all lesions, unless individual circumstances indicate precautions, participation in leisure sport and cardiorespiratory and musculoskeletal physical
activity is unrestricted and should be promoted consistently. In addition, all patients should be recommended to limit sedentary pursuits (i.e. screen
time) to no more than 2 h/day. MVPA: moderate or vigorous physical activity.

Physical activity in children with CHD

Sufficient levels of physical activity are just as impor-
tant for children with CHD as they are important for
healthy children. However, children with CHD might
be less active than peers because of overrestriction by
parents and educators.”> The early work of Bergman
and Stamm showed that many children with ‘innocent’
heart murmurs were restricted by parents and

educators in their participation in physical activities.”?
More than 40 years later, the issue of ‘overprotection’
remains. Historically, the cause of restrictive attitudes
has been assumed to be related to misperceptions
regarding the risks versus benefits of participation.
However, recent research has suggested that parent
uncertainty about appropriate choices of physical activ-
ity may play a role since there is typically no agreement
between parents, medical records, and cardiologists
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regarding the physical activity restrictions appropriate
for a child with complex CHD.**

Several recent studies have shown that many children
with CHD participate in less physical activity than rec-
ommended by public health guidelines.”> >’ When a
direct comparison with healthy peers was made, boys
with CHD in particular demonstrated lower levels of
physical activity.?*?® In addition, children with CHD
with an activity restriction are at increased relative risk
of becoming overweight (2.5) or obese (6.1).” When
using self-report questionnaires, many children with
CHD overestimate their exercise ability and physical
activity level.*>*! Furthermore, a significant proportion
of children with CHD believe that they can participate in
physical activities that are more intense than those actu-
ally recommended by the cardiologist.*

In a study of young adults with CHD, several with
severe lesions, it was observed that only 33% of
patients requested information regarding safe/appro-
priate levels of exercise.*

The most frequently mentioned reason for not inquir-
ing about physical activity restrictions was the assump-
tion that all types of exercise were safe to perform.** Of
those patients who received advice, 30% were restricted
from some types of exercise, while 19% received recom-
mendations to perform more exercise.*® Recently a brief
and simple instrument has been developed to screen for
knowledge about appropriate and safe levels of physical
activity in children with CHD.** The self-completed
questionnaire with five questions about knowledge of
parents and patients concerning physical activity, life-
style issues, and heart condition is easy to administer
and can help to identify those patients who need more
information regarding appropriate and safe levels of
physical activity.*

It would appear that in children with CHD, physical
activity level is not related to exercise capacity (e.g.
peak)." McCrindle et al.'” found no association
between physical activity levels, measured using an
accelerometer, and VO2peak in 147 7—18-year-old
patients after Fontan repair.

However, Arvidsson et al>® found a significant
correlation between physical activity level and VOzpeak
in 9—11-year-old girls with CHD and 14-16-year-old
boys and girls with CHD, the relationship did not
occur in 9—11-year-old boys with CHD. However, simi-
lar to the results of McCrindle et al., total time spent
being physically active was not associated with VOzpeak
in all age groups (9-11 and 14-16-year-olds).?

A large study in 194 children with CHD reported sig-
nificantly lower values for motor development compared
to healthy children.*® Almost 60% of the children with
CHD reported moderate or severe disturbances in motor
development. Reduced motor development was observed
even in children with mild uncorrected lesions, and in

children without residual lesions after previous surgery.
The authors suggested that this reduction was probably
caused by overrestriction of physical activity from par-
ents, healthcare providers, educators, and others.

In summary, many children with CHD are not meet-
ing current public health physical activity guidelines. In
many instances, physical activity levels are not related
to exercise capacity, suggesting a behavioural influence
(e.g. overrestriction or uncertainty) on physical activity.

Physical activity promotion

To our knowledge there is only one published study® about
the promotion of physical activity in patients with CHD,
and it was conducted in adult subjects. In 61 patients with
CHD (with various diagnoses), Dua et al. found that a 10-
week physical activity promotion programme, consisting of
walking at home 5 days/week, was safe and effective in
improving exercise capacity (Bruce treadmill time), self-effi-
cacy, and self-perception as well as daily activity in patients
with NYHA class."**® However, no control group was
used, nor was there a follow up of the patients after the
programme had been discontinued. Therefore, the long-
term effects of the programme as well as the ‘placebo
effect” of an exercise test and intervention (including twice
weekly telephone calls) are unknown.

Recommendations for clinical practice

Clinicians should be aware of the detrimental effects of
inactivity and sedentary behaviour and should promote
physical activity in children with CHD. Advice regard-
ing appropriate levels of physical activity should be
implemented in clinical consultations.

Children with CHD should comply with public
health recommendations'’ for daily participation in
>60min of moderate-to-vigorous physical activity
that is developmentally appropriate and enjoyable,
and involves a variety of activities. Moreover, they
should perform <2h/day of sedentary activities such
as watching TV, using a computer, and playing video
games. (Class I, level of evidence B)

Physical activity counselling should be a priority
during every visit with a healthcare professional. The
importance of daily activity should be emphasized and
encouraged at all clinic visits. Healthcare professionals
should encourage the patient (and their caregivers) to
ask questions about their physical activity levels and
should provide specific counselling to encourage phys-
ical activity, particularly during winter months or
inclement weather. (Class I, level of evidence C)

Clinicians should provide written recommendations
(including restrictions and permissions) to both primary
care providers as well as parents and patients regarding
appropriate levels of physical activity and exercise. This
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has to be repeated at school entry to reassure teachers
about the safety of common school activities and school
sports. (Class I, level of evidence C)

Physical activity participation should be assessed
regularly. For children, assessments of motor skills
should be completed until the child has achieved all
of the basic motor skills (typically about 10 years of
age). The basic motor skills include not only walking
and running, but more sophisticated movement pat-
terns (e.g. hopping, jumping, leaping) as well as
object manipulation skills (e.g. throwing, catching,
kicking). Involvement of a physical activity expert
may be indicated. Objective measurements of the
patient’s daily physical activity (versus self-report or
proxy-report) should be considered and patients who
do not achieve the recommended level of daily moder-
ate-to-vigorous activity should be offered additional
counselling or training interventions until an adequate
level of physical activity is achieved and maintained.
(Class 1, level of evidence C).

Specific congenital cardiac lesions

Isolated shunt defects (atrial septal defect, ventricu-
lar septal defect, and patent arterial duct)

General considerations. When exercise capacity is
measured formally by exercise testing with measure-
ments of gas exchange, a suboptimal or reduced exer-
cise capacity is found in a considerable number of
patients.>”*® This might be caused in some of them
by a low level pulmonary arterial hypertension during
exercise.>” In most of them a haemodynamic burden is
absent and physical inactivity seems the main reason
for reduced exercise capacity. Some degree of training
may be beneficial for this patient group.

Atrial septal defect. In patients with atrial septal
defect (ASD), blood is shunted from the left to the
right atrium during diastole, when the better compli-
ance of the right ventricle lowers right atrial pressure
more effectively than it does on the left side. In small
defects, the total amount of blood is negligible. In
larger defects, this leads to a volume overload of the
right ventricle and might cause pulmonary hyperten-
sion during exercise.’’> Many patients will have a
mildly reduced exercise capacity. After closure, patients
will improve their exercise capacity and many will nor-
malize it.** Residual pulmonary hypertension or atrial
arrhythmias are very rare during childhood. Therefore,
no limitation exists for physical exercise or sports activ-
ities for this patient group. This holds true for leisure
sports and other physical activities.

After interventional device ASD closure, the patient
should resume light sport activities as soon as the

puncture site at the groin healed completely (10-14 days
after intervention). Contact sports should be avoided for
6 months till the device is completely covered by the endo-
cardium, and the risk of dislodgement is minimal.

After surgical patch closure, there are no restrictions
beyond those after the healing of the sternotomy wound.

Ventricular septal defect. In a patient with a small
VSD, only a small amount of blood will be shunted from
the left to the right ventricle. During exercise, the shunt will
remain relatively small. Haemodynamic studies performed
during graded exercise on this patient group showed a
higher pulmonary than systemic blood flow. However,
the relative shunt fraction (shunt flow/systemic blood
flow) decreased with increasing exercise intensity.*'
Values of systemic cardiac output during exercise were
lower than in healthy subjects. Exercise performance was
assessed by measurements of maximal endurance time and
the maximal work rate on a bicycle ergometer. Exercise
studies during submaximal testing with measurements of
gas exchange showed reduced values for ventilatory anaer-
obic threshold in about half the patients in a consecutive
series of 43 patients with native VSD (mean 86 £ 12 % of
normal).*> The same was found in patients with a surgi-
cally closed VSD (mean 86+ 12 % of normal).*® In this
patient group, the only variable that correlated with a
decreased level of exercise capacity was a lower-than-
normal level of physical activity during daily
life. Therefore, these patients need to be encouraged to
perform the recommended level of daily physical activities.

Children with a ventricular septal defect (repaired or
un-repaired) should be encouraged to be active and to
adopt a healthy lifestyle. If exercise capacity is abnor-
mal, children with a VSD should be advised to engage
in a physical training programme. After interventional
or surgical VSD closure, the same recommendations
apply as after ASD closure.

Previous postoperative exercise studies undertaken
in small groups of children (including those with an
ASD or VSD) have shown an improvement in maximal
work rate on a bicycle ergometer, without any change
in VOzpeak.43 This shows that mechanical efficiency for
exercise is improved, which means that more work is
performed at a same percentage of the Vozpeak.

Patent arterial duct. For patients with a patent arte-
rial duct (PDA), there is a similar haemodynamic situ-
ation as in patients with VSD. Nowadays, PDA closure
is performed percutaneously. The same recommenda-
tion applies as after percutaneous ASD closure.

Recommendations for clinical practice

Leisure sport and daily physical activities (recreational
activities). As long as there are no exercise-induced
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arrhythmias, resting myocardial dysfunction, or pulmo-
nary arterial hypertension, there is no reason for these
children not to participate normally in physical exercise
without restrictions. (Class I, level of evidence C)

Competitive sport. No limitation exists for competi-
tive sports activities. Limitations for competitive sports
are only in patients with pulmonary arterial hyperten-
sion. Information on exercise recommendations for
these patients can be found in the section ‘Cyanotic
patients/Eisenmenger’. (Class I, level of evidence C)

Exercise training as preventive/therapeutic
intervention. Children with ASD/VSD and a reduced
exercise capacity would benefit from the same exercise
training programme recommended in healthy children.
(Class I, level of evidence C)

Aortic stenosis (AS)

Congenital aortic stenosis can be classified in subvalvu-
lar, valvular, and supravalvular stenosis. Subvalvular
aortic stenosis is caused by a septal muscular ridge
(hypertrophic obstructive cardiomyopathy), a tunnel-
like fibromuscular stenosis, a fibromuscular ring, or a
discrete membranous subaortic stenosis. Aortic stenosis
can be part of a more complex heart defect and be asso-
ciated with a ventricular septal defect with posterior and
left malalignment of the outlet septum, with multilevel
left heart obstruction (Shone complex) or small left heart
structures (hypoplastic left heart syndrome).

The group of valvular aortic stenoses consists of
both mucoid-degenerated thickened aortic valve cusps
and thin cusps laterally fused at the commissures level.
A common form is the total fusion of two cusps (bicus-
pid aortic valve).

Supravalvular aortic stenosis usually appears as an
hourglass-like stenosis at the sinotubular junction
which extends to the proximal ascending aorta and is
frequently seen in Williams Beuren syndrome or in
familiar supra-aortic stenosis.**

Recommendations for clinical practice

Preparticipation screening. Medical history is essen-
tial to differentiate asymptomatic from symptomatic
patients. Patients reporting symptoms like syncope, diz-
ziness, angina, or disproportionate dyspnoea at exercise
are at special risk for sudden cardiac death, and surgi-
cal or interventional treatment should be considered.
With echocardiography, the exact anatomical location
of the stenosis can be defined and the degree quantified
as mild (mean instantancous gradient <25mmHg),
moderate (25-40mmHg), or severe (>40mmHg).*
An exercise test in asymptomatic patients with

moderate or severe stenosis might be necessary to
unveil exercise-inducible symptoms, especially when
patients describe themselves as asymptomatic.

Leisure sport and daily physical activities, competitive
sport. For patients with hypertrophic obstructive car-
diomyopathy, the reader is referred to the recommen-
dation on congenital arrhythmogenic diseases.*®

For valvular aortic stenosis, there are epidemiological
data on the incidence of sudden death during sport activ-
ity. About 2-4% of all young athletes with sudden car-
diac deaths are found to have wvalvular aortic
stenosis.*”* Syncope, dizziness, angina pectoris, or dis-
proportionate dyspnoea, as well as a pathological exer-
cise test results, are precursors of sudden cardiac deaths
in the elderly.**>® Prospective data in children, adoles-
cents, and young adults are missing, as balloon valvulo-
plasty is performed very liberally with good results and
little adverse effects.”’>> One has to refer to the recom-
mendations for adults with aortic stenosis,>>* despite the
fact that these recommendations are mainly based on
studies in elderly with calcified aortic stenosis.

For the other forms of congenital aortic stenosis,
specific studies on sport and exercise are rare.
Therefore, one also has to extrapolate from the recom-
mendations for valvular aortic stenosis,* despite the
pathophysiology of these lesions during exercise being
very different (dynamic increase of subvalvular stenosis
during exercise with reduced coronary perfusion, versus
altered coronary blood supply and possible coronary
artery involvement in supravalvular aortic stenosis).

Children with mild AS can participate in all types of
recreational/competitive sports, but should undergo
serial evaluation of AS severity on at least an annual
basis.* (Class I, level of evidence C)

Children with moderate AS can engage in low-
to-moderate intensity dynamic and static competitive
sports if exercise testing to at least the level of the
sports activity demonstrates satisfactory exercise capac-
ity without symptoms, ST-segment depression, or ven-
tricular tachyarrythmias, and with normal blood
pressure response.>* (Class I, level of evidence C)

Children with severe AS or symptomatic patients with
moderate AS should only engage in low-intensity leisure
sport and physical activity depending on symptoms and
the findings at the exercise test. They should not engage in
competitive sports.>* (Class I, level of evidence C)

Children with mild or moderate aortic regurgitation
should not be withheld from any kind of physical activ-
ity as long as no left ventricular (LV) dilatation, aortic
dilatation/aneurysm, or arrhythmia can be detected.
(Class 1, level of evidence C)

Exercise  training as a  preventive/therapeutic
intervention. All training concepts in patients with
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aortic stenosis were developed with the aim of prevent-
ing calcified aortic valve stenosis. They cannot be
directly transposed to the different types of congenital
aortic stenoses. Physiologically, it is unknown whether
exercise training is able to improve or at least is able to
stop the progression of the stenosis or restenosis. So at
the moment, no recommendation can be made regard-
ing therapeutic exercise training. However, there are
some data from individual patients enrolled in training
studies after surgical correction of CHD that show that
physical training after surgical resection of the stenosis
is helpful to reach full exercise capacity more
quickly.>’

Bicuspid aortic valve syndrome

A bicuspid aortic valve (BAV) is an aortic valve that
opens only in two commissures. Most commonly, the
commissure between right and left coronary cusps
(right—left fusion) and, less often, that between right
and noncoronary cusps (right-nonfusion) are fused by
a raphe resulting in two asymmetrical cusps. Fusion of
the left coronary and the noncoronary cusp and ‘true’
symmetrically bicuspid valve without recognizable
raphe are rare. Especially the right-left fusion BAV is
associated with other congenital heart defects like
coarctation or malalignment ventricular septal defect,
whereas on long-term follow up, right-nonfusion BAV
is prone to become regurgitant or stenotic.”®

Bicuspid aortic valves are accompanied with intrin-
sic histological aortic wall anomalies including cystic
media necrosis and elastic fibre degradation which are
similar, but less extensive, than those seen in Marfan
syndrome.” °! Patients are prone to develop dilatation
of the aortic root (right-left fusion) or of the ascending
aorta/aortic arch (right-noncoronary cusp fusion).®*%?
Because of the complexity of the findings, the name
‘bicuspid aortic valve syndrome’ was coined.®*

However, several congenital defects of the aorta
(BAYV, coarctation, enhanced aortic stiffness, idiopathic
aortic aneurysm) seem to be linked to a common auto-
somal dominant genetic anomaly with incomplete pen-
etrance and variable expression.®!-¢?

Recommendations for clinical practice

Preparticipation screening. Echocardiography will
define the diagnosis and confirm/exclude concomitant
findings, including valve function. Medical history,
physical examination with blood pressure measurement
at all four limbs, and electrocardiogram (ECG) will also
give clues to these accompanying defects. In case of
aortic valve dysfunction and coarctation, an exercise
test, or in case of moderate or severe aortic dilatation

magnetic resonance imaging (MRI) or helical com-
puted tomography (CT), will complete the assessment.

Leisure sport and daily physical activities, competitive
sport. If aortic stenosis, aortic regurgitation, aortic
aneurysm, and coarctation are ruled out, patients with
BAYV can participate in all sport activities. However, a
recent study showed, that patients with BAV who
undergo regular training showed a progression in LV
diameters as well as aortic diameters.®® Additionally,
the risk of events rises with the progression of valvular
dysfunction.®” Therefore, close surveillance with yearly
echocardiography is warranted. Furthermore, strength
training with a very high static component (i.e. weight
lifting) enhances aortic stiffness®® and dilatation® and
should be avoided. (Class IIa, level of evidence C)

If aortic stenosis or regurgitation is present, physical
activities must be curtailed as suggested by the guide-
lines for the management of valvular heart disease.*®

Patients with mild aortic dilatation must stay at close
surveillance with at least yearly echocardiography as dila-
tation may become progressive with any kind of training.®®
Patients with stable moderate aortic aneurysm (40—45 mm
in adults and their equivalents in children) may participate
in low static and low or moderate dynamic competitive
sports, additionally excluding sports with body collision
and trauma.*>" (Class Ila, level of evidence C)

Patients with progressive or large aortic aneurysm
(>45mm in adults or equivalent in children) must be
consulted individually. They must limit their sports
activities to low static/low dynamic activities or in
more severe cases referred to surgery. (Class I, level
of evidence C)

Exercise training as preventive/therapeutic
intervention. Longitudinal studies in subjects with
BAYV are limited to competitive athletes and they show
slow progression in LV and ascending aortic diameters
with regular training compared to those athletes with
tricuspid aortic valve.®® However, no data is available
on strict endurance training programmes. Several studies
carried out in patients without aortic valve malfunction
have shown that various kinds of endurance training are
able to improve the elastic properties of the aorta.”' "
Even though there is no definitive proof in patients with
BAV, it could be argued that moderate endurance train-
ing should be promoted in patients with BAV after
aortic stenosis, aortic regurgitation, aortic aneurysm,
and coarctation are ruled out. Therefore, endurance
training recommendations should follow those proposed
for healthy children. Interval training should be omitted
and resistance training should be limited to low or mod-
erate intensities involving small muscle groups sepa-
rately. (Class Ila, level of evidence C)
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Aortic coarctation syndrome (COA)

Coarctation of the aorta is defined as a significant nar-
rowing at the aortic isthmus, which is most commonly
located after the origin of the left subclavian artery at
the insertion of the arterial ligament. It is caused by
ductal tissue extending into the aortic wall and restrict-
ing the lumen of the aorta after birth. Another hypoth-
esis of coarctation origin is that diminished blood flow
through the aortic arch in fetal life might cause under-
development of the aortic arch. This might explain why
coarctation is often seen in patients with a BAV, a
subvalvular, valvular, or supravalvular aortic stenosis,
hypoplastic left heart syndrome, mitral valve stenosis,
or complex congenital heart defects with one of those
entities.

Aortic coarctation is nowadays mainly divided into
isolated and complex coarctation. However, even those
classified as isolated coarctation often show minor
additional anatomical abnormalities like BAV, para-
chute mitral valve, or elongation of the distal transverse
aortic arch with displacement of the left subclavian
artery more distally in the course of the aortic arch.
In all patients, histological abnormalities with disarray
and depletion of elastic fibres are seen in the media of
the elastic arteries distal as well as proximal to the
coarctation site. Changes are not confined to the
aorta, since intracranial arterial aneurysms can be
found in 10% of patients.”® ‘Coarctation syndrome’
was established to describe a systemic arterial vessel
disease with the stenosis at the aortic isthmus as the
most prominent feature.””””® However, even that name
misses the large overlap with BAV syndrome,®® as
well as the overlap with several defects with hypoplastic
left heart structures.”” %2

In the long term, cardiovascular morbidity and mor-
tality is increased in untreated subjects®® and it is raised
even in surgically well ‘repaired’ patients. Coronary
artery disease is the leading cause of death after coarc-
tation repair.®* Stroke, heart failure, ruptured aortic
and cerebral aneurysms, and sudden cardiac death
occur even after early repair.®> An elevated blood pres-
sure seems to play a central role in these long-term
complications.®®

Exercise capacity is reduced'**” despite a good mor-
phological result without residual stenosis.®” Some
authors advocate that this is the result of a lack of
exercise in childhood due to overprotective parents or
physicians.* On the other hand, there is a more
impaired exercise capacity after coarctation repair
than after surgical repair of other minor congenital
heart defects.®® Possible mechanisms include the pres-
ence of vascular dysfunction related to reduced aortic
elasticity, decreased peripheral endothelium-dependent
and -independent arteriolar function,® and enhanced

baroreceptor reflexes.”®! The most striking finding at
exercise in many coarctation patients is a dispropor-
tionate rise in systolic blood pressure,®’ caused both
by minor restenosis and by aortic wall stiffening. This
is particularly important because exercise-induced
hypertension is usually associated with persistent
hypertension at follow up in patients with repaired
coarctation.

Recommendations for clinical practice

Preparticipation screening. Medical history should
focus on previous surgical or interventional procedures
as well as on blood pressure history and medication.
Physical examination with blood pressure measurement
at all four limbs gives first clues to the presence or
extent of restenosis. ECG might show signs of left
hypertrophy. Echocardiography can demonstrate left
heart hypertrophy and could reveal intracardiac asso-
ciated defects. Echocardiographic depiction of the
aortic arch is rarely possible. CW-Doppler of the
aortic isthmus should only be analysed concerning dia-
stolic forward flow, which is a sign of restenosis.
Gradient calculation from peak velocity at the end of
the aortic arch is not predictive of restenosis.”> With the
suspicion of restenosis and to exclude aneurysm at the
coarctation site or in the ascending thoracic aorta, MRI
or helical CT should be performed. However, it is of
doubt whether an incidence of mostly small cranial
aneurysm warrants a cranial MRI or cranial CT in
every patient.

Leisure sport and daily physical activities, competitive
sport. With the lack of any studies on sports and phys-
ical training in coarctation patients both before and
after repair, it is only possible to extrapolate from the
recommendations for arterial hypertension and from
those for BAV. Isolated coarctation patients without
significant residual gradient at the coarctation site
(<20mmHg), without excessive rise in systolic blood
pressure at exercise (>3 standard deviations above ref-
erence)®’ and without aortic or cerebral aneurysm can
participate in all kind of sport activities except those
with a very high static component. (Class Ila, level of
evidence C)

Patients with aortic restenosis should be referred to
catheter intervention or surgery, as well as patients with
large aneurysm. (Class I, level of evidence C)

For patients with small aneurysm, see the section on
BAYV syndrome.

Exercise training as a preventive/therapeutic
intervention. With the lack of studies on the safety
and efficacy of exercise training in coarctation
patients, one has to go back to the exercise
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physiological principles. A low-to-moderate endurance
training has an favourable impact on arterial hyperten-
sion, arterial stiffness,”""”? and endothelial function,”***
as well as on coronary artery disease”® and stroke’’
prevention. This implicates that an active life style and
even aerobic endurance training should be promoted in
coarctation patient as primary prevention against typ-
ical long-term sequels like in healthy children. Interval
training should be omitted and resistance training lim-
ited to low or moderate intensities in small muscle
groups separately. (Class Ila, level of evidence C)

Regular medical surveillance is necessary to rule out
complications.

Pulmonary stenosis

General considerations. Pulmonary valve stenosis
(PS) is the most common form of isolated right ventric-
ular (RV) outflow tract obstruction. It is usually caused
by fused or dysplastic cusps and is mainly congenital.
The degree of RV outflow obstruction is highly vari-
able, with most patients having mild or modest degrees
of obstruction and presenting only with a cardiac
murmur and normal ECG and exercise tolerance. In a
minority of patients, the degree of obstruction might be
sufficient to promote RV hypertrophy and to produce
symptoms, usually in the form of early fatigue during
exercise” or atrial arrhythmias related to right atrial
dilation. Although three decades ago surgical valvot-
omy was the treatment of choice, nowadays most
patients are amenable of percutaneous balloon relief
of the obstruction with excellent results in terms of
early significant residual obstruction.”” However, a
small minority of patients might present with small pul-
monary valve annulus and might therefore still require
a full surgical valvotomy or transvalvular patch repair.

Medium- and long-term follow-up studies have
shown favourable results with either surgical or balloon
valvuloplasty in terms of freedom from reintervention,
cardiac function, and exercise capacity.'’!°! However,
a minority of patients can develop significant pulmo-
nary regurgitation after neonatal or paediatric interven-
tion, and might be candidates for pulmonary valve
replacement.'> This patient subgroup can present
with mildly reduced exercise capacity.

In PS, RV systolic pressure and oxygen demand are
increased at rest and more so with exercise. Exercise
tolerance in children and adults with mild valvular PS
is nearly normal, but is diminished in those with mod-
erate and severe stenosis, indicating impaired ability to
sustain adequate cardiac output. Following relief of
stenosis, cardiac performance readily improves in chil-
dren, but it can remain abnormal in adults. This
appears to be related to postoperative resolution of
RV hypertrophy in children, whereas myocardial

fibrosis may explain the slow and reduced improvement
in adults.'®?

PS, whether native or residual, is classified based on
the peak transvalvular gradient as mild (gradient
<30mmHg), moderate (gradient between 30 and
50mmHg), and severe (gradient >50 mmHg).

Recommendations for clinical practice

Leisure sport and daily physical activities (recrea-
tional activities). Patients with native mild PS usually
have no RV hypertrophy and a normal exercise toler-
ance. These patients should have no restriction in the
type and level of physical activities. The same applies to
patients with treated PS who have mild residual PS and
only mild pulmonary regurgitation. (Class I, level of
evidence C)

Patients with treated PS who have moderate residual
PS and moderate or higher pulmonary regurgitation
and a normal ECG should have no restriction in the
type and intensity of physical activity. Annual reassess-
ment of the underlying condition by ECG should be
performed to confirm the stability of the condition.
(Class 1, level of evidence C)

Patients with isolated residual significant pulmonary
valve regurgitation, especially if associated with RV
dilation, should follow the recommendations given for
healthy children (Table 2) if RV systolic function
assessed by two-dimensional ECG or MRI is normal.
If RV function is abnormal, they should have their
activity levels restricted to those activities with
mild cardiovascular involvement. (Class I, level of
evidence C)

Patients with significant pulmonary regurgitation
who have received a transvalvular patch (with or with-
out extension to RV infundibulum) or a valvotomy
should have exercise restrictions similar to that of
patients with tetralogy of Fallot. (Class I, level of
evidence C)

Patients with significant PS (pressure gradient
>50mmHg), either native or post-treatment, usually
have various degrees of RV hypertrophy and might
present RV systolic dysfunction. Usually such patients
will present symptoms in the form of right-sided heart
failure and exercise intolerance. These patients should
be referred for treatment at any age they present and
mild physical activity can be recommended only in
asymptomatic patients on an individual basis. (Class
I, level of evidence C)

Competitive sport. Patients with treated or untreated
PS and with a peak gradient <30 mmHg, normal RV
function and size, no more than mild regurgitation,
normal ECG, and only mild RV hypertrophy can par-
ticipate in all competitive sports if symptoms are
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not present. Re-evaluation is necessary every 12
months.? (Class I, level of evidence C)

Patients with treated or untreated PS and a peak
gradient between 30 and 50 mmHg and no significant
pulmonary regurgitation, normal RV size and function,
normal ECG, and only mild RV hypertrophy can par-
ticipate in moderate intensity aerobic and mild anaero-
bic sports. Re-evaluation is necessary every 6 months.”
(Class 1, level of evidence C)

Patients with low residual peak systolic gradient and
associated significant pulmonary regurgitation and
abnormal RV size can participate in low-intensity aer-
obic competitive sports if they are asymptomatic and
have normal RV systolic function. (Class I, level of
evidence C)

MRI might be useful for the further stratification of
such patients.'

Patients with a peak systolic gradient >50 mmHg
can participate in low-intensity competitive sports
after 3-6 months of treatment of the PS."* (Class I,
level of evidence C)

Exercise training as preventive/therapeutic
intervention. There are no reported data on the safety
and efficacy of exercise training in patients with native
and treated PS.

Asymptomatic patients with isolated mild and mod-
erate PS, with or without associated pulmonary regur-
gitation and normal RV size and function, should
follow the same recommendations as for healthy sub-
jects. (Class I, level of evidence C)

Patients with less than moderate PS who have mod-
erate or severe pulmonary regurgitation and RV dila-
tion but who are asymptomatic and have normal RV
systolic function should be involved in an exercise train-
ing programme limited to moderate endurance or resis-
tive intensity. (Class Ila, level of evidence C) Patients
with pulmonary regurgitation and abnormal RV size
and function might benefit from surgical or percutane-
ous intervention. It is important to assess this group of
patients with MRI and repeated 24-h ECG monitoring
to exclude the presence of arrhythmias. If treatment is
not warranted, the exercise training programme should
be limited to low endurance and low resistive intensi-
ties. Exercise training programmes in this group should
be continued lifelong and should be performed in hos-
pital environments. Frequent re-evaluation of such
patients every 6—12 months is of paramount impor-
tance. (Class I, level of evidence C)

In patients with sustained exercise-induced atrial or
ventricular arrhythmias, exercise training might be
associated with a risk of sudden death during exercise.
Patients with sustained exercise-induced arrhythmias
should be refrained from participating in exercise train-
ing programmes. Patients with exercise-induced

nonsustained but repetitive arrhythmias (frequent ecto-
pic beats, isolated, or as bigeminy, monomorphic, or
polymorphic) can participate in exercise training pro-
grammes with low endurance and low resistive intensi-
ties if 24-h ECG monitoring does not show any
sustained arrhythmia. (Class I, level of evidence C)
Patients with significant PV stenosis should be
referred for treatment before participating in an exer-
cise training programmes. (Class I, level of evidence C)

Tetralogy of Fallot

General considerations. Tetralogy of Fallot (ToF) is
the most common form of cyanotic congenital defect.
Surgical repair is achieved by patch closure of the ven-
tricular septal defect and enlarging the RV outflow
tract through an infundibular patch, which sometimes
need to be extended beyond the pulmonary annulus in
patients with significant valvular and supravalvular PS.
This leads to three important long-term consequences
of repaired ToF, which are the presence of significant
RV outflow tract restenosis and/or significant pulmo-
nary regurgitation, as well as the occurrence of cardiac
arrhythmias, predominantly of ventricular origin
related to re-entry in the area of the infundibular patch.

Several reports have assessed the exercise capacity in
ToF patients. These reports emphasize that several
residual lesions can cause a reduced exercise tolerance
in patients with repaired ToF.

Residual PS after direct or conduit repair of ToF has
been associated with reduced exercise capacity and
increased ventilatory response to exercise, as a conse-
quence of increased afterload to the RV with abnormal
cardiac output response to exercise.'® Presence of
residual pulmonary artery branch stenosis and presence
of aortopulmonary collateral vessels have also been
associated with abnormal ventilatory response to exer-
cise, as a consequence of ventilation/perfusion
mismatch,'0>10

Presence of residual pulmonary valve regurgitation
is possibly the most common residual defect after com-
plete repair of ToF. There is evidence that long-
standing significant pulmonary regurgitation causes,
as a consequence of increased RV volume overload,
progressive RV dilation. Its effect on RV function is
however less clear. Indeed, even though long-standing
significant pulmonary regurgitation has clearly been
associated with reduced RV systolic function, it is
common experience that some patients with significant
pulmonary regurgitation maintain a similar RV ejec-
tion fraction at serial testing. There is evidence that,
in presence of normal RV systolic function, the effect
of isolated significant pulmonary regurgitation on exer-
cise capacity is limited.'”” A possible explanation for
this finding is that pulmonary regurgitation seems to

Downloaded from cpr.sagepub.com at Universiteitsbibliotheek Utrecht on August 22, 2011



14 European Journal of Cardiovascular Prevention & Rehabilitation 0(00)

be of reduced importance during exercise, as a conse-
quence of shortening of the diastole and decrease in the
pulmonary vascular resistance.'® However, patients
with significant pulmonary regurgitation who also
have a reduced RV systolic function have the lowest
exercise capacity, particularly if they also have a
reduced LV systolic function. Recent observations
also confirm the predominant impact of reduced RV
function of exercise capacity in repaired ToF.'?

Even though in recent years most children received
complete surgical repair in the first year of life, there is
a large number of adults who required palliative pro-
cedures and subsequently underwent delayed complete
repair. Patients with late repair frequently developed
more important degrees of RV hypertrophy with
reduced compliance of the right ventricle, leading to
diastolic RV dysfunction after complete repair. Even
though such condition is associated with an higher
early postoperative morbidity related to prolonged
intensive care stay and low cardiac output syndrome,''°
it has been associated with improved exercise capacity
at long term, possibly from its influence on pulmonary
regurgitation.!'112

Finally, a subgroup of patients with repaired ToF
will present, or will be at risk of, sustained potentially
life-threatening ventricular arrhythmias. Factors which
are known to be associated with an increased risk of
ventricular arrhythmias are an older age at repair,
increased RV systolic pressure, the presence of RV dila-
tion and dysfunction (usually as a consequence of sig-
nificant pulmonary regurgitation), the presence of LV
systolic dysfunction, and the presence of a broad QRS
(duration >180 msec).''> 113

Recommendations for clinical practice

Leisure sport and daily physical activities (recreational
activities). Asymptomatic patients with nonsignificant
pulmonary regurgitation and normal/mild RV dilation,
with normal RV pressure and systolic function and who
do not have atrial or ventricular arrhythmias at ECG
monitoring or exercise testing should be encouraged to
engage in physical activities to the same extent and
intensity of the general population (Table 2). (Class I,
level of evidence C)

Asymptomatic patients with nonsignificant pulmo-
nary regurgitation and only moderate RV dilation but
normal RV function and those with <mild tricuspid
valve regurgitation and no arrhythmia documented at
ECG monitoring or exercise test should follow the rec-
ommendations of healthy children. (Class I, level of
evidence C)

Patients with atrial or ventricular arrhythmias,
which are successfully controlled by medical treatment
or radiofrequency ablation, can follow the

recommendations of healthy children as well. (Class I,
level of evidence C)

Asymptomatic patients with significant pulmonary
regurgitation who have moderate or significant RV
dilation but normal RV systolic function and no
arrhythmias documented at 24-h ECG monitoring or
exercise test should also follow the recommendations of
healthy children. The condition should be reviewed
every 6 months. (Class I, level of evidence C)

Asymptomatic subjects with significant pulmonary
regurgitation and significant RV dilation and abnormal
RV function can be allowed to participate in mild-
intensity aerobic activities after serial testing has
shown a stable condition and no arrhythmias is docu-
mented at 24-h ECG monitoring or exercise test. (Class
I, level of evidence C)

Patients who are symptomatic from mild or moder-
ate efforts, those with more than moderate residual RV
outflow obstruction, those with abnormal LV function,
those with signs of increased RV pressures (RV systolic
pressure >2/3 of systolic blood pressure) or increased
transpulmonary gradient, those with a significant resid-
ual intracardiac shunt (pulmonary/systemic output
>1.5:1) not amenable of correction, and those with doc-
umented sustained atrial or ventricular arrhythmias
which are not controlled by medical therapy or radio-
frequency ablation should have their physical exercise
restricted to low-intensity activities that are preferably
aerobic. (Class I, level of evidence C)

Competitive sports. Patients with an excellent repair
who have a normal or near-normal RV pressure, no or
only mild RV volume overload, no significant residual
shunt, and no atrial or ventricular arrhythmias on
ambulatory ECG monitoring or exercise testing can
participate in all sports of any intensity.! ESC guide-
lines limit intensity to moderate aerobic and anaerobic
activities®. (Class I, level of evidence C)

Patients with residual pulmonary regurgitation and
increased RV volumes, increased RV systolic pressure
(RV systolic pressure >50% of LV systolic pressure), or
atrial or ventricular arrhythmias should participate
only in low-intensity competitive sports.! (Class I,
level of evidence C)

Exercise training. Several cohort studies and a small,
randomized study have assessed the safety and efficacy
of endurance exercise training in patients with repaired
ToF.

In a small, randomized study Therrien et al.''® ana-
lysed the effect of an individualized aerobic exercise
training programme in a group of 18 stable adult
patients with repaired ToF. The training protocol con-
sisted of hospital-based sessions (40 min of duration
once a week with an intensity of 60-85% of VOzpeak)
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and home-based sessions (at least 30 min of brisk walk
twice a week with an intensity of 60-85% of peak heart
rate) for a period of 12 weeks. Analysis of each patient’s
home exercise diary showed that seven of the nine
patients enrolled in the training group completed the
minimum required number of training sessions. The
study, which included eight patients with significant
pulmonary regurgitation and various degrees of RV
systolic dysfunction (but excluded patients with docu-
mented ventricular arrhythmias), showed that, com-
pared to the control group, patients enrolled in this
moderate workload training programme had signifi-
cantly improved their exercise capacity at the end of
the study.

The available evidence suggests that, in order to
achieve a meaningful improvement of VOzpeak, a
heavy intensity exercise training programme is
required (70-85% of VOzpeak). Regarding the duration
of the exercise training programme, the available data
suggest that at least three training sessions/weekwith
duration between 30 and 40min are necessary to
obtain an improvement of VOzpeak after 3 months of
training. Of note, the data available suggest the pos-
sibility that compliance with the exercise training pro-
tocol might be higher in the pediatric age group, and
possibly higher physical activity levels are maintained
in pediatric patients outside of the training protocol.>®
The optimal arrangement, especially in those patients
with residual hemodynamic lesions, consists in the
combination of hospital- and home-based training
sessions.

In conclusion, all children and young adults with
repaired ToF who are asymptomatic or mildly symp-
tomatic and who do not have sustained atrial or ven-
tricular arrhythmias during routine ambulatory ECG
monitoring or exercise testing (either spontaneously
or after medical/electrophysiological intervention)
should be involved in an exercise training programme.
(Class I, level of evidence B)

Patients without RV outflow obstruction and those
with nonsignificant pulmonary regurgitation and
normal RV size and function should follow the recom-
mendations for the general population (Table 2) if they
are asymptomatic and have no documented arrhyth-
mias at ECG monitoring and exercise testing. (Class
I, level of evidence B)

Asymptomatic patients with significant pulmonary
regurgitation and RV dilation, those with mild/mod-
erate RV dysfunction, and those with atrial or ven-
tricular arrhythmias controlled by medical therapy or
radiofrequency ablation should follow the recom-
mendations for the general population (Table 2)
but limited to aerobic exercise training and only if
LV systolic function is normal. (Class I, level of
evidence B)

Patients with mild LV dysfunction should follow the
recommendations for the general population (Table 2).
(Class 1, level of evidence C)

Patients with documented sustained atrial or ventric-
ular arrhythmias (either spontaneous or exercise
induced) that are not controlled by medical therapy
or radiofrequency ablation, those with RV hyperten-
sion (RV pressure >2/3 of systolic arterial blood pres-
sure), and those with symptoms for mild-to-moderate
levels of exercise should be excluded from exercise
training programmes at present since the safety profile
is unknown. (Class I, level of evidence C)

Ebstein anomaly

General considerations. Ebstein anomaly is character-
ized by an abnormality of the tricuspid valve in which
the septal leaflet and often the mural leaflet attachments
are atypically displaced from the atrioventricular ring.
The commissure between the two leaflets is the point of
maximal displacement and is at the posterior border of
the ventricular septum. The anterosuperior leaflet is
usually malformed, excessively large, and abnormally
attached or adherent to the endocardium of the RV-
free wall. Thus the inlet portion of the RV is usually
integrated functionally with the right atrium (atrialized
portion), while the other, including the trabecular and
outlet portions of the RV, constitute the functional,
and often small, RV. Varying degrees of tricuspid
regurgitation result from the abnormal tricuspid mor-
phology, with consequent further atrial enlargement.
Either an atrial septal defect or a patent foramen
ovale is present in over one-third of hearts, with subse-
quent potential right-left shunting. Associated cardiac
defects are commonly observed in the form of ventric-
ular septal defects, abnormalities of the RV outflow
tract, or abnormal cardiac loop. In addition, the
apical displacement of the septal tricuspid valve leaflet
is associated with discontinuity of the central fibrous
body, creating a potential substrate for multiple acces-
sory atrioventricular pathways.

The natural history and the functional status of
patients with Ebstein anomaly is quite variable, as a
consequence of the severity of underlying tricuspid
valve abnormality and regurgitation and presence of
associated defects, ranging from patients with severe
neonatal heart failure and cyanosis to asymptomatic
adult patients.

Few studies have assessed the exercise capacity and
its determinants in children and adults with Ebstein
anomaly. MacLellan-Tobert et al.''” studied exercise
capacity in 117 patients with a similar representation
of children and adults. They observed that, besides
having a reduced VOzpcak compared to normal, patients
who had received an operation (in the form of tricuspid
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valve plasty or replacement, and atrial septal defect
closure if present preoperatively) had a higher exercise
capacity. They observed that there was a correlation
between VOzpeak and both resting oxygen saturation
and younger age at test in the preoperative group,
whereas peak was related to younger age and smaller
cardiothoracic ratio in patients who had received an
intervention. Cyanosis at rest was frequent in their pre-
operative cohort at rest (average 82%), and was partic-
ular evident at peak exercise (average 75%). Of note,
only a very small minority of postoperative patients
had a normal exercise capacity in this study (average
VOspcak 64% of predicted), with no patient in the pre-
operative group (natural history) having normal exer-
cise capacity (average VOzpeak 50% of predicted).
Another important finding is that patients with
Ebstein anomaly have an abnormal heart rate response
to exercise, likely to be the expression of sinus node
dysfunction, both pre- and postoperatively.

A subsequent smaller study by Trojnarska
et al.''® has shown that there is an inverse relation-
ship between exercise capacity and the anatomical
and functional severity of Ebstein anomaly, suggest-
ing that reduced RV stroke volume and possibly
abnormal ventricular—ventricular interaction can
play a role in the reported reduced exercise capacity.
Of note, the patients studied by Trojnarska et al.
represented adult survivors in natural history with
normal arterial saturation (SpO,%) values at rest
(average Sp0,% 97%). The same study showed
that patients with Ebstein anomaly have an excessive
ventilatory response to exercise, likely related to a
ventilation—perfusion mismatch consequent to pul-
monary hypoperfusion and right-left shunting at
the atrial level.

Recommendations for clinical practice

Leisure sport and daily physical activities (recreational
activities). Non-cyanotic, asymptomatic patients who
have a reasonably developed RV with no more than
mild tricuspid regurgitation, normal LV systolic func-
tion, and no arrhythmias demonstrated at 24-h ECG
monitoring, should have no restriction to physical
activity. (Class I, level of evidence C)

Asymptomatic patients who have moderate tricuspid
regurgitation, normal arterial saturation, and supraven-
tricular arrhythmias (paroxysmal, associated or not to
Wolftf-Parkinson-White syndrome (WPW)) which are
controlled by medical/interventional treatment can be
allowed low-level dynamic, moderate-level static phys-
ical activities. (Class I, level of evidence C)

Patients with symptoms during exercise or at rest,
those with significantly dilated right atrium and RV,

those with LV systolic dysfunction, those with severe
tricuspid regurgitation, and those with chronic atrial
arrhythmias (atrial fibrillation) or repetitive ventricular
arrhythmias should be precluded from undertaking
physical exercise of any level. (Class I, level of
evidence C)

Competitive sport. Patients with mild forms of
Ebstein anomaly without cyanosis, normal RV size,
normal LV systolic function, and no evidence of atrial
or ventricular arrhythmias can participate in all sports.’
(Class 1, level of evidence C)

Patients with moderate tricuspid valve regurgitation
can participate in low-intensity competitive sports if
they are asymptomatic and there is no evidence of
arrhythmias on 24-h ECG monitoring.' (Class I, level
of evidence C)

Patients with severe Ebstein anomaly are precluded
from all competitive sport participation. However, 3
months after surgical repair, low-intensity competitive
sports can be permitted if the patient is asymptomatic,
tricuspid regurgitation is absent or mild, right atrial size
is not severely increased, and no atrial or ventricular
arrhythmias are documented on 24-h ECG monitoring
or exercise test. Selected patients with an excellent hae-
modynamic result may be permitted additional partic-
ipation on an individual basis after 3 months from
repair.' (Class I, level of evidence C)

Exercise training as preventive/therapeutic
intervention. No data exists on the effect and safety of
exercise training in patients with Ebstein anomaly.

Non-cyanotic, asymptomatic patients who have a
reasonably developed RV with no more than mild tri-
cuspid regurgitation and normal LV systolic function
and no arrhythmias demonstrated at 24-h ECG moni-
toring should follow the recommendations for the gen-
eral population (Table 2). In these patients, a fully
outpatient setting is appropriate. (Class I, level of evi-
dence C)

Those patients with symptoms for moderate levels
of exercise or who have subcyanosis or cyanosis at
rest, those with moderate tricuspid valve regurgita-
tion, and those with supraventricular arrhythmias
(paroxysmal, associated or not to WPW) that are
controlled by medications would probably benefit
from an exercise training programme of moderate
endurance and moderate strength training. This exer-
cise training programme should be first established
in an ambulatory setting with additional sessions
performed in  the community/home  setting.
Frequent re-assessment of these patients involved in
a training programme is mandatory to exclude the
presence of physical deterioration related to exercise.
(Class 1, level of evidence C)
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Transposition of the great arteries (TGA)

General considerations. More than two decades ago,
intra-atrial ‘physiological’ repair for TGA according to
Senning or Mustard was replaced by the neonatal arte-
rial switch operation (asoTGA) as the surgical proce-
dure of choice for anatomical correction of TGA with
or without VSD. A follow-up period of 20-25 years is
now available, demonstrating excellent intermediate
and long-term general and cardiac health status in chil-
dren, adolescents and young adults. Freedom from
reintervention has been found in >90% of patients at
mean age 17 years.''"” However, in a group of young
adults, 17% were recently detected with at least one
clinically significant cardiac lesion such as ventricular
or valvular dysfunction or arrhythmia.'?® Increasing
reintervention rates with age for sub- and supravalvular
pulmonary stenoses, possible development of signifi-
cant neoaortic valve insufficiency as well as morphology
and function of the re-implanted coronary arteries
remain a matter of caution and concern.

Exercise capacity after asoTGA. Mid- and long-term
exercise performance in children and adoles-
cents''?121"12% and in young adults,**! as assessed
by cardiopulmonary exercise test on treadmill or
cycle, has been studied in several recent stud-
ies!1?1217126 with results in the lower normal or subnor-
mal range for VOzpeak (average 87%, range 79-113%
of predicted normal) and for peak heart rate (HRpeak;
average 95%, range 93-97% of predicted normal). A
longitudinal cohort study over 20 years''®!'?7"12 has
shown continuously normal exercise capacity and
normal exercise ECG as well as VOzpeak and HR e,k
in most patients, but reduced physical activity patterns
compared to healthy peers (averaged 39 min of moder-
ate-to-vigorous activity on 2.6 days/week at mean age
17 years). Significant RV outflow tract obstruction'?
and abnormal pulmonary flow distribution due to pul-
monary artery branch obstruction or hypoplasia as well
as reduced LV stroke volume (data not shown) have
been evaluated as independent risk factors for reduced
VOzpeak.lzo’BO Diminished coronary flow reserve
during exercise is a matter of controversial discus-
sion;" 1% negative effects of increased RV pressure
and myocardial hypertrophy are assumed.

Recommendations for clinical practice

Preparticipation screening. Prior to admission to any
sport programme, children after asoTGA should be
evaluated by a paediatric cardiologist with respect to:
the exact medical history, NYHA functional classifica-
tion, physical examination, ECG, Holter ECG, and
(tissue-Doppler) echocardiography, cardiopulmonary

exercise test, and cardiac MRI (routinely after pubertal
growth to assess ventricular function, coronary artery
morphology and delayed enhancement, aortic root size
and function, RV outflow tract and pulmonary
perfusion).

In absence of any of the above-mentioned complica-
tions, standard ECG and echocardiography should be
repeated every 2 years, as also cardiopulmonary exer-
cise test and Holter ECG, according to the intensity of
exercise participation.

Leisure sport and daily physical activities (recreational
activities). Children and adolescents without residual
lesions (normal left and right ventricular function, no
atrial or ventricular tachyarrhythmia) and a normal
exercise test result including exercise ECG can partici-
pate in all kinds of leisure sports, recreational physical
activities, and school sport classes without any restric-
tion.>!3* (Class I, level of evidence C)

Children with minor residual lesions (small residual
VSD, mild stenosis or insufficiency of the neo-aortic
and neo-pulmonary valves, mild supravalvular PS, sin-
gular supra- or ventricular ectopic beats) but normal
exercise test including exercise ECG can also partici-
pate in unrestricted leisure and school sport activities.
(Class 1, level of evidence C)

Children with haemodynamically significant residual
lesions (left or right ventricular dysfunction, ventricular
hypertrophy, or dilation; RV outflow tract stenosis
with its subvalvular, valvular and supravalvular sites
with an echocardiographical gradient of >30mm
Hg;'?® more than mild neo-aortic insufficiency; supra-
ventricular or ventricular arrhythmia) can take part in
leisure sport activities following the individual advice of
the paediatric cardiologist. In case of normal exercise
testing including exercise ECG, participation in leisure
and school sport to voluntary exhaustion is allowed.
High static load exercise should be avoided.* (Class I,
level of evidence C)

Competitive sport. Children and adolescents without
or with minor remaining findings (see above) and
normal exercise test including exercise ECG can partic-
ipate in all categories of competitive sport.> 134133
However, activities with a combined high dynamic
and high static component are not recommended.**
(Class I, level of evidence C)

Children with haemodynamically significant remain-
ing findings (see above) are generally not advised to
take part in competitive sports. According to the indi-
vidual advice of the paediatric cardiologist, and pro-
vided that their exercise test including exercise ECG is
normal, they might participate in sports with low-
to-moderate static and dynamic load. (Class I, level of
evidence C)
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Exercise training as preventive/therapeutic
intervention. Though the majority of children and ado-
lescents after asoTGA presents without remaining hae-
modynamic lesions, subnormal exercise capacity may
be prevalent predominantly due to parental overprotec-
tion'**13¢ and reduced physical activity patterns'*’
(Hovels-Giirich et al., unpublished). In order to prevent
or treat psychomotor and psychosocial deficiencies and
to reduce atherosclerosis lifestyle risk factors'*’ such as
a sedentary lifestyle and overweight, at least 60 min of
daily moderate or vigorous activity have been
advised.'*® A structured training programme should
be identical with that in unconditioned healthy children
(Table 2). (Class I, level of evidence C)

Congenitally corrected transposition of the great
arteries (ccTGA)

General considerations. CcTGA is a rare lesion where
the left atrium is connected to the right ventricle and
then to the aorta, whereas the right atrium is connected
to the left ventricle and consecutively to the pulmonary
artery (PA), leaving the right ventricle as the systemic
ventricle. Associated abnormalities such as a VSD, LV
outflow tract (LVOT) obstruction, and anomalies of
the left-sided systemic tricuspid valve are present in
>90%. There is increasing risk of developing consider-
able systemic AV-valve regurgitation, consecutive sys-
temic RV dysfunction and heart failure, and
supraventricular tachycardia as well as spontaneous
complete heart block with age. Conventional surgery
aiming at physiological repair (e.g. AV-valve replace-
ment, VSD-closure, LVOT-PA conduit) has been dis-
appointing. Novel surgical approaches aiming at
restoration of normal AV and VA connections
(double switch) seem more promising.'*

On the other hand, there is an unknown number of
patients with ccTGA that live a normal life without
suspicion of a cardiac defect.

Exercise capacity in ccTGA patients. The extent of
the concomitant lesions is predominantly responsible
for the grade of exercise intolerance. Literature on exer-
cise performance is scarce: one small study in children'*
and a few studies in adults with isolated ccTGA'! 1%
report on markedly diminished VOzpeak (average 59%,
range 30-84% of predicted normal). Chronotropic
incompetence and impaired stroke volume response of
the systemic RV are thought to be the prevalent causes.
RV dysfunction has been found associated with
increased RV filling pressure on tissue Doppler imag-
ing,'* with reduced coronary flow reserve on positron
emission tomography,'® and with myocardial fibrosis
on cardiac MRL.'* VOzpcak and exercise cardiac index
have been found comparable between patients with

asymptomatic isolated ccTGA and those after intra-
atrial repair for simple TGA;'*'*® the capacity to
increase RV stroke volume during exercise has only
been demonstrated in ccTGA, possibly due to the
absence of a rigid atrial baffle.'*® B-type natriuretic pep-
tide (BNP) can be high in some patients and the increase
of BNP correlates with deterioration of clinical status
and decreasing exercise capacity.'’

Recommendations for clinical practice

Preparticipation screening. Before participation in
any sportive activity, children with ccTGA must be
extensively evaluated by a paediatric cardiologist with
respect to: exact medical history, NYHA classification,
physical cardiological examination, BNP assessment,
standard ECG, Holter ECG, echocardiography, exer-
cise test, and in selected cases cardiac MRI (assessment
of ventricular function, delayed enhancement). At least
yearly re-evaluation is suggested.

Leisure sport and daily physical activities (recreational
activities). Children and adolescents with ccTGA are
generally recommended to take part in playful leisure
exercise. Playing with friends and siblings does hardly
bear significant risks from overexertion, as children are
able to limit their level of activity by self-chosen breaks.
Recommended types of exercise include interval train-
ing at low-to-moderate intensity, e.g. ball games and
running games, or low-to-moderate endurance exercise
training. Types of sports with a high static component
are not appropriate.'** If possible, participation in
school sports without competitive pressure should be
achieved. (Class I, level of evidence C)

Competitive sport. Asymptomatic patients with iso-
lated ccTGA without concomitant cardiac lesions and
absence of systemic ventricular dilation or dysfunction
and atrial or ventricular tachyarrhythmia, who have a
normal exercise response in terms of workload, heart
rate, ECG, and blood pressure response, might be eli-
gible for competitive sport with low-to-moderate
dynamic and low-to-moderate static activity. Periodic
re-evaluation is necessary. (Class I, level of evidence C)

The vast majority of children and adolescents with
ccTGA is not recommended to participate in competi-
tive sports because of the abnormal responses to exer-
cise related to the systemic position of the right
ventricle, the risk of increasing AV valve regurgitation
and cardiac arrhythmia.>*'?> (Class 1, level of
evidence C)

Exercise training as preventive/therapeutic
intervention. Systematic physical training has been
demonstrated to increase endurance and workload
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achieved at a given HR ¢, and VOzpeak in patients with
systemic right ventricle.'*® Children with ccTGA can
profit from participation in so-called children’s heart
sport groups, providing the opportunity to be physi-
cally active ruled by a sports therapist under medical
supervision. By that, additional psychomotor and psy-
chosocial deficiencies can be successfully treated.'**
Asymptomatic children and adolescents with isolated
ccTGA can undergo a structured training programme
based on the individual exercise capacity and adapted
to levels of moderate-to-high dynamic and low-to-mod-
erate static load. (Class I, level of evidence C)

Children after the Fontan procedure

General considerations. The Fontan procedure is used
to palliate a variety of complex congenital heart defects
that are not amenable to biventricular repair. Through
a series of procedures, the caval veins are connected
directly to the pulmonary arteries so that the functional
single ventricle remains to support the systemic circu-
lation. Although the Fontan procedure has enabled
survival with a functional single ventricle, there are a
variety of sequels and complications that result in
altered exercise physiology. In a review of the exercise
training literature after Fontan, Takken et al.'* indi-
cated that there is wide variability in VOzpeak among
these patients, but most studies have reported an aver-
age exercise capacity that is reduced compared to
healthy peers. The theoretical explanations provided
for the reduced exercise capacity range widely and
include the presence of chronotropic incompetence,
diminished peak stroke volume due to reduced pulmo-
nary venous diastolic return, the effects of chronic ven-
tricular volume overload, impaired ventricular systolic
contractile function, and altered pulmonary blood flow
or respiratory gas exchange. More recently, it has been
suggested that decreased or altered skeletal muscle
function may also contribute to the reduced maximal
exercise capacity of these children.'™

The influence of patient management factors on
exercise capacity. The many factors that may influ-
ence exercise capacity will be different for each patient
who has had the Fontan procedure. Therefore, each
patient’s exercise capacity must be assessed in light of
their unique physiology, anatomy, and surgical history.
At the most basic level, long-term outcomes are influ-
enced by the morphological structure of the ventricle,
the energy efficiency of the cavopulmonary connection,
and the presence/absence of aortopulmonary collateral
arteries.’>! Exercise capacity will also be influenced by
complications associated with the surgical procedures,
such as arrhythmias or thromboembolic events.
Finally, exercise capacity may be influenced by

longer-term sequels, such as myocardial dysfunction
or damage to the pulmonary vascular bed."!
Whether or not the patient’s exercise capacity is
reduced, many of the ongoing management practices
for these patients may also have an impact on their
physical activity and exercise participation. Patients
who have implanted devices (pacemakers or internal
cardiac defibrillators) and those who require anticoagu-
lation medication should not participate in activities
that might result in damage to the device or bleeding
injuries. Some of these patients have congenital and
acquired central nervous system abnormalities, result-
ing in delays of neurodevelopment and cognitive
impairments, particularly in relation to visual motor
integration,'>! which also will influence their exercise
capacity and physical activity participation.

Recommendations for clinical practice

Leisure sport and daily physical activities (recreational
activities). In spite of the known limitations regarding
exercise capacity and physiology, a large cross-sectional
study of children and adolescents after Fontan proce-
dure found no relationship between exercise capacity
and physical activity participation.'® Although initially
surprising, a closer examination of the difference
between physical activity and maximal exercise capacity
offers an explanation of this result. Activities that can
be performed for an extended period of time typically
require 40—60% of maximal capacity. Activities that
require 60-80% of maximal capacity produce a training
effect (i.e. increased fitness). On average, those patients
who have had the Fontan procedure have approxi-
mately 70% of the exercise capacity of their healthy
peers.'*® Therefore, despite the limitations for maximal
exercise, the Fontan procedure typically provides suffi-
cient capacity to allow these patients to participate in
the types of physical activity that are typical of daily
life. Recent research'>? suggests that higher levels of
moderate-to-vigorous physical activity are associated
with taking antithrombotic medication, warm weather
seasons of the year, male gender, and better motor
skills. While the influence of season and gender are
well recognized, these results suggest that perhaps the
specific physical activity counselling provided to chil-
dren taking antithrombotic medication may encourage
increased levels of daily physical activity by emphasiz-
ing lifetime activities such as biking, hiking, and
swimming.

The following recommendation can be made regard-
ing exercise participation in this group:

1. Patients should be encouraged to perform moder-
ate-to-vigorous activity on a daily basis in accordance
with public health recommendations for optimal health
(typically >60min/day). Healthcare professionals

Downloaded from cpr.sagepub.com at Universiteitsbibliotheek Utrecht on August 22, 2011



20 European Journal of Cardiovascular Prevention & Rehabilitation 0(00)

should be strong advocates for the importance of daily
physical activity so that patients who have the Fontan
procedure can obtain the many benefits associated with
physical activity (e.g. optimal growth and development,
peer socialization, establishment of healthy lifestyle
habits). (Class I, level of evidence C)

2. Patients involved in formal or organized physical
activity programmes should have a full cardiopulmo-
nary exercise test to provide specific information
regarding their exercise capacity. The baseline assess-
ment should also include assessments for arrhythmias
and ventricular and valvular function. Formal or orga-
nized physical activity should not be restricted unless
the patient has an implanted device, is taking antith-
rombotic medication, or restrictions are warranted
based on the results of the baseline assessment. (Class
I, level of evidence C)

3. Patients not involved in formal or organized phys-
ical activity programmes should not be restricted and
should be actively encouraged to participate in a wide
variety of physical activities. (Class I, level of
evidence C)

4. Patients (and their caregivers) should be taught to
monitor their activity intensity. No restriction of phys-
ical activity is necessary as long as the patient is able to
rest as needed. Healthcare professionals should ensure
that the patient (and their caregivers in the case of a
child) understands the specific signs and symptoms that
signal the need for rest. Typically such signs and symp-
toms may include palpitations, chest pain, tachycardia,
dyspnoea that is disproportionate to the exercise effort,
nausea, and presyncope. However, the cardiologist
responsible for each patient should determine the spe-
cific criteria for a temporary cessation of physical activ-
ity based on the individual’s current status and
treatment history. Patients should not participate in
physical activity settings if anyone, including the
patient, caregiver, coach, other participants, or specta-
tors, can reasonably be expected to encourage the
patient to continue exercising in spite of signs or symp-
toms indicating that a rest period is required. (Class I,
level of evidence C)

5. Patients with implanted devices or taking antith-
rombotic medication should be limited to sport activi-
ties with low risk of impact or trauma. (Class I, level of
evidence C)

Competitive sport. 1. Single patients can engage in
low-to-moderate dynamic and low static competitive
sports on an individual medical decision if they have
no symptoms on exercise and normal ventricular func-
tion and oxygen saturation. (Class I, level of
evidence C)

2. Patients with implanted devices or taking antith-
rombotic medication should be limited to sports with

low risk of impact or trauma. (Class I, level of
evidence C)

Exercise training as
intervention. The six studies reviewed previously
demonstrate that, after the Fontan procedure, patients
are able to improve their exercise capacity through
training. Each of these studies'”*'**'*7 involved a
small number of participants (n=1-16) performing
aerobic exercise training, with or without resistance
training, in accordance with the FITT principle.
These studies demonstrate that patients who have
the Fontan procedure can significantly increase their
VOspcak  through — systematic  exercise — training.
Recommendations for exercise training are as for the
general population (Table 2).

However, since exercise capacity is not related to
objective measures of physical activity in these
patients,'” whether such training can increase the
daily moderate-to-vigorous physical activity recom-
mended for optimal health benefits'*® is currently
unknown. A preliminary report (available as abstract
only) suggests that home-based physical activity coun-
selling can increase moderate-to-vigorous physical
activity participation after the Fontan procedure.'”

preventive/therapeutic
149

Cyanotic patients/Eisenmenger syndrome

General considerations. Cyanosis in general is caused
by shunting of deoxyhaemoglobin into the arterial
system. In several lung diseases this is caused by ana-
tomical intrapulmonary arteriovenous fistulae or by a
functional shunt through the capillaries, when they are
not able to increase oxygen content in the blood prop-
erly. In cyanotic congenital heart defects there are sev-
eral other mechanisms for right to left shunting. Most
isolated shunts in congenital heart defects are seen
within the same level of the systemic and pulmonary
circulation like atrial septal defect, ventricular septal
defect, aortopulmonary window, or persistent arterial
duct. Initially there is a left to right shunt with pulmo-
nary recirculation of oxygenated blood. Only if stenotic
or atretic structures downstream to the lungs cause a
rise in the prestenotic pressure, right to left shunting
and cyanosis can appear. In the long term, patients
with isolated shunts can develop progressing pulmo-
nary arteriolar remodelling which will increase pulmo-
nary vascular resistance and lead to shunt reversal and
cyanosis. Last by not least, many patients with complex
congenital heart defects, discordant connections of ves-
sels and/or cardiac chambers may have a complete
mixing of the systemic and pulmonary venous return
(parallel circulation instead of serial circulation) which
leads to cyanosis.
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Nowadays, most of the CHD are corrected by sur-
gery or catheter intervention early in childhood.
However, there are still some cyanotic patients surviv-
ing into adulthood without surgery'® or with palliative
surgery, because pulmonary vascular disease is already
established.

It is important to note that there are almost no pub-
lished data on exercise participation in this patient
group. There are only small observational studies on
exercise physiology. Most publications in that field
are summaries and recommendations without data sup-
porting them. So one is prone to transfer data from
patients with similar pathophysiological entities.
Especially in patients with pulmonary vascular disease,
there are data from patients with idiopathic pulmonary
arterial hypertension (iPAH). However, these available
data must be handled with care as they resemble only
some findings of the disease (i.e. increased pulmonary
vascular resistance) and not the complete haemody-
namic situation.

Recommendations for clinical practice

Preparticipation screening. The exact knowledge of
the medical history, the sequence of interventions as
well as a history of arrhythmia or existence of syn-
cope-like symptoms is essential to give advice to these
patients. Current imaging with echocardiography as
well as data from a MRI or helical CT are necessary
to answer all anatomical details that might have an
influence on exercise physiology. Also recent haemody-
namic data from a left and right heart catheterization
should be available. To rule out dangerous arrhythmia,
at least a current resting ECG and a 24-h Holter ECG
are mandatory.

Additionally, a cardiopulmonary exercise test must
be performed. These data can be supplemented by a
stress echocardiography, stress MRI, or even stress test-
ing in the catheter laboratory.

As all these patients are rather unique, exercise coun-
selling should only be performed by congenital cardiol-
ogists, experienced in both the haemodynamics of these
patients and in sports cardiology.'®!

Leisure sport and daily physical activities (recreational
activities). Every congenital cardiologist has experi-
enced pulmonary hypertensive crises in the postopera-
tive management of patients with pulmonary
hypertension.'®? Despite the fear to provoke a pulmo-
nary hypertensive crisis, no adverse events during lab-
oratory exercise tests are published.'®*"'5 Also, none of
the 61 deaths of patients with Eisenmenger syndrome
reported by Daliento et al.'®® were related to sport or
exercise participation.

This is in contrast to patients with iPAH or PAH
from corrected CHD without current shunt. The lack
of shunt causes the right heart to fail, the systemic car-
diac output to drop, and the patient to develop a syn-
cope. Therefore, leisure sport and physical activity in
general should only be allowed as long as no symptoms
appear and cyanosis remains acceptable. However,
inadequate dyspnoea or even slight signs of cerebral
malperfusion like dizziness or discomfort must be
avoided. Patients with PAH without shunt should
avoid any excessive physical activity that leads to dis-
tressing symptoms.'®” (Class I, level of evidence C)

Competitive sport. The 36th Bethesda recommenda-
tion allows competitive sport in all fields only with a
peak systolic pulmonary arterial pressure of
<30mmHg." All other patients with PAH should be
individually counselled.

For patients with un-operated cyanotic defects, the
recent Bethesda recommendation for participation in
competitive sport allows low dynamic/low static disci-
plines.! For palliated cyanotic patients participation in
competitive sports is only allowed in low dynamic/low
static disciplines, if arterial oxygen saturation remains
above 80%, tachyarrhythmia with symptoms of
impaired consciousness are not present and ventricular
function is not or only mildly impaired.

Exercise training as preventive/therapeutic
intervention. Regular exercise training improves endo-
thelial function in the systemic vessels even in severe
heart failure patients'®® and improves survival.'®® An
animal model,'’® trying to translate these improve-
ments to the pulmonary vessels, failed to show a posi-

tive effect of exercise training in pulmonary
hypertensive rats.
However, recently patients with idiopathic or

chronic thromboembolic pulmonary hypertension'’!

profited from exercise training in respect to an
increased 6-min walking distance, VOzpeak, ventilatory
anaerobic threshold, and peak work load. Additionally,
quality of life improved. No adverse events were
reported. Nevertheless, no change in the invasive hae-
modynamics could be found. It has, therefore, been
hypothesized that exercise training may mainly result
in an improvement of the peripheral exercising muscles,
with no change in the pulmonary vascular bed.'’?
However, even in stable PAH patients the therapeutic
range is rather small and the proof for a better
survival is still missing. After this human study was pub-
lished, a re-evaluation of the rat model showed that rats
with stable PAH tolerated exercise training well and
profited in terms of an increased exercise capacity
and myocardial capillary density, whereas rats with
progressive PAH had leukocyte lung infiltration,
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Table 6. Recommendations following the FITT principle for exercise training in children with cyanosis/Eisenmenger (Class IIb, level

of evidence C)

Muscle (resistance)

Passive physical

FITT Interval training training Endurance training therapy
Frequency = 3-7 times a week 3-5 times a week 3-7 times a week 3-7 times a week
Intensity Interval training with Low intensity (i.e. 500— Moderate intensity Mainly passive

baseline at moderate 1000 g Dumbbells), 10 (40—59% of VOzpeak)

intensity (40-59% of repetitions for separate

VOzpeak) and short small muscle group

intervals (30sec) of

endurance level (up

t0 85% VOspeni)
Time 10-30 min In total up to 30 min 60 min 30 min

strength training

Type Bicycle Dumbbell training. Walking stretching, breathing

technique, body per-
ception/relaxation

Distressing symptoms especially those of excessive dyspnoea or cerebral malperfusion must be avoided; SpO, must be monitored and should be >80%
throughout exercise; The patient must be continuously supervised by a physician or experienced physiotherapist (adapted from Mereles et al.'”")

increased PAH, and shortened survival.'”* This study
outlines the importance of a stable situation before
starting an exercise programme in PAH patients.

For patients with cyanotic CHD or Eisenmenger
syndrome, there is only a nonrandomized controlled
trial with four patients in the exercise group.'’* In sum-
mary this study showed that low-grade exercise training
similar to that study in iPAH and thromboembolic
PAH,"" with 24-min interval bicycle training (base
10-25 Watt, peaks 30sec and 20-50 Watt) after a 10-
min warm-up, for twice a week over 3 months could be
performed without complications in these four patients.
But no objectively measurable improvements were seen
beyond those in functional class.

With the lack of data and having physiology in
mind, one can only speculate that the risk of syncope
might be smaller in patients with cyanotic heart disease
and persisting right to left shunt than in iPAH patients
as the shunt secures LV filling and systemic cardiac
output. But there is doubt, whether the progressive cya-
nosis during exercise hampers the positive effects of
exercise and whether improvements in systemic vascu-
lar function even worsens cyanosis. At the moment,
rehabilitative exercise training in these patients should
be limited to scientific studies in centres of congenital
cardiology.

Patients with cyanotic congenital heart disease
must curtail physical activity within symptom
limits. Patients have to avoid excessive physical activity

that leads to distressing symptoms, especially symp-
toms of excessive dyspnoea or signs of cerebral
malperfusion (i.e. discomfort, dizziness). (Class I, level
of evidence C)

Rehabilitative low-intensity exercise training might
be considered in patients:

1. in a stable haemodynamic situation,

2. with an arterial oxygen saturation >80% during
exercise,

3. without symptoms of excessive dyspnoea or cerebral
malperfusion at training,

4. under close surveillance of a paediatric/congenital
cardiologist,

5. preferably included in a scientific protocol. (Class

IIb, level of evidence C)

The recommendations following the FITT principle
for exercise training in children with cyanosis/
Eisenmenger are shown in Table 6.

Heart transplanted children

General considerations. Over the last 25 years, with
introduction of the current immunosuppressant regi-
men, paediatric solid organ transplantation has
increased dramatically. Heart, lung, and heart and
lung transplantation increased steadily in numbers
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from the latter half of the 1980s. The numbers have
subsequently levelled in the USA at approximately
350—400/year reflecting limitations of donor availabil-
ity. Long-term survival has generally been quite good
and mirrors results in adult populations. Recent reports
of actuarial survival at 15 and 20 years have been as
high as 80 and 53%, respectively.'”

Amazingly, there are very little data on exercise
performance in children and adolescents following
heart transplantation. There are even less data avail-
able on the effects of exercise training and cardiac
rehabilitation for this population. Recommendations
for either recreational or competitive sports participa-
tion are nil. The reason for the paucity of data include
a relatively small number of subjects compared to the
adult transplant population, difficulties with exercise
rehabilitation programmes for small children, and
the mistaken belief that many of these children have
no need for such programmes. What little data that
are available dispel all of these notions. Unfortunately
we cannot, as is so often the case, draw on studies
from the much larger adult transplant population to
help fill our knowledge gap. This is because there is an
equal paucity of evidence-based recommendation for
sports and exercise participation in this population.
However, data from the adult population provide
useful information on the nature of exercise limita-
tions and the effects of training and rehabilitation pro-
grammes that may be extended to the paediatric
population.

Exercise capacity in the heart transplant
population. Exercise capacity as measured by both
aerobic capacity and musculoskeletal strength is signif-
icantly decreased in the paediatric and adult popula-
tions following heart transplantation. The causes of
these limitations are multifactorial. The few reports of
exercise testing in paediatric heart transplants patients
have reported aerobic capacities, as measured by
VOzpeak, of 50—60% of healthy age- and sex-matched
peers.'’*'78 These values are not significantly different
from those reported in the adult population.'” '8! The
reasons for this finding appear to be due to both central
and peripheral factors combining to impair aerobic
capacity. Especially in early post-transplant periods,
stroke volume is limited. This may be due to systolic
impairment but more importantly to diastolic dysfunc-
tion with high cardiac filling pressures. Diastolic abnor-
malities persist and even late after transplant an
inability to maintain adequate ventricular preload
appears to limit cardiac output.

Abnormalities of autonomic innervation and func-
tion also impact on cardiac output during exercise.
At least initially there is a loss of autonomic

innervations to the heart. This significantly decreases
chronotropic reserve as well as blunts the time course
of the chronotropic response. There is some evidence
for re-innervation and improved chronotropy late after
transplant in some patients or as a response to cardiac
training as will be discussed below. In addition to the
cardiac effects, autonomic tone is abnormal in the
peripheral vasculature. Brachial reactivity is impaired
and systemic vascular resistance is increased.'8* %3

Limitations of the peripheral exercising musculature
are most likely at least as important as central mecha-
nisms in limiting aerobic capacity. Following heart
transplant, skeletal muscle mass is often reduced by
20% of normal. Capillary density is also significantly
decreased. This may reflect the marked deconditioning
in these patients that occurs prior to transplantation
but may also be the result of immunosuppressant ther-
apy. These changes result in an impaired ability of the
exercising muscle to extract oxygen. Muscle strength is
significantly impaired especially in the early transplant
period. In addition to muscle mass, bone demineraliza-
tion is a frequent finding. This may result in stress and
compression fractures. Ongoing immunosuppressant
medications may continue to exacerbate the problem
of demineralization. ¢

Serial studies of exercise performance following
paediatric heart transplants are limited. Recent studies
of Davis et al.'’® and Dipchand et al.'”® are conflict-
ing. Both show early improvement in aerobic capacity
and working capacity. Davis saw a decline after about
3 years of improvement while Dipchand’s population
remained steady with some patients showing a
decrease associated with the onset of graft vasculopa-
thy. The reason for these findings are unclear but are
probably the combined improvement of systolic and
especially diastolic function in the immediate post-
transplant period as well as the longer-term improve-
ment in musculoskeletal conditioning even in the
absence of formal rehabilitation. In addition,
improved chronotropy suggests at least some patients
benefit from autonomic re-innervation of the donor
heart.

Recommendations for clinical practice

Leisure sport and daily physical activities (recreational
activities). There are no evidence-based studies assess-
ing the types, safety, or benefit of sports and exercise
participation in children following heart transplanta-
tion. In a very small interview study of mixed solid
organ transplant patients, Olausson et al."®® reported
that most expressed the opinion that they lived normal
lives. Ross et al.'” reported on the long-term survival
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of a cohort of paediatric heart transplantation patients
at 10 and 20 years post transplant. They state that
‘physical rehabilitation and return to normal lifestyle
has been nearly 100%’. They cite two anecdotal cases
of patients participating in vigorous competitive sports.
In an editorial, Fricker'” listed a series of recommen-
dations for paediatric heart transplantation patients
(Class I, level of evidence C):

1. Exercise should be encouraged not discouraged.

2. All patients should be in a monitored rehabilita-
tion programme within 3 months following
transplantation.

3. There should be a return to age-appropriate activi-
ties, including physical education class within
6 months after transplantation.

4. Endurance activities will be better tolerated than
intermittent high-intensity activity.

5. Participation in competitive sports should be indi-
vidualized with detailed yearly re-evaluation of
participation.

Competitive sport. There is an equal lack of data in
the adult population regarding competitive sports par-
ticipation following heart transplantation. There are a
number of case reports and small studies showing that
heart transplant recipients can train and compete often
quite successfully in vigorous athletic activity.
However, the numbers in these studies are too small
to generalize to the entire transplant population regard-
ing the safety and benefits of such training. Given these
limitations, the recommendations from the 36th
Bethesda Conference on Eligibility Recommendations
for Competitive Athletes with Cardiovascular
Abnormalities are probably appropriate.'®® (Class I,
level of evidence C):

1. Because of special issues involved with transplant
patient management, decisions as to the feasibility
of athletic competition for cardiac transplant recip-
ients should be made in conjunction with the
patient’s transplant cardiologist.

2. Athletes with no coronary luminal narrowing, no
exercise-induced ischaemia, and normal exercise
capacity for age can generally participate in all com-
petitive sports as appropriate for their exercise
capacity.

3. Athletes with coronary luminal narrowing should be
risk stratified as outlined in the recommendations by
Thompson et al.'®

In the absence of any better data, these recommen-
dations are probably a good basis, at least, for the eval-
uation of the adolescent population as well.

Exercise training as preventive/therapeutic
intervention. From the limited exercise testing data in
the paediatric population as well as the significantly
more extensive adult data, it is clear that the majority
of patients with heart transplants would benefit from a
structured exercise rehabilitation programme. (Class I,
level of evidence B for adult studies, and level C for
paediatric studies). Studies of rehabilitation programmes
in adults have shown VOzpeak, muscle strength, and
endurance as well as bone mineral density can all be
improved by formal exercise programmes both in the
immediate post-transplant period and even years after
transplant.181~182’186’189’190 The improvement in VOzpeak
may average anywhere from 20 to 50% depending on
the individual study. Studies that assessed the mecha-
nisms by which VOzpeak was improved with exercise
training showed that both central and peripheral factors
were involved. The increased ability of the exercising
muscles to more effectively extract oxygen and widen
arterial/venous oxygen content difference appeared to
be at least as important as improvement in cardiac
output in the changes seen in adult transplant patients
following an exercise rehabilitation programme.

The structure of the adult rehabilitation programmes
is all fairly similar. They are generally 12—16 weeks in
duration with sessions a minimum of 3—5 times/week.
They include both endurance training as well as light
resistance training. Although home-based programmes
can show some improvement, it is important to note
that all studies that examined supervised versus home
programmes found significantly superior results with
supervised programmes. Long-term programmes of
up to a year have demonstrated sustained improve-
ments in V02peak and quality of life.'8!-18-190

There is an extreme lack of data regarding the ben-
efits of exercise rehabilitation programmes in paediatric
heart transplant patients. There are no significant data
regarding the efficacy of rehabilitation in the immediate
post-transplant period in children and minimal data on
those who are remote from the time of transplant. The
lack of studies on this population may be the result of
several factors. These include difficulties in providing
appropriate rehabilitation facilities for a structured
supervised programme as well as poor compliance
and willingness to participate in either a supervised or
a home-based programme. In addition, the perception
that these patients are doing well and do not require
any formal rehabilitation programme may also be a
significant factor. The only study in paediatric heart
transplant patients is a relatively recent study by Patel
et al.'”” This study was a quite small (n=11) home-
based programme. It was 12 weeks in duration and
included both endurance and strength training. The
time from transplant was an average of 5.26 years.
There was an approximately 15% increase in VOzpeak
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as well as improvement in strength for most major
muscle groups.

A suggested training programme should be similar
to that in healthy unconditioned children. However,
resistance training should be limited to moderate
intensities.'”"!

Conclusions and final remarks

In this paper recommendations for exercise participa-
tion in children and adolescents with CHD are pro-
vided. In general, children with CHD should be
advised to comply with public health recommendations
of daily participation in 60 min or more of moderate-to-
vigorous physical activity that is developmentally
appropriate and enjoyable and involves a variety of
activities.

As can be appreciated from the low levels of evi-
dence (mostly level C), most of the provided recommen-
dations are based on expert opinion or, in a few cases,
on small studies. This shows that further research is
needed in this area. Studies with a more rigorous
research design (e.g. larger sample size, control group,
blinded observers, attractive and controlled exercise
training programmes) and a longer follow up are indi-
cated. In addition, the effect of exercise training on
quality of life, peripheral muscle function, and physical
activity levels needs to be evaluated.

Acknowledgements

We would like to thank Prof Dr K Brockmeier for his review
of this paper on behalf of the Association for European
Paediatric Cardiology (AEPC).

Funding

This research received no specific grant from any funding
agency in the public, commercial, or not-for-profit sectors.

References

1. Graham J, Thomas P, Driscoll DJ, Gersony WM,
Newburger JW, Rocchini A, et al. 36th Bethesda confer-
ence: recommendations for determining eligibility for
competition in athletes with cardiovascular abnormali-
ties. Task Force 2: Congenital heart disease. J Am Coll
Cardiol 2005; 45(8): 1326-1333.

2. Hirth A, Reybrouck T, Bjarnason-Wehrens B, Lawrenz
W and Hoffmann A. Recommendations for participation
in competitive and leisure sports in patients with congen-
ital heart disease: a consensus document. FEur J
Cardiovasc Prev Rehabil 2006; 13(3): 293-299.

3. Pelliccia A, Fagard R, Bjornstad HH, Anastassakis A,
Arbustini E, Assanelli D, et al. Recommendations for
competitive sports participation in athletes with cardio-
vascular disease: a consensus document from the Study
Group of Sports Cardiology of the Working Group of
Cardiac Rehabilitation and Exercise Physiology and the

10.

11.

12.

13.

14.

15.

16.

Working Group of Myocardial and Pericardial Diseases
of the European Society of Cardiology. Eur Heart J 2005;
26(14): 1422-1445.

Mitchell JH, Haskell W, Snell P and Van Camp SP. Task
force 8: classification of sports. J Am Coll Cardiol 2005;
45(8): 1364—-1367.

Pollock ML, Gaesser GA, Butcher JD, Despres J-P,
Dishman RK, Franklin BA, et al. ACSM Position
Stand: the recommended quantity and quality of exercise
for developing and maintaining cardiorespiratory and
muscular fitness, and flexibility in healthy adults. Med
Sci Sports Exerc 1998; 30(6): 975-991.

Carvalho VO and Mezzani A. Aerobic exercise training
intensity in patients with chronic heart failure: principles
of assessment and prescription. Eur J Cardiovasc Prev
Rehabil 2010; 18(1): 5-14.

Hui SS and Chan JW. The relationship between heart
rate reserve and oxygen uptake reserve in children and
adolescents. Res Q Exerc Sport 2006; 77(1): 41-49.
Bernhardt DT, Gomez J, Johnson MD, Martin TJ,
Rowland TW, Small E, et al. Strength training by
children and adolescents. Pediatrics 2001; 107(6):
1470-1472.

Edouard P, Gautheron V, D’Anjou MC, Pupier L and
Devillard X. Training programs for children: literature
review. Ann Readapt Med Phys 2007; 50(6): 510-519,
499-509.

Myers J, Prakash M, Froelicher V, Do D, Partington S
and Atwood JE. Exercise capacity and mortality among
men referred for exercise testing. N Engl J Med 2002;
346(11): 793-801.

Nixon PA, Orenstein DM, Kelsey SF and Doershuk CF.
The prognostic value of exercise testing in patients with
cystic fibrosis. N Engl J Med 1992; 327: 1785-1788.
Gulati M, Black HR, Shaw LJ, Arnsdorf MF, Merz CN,
Lauer MS, et al. The prognostic value of a nomogram for
exercise capacity in women. N Engl J Med 2005; 353(5):
468-475.

Diller GP, Dimopoulos K, Okonko D, Li W, Babu-
Narayan SV, Broberg CS, et al. Exercise intolerance in
adult congenital heart disease: comparative severity, cor-
relates, and prognostic implication. Circulation 2005;
112(6): 828-835.

Giardini A, Specchia S, Tacy TA, Coutsoumbas G,
Gargiulo G, Donti A, et al. Usefulness of cardiopulmo-
nary exercise to predict long-term prognosis in adults
with repaired tetralogy of Fallot. Am J Cardiol 2007,
99(10): 1462-1467.

Giardini A, Hager A, Lammers AE, Derrick G, Muller J,
Diller GP, et al. Ventilatory efficiency and aerobic capac-
ity predict event-free survival in adults with atrial repair
for complete transposition of the great arteries. J Am Coll
Cardiol 2009; 53(17): 1548-1555.

Diller GP, Giardini A, Dimopoulos K, Gargiulo G,
Muller J, Derrick G, et al. Predictors of morbidity and
mortality in contemporary Fontan patients: results from
a multicenter study including cardiopulmonary exercise
testing in 321 patients. FEur Heart J 2010; 31(24):
3073-3083.

Downloaded from cpr.sagepub.com at Universiteitsbibliotheek Utrecht on August 22, 2011



26

European Journal of Cardiovascular Prevention & Rehabilitation 0(00)

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Strong WB, Malina RM, Blimkie CJR, Daniels SR,
Dishman RK, Gutin B, et al. Evidence based physical
activity for school-age youth. J Pediatr 2005; 146(6): 732.
Dordel S, Bjarnason-Wehrens B, Lawrenz W, Leurs S,
Rost R, Schickendantz S, et al. Zur Wirksamkeit motor-
ischer Forderung von Kindern mit (teil-)korrigierten
angeborenen Herzfehlern. Deutsche Zeitschrift  fiir
Sportmedizin 1999; 50(2): 41-46.

McCrindle BW, Williams RV, Mital S, Clark BJ, Russell
JL, Klein G, et al. Physical activity levels in children and
adolescents are reduced after the Fontan procedure, inde-
pendent of exercise capacity, and are associated with
lower perceived general health. Arc Dis Child 2007,
92(6): 509-514.

Muller J, Christov F, Schreiber C, Hess J and Hager A.
Exercise capacity, quality of life, and daily activity in the
long-term follow-up of patients with univentricular heart
and total cavopulmonary connection. Eur Heart J 2009;
30(23): 2915-2920.

European Society of Cardiology. ESC compendium of
abridged  guidelines. London: Wolters Kluwers,
Lippincott Williams and Wilkins, 2008.

Tabet JY, Meurin P, Driss AB, Weber H, Renaud N,
Grosdemouge A, et al. Benefits of exercise training in
chronic heart failure. Arch Cardiovasc Dis 2009;
102(10): 721-730.

Bergman AB and Stamm SJ. The morbidity of cardiac
nondisease in schoolchildren. N Engl J Med 1967,
276(18): 1008-1013.

Longmuir PE and McCrindle BM. Physical activity
restrictions for children after the Fontan operation: dis-
agreement between parent, cardiologist, and medical
record reports. Am Heart J 2009; 157(5): 853-859.
Arvidsson D, Slinde F, Hulthen L and Sunnegardh J.
Physical activity, sports participation and aerobic fitness
in children who have undergone surgery for congenital
heart defects. Acta Paediatr 2009; 98(9): 1475-1482.
Kao CC, Chang PC, Chiu CW, Wu LP and Tsai JC.
Physical activity levels of school-age children with con-
genital heart disease in Taiwan. App/ Nurs Res 2009;
22(3): 191-197.

Fredriksen PM, Ingjer E and Thaulow E. Physical activ-
ity in children and adolescents with congenital heart dis-
ease. Aspects of measurements with an activity monitor.
Cardiol Young 2000; 10(2): 98—-106.

Lunt D, Briffa T, Briffa NK and Ramsay J. Physical
activity levels of adolescents with congenital heart dis-
ease. Aust J Physiother 2003; 49(1): 43-50.

Stefan MA, Hopman WM and Smythe JF. Effect of
activity restriction owing to heart disease on obesity.
Arch Pediatr Adolesc Med 2005; 159(5): 477—481.
Barber G and Heise CT. Subjective estimates of exercise
ability: comparison to objective measurements. Ped Exerc
Sci 1991; 3: 327-332.

Rogers R, Reybrouck T, Weymans M, Dumoulin M,
Van der Hauwaert L and Gewillig M. Reliability of sub-
jective estimates of exercise capacity after total repair of
tetralogy of Fallot. Acta Paediatr 1994; 83(8): 866-869.
Falk B, Bar-Mor G, Zigel L, Yaaron M, Beniamini Y
and Zeevi B. Daily physical activity and perception of

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

condition severity among male and female adolescents
with congenital heart malformation. J Pediatr Nurs
2006; 21(3): 244-249.

Swan L and Hillis WS. Exercise prescription in adults
with congenital heart disease: a long way to go. Heart
2000; 83(6): 685-687.

Kendall L, Parsons JM, Sloper P and Lewin RJ. A simple
screening method for determining knowledge of the
appropriate levels of activity and risk behaviour in
young people with congenital cardiac conditions.
Cardiol Young 2007; 17(2): 151-157.
Bjarnason-Wehrens B, Dordel S, Schickendantz S,
Krumm C, Bott D, Sreeram M, et al. Motor development
in children with congenital cardiac diseases compared to
their healthy peers. Cardiol Young 2007; 17(5): 1-12.
Dua JS, Cooper AR, Fox KR and Graham Stuart A.
Exercise training in adults with congenital heart disease:
feasibility and benefits. Int J Cardiol 2009; 138(2):
196-205.

Gratz A, Hess J and Hager A. Self-estimated physical
functioning poorly predicts actual exercise capacity in
adolescents and adults with congenital heart disease.
Eur Heart J 2009; 30(4): 497-504.

Reybrouck T, Rogers R, Weymans M, Dumoulin M,
Vanhove M, Daenen W, et al. Serial cardiorespiratory
exercise testing in patients with congenital heart disease.
Eur J Pediatr 1995; 154(10): 801-806.

Oelberg DA, Marcotte F, Kreisman H, Wolkove N,
Langleben D and Small D. Evaluation of right ventricu-
lar systolic pressure during incremental exercise by
Doppler echocardiography in adults with atrial septal
defect. Chest 1998; 113(6): 1459—-1465.

Giardini A, Donti A, Specchia S, Formigari R, Oppido G
and Picchio FM. Long-term impact of transcatheter
atrial septal defect closure in adults on cardiac function
and exercise capacity. Int J Cardiol 2008; 124(2): 179-182.
Bendien C, Bossina KK, Buurma AE, Gerding AM,
Kuipers JR, Landsman ML, et al. Hemodynamic effects
of dynamic exercise in children and adolescents with
moderate-to-small ventricular septal defects. Circulation
1984; 70(6): 929-934.

Reybrouck T, Weymans M, Stijns H and Van der
Hauwaert LG. Ventilatory anaerobic threshold for eval-
uating exercise performance in children with congenital
left—to-right intracardiac shunt. Pediatr Cardiol 1986;
7(1): 19-24.

Goldberg B, Fripp RR, Lister G, Loke J, Nicholas JA
and Talner NS. Effect of physical training on exercise
performance of children following surgical repair of con-
genital heart disease. Pediatrics 1981; 68(5): 691-699.
Aboulhosn J and Child JS. Left ventricular outflow
obstruction: subaortic stenosis, bicuspid aortic valve,
supravalvar aortic stenosis, and coarctation of the
aorta. Circulation 2006; 114(22): 2412-2422.

Bonow RO, Cheitlin MD, Crawford MH and Douglas
PS. 36th Bethesda Conference, Task Force 3: valvular
heart disease. J Am Coll Cardiol 2005; 45(8): 1334-1340.
Heidbuchel H, Corrado D, Biffi A, Hoffmann E,
Panhuyzen-Goedkoop N, Hoogsteen J, et al
Recommendations for participation in leisure-time

Downloaded from cpr.sagepub.com at Universiteitsbibliotheek Utrecht on August 22, 2011



Takken et al.

27

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

physical activity and competitive sports of patients with
arrhythmias and potentially arrhythmogenic conditions.
Part II: ventricular arrhythmias, channelopathies and
implantable defibrillators. Eur J Cardiovasc Prev
Rehabil 2006; 13(5): 676-686.

Basso C, Corrado D and Thiene G. Cardiovascular
causes of sudden death in young individuals including
athletes. Cardiol Rev 1999; 7(3): 127-135.

Maron BJ, Shirani J, Poliac LC, Mathenge R, Roberts
WC and Mueller FO. Sudden death in young competitive
athletes. Clinical, demographic, and pathological profiles.
JAMA 1996; 276(3): 199-204.

Awais M and Bach DS. Exercise stress testing in asymp-
tomatic severe aortic stenosis. J Heart Valve Dis 2009;
18(3): 235-238.

Rosenhek R, Binder T, Porenta G, Lang I, Christ G,
Schemper M, et al. Predictors of outcome in severe,
asymptomatic aortic stenosis. N Engl J Med 2000;
343(9): 611-617.

Ten Harkel AD, Berkhout M, Hop WC, Witsenburg M
and Helbing WA. Congenital valvular aortic stenosis:
limited progression during childhood. Arch Dis Child
2009; 94(7): 531-535.

Fratz S, Gildein HP, Balling G, Sebening W, Genz T,
Eicken A, et al. Aortic valvuloplasty in pediatric patients
substantially postpones the need for aortic valve surgery:
a single-center experience of 188 patients after up to 17.5
years of follow-up. Circulation 2008; 117(9): 1201-1206.
Mellwig KP, van Buuren F, Gohlke-Baerwolf C and
Bjornstad HH. Recommendations for the management
of individuals with acquired valvular heart diseases who
are involved in leisure-time physical activities or compet-
itive sports. Eur J Cardiovasc Prev Rehabil 2008; 15(1):
95-103.

Bonow RO, Cheitlin MD, Crawford MH and Douglas
PS. Task Force 3: valvular heart disease. J Am Coll
Cardiol 2005; 45(8): 1334—1340.

Ruttenberg HD, Adams TD, Orsmond GS, Conlee RK
and Fisher AG. Effects of exercise training on aerobic
fitness in children after open heart surgery. Pediatr
Cardiol 1983; 4(1): 19-24.

Longmuir PE, Tremblay MS and Goode RC.
Postoperative exercise training develops normal levels of
physical activity in a group of children following cardiac
surgery. Pediatr Cardiol 1990; 11(3): 126-130.

Dua JS, Cooper AR, Fox KR and Graham Stuart A.
Exercise training in adults with congenital heart disease:
feasibility and benefits. Int J Cardiol 2010; 138(2):
196-205.

Ciotti GR, Vlahos AP and Silverman NH. Morphology
and function of the bicuspid aortic valve with and with-
out coarctation of the aorta in the young. Am J Cardiol
2006; 98(8): 1096-1102.

Russo CF, Cannata A, Lanfranconi M, Vitali E, Garatti
A and Bonacina E. Is aortic wall degeneration related to
bicuspid aortic valve anatomy in patients with valvular
disease? J Thorac Cardiovasc Surg 2008; 136(4): 937-942.
Silberbach M. Bicuspid aortic valve and thoracic aortic
aneurysm: toward a unified theory. J Am Coll Cardiol
2009; 53(24): 2296-2297.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Tadros TM, Klein MD and Shapira OM. Ascending
aortic dilatation associated with bicuspid aortic valve:
pathophysiology, molecular biology, and clinical implica-
tions. Circulation 2009; 119(6): 880-890.

Schaefer BM, Lewin MB, Stout KK, Gill E, Prueitt A,
Byers PH, et al. The bicuspid aortic valve: an integrated
phenotypic classification of leaflet morphology and aortic
root shape. Heart 2008; 94(12): 1634-1638.

Schaefer BM, Lewin MB, Stout KK, Byers PH and Otto
CM. Usefulness of bicuspid aortic valve phenotype to
predict elastic properties of the ascending aorta. Am J
Cardiol 2007; 99(5): 686—690.

Fedak PW. Bicuspid aortic valve syndrome: heteroge-
neous but predictable? Eur Heart J 2008; 29(4): 432-433.
Biner S, Rafique AM, Ray I, Cuk O, Siegel RJ and
Tolstrup K. Aortopathy is prevalent in relatives of bicus-
pid aortic valve patients. J Am Coll Cardiol 2009; 53(24):
2288-2295.

Galanti G, Stefani L, Toncelli L, Vono MC, Mercuri R
and Maffulli N. Effects of sports activity in athletes with
bicuspid aortic valve and mild aortic regurgitation. Br J
Sports Med 2010; 44(4): 275-279.

Michelena HI, Desjardins VA, Avierinos JF, Russo A,
Nkomo VT, Sundt TM, et al. Natural history of asymp-
tomatic patients with normally functioning or minimally
dysfunctional bicuspid aortic valve in the community.
Circulation 2008; 117(21): 2776-2784.

Bertovic DA, Waddell TK, Gatzka CD, Cameron JD,
Dart AM and Kingwell BA. Muscular strength training
is associated with low arterial compliance and high pulse
pressure. Hypertension 1999; 33(6): 1385-1391.

Babaee Bigi MA and Aslani A. Aortic root size and prev-
alence of aortic regurgitation in elite strength trained ath-
letes. Am J Cardiol 2007; 100(3): 528-530.

Hatzaras I, Tranquilli M, Coady M, Barrett PM, Bible J
and Elefteriades JA. Weight lifting and aortic dissection:
more evidence for a connection. Cardiology 2007; 107(2):
103-106.

Cameron JD and Dart AM. Exercise training increases
total systemic arterial compliance in humans. Am J
Physiol 1994; 266(2 Pt 2): H693-H701.

Kakiyama T, Sugawara J, Murakami H, Maeda S, Kuno
S and Matsuda M. Effects of short-term endurance train-
ing on aortic distensibility in young males. Med Sci
Sports Exerc 2005; 37(2): 267-271.

Kakiyama T, Matsuda M and Koseki S. Effect of phys-
ical activity on the distensibility of the aortic wall in
healthy males. Angiology 1998; 49(9): 749-757.
Sugawara J, Otsuki T, Tanabe T, Maeda S, Kuno S,
Ajisaka R, et al. The effects of low-intensity single-leg
exercise on regional arterial stiffness. Jpn J Physiol
2003; 53(3): 239-241.

Sugawara J, Otsuki T, Tanabe T, Hayashi K, Maeda S
and Matsuda M. Physical activity duration, intensity, and
arterial stiffening in postmenopausal women. Am J
Hypertens 2006; 19(10): 1032-1036.

Connolly HM, Huston 3rd J, Brown Jr RD, Warnes CA,
Ammash NM and Tajik AJ. Intracranial aneurysms in
patients with coarctation of the aorta: a prospective

Downloaded from cpr.sagepub.com at Universiteitsbibliotheek Utrecht on August 22, 2011



28

European Journal of Cardiovascular Prevention & Rehabilitation 0(00)

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

&89.

90.

91.

magnetic resonance angiographic study of 100 patients.
Mayo Clin Proc 2003; 78(12): 1491-1499.

Marx GR. ‘Repaired’ aortic coarctation in adults: not a
‘simple’ congenital heart defect. J Am Coll Cardiol 2000;
35(4): 1003-1006.

Hager A, Kaemmerer H and Hess J. Comparison of heli-
cal CT scanning and MRI in the follow-up of adults with
coarctation of the aorta. Chest 2005; 127(6): 2296.
Wessels MW, Berger RM, Frohn-Mulder IM, Roos-
Hesselink JW, Hoogeboom JJ, Mancini GS, et al.
Autosomal dominant inheritance of left ventricular out-
flow tract obstruction. Am J Med Genet A 2005; 134(2):
171-179.

McBride KL, Pignatelli R, Lewin M, Ho T, Fernbach S,
Menesses A, et al. Inheritance analysis of congenital left
ventricular outflow tract obstruction malformations:
Segregation, multiplex relative risk, and heritability. Am
J Med Genet A 2005; 134(2): 180—186.

Gerboni S, Sabatino G, Mingarelli R and Dallapiccola B.
Coarctation of the aorta, interrupted aortic arch, and
hypoplastic left heart syndrome in three generations.
J Med Genet 1993; 30(4): 328-329.

Loffredo CA, Chokkalingam A, Sill AM, Boughman JA,
Clark EB, Scheel J, et al. Prevalence of congenital cardio-
vascular malformations among relatives of infants with
hypoplastic left heart, coarctation of the aorta, and d-
transposition of the great arteries. Am J Med Genet A
2004; 124(3): 225-230.

Campbell M. Natural history of coarctation of the aorta.
Br Heart J 1970; 32(5): 633-640.

Cohen M, Fuster V, Steele PM, Driscoll D and McGoon
DC. Coarctation of the aorta. Long-term follow-up and
prediction of outcome after surgical correction.
Circulation 1989; 80(4): 840—845 [see comments].
Toro-Salazar OH, Steinberger J, Thomas W, Rocchini
AP, Carpenter B and Moller JH. Long-term follow-up
of patients after coarctation of the aorta repair. Am J
Cardiol 2002; 89(5): 541-547.

Hager A. Hypertension in aortic coarctation. Minerva
Cardioangiol 2009; 57(6): 733-742.

Hager A, Kanz S, Kaemmerer H and Hess J. Exercise
capacity and exercise hypertension after surgical repair
of isolated aortic coarctation. Am J Cardiol 2008;
101(12): 1777-1780.

Rhodes J, Geggel RL, Marx GR, Bevilacqua L,
Dambach YB and Hijazi ZM. Excessive anaerobic
metabolism during exercise after repair of aortic coarcta-
tion. J Pediatr 1997; 131(2): 210-214.

de Divitiis M, Pilla C, Kattenhorn M, Zadinello M,
Donald A, Leeson P, et al. Vascular dysfunction after
repair of coarctation of the aorta: impact of early surgery.
Circulation 2001; 104(90001): I-165-170.

Hanson E, Eriksson BO and Sivertsson R. Baroreceptor
reflexes after coarctectomy. Clin Physiol 1981; 1(5):
503-509.

Beekman RH, Katz BP, Moorchead-Steffens C and
Rocchini AP. Altered baroreceptor function in children
with systolic hypertension after coarctation repair. Am J
Cardiol 1983; 52(1): 112-117.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Lim DS and Ralston MA. Echocardiographic indices of
Doppler flow patterns compared with MRI or angio-
graphic measurements to detect significant coarctation
of the aorta. Echocardiography 2002; 19(1): 55-60.
Hambrecht R, Adams V, Erbs S, Linke A, Krankel N,
Shu Y, et al. Regular physical activity improves endo-
thelial function in patients with coronary artery disease
by increasing phosphorylation of endothelial nitric
oxide synthase. Circulation 2003; 107(25): 3152-3158.
Clarkson P, Montgomery HE, Mullen MJ, Donald AE,
Powe AJ, Bull T, et al. Exercise training enhances endo-
thelial function in young men. J Am Coll Cardiol 1999;
33(5): 1379-1385.

Folsom AR, Arnett DK, Hutchinson RG, Liao F, Clegg
LX and Cooper LS. Physical activity and incidence of
coronary heart disease in middle-aged women and men.
Med Sci Sports Exerc 1997; 29(7): 901-909.
Wannamethee SG, Shaper AG and Walker M. Changes
in physical activity, mortality, and incidence of coro-
nary heart disease in older men. Lancet 1998;
351(9116): 1603-1608.

Wannamethee SG and Shaper AG. Physical activity and
the prevention of stroke. J Cardiovasc Risk 1999; 6(4):
213-216.

Nishimura RA, Pieroni DR, Bierman FZ, Colan SD,
Kaufman S, Sanders SP, et al. Second natural history
study of congenital heart defects. Pulmonary stenosis:
echocardiography. Circulation 1993; 87(2 Suppl):
173-179.

Chen CR, Cheng TO, Huang T, Zhou YL, Chen JY,
Huang YG, et al. Percutaneous balloon valvuloplasty
for pulmonic stenosis in adolescents and adults. N
Engl J Med 1996; 335(1): 21-25.

Roos-Hesselink JW, Meijboom FJ, Spitaels SE,
vanDomburg RT, vanRijen EH, Utens EH, et al.
Long-term outcome after surgery for pulmonary steno-
sis (a longitudinal study of 22-33 years). Eur Heart J
2006; 27(4): 482-488.

O’Connor BK, Beekman RH, Lindauer A and Rocchini
A. Intermediate-term outcome after pulmonary balloon
valvuloplasty: comparison with a matched surgical con-
trol group. J Am Coll Cardiol 1992; 20(1): 169—-173.
Harrild DM, Powell AJ, Trang TX, Geva T, Lock JE,
Rhodes J, et al. Long-term pulmonary regurgitation fol-
lowing balloon valvuloplasty for pulmonary stenosis
risk factors and relationship to exercise capacity and
ventricular volume and function. J Am Coll Cardiol
2010; 55(10): 1041-1047.

Steinberger J and Moller JH. Exercise testing in children
with pulmonary valvar stenosis. Pediatr Cardiol 1999;
20(1): 27-31; discussion 2.

Lurz P, Giardini A, Taylor AM, Nordmeyer J,
Muthurangu V, Odendaal D, et al. Effect of altering
pathologic right ventricular loading conditions by per-
cutaneous pulmonary valve implantation on exercise
capacity. Am J Cardiol 2010; 105(5): 721-726.

Rhodes J, Dave A, Pulling MC, Geggel RL, Marx GR,
Fulton DR, et al. Effect of pulmonary artery stenoses on
the cardiopulmonary response to exercise following

Downloaded from cpr.sagepub.com at Universiteitsbibliotheek Utrecht on August 22, 2011



Takken et al.

29

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

repair of tetralogy of Fallot. A4m J Cardiol 1998; 81(10):
1217-1219.

Sutton NJ, Peng L, Lock JE, Lang P, Marx GR, Curran
TJ, et al. Effect of pulmonary artery angioplasty on
exercise function after repair of tetralogy of Fallot.
Am Heart J 2008; 155(1): 182-186.

Giardini A, Specchia S, Coutsoumbas G, Donti A,
Formigari R, Fattori R, et al. Impact of pulmonary
regurgitation and right ventricular dysfunction on
oxygen uptake recovery kinetics in repaired tetralogy
of Fallot. Eur J Heart Fail 2006; 8(7): 736-743.

Roest AA, Helbing WA, Kunz P, van den Aardweg JG,
Lamb HJ, Vliegen HW, et al. Exercise MR imaging in
the assessment of pulmonary regurgitation and biventri-
cular function in patients after tetralogy of fallot repair.
Radiology 2002; 223(1): 204-211.

Meadows J, Powell AJ, Geva T, Dorfman A, Gauvreau
K and Rhodes J. Cardiac magnetic resonance imaging
correlates of exercise capacity in patients with surgically
repaired tetralogy of Fallot. Am J Cardiol 2007; 100(9):
1446-1450.

Cullen S, Shore D and Redington A. Characterization
of right ventricular diastolic performance after complete
repair of tetralogy of Fallot. Restrictive physiology pre-
dicts slow postoperative recovery. Circulation 1995;
91(6): 1782-1789.

Gatzoulis MA, Clark AL, Cullen S, Newman CG and
Redington AN. Right ventricular diastolic function 15
to 35 years after repair of tetralogy of Fallot. Restrictive
physiology predicts superior exercise performance.
Circulation 1995; 91(6): 1775-1781.

Gatzoulis MA, Balaji S, Webber SA, Siu SC, Hokanson
JS, Poile C, et al. Risk factors for arrhythmia and
sudden cardiac death late after repair of tetralogy of
Fallot: a multicentre study. Lancet 2000; 356(9234):
975-981.

Steeds RP and Oakley D. Predicting late sudden death
from ventricular arrhythmia in adults following surgical
repair of tetralogy of Fallot. QJM 2004; 97(1): 7-13.
Ghai A, Silversides C, Harris L, Webb GD, Siu SC and
Therrien J. Left ventricular dysfunction is a risk factor
for sudden cardiac death in adults late after repair of
tetralogy of Fallot. J Am Coll Cardiol 2002; 40(9):
1675-1680.

Knauth AL, Gauvreau K, Powell AJ, Landzberg MJ,
Walsh EP, Lock JE, et al. Ventricular size and function
assessed by cardiac MRI predict major adverse clinical
outcomes late after tetralogy of Fallot repair. Heart
2008; 94(2): 211-216.

Therrien J, Fredriksen P, Walker M, Granton J, Reid
GJ and Webb G. A pilot study of exercise training in
adult patients with repaired tetralogy of Fallot. Can J
Cardiol 2003; 19(6): 685-689.

MacLellan-Tobert SG, Driscoll DJ, Mottram CD,
Mahoney DW, Wollan PC and Danielson GK.
Exercise tolerance in patients with Ebstein’s anomaly.
J Am Coll Cardiol 1997; 29(7): 1615-1622.

Trojnarska O, Szyszka A, Gwizdala A, Siniawski A,
Oko-Sarnowska Z, Chmara E, et al. Adults with
Ebstein’s anomaly—Cardiopulmonary exercise testing

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

and BNP levels exercise capacity and BNP in adults
with Ebstein’s anomaly. Int J Cardiol 2006; 111(1):
92-97.

Hovels-Gurich HH, Kramer NA, Schulze A, Heinrichs
M, Spiintrup E and Miihler EG. The cardiologic status
of youngsters and young adults after neonatal arterial
switch operation with a simple transposition of big ves-
sels. Clin Res Cardiol 2008; 97(9): 671.

Tobler D, Williams WG, Jegatheeswaran A, Van
Arsdell GS, McCrindle BW, Greutmann M, et al.
Cardiac outcomes in young adult survivors of the arte-
rial switch operation for transposition of the great arter-
ies. J Am Coll Cardiol 2010; 56(1): 58—64.

Reybrouck T, Eyskens B, Mertens L, Defoor J, Daenen
W and Gewillig M. Cardiorespiratory exercise function
after the arterial switch operation for transposition of
the great arteries. Eur Heart J 2001; 22(12): 1052-1059.
Mahle WT, McBride MG and Paridon SM. Exercise
performance after the arterial switch operation for
D-transposition of the great arteries. Am J Cardiol
2001; 87(6): 753-758.

Pasquali SK, Marino BS, McBride MG, Wernovsky G
and Paridon SM. Coronary pattern and age impact
exercise performance late after the arterial switch oper-
ation. J Thorac Cardiovasc Surg 2007; 134(5):
1207-1212.

de Koning WB, van Osch-Gevers M, Ten Harkel AD,
van Domburg RT, Spijkerboer AW and Utens EM.
Follow-up outcomes 10 years after arterial switch oper-
ation for transposition of the great arteries: comparison
of cardiological health status and health-related quality
of life to those of the a normal reference population. Eur
J Pediatr 2008; 167(9): 995-1004.

Fredriksen PM, Pettersen E and Thaulow E. Declining
aerobic capacity of patients with arterial and atrial
switch procedures. Pediatr Cardiol 2009; 30(2): 166-171.
Giardini A, Khambadkone S, Rizzo N, Riley G,
Napoleone CP and Muthialu N. Determinants of exer-
cise capacity after arterial switch operation for transpo-
sition of the great arteries. Am J Cardiol 2009; 104(7):
1007-1012.

Massin M, Hovels-Giirich H, Débritz S, Messmer B and
von Bernuth G. Results of the Bruce treadmill test in
children after arterial switch operation for simple trans-
position of the great arteries. Am J Cardiol 1998; 81(1):
56-60.

Hovels-Giirich HH, Kunz D, Seghaye M, Messmer BJ
and von Bernuth G. Results of exercise testing at a mean
age of 10 years after neonatal arterial switch operation.
Acta Paediatr 2003; 92(2): 190-196.

Massin MM, Hovels-Gurich HH, Gerard P and
Seghaye MC. Physical activity patterns of children
after neonatal arterial switch operation. Ann Thorac
Surg 2006; 81(2): 665-670.

Giardini A, Khambadkone S, Taylor A and Derrick G.
Effect of abnormal pulmonary flow distribution on ven-
tilatory efficiency and exercise capacity after arterial
switch operation for transposition of great arteries.
Am J Cardiol 2010; 106(7): 1023-1028.

Downloaded from cpr.sagepub.com at Universiteitsbibliotheek Utrecht on August 22, 2011



30

European Journal of Cardiovascular Prevention & Rehabilitation 0(00)

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Bengel FM, Hauser M, Duvernoy CS, Kuehn A, Ziegler
SI and Stollfuss JC. Myocardial blood flow and coro-
nary flow reserve late after anatomical correction of
transposition of the great arteries. J Am Coll Cardiol
1998; 32(7): 1955-1961.

Hauser M, Bengel FM, Kiihn A, Sauer U, Zylla S and
Braun SL. Myocardial blood flow and flow reserve
after coronary reimplantation in patients after arterial
switch and Ross operation. Circulation 2001; 103:
1875-1880.

Oskarsson G, Pesonen E, Munkhammar P, Standstrém
S and Jogi P. Normal coronary flow reserve after arte-
rial switch operation for transposition of the great arter-
ies: an intracoronary Doppler guidewire study.
Circulation 2002; 106(13): 1696-1702.

Schickendantz S, Sticker EJ, Dordel S and Bjarnason-
Wehrens B. Sport and physical activity in children with
congenital heart disease. Dtsch Arztebl 2007; 104(9):
AS563-A569.

Graham Jr TP, Driscoll DJ, Gersony WM, Newburger
JW, Rocchini A and Towbin JA. Task Force 2: congen-
ital heart disease. J Am Coll Cardiol 2005; 45(8):
1326-1333.

Hovels-Giirich  HH, Konrad K, Wiesner M,
Minkenberg R, Herpertz-Dahlmann B and Messmer
BJ. Long term behavioural outcome after neonatal arte-
rial switch operation for simple transposition of the
great arteries. Arch Dis Child 2002; 87(6): 506-510.
Massin MM, Hovels-Glirich HH and Seghaye MC.
Atherosclerosis lifestyle risk factors in children with con-
genital heart disease. Eur J Cardiovasc Prev Rehabil
2006; 14(2): 349-351.

Kavey RE, Daniels SR, Lauer RM, Atkins DL,
Hayman LL and Taubert K. American Heart
Association guidelines for primary prevention of athero-
sclerotic cardiovascular disease beginning in childhood.
Circulation 2003; 107(11): 1562—1566.

Gaies MG, Goldberg CS, Ohye RG, Devaney EJ,
Hirsch CJ and Bove EL. Early and intermediate out-
come after anatomic repair of congenitally corrected
transposition of the great arteries. Ann Thorac Surg
2009; 88(6): 1952—-1960.

Ohuchi H, Hiraumi Y, Tasato H, Kuwahara A, Chado
H and Toyohara K. Comparison of the right and left
ventricle as a systemic ventricle during exercise in
patients with congenital heart disease. Am Heart J
1999; 137(6): 1185-1194.

Fredriksen PM, Chen A, Veldtman G, Hechter S,
Therrien J and Webb G. Exercise capacity in adult
patients with congenitally corrected transposition of
the great arteries. Heart 2001; 85(3): 191-195.

Giardini A, Lovato L, Donti A, Formigari R, Oppido
G, Gargiulo G, et al. Relation between right ventricular
structural alterations and markers of adverse clinical
outcome in adults with systemic right ventricle and
either congenital complete (after Senning operation) or
congenitally corrected transposition of the great arteries.
Am J Cardiol 2006; 98(9): 1277-1282.

Winter MM, Bouma BJ, van Dijk AP, Groenink M,
Nieuwkerk PT, van der Plas MN, et al. Relation of

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

physical activity, cardiac function, exercise capacity
and quality of life in patients with a systemic right ven-
tricle. Am J Cardiol 2008; 102(9): 1258-1262.

Tay EL, Frogoudaki A, Inuzuka R, Giannakoulas G,
Prapa M, Li W, et al. Exercise intolerance in patients
after corrected transposition of the great arteries relates
to right ventricular filling pressures. Int J Cardiol 2011;
147(2): 219-223.

Hauser M, Bengel FM, Hager A, Kuehn A, Nekolla SG,
Kaemmerer H, et al. Impaired myocardial blood flow
and coronary flow reserve of the anatomical right sys-
temic ventricle in patients with congenitally corrected
transposition of the great arteries. Heart 2003; 89(10):
1231-1235.

Fratz S, Hager A, Busch R, Kaemmerer H, Schwager
M, Lange R, et al. Patients after atrial switch operation
for transposition of the great arteries can not increase
stroke volume unter dobutamine stress as opposed to
patients with congenitally corrected transposition. Circ
J 2008; 72(7): 1130-1135.

Koch AM, Zink S and Singer H. B-type natriuretic pep-
tide in patients with systemic right ventricle. Cardiology
2008; 110(1): 1-7.

Fredriksen PM, Kahrs N, Blaasvaer S, Sigurdsen E,
Gundersen O, Roeksund O, et al. Effect of physical
training in children and adolescents with congenital
heart disease. Cardiol Young 2000; 10(2): 107-114.
Takken T, Hulzebos HJ, Blank AC, Tacken MH,
Helders PJ and Strengers JL. Exercise prescription for
patients with a Fontan circulation: current evidence and
future directions. Neth Heart J 2007; 15(4): 142-147.
Brassard P, Bedard E, Jobin L, Rodes-Cabau J and
Poirier P. Exercise capacity and impact of exercise train-
ing in patients after a Fontan procedure: a review. Can J
Cardiol 2006; 22(6): 489-495.

Freedom RM, Hamilton R, Yoo S-J, Mikailian H,
Benson L, McCrindle BW, et al. The Fontan procedure:
analysis of cohorts and late complications. Cardiol
Young 2000; 10: 307-331.

Longmuir PE. Understanding physical activity from the
perspectives of childrenwith complex heart defects, their
parents and their cardiologists. Toronto: University of
Toronto, Institute of Medical Sciences, 2010. p. 278.
McCall R and Humphrey R. Exercise training in a
young adult late after a fontan procedure to repair
single ventricle physiology. J Cardiopulm Rehabil 2001;
21(4): 227-230.

Minamisawa S, Nakazawa M, Momma K, Imai Y and
Satomi G. Effect of aerobic training on exercise perfor-
mance in patients after the Fontan operation. Am J
Cardiol 2001; 88(6): 695-698.

Opocher F, Varnier M, Sanders SP, Tosoni A, Zaccaria
M, Stellin G, et al. Effects of aerobic exercise training in
children after the Fontan operation. Am J Cardiol 2005;
95(1): 150-152.

Rhodes J, Curran TJ, Camil L, Rabideau N, Fulton
DR, Gauthier NS, et al. Impact of cardiac rehabilitation
on the exercise function of children with serious congen-
ital heart disease. Pediatrics 2005; 116(6): 1339-1345.

Downloaded from cpr.sagepub.com at Universiteitsbibliotheek Utrecht on August 22, 2011



Takken et al.

31

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Moalla W, Gauthier R, Maingourd Y and Ahmaidi S.
Six-minute walking test to assess exercise tolerance and
cardiorespiratory responses during training program in
children with congenital heart disease. Int J Sports Med
2005; 26(9): 756-762.

Centers for Disease Control and Prevention. How much
physical activity do children need? Atlanta:
Centers for Disease Control and Prevention.
http://www.cdc.gov/physicalactivity/everyone/guide
lines/children.html (2008) (consulted July 2011).
Longmuir PE, Russell JL, Corey M, Faulkner G and
McCrindle BW. Clinical trial of home-based education
versus activity training for cardiac rehabilitation for
children after the Fontan operation. Circulation 2008;
118(18 Supplement): Abstract 5080, S1141.

Hager A, Kaemmerer H, Eicken A, Fratz S and Hess J.
Long-term survival of patients with univentricular heart
not treated surgically. J Thorac Cardiovasc Surg 2002;
123(6): 1214-1217.

Warnes CA, Williams RG, Bashore TM, Child JS,
Connolly HM, Dearani JA, et al. ACC/AHA 2008
Guidelines for the Management of Adults with
Congenital Heart Disease: a report of the American
College of Cardiology/American Heart Association
Task Force on Practice Guidelines (writing committee
to develop guidelines on the management of adults with
congenital heart disease). Circulation 2008; 118(23):
e714—e833.

Daliento L, Rebellato L, Angelini A, Frescura C,
Mazzotti E, Rotundo M, et al. Fatal outcome in
Eisenmenger syndrome. Cardiovasc Pathol 2002; 11(4):
221-228.

Miiller J, Hess J and Hager A. Exercise performance
and quality of life is more impaired in Eisenmenger syn-
drome than in complex cyanotic congenital heart disease
with pulmonary stenosis. Int J Cardiol 2010; 150(2):
177-181.

Sun XG, Hansen JE, Oudiz RJ and Wasserman K.
Exercise pathophysiology in patients with primary pul-
monary hypertension. Circulation 2001; 104(4): 429-435.
Glaser S, Opitz CF, Bauer U, Wensel R, Ewert R, Lange
PE, et al. Assessment of symptoms and exercise capacity
in cyanotic patients with congenital heart disease. Chest
2004; 125(2): 368-376.

Daliento L, Somerville J, Presbitero P, Menti L, Brach-
Prever S, Rizzoli G, et al. Eisenmenger syndrome.
Factors relating to deterioration and death. Eur Heart
J 1998; 19(12): 1845-1855.

Galie N, Hoeper MM, Humbert M, Torbicki A,
Vachiery JL, Barbera JA, et al. Guidelines for the diag-
nosis and treatment of pulmonary hypertension: The
Task Force for the Diagnosis and Treatment of
Pulmonary Hypertension of the European Society of
Cardiology (ESC) and the FEuropean Respiratory
Society (ERS), endorsed by the International Society
of Heart and Lung Transplantation (ISHLT).
Eur Heart J 2009; 30(20): 2493-2537.

Hambrecht R, Fiehn E, Weigl C, Gielen S, Hamann C,
Kaiser R, et al. Regular physical exercise corrects endo-
thelial dysfunction and improves exercise capacity in

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

patients with chronic heart failure. Circulation 1998;
98(24): 2709-2715.

Piepoli MF, Davos C, Francis DP and Coats AJ.
Exercise training meta-analysis of trials in patients
with chronic heart failure (ExTraMATCH). BMJ
2004; 328(7433): 189.

Goret L, Reboul C, Tanguy S, Dauzat M and Obert P.
Training does not affect the alteration in pulmonary
artery vasoreactivity in pulmonary hypertensive rats.
Eur J Pharmacol 2005; 527(1-3): 121-128.

Mereles D, Ehlken N, Kreuscher S, Ghofrani S, Hoeper
MM, Halank M, et al. Exercise and respiratory training
improve exercise capacity and quality of life in patients
with severe chronic pulmonary hypertension. Circulation
2006; 114(14): 1482-1489.

Newman JH and Robbins IM. Exercise training in pul-
monary hypertension: implications for the evaluation of
drug trials. Circulation 2006; 114(14): 1448-1449.
Handoko ML, de Man FS, Happe CM, Schalij I,
Musters RJ, Westerhof N, et al. Opposite effects of
training in rats with stable and progressive pulmonary
hypertension. Circulation 2009; 120(1): 42—49.
Martinez-Quintana E, Miranda-Calderin G, Ugarte-
Lopetegui A and Rodriguez-Gonzalez F.
Rehabilitation program in adult congenital heart disease
patients with pulmonary hypertension. Congenit Heart
Dis 2010; 5(1): 44-50.

Ross M, Kouretas P, Gamberg P, Miller J, Burge M,
Reitz B, et al. Ten- and 20-year survivors of pediatric
orthotopic heart transplantation. J Heart Lung
Transplant 2006; 25(3): 261-270.

Davis JA, McBride MG, Chrisant MR, Patil SM,
Hanna BD and Paridon SM. Longitudinal assessment
of cardiovascular exercise performance after pediatric
heart transplantation. J Heart Lung Transplant 2006;
25(6): 626-633.

Patel JN, Kavey RE, Pophal SG, Trapp EE, Jellen G
and Pahl E. Improved exercise performance in pediatric
heart transplant recipients after home exercise training.
Pediatr Transplant 2008; 12(3): 336-340.

Dipchand AI, Manlhiot C, Russell JL, Gurofsky R,
Kantor PF and McCrindle BW. Exercise capacity
improves with time in pediatric heart transplant recipi-
ents. J Heart Lung Transplant 2009; 28(6): 585-590.
Fricker FJ. Should physical activity and/or competitive
sports be curtailed in pediatric heart transplant recipi-
ents? Pediatr Transplant 2002; 6(4): 267-269.
Thompson PD, Balady GJ, Chaitman BR, Clark LT,
Levine BD and Myerburg RJ. Task Force 6: coronary
artery disease. J Am Coll Cardiol 2005; 45(8):
1348-1353.

Tegtbur U, Busse MW, Jung K, Pethig K and Haverich
A. Time course of physical reconditioning during exer-
cise rehabilitation late after heart transplantation.
J Heart Lung Transplant 2005; 24(3): 270-274.
Haykowsky M, Eves N, Figgures L, McLean A, Koller
M, Taylor D, et al. Effect of exercise training on
VO2peak and left ventricular systolic function in
recent cardiac transplant recipients. Am J Cardiol
2005; 95(8): 1002—-1004.

Downloaded from cpr.sagepub.com at Universiteitsbibliotheek Utrecht on August 22, 2011



32

European Journal of Cardiovascular Prevention & Rehabilitation 0(00)

183.

184.

185.

186.

187.

Richard R, Verdier JC, Duvallet A, Rosier SP, Leger P,
Nignan A, et al. Chronotropic competence in endurance
trained heart transplant recipients: heart rate is not a
limiting factor for exercise capacity. J Am Coll Cardiol
1999; 33(1): 192-197.

Singh TP, Curran TJ and Rhodes J. Cardiac rehabilita-
tion improves heart rate recovery following peak exer-
cise in children with repaired congenital heart disease.
Pediatr Cardiol 2007; 28(4): 276-279.

Braith RW, Schofield RS, Hill JA, Casey DP and Pierce
GL. Exercise training attenuates progressive decline in
brachial artery reactivity in heart transplant recipients.
J Heart Lung Transplant 2008; 27(1): 52-59.
Haykowsky M, Taylor D, Kim D and Tymchak W.
Exercise training improves aerobic capacity and skeletal
muscle function in heart transplant recipients. Am
J Transplant 2009; 9(4): 734-739.

Jendzjowsky NG, Tomczak CR, Lawrance R, Taylor
DA, Tymchak WJ, Riess KJ, et al. Impaired pulmonary
oxygen uptake kinetics and reduced peak aerobic power
during small muscle mass exercise in heart transplant
recipients. J Appl Physiol 2007; 103(5): 1722-1727.

188.

189.

190.

191.

Olausson B, Utbult Y, Hansson S, Krantz M, Brydolf'S,
Lindstrom B, et al. Transplanted children’s experiences
of daily living: children’s narratives about their lives fol-
lowing transplantation. Pediatr Transplant 2006; 10(5):
575-585.

Karapolat H, Eyigor S, Zoghi M, Yagdi T, Nalbangil S,
Durmaz B, et al. Effects of cardiac rehabilitation pro-
gram on exercise capacity and chronotropic variables in
patients with orthotopic heart transplant. Clin Res
Cardiol 2008; 97(7): 449-456.

Karapolat H, Eyigor S, Zoghi M, Yagdi T, Nalbangil S
and Durmaz B. Comparison of hospital-supervised exer-
cise versus home-based exercise in patients after ortho-
topic heart transplantation: effects on functional
capacity, quality of life, and psychological symptoms.
Transplant Proc 2007; 39(5): 1586—1588.

McBride MG, Binder TJ and Paridon SM. Safety and
feasibility of inpatient exercise training in pediatric heart
failure: a preliminary report. J Cardiopulm Rehabil Prev
2007; 27(4): 219-222.

Downloaded from cpr.sagepub.com at Universiteitsbibliotheek Utrecht on August 22, 2011



