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ARTICLE INFO ABSTRACT

Keywords: Background: The majority of children with Noonan syndrome (NS) or other diseases from the RASopathy spec-
Noonan syndrome trum suffer from congenital heart disease. This study aims to survey cardiac care of this patient cohort within
Europe Europe.

Clinical practice survey
Hypertrophic cardiomyopathy
Growth hormone therapy

Methods: A cross-sectional exploratory survey assessing the treatment and management of patients with NS by
paediatric endocrinologists, cardiologists and clinical geneticists was developed. This report details responses of
110 participating paediatric cardiologists from multiple countries.

Results: Most paediatric cardiologists responding to the questionnaire were associated with university hospitals,
and most treated <10 patients/year with congenital heart disease associated with the NS spectrum. Molecular
genetic testing for diagnosis confirmation was initiated by 81%. Half of the respondents reported that patients
with NS and congenital heart disease typically present <1y of age, and that a large percentage of affected pa-
tients require interventions and pharmacotherapy early in life. A higher proportion of infant presentation and
need for pharmacotherapy was reported by respondents from Germany and Sweden than from France and Spain
(p = 0.031; p = 0.014; Fisher’s exact test). Older age at first presentation was reported more from general
hospitals and independent practices than from university hospitals (p = 0.031). The majority of NS patients were
followed at specialist centres, but only 37% reported that their institution offered dedicated transition clinic to
adult services. Very few NS patients with hypertrophic cardiomyopathy (HCM) were reported to carry
implantable cardioverter defibrillators for sudden cardiac death prevention. Uncertainty was evident in regard to
growth hormone treatment in patients with NS and co-existing HCM, where 13% considered it not a contra-
indication, 24% stated they did not know, but 63% considered HCM either a possible (20%) or definite (15%)
contraindication, or a cause for frequent monitoring (28%). Regarding adverse reactions for patients with NS on
growth hormone therapy, 5/19 paediatric cardiology respondents reported a total of 12 adverse cardiac events.
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Conclusions: Congenital heart disease in patients with NS or other RASopathies is associated with significant
morbidity during early life, and specialty centre care is appropriate. More research is needed regarding the use of
growth hormone in patients with NS with congenital heart disease, and unmet medical needs have been

identified.

1. Introduction

Jacqueline Noonan originally described nine children with similar
dysmorphic features and pulmonary valve stenosis (PVS) (Noonan,
1968). Subsequent larger studies have found that Noonan syndrome
(NS) can be present without any congenital cardiac anomalies, or can be
associated with a number of other cardiac abnormalities (Burch et al.,
1993; Hickey et al., 2011; Linglart and Gelb, 2020; Marino et al., 1999).
PVS is the most commonly associated lesion that occurs in 40-52% of NS
patients. The second most commonly associated condition is hypertro-
phic cardiomyopathy (HCM), which is found in 22-29% of NS patients
(Burch et al., 1993; Linglart and Gelb, 2020). HCM in patients with NS
has a significant impact on long-term survival with these patients
experiencing decreased survival when compared with children with
non-syndromic HCM (Hickey et al., 2011). In NS-associated HCM,
overall survival was 71% at three years after diagnosis with a further
phase of late-onset mortality starting after 10 years of age (Hickey et al.,
2011). The bulk of early mortality was found in children diagnosed
before six months of age and presenting with heart failure, where
one-year survival was only 31% (Wilkinson et al., 2012). The presence of
co-existing cardiac structural abnormality (in 24%) made no significant
difference to survival (Wilkinson et al., 2012).

Other cardiac conditions occurring in smaller numbers of NS patients
are atrial septal defect (ASD), atrio-ventricular canal defects (usually
partial), ventricular septal defect (VSD), mitral valve (MV) abnormal-
ities, coarctation of the aorta, patent ductus arteriosus and tetralogy of
Fallot (Linglart and Gelb, 2020). When including other phenotypically
similar disorders caused by mutations in genes encoding components of
the RAS-MAPK signalling cascade (RASopathies), overall around 80% of
children with a RASopathy have associated cardiac abnormalities (Cal-
cagni et al., 2017). There is a lack of international guidelines addressing
the management of NS-associated cardiac disease, and this survey at-
tempts to illustrate the contemporary management praxis among Eu-
ropean paediatric cardiologists.

2. Methods
2.1. Study design

A clinical practice survey containing 60 questions regarding the
diagnosis and clinical management of diseases within the NS phenotypic
spectrum was distributed to members of paediatric endocrinology,
paediatric cardiology, and human genetics societies throughout Europe
between September and October 2020 (Garcia-Minatr et al., 2021). The
aim was to obtain feedback from relevant patient management centres
across the continent, focusing on geneticists, paediatric endocrinolo-
gists, and paediatric cardiologists. Further details on the development of
the survey architecture and distribution of the survey are published
separately (Garcia-Minatr et al., 2021). While the survey contained a
number of questions that were generally applicable to the three sur-
veyed specialties (questions 1-10, 21-27, 57-60), there were also sub-
sections that contained specialty-specific questions to address more
detailed aspects of patient treatment and management, and for paedi-
atric cardiologists those were questions 28-40.

2.2. Statistics

Data are reported descriptively and are depicted as percentages of
total respondents to the respective question. For analysis of national

response patterns, only the four countries with most responses were
compared (Germany, France, Spain and Sweden for cardiology ques-
tions). Percentages were calculated from the number of people who
answered from each country and not the total number of responders. For
statistical comparisons responses were grouped for binary comparisons
with “never” and “seldom” (defined as <5%) grouped together, and
“frequent” (defined as 26-50%) grouped with “most” (defined as
>50%). Because of modest numbers of respondents, countries with
geographical proximity were pooled (Sweden + Germany n = 40, versus
Spain and France n = 54) where comparisons appropriate. If one single
country showed an outlier pattern, the results were a posteriori
compared against the pooled results of the other three. Differences in
proportions were compared by two-tailed Fisher’s exact test (GraphPad
Prism).

3. Results
3.1. Description of survey respondents

Including all specialties, the survey was completed by 462 total re-
spondents from 25 countries, for details see companion manuscript
(Garcia-Minatr et al., 2021). Only the responses from the 110 paediatric
cardiologists (Garcia-Minatr et al., 2021) were included in this cardi-
ology analysis, with all 110 responding to general questions about pa-
tient load and institutions, but approximately one-third skipping the
cardiology specialty-specific management questions. The exact number
of responding paediatric cardiologists for each question is depicted in
the figures representing the data. The specific questions on clinical ge-
netics and endocrinology management are discussed in companion
manuscripts (Edouard et al., 2021; Garcia-Minadr et al., 2021).

Most of the 110 responding paediatric cardiologists were from Ger-
many (32; 29%), Spain (31; 28%), France (23; 21%), and Sweden (8;
7%). Other countries included Switzerland, United Kingdom, Czech
Republic, Austria, Poland, and Romania. Most paediatric cardiologists
were associated with a university hospital (74%), with 14% working in a
general hospital, 14% in an independent practice, and the remaining in
private clinics, specialist centres or other settings, with some working in
more than one type of setting. Most paediatric cardiologists from Spain,
France, and Sweden (78-100%) answered from university hospitals,
whereas only 47% of German paediatric cardiologists were from uni-
versity hospitals (p < 0.0001), with 25% coming from general hospitals
and 25% from independent practices.

Seventy percent of paediatric cardiologists encounter <10 patients
within the NS spectrum per year, and only 5% more than 30 patients/
year. Patient care appears to be least centralised in Germany where 84%
of paediatric cardiologists encountered <10 patients/year, and most
centralised in Sweden where 63% encountered >11 patients/year. Most
respondents (31%) ranked “neonatology” as the most frequent referring
specialty, followed by “clinical geneticists” (22%), “other paediatric
cardiologists” 20%, “paediatricians” (14%), “paediatric endocrinolo-
gists” (8%) and other sub-specialties (6%).

3.2. Diagnosis of Noonan syndrome (clinical diagnosis and genetic
testing)

The “most” or “frequent” category combined age at referral is < 1
year for 51% of respondents, 1-3 years for 35%, 4-12 years for 32%, and
13-18 years for 12% of respondents. Presentation in infancy varied
between institutions and was significantly more common for



C.M. Wolf et al.

respondents from university hospitals (57%) than for general hospitals
and independent practices (40% pooled, p = 0.031).

The leading cause for a clinical diagnosis of NS (rated as ‘frequently’
or ‘most’) was congenital heart defects in 86%, characteristic facial
features in 65%, short stature in 43%, and rarely others including chest
deformities (15%), lymphedema (12%), delay in motor skill develop-
ment (16%), failure to thrive (14%), undescended testicles (8%), or
increased bruising or bleeding (2%). Among paediatric cardiologists,
81% initiated molecular genetic testing for a diagnosis of NS, even if a
clinical diagnosis was already made. Genetic testing was ordered by
53% of paediatric cardiologists themselves, and 45% referred to a
clinical geneticist for testing. Forty three percent of respondents would
offer genetic testing in cases where prenatal features of NS (e.g.,
increased nuchal translucency, hydramnios, cardiomyopathy) are
observed together with a normal karyotype and absence of a family
history. According to the answers of 34 paediatric cardiologists, about
30-43% of families would ‘frequently’ or ‘mostly’ opt for termination of
pregnancy if congenital heart defects, cardiomyopathy, or hydrops were
accompanying features present in a foetus with a genetic confirmation of
NS.

3.3. Management of patients

The majority of children with NS are being followed at specialist
centres (68%). Only 37% of paediatric cardiologists reported that their
institution offered a dedicated consultation or transition clinic from
child to adult services. According to 95% of the surveyed paediatric
cardiologists, the investigation of children with NS should include
electrocardiogram (ECG) and cardiac ultrasound at all ages of
presentation.

3.4. Quality of life

Most paediatric cardiologists (90%) responded that congenital heart
defects affected quality of life in infants (<1 year of age). This reduced
gradually with age, with 70% of respondents saying it affected quality of
life in toddlers (1-3 years of age), 40% in children (4-12 years of age),
and 31% in adolescence (13-18 years of age). Other major factors
affecting quality of life according to paediatric cardiologists were lym-
phedema (43% of respondents answering in the infancy category) and
growth retardation in toddlers (38%), children (60%), and adolescents
(63%).

4. Cardiology-specific questions
4.1. Need for surgery or interventional catheterization

A need for surgery or interventional catheterization in NS patients
with cardiac disease was most commonly reported for PVS (‘frequently’
or ‘most’: 53%), which is significantly more than in obstructive HCM
(10%; p < 0.0001), MV-anomalies (6%; p < 0.0001), and ASD/VSD
(31%; p = 0.014). Obstructive HCM and MV-anomalies were also re-
ported to have a lesser need for intervention than ASD/VSD (p = 0.0038
and p = 0.0003, respectively) (Fig. 1).

With regards to the timing of cardiac surgery or interventional car-
diac catheterization, 39% of respondents report interventions
‘frequently or mostly’ below one year of age, with a non-significant
trend (P = 0.097) for higher proportions in Germany and Sweden than
in France and Spain. The ‘frequently or most’ category then fell with
increasing age: 26% of respondents in toddlerhood (1-3 years of age),
18% of respondents in childhood (4-12 years of age), and 8% of re-
spondents in adolescence (13-18 years of age) (Fig. 2).

4.2. Management of pulmonary valve abnormalities

The first-line treatment of a neonatal critical pulmonary stenosis
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Fig. 1. How frequently do your patients with both Noonan syndrome and a cardiac
diagnosis require any type of cardiac surgery or interventional cardiac catheteriza-
tion?

Of the 110 paediatric cardiologists included in this analysis, 69 (63%) answered
this question. Physicians could provide answers for one or more cardiac diag-
nosis. The number of respondents who answered for each is depicted below
the chart.

with a dysplastic valve chosen by 76% of respondents was attempt at
balloon dilatation, followed by surgical valvotomy (chosen by 17%),
and only 3% would use stenting of the right ventricular outflow-tract
(Fig. 3).

4.3. Management of HCM

4.3.1. Heart failure in infants and pharmacotherapy

There were geographic differences in the perceived frequency of
encountering infants with heart failure. For obstructive HCM, 30-33%
of respondents from Germany and Sweden reported that it occurs
‘frequently or mostly’ (i.e., >26% of cases), whereas only 6% and 7% of
respondents from Spain and France reported an occurrence of >26% of
cases, respectively (p = 0.032 v. Germany + Sweden, Fig. 4, panel A).
There was a similar pattern for non-obstructive HCM (Fig. 4, panel B).

Similar differences were noted when respondents were asked how
frequently their patients with NS require pharmacological therapy for
their cardiac diagnosis. Thirty-seven percent and 33% of respondents in
Germany and Sweden, respectively, reported the need for pharmaco-
logical therapy ‘frequently or mostly’ (i.e., >26% of cases), which was in
contrast to only 13% and 20% of respondents in Spain and France,
respectively (Germany + Sweden versus Spain + France: p = 0.014).

4.3.2. Pharmacotherapy

In all countries, beta-blockers were the most commonly used drugs
for HCM patients, followed by diuretics and calcium-channel blockers
(Fig. 5). Regarding beta-blocker use, Spain was an outlier with 26% of
Spanish respondents using it ‘frequently or mostly’ versus 55%-100% in
the other countries (p = 0.0026). A high proportion of respondents who
skipped this question also came from Spain (Fig. 5). There were national
differences also in the use of calcium-channel blockers with no re-
spondents using them at all in Sweden, and only 29% of respondents
using them in <5% of patients in Spain. In France, 17% of respondents
used them occasionally, and in Germany, 6% of respondents used them
frequently and 31% occasionally. When combining ‘occasionally,
frequently and most’ for this question, Germany uses calcium-channel
blockers significantly more frequently than the other three countries
pooled (p = 0.0063). Disopyramide was added to beta-blockers most
frequently in Sweden with 33% of respondents using it ‘frequently’, and
least commonly in France, where 17% of respondents added it ‘very
seldom’, i.e. in 1-5% of patients (Fig. 5). It was also possible for re-
spondents to list other medical therapies given to patients with NS and
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Fig. 2. At what age do your patients with both Noonan syndrome and a cardiac diagnosis require any type of cardiac surgery or interventional cardiac catheterization?
Of the 94 paediatric cardiologists from France, Germany, Spain, and Sweden included in this analysis, 56 (60%) answered this question. Physicians could provide

answers for one or more age groups.
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Fig. 3. What is your first-line treatment for neonatal critical valvar pulmonary
stenosis with a dysplastic valve in a patient with Noonan syndrome?

Of all 110 paediatric cardiologists included in this analysis, 71 (65%) answered
this question. The number of responses is shown below each first-
line treatment.

HCM in an open comment field. Other medications added individually
by one respondent each included Amiodarone for post-operative ar-
rhythmias, Sildenafil and Bosentan. With regard to new therapies, one
respondent added “Everolimus” and three respondents commented on
mitogen-activated protein kinase inhibitors MEKi (“Trametinib” and “2
patients on Trametinib therapy” and “in neonates/infants very surpris-
ing results with TKI (Mekinist)”. No further details were provided by the
respondents.

4.3.3. Surgery or intervention for HCM

Surgical myectomy is the most commonly used interventional ther-
apy for outflow obstruction in HCM in all surveyed countries, with short-
atrioventricular delay pacing a distant second, and percutaneous septal
alcohol ablation being very rarely undertaken (Fig. 6, panel A).

4.3.4. Primary prevention of sudden cardiac death

Respondents answered that most patients with NS and cardiomy-
opathy ‘never’ or ‘very seldom’ carried an implantable cardioverter
defibrillator (ICD) (Fig. 6, panel B). It appears that those patients with
NS who receive an ICD most commonly have it implanted for secondary
prevention after a malignant arrhythmia event, with 59% of respondents
never having encountered any patients with primary prevention ICDs,
and only 2% reporting it as ‘frequent’, the latter two respondents coming
from France. In general, ICD-implantation appears an infrequent
occurrence; even for secondary prevention ICDs, 77% of respondents
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Fig. 4. Have you seen severe heart failure in infants with Noonan syndrome?

Of the 94 paediatric cardiologists from France, Germany, Spain, and Sweden
included in this analysis, 57 (61%) answered the question. For this question,
physicians could answer within two categories: Heart failure with hypertrophic
cardiomyopathy and right and/or left ventricular outflow obstruction (panel
A); and Heart failure with hypertrophic cardiomyopathy and no obstruction
(panel B). The number of respondents answering for each category is depicted
under the country.

reported having encountered it either not at all, or ‘very seldom’ (Fig. 6,
panel B).

5. Disease course
5.1. Re-intervention later in life
A need for re-intervention was reported most frequently for PVS,

where the aggregate figures suggested 20% of respondents saw it
‘frequently’ and ‘mostly’. German and Swedish respondents reported
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Fig. 5. What type of medical therapies have you given to patients with Noonan syndrome and hypertrophic cardiomyopathy?
Of the 94 paediatric cardiologists from France, Germany, Spain, and Sweden included in this analysis, 57 (61%) answered this question. Physicians could provide

answers for one or more medical therapy. The number of respondents is depicted under each country.
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Fig. 6. For which of the following surgical or interventional treatments for hyper-
trophic cardiomyopathy would your patients with Noonan syndrome be referred?
(panel A) and How often do your patients with Noonan syndrome and cardiomy-
opathy carry an implantable cardioverter defibrillator (ICD) as for primary/sec-
ondary prevention of sudden cardiac death? (panel B).

Of the 110 paediatric cardiologists included in this analysis, 68 (62%) answered
for panel A, and 67 (61%) answered for panel B. Not all responders provided
answers for each option. The number of respondents answering is depicted
under each chart.

aggregates of those categories of 35% and 33%, respectively, but
Spanish and French respondents both reported 13%. Re-intervention
needs classed as ‘frequently’ or ‘most’ were reported less commonly
for HCM (3%; p = 0.0011), ASD (2%; p = 0.0011) and MV anomalies
(0%; p = 0.0001) (Fig. 7).
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Fig. 7. How often do your Noonan patients with the following heart conditions
require re-intervention (surgery or interventional catheterization) later in childhood?
Of the 110 paediatric cardiologists included in this analysis, 66 (60%) answered
this question. Physicians could provide answers for one or more condition. The
number of respondents answering is depicted below the chart.

5.2. Regression of heart disease

With regards to natural history, spontaneous regression of PVS or
right outflow-gradient had been seen ‘frequently’ (>26-50% of cases)
by 19% of respondents, and ‘occasionally’ (6-25% of cases) by 36% of
respondents. Regarding HCM, 39% of respondents had at least occa-
sionally encountered a spontaneous regression of severity, whereas
regression of severity associated with pharmacological therapy varied
roughly corresponding to how often pharmacotherapy had been used. In
fact, 100% of Swedish respondents reported at least occasionally, or
more frequently, having seen regression associated with pharmaco-
therapy, followed by 53% of German respondents, 36% of French re-
spondents and 25% of Spanish respondents.

6. Management of growth hormone (GH) treatment in NS
patients from a cardiology stand-point

When asked if the presence of HCM constituted a contraindication to
GH treatment (Fig. 8, Panel A), 39/110 (35%) of paediatric cardiologists
skipped the question, and of those who answered, 24% replied that they
could not answer the question. Thirteen percent of respondents (24%
from Spain) considered it not a contraindication at all. Fifteen percent of
respondents (33% in Sweden) considered it a clear contraindication,
20% that it sometimes could be a contraindication, and around one third
of respondents in Germany, Sweden, France and Spain considered it not
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Fig. 8. Do you consider hypertrophic cardiomyopathy a contraindication to the use
of growth hormone therapy? (panel A) and How many times have you encountered
an adverse cardiac response to growth hormone treatment? (panel B).

Of the 110 paediatric cardiologists included in this analysis, 71 (65%) answered
both questions. The number of respondents for each option is depicted below
both charts.

a contraindication if carried out with frequent ultra-sound monitoring.
The same proportion of respondents (35%) also skipped answering the
question whether they had encountered an adverse cardiac response to
GH treatment, with a notable 73% of those who actually answered
stating that they were unable to answer the question. Concerning
adverse reactions to GH therapy (Fig. 8, Panel B), there were only 19/71
respondents who felt they were in a position to reply. Of these 19 re-
spondents, 14 had not encountered any adverse reactions, and five re-
spondents (26% of those who could reply) had encountered 12 adverse
reactions (type was not asked for in questionnaire, but one respondent
volunteered “pulmonary hypertension™).

7. Discussion
7.1. Cardiological screening for patients with Noonan syndrome

In line with the fact that around 80% of children with NS or a related
syndrome have associated cardiac abnormalities (Calcagni et al., 2017),
95% of paediatric cardiology respondents consider that ECG and cardiac
ultrasound should be carried out at all ages of presentation of an indi-
vidual with NS. While patients with PVS readily announce the presence
of a cardiac anomaly with systolic murmurs, neither HCM, ASD nor MV
anomalies necessarily have clear pathological cardiac murmurs, and
those conditions might be missed unless a routine cardiac assessment is
carried out after the diagnosis of NS and associated syndromes. This is
particularly important for those patients who may be considered for
later GH therapy. Since 43% of patients presented with short stature, it is
a little surprising that only 8% of respondents ranked paediatric endo-
crinologists as the most common referring specialty. This may be related
to the fact that heart defects usually present earlier than short stature in
NS and that patients are already under cardiological care when they are
first seen by endocrinologists. Recent reviews unequivocally recom-
mend a full cardiac assessment with both ECG and cardiac ultrasound at
diagnosis, and depending on initial findings, even subsequent cardiac
surveillance (Carcavilla et al., 2020; Linglart and Gelb, 2020). Care
should be taken to evaluate for early cardiomyopathic changes such as
increased cardiac wall thickness z-scores, abnormal wall-to-cavity ratios
(Ostman-Smith and Devlin, 2001), hyperdynamic systolic function, or
evidence of early diastolic dysfunction as this has been described in
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patients with NS and related disorders (IMicMahon et al., 2004; Nagueh
et al., 2003). This survey did not contain a question about the perfor-
mance of cardiac surveillance later in life in asymptomatic NS patients.

7.2. Differences in organisation of care

As illustrated by the small annual caseloads, with the majority of
respondents reporting <10 cases/year, it is obvious that the cardiac
problems associated with NS are a small part of the workload of pae-
diatric cardiologists everywhere, but in particular for those working
outside university hospitals. What is noted is that countries where a
large proportion of patients are handled in university hospitals report
larger annual caseloads than countries such as Germany, where 25%
were followed in a general hospital and 25% in independent practices.
The latter pattern has the advantage that care is more accessible locally,
but close exchange with university hospitals will be required in a subset
of patients with complex cardiac problems.

7.3. Management of patients with Noonan syndrome and congenital heart
defects

There was consistency with respondents regarding the management
and outcome of infants within the NS spectrum presenting with PVS due
to dysplastic valves. The responses found in the survey mirror the re-
ports in the literature on a high need for repeat intervention or surgery
after initial balloon angioplasty for critical neonatal PVS and dysplastic
valves (Holzmann et al., 2018; McCrindle, 1994; Prendiville et al., 2014)
with usually good early and long-term results from surgery (Hemmati
et al., 2019). Presumably, the high need for intervention or surgery
contributed to the fact that many paediatric cardiologists responding
considered the presence of heart defects as the most important factor to
impact quality of life, particularly in the infant group.

A difference in the responses to questions regarding infant presen-
tation of HCM in patients with NS was noted between different coun-
tries. Respondents from Northern Europe (Sweden, Germany) reported a
significantly higher frequency of infants presenting with heart failure
compared with respondents from South-western Europe (France, Spain),
p = 0.032. Given a mortality as high as 71% in those infants, and even
100% in the absence of intense pharmacological treatment (Hickey
et al., 2011; Ostman-Smith et al., 2005; Wilkinson et al., 2012), these
infants might not reach paediatric cardiologists in those countries where
cardiologists report few infant presentations. Different rates of termi-
nation of pregnancy due to prenatal diagnosis of NS with cardiac
anomalies might potentially also play a role, as illustrated in the com-
panion article, which shows Spain to have a significantly higher termi-
nation rate for NS foetuses with co-existing congenital heart defects or
cardiomyopathy than the other countries studied (Garcia-Minatir et al.,
2021). Apart from a difference in the organisation of prenatal and
neonatal care, the observed difference in infant presentation might also
be secondary to the distinct genetic background of the populations. A
different spectrum of causative genes and/or their pathogenic variations
might influence severity of the disease course; however, no data are
available yet to support such a concept.

Some geographical differences were also noted concerning phar-
macotherapy of NS patients with HCM between countries. Probably
related to the higher proportion of infants presenting with heart failure,
paediatric cardiologists in Germany and Sweden reported using phar-
macotherapy in significantly higher proportions of patients compared
with Spain and France. The majority of patients with NS-related HCM
reported to receive pharmacotherapy were treated with beta-blocker
therapy, which is appropriate according to guidelines, and which, if
given in doses >4.5 mg/kg/day, is associated with a reduced cardiac
mortality in both NS-associated HCM and non-syndrome associated
HCM (Ostman-Smith et al., 1999, 2005, 2017; Skinner et al., 1997).
Calcium-blocker therapy in HCM was first introduced in Germany, and it
is noteworthy that it is used significantly more commonly in Germany
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than in the other countries. However, it should be used with caution as it
can aggravate heart failure in HCM. Unlike beta-blocker therapy,
calcium-blocker therapy is not associated with a reduction in cardiac
mortality in NS-associated HCM (Ostman-Smith et al., 2005), and in
adult obstructive HCM, calcium-blocker therapy has been shown to be
associated with increased cardiac mortality (Javidgonbadi et al., 2019).
Heart failure in infancy with HCM is often due to diastolic dysfunction
and is often associated with outflow-tract obstruction (Ostman-Smith
et al., 2005). To control this, beta-blockers may need to be titrated to
high doses in infants, and if not sufficient on their own, the addition of
disopyramide might help to both improve diastolic function and to
reduce outflow obstruction (Ostman-Smith, 2010; Sherrid et al., 2013).
For patients where causative mutations are known, there are newly
emerging treatment options such as MEK-inhibitors, which have shown
promise with some mutations (Andelfinger et al., 2019), (Hahn et al.,
2015). When respondents were asked if there were other medications
used for HCM in patients with NS apart from beta-blockers, dis-
opyramide, calcium-channel blockers, or diuretics, the MEK-inhibitor
trametinib was mentioned by three respondents, and the use of the
mTOR-inhibitor Everolimus was mentioned by one respondent. Surgical
myectomy is the first-line option when pharmacotherapy fails, but short
AV-delay pacing can also be useful (Elliott et al., 2014; Hickey et al.,
2011, 2012; Honda et al., 2005; Javidgonbadi et al., 2018; Rishi et al.,
1997).

7.4. Risk stratification for sudden cardiac death

One early study of cardiac involvement in NS reported absence of
sudden cardiac deaths (SCD) (Shaw et al., 2007), but subsequent studies
with larger groups of NS-associated HCM have reported significant
numbers of SCD, a few occurring during the first year of life, but the
majority after a late hazard period starting at 10 years of age (Calcagni
et al., 2017; Hickey et al., 2011; Ostman-Smith et al., 1999). The annual
hazard has been calculated to between 1.5% and 2.3% during the 8-18
year age-span in small-sized geographical cohorts (Ostman et al., 1999,
2021). Unfortunately, all existing guidelines for SCD risk-stratification
exclude syndromic HCM from their risk assessment algorithms (Miron
et al., 2020; Norrish et al., 2019; O’Mahony et al., 2014). This might
explain the observation of the current survey in which respondents
stated that few NS patients in general carry ICDs, and that those few
reported had received their ICDs as secondary prophylaxis following a
malignant arrhythmia event. Very few had referred patients for a pri-
mary prevention ICD. Very little has been published on specific risk
factors for NS, but severe hypertrophy (>190% of upper limit of normal
for age) and very large ECG voltages in the six limb leads (>10 mV)
seemed to increase risk significantly (Ostman et al., 2005, 2021).
Additionally, patients carrying PTNP11 mutation-associated NS with
multiple lentigines (formerly LEOPARD syndrome) also appear to be at
increased risk (Calcagni et al., 2017). Since HCM associated with NS
comprises about 22-27% of childhood HCM, it is desirable to initiate
international collaborations to obtain more information on risk factors
for sudden death.

7.5. GH therapy in HCM associated with Noonan syndrome and other
RASopathies

To the question whether HCM was a contraindication for the use of
GH therapy, 35% of the responding paediatric cardiologists did not
answer, and 24% stated that they did not know. The reason for the
uncertainty regarding this question might be the lack of controlled trials
of cardiac effects where GH therapy was initiated in the presence of co-
existing HCM, and theoretical concerns. The GH/IGF1-axis has impor-
tant effects on the heart. GH stimulates hypertrophy in myocytes in cell-
culture, and pathological hypersecretion of GH from pituitary tumours
causes HCM (Twickler et al., 2004). In biopsies from patients with HCM,
there is myocardial overexpression of IGF1 compared to myocardium
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hypertrophied due to other conditions (Li et al., 1997). Furthermore,
IGF1 receptor numbers in the HCM myocardium are increased (Li et al.,
1998; Toyozaki et al., 1993) and studies suggest a strong stimulating GH
effect on myocardial tissue (Decker et al., 2012). A large study showed
that GH therapy in short non-syndromic children with normal hearts
resulted in a rapid increase in left ventricular mass indexed to body
surface area (i.e., greater increase than body growth) already after three
months, with a slow sustained increase throughout two years of therapy,
whereas cardiac function remained normal (Nygren et al., 2012).
Because of the growth stimulating effect on myocardial tissue, an
HCM-diagnosis was a contraindication for inclusion in the early trials on
GH therapy in NS (Brown et al., 2002; Cotterill et al., 1996). Thus, most
clinical studies on GH treatment have not included NS patients with
pre-existing HCM in their analysis (Brown et al., 2002; Cotterill et al.,
1996; Jeong et al., 2016). The results of other studies, mostly reporting
small cohorts or poorly defining cardiac parameters, are conflicting
(Romano et al., 2009; Noordam et al., 2001; Horikawa et al., 2020;
Kobayashi et al., 2010). The largest report on GH therapy in NS is from
the KIGS-database and is not specific about exclusion criteria but among
429 NS-patients commenced on GH therapy seven adverse cardiac re-
actions were reported: cardiac arrhythmias, angina pectoris, new left
ventricular hypertrophy and one cardiac transplantation for cardiomy-
opathy after 10.7 years of GH therapy (Otten and Noordam, 2007). The
pre-existing cardiac situation before treatment in those patients with
adverse reactions was not specified in the KIGS study, thus it is unknown
if they consisted of de novo cardiac disease or aggravation of existing
disease.

When paediatric cardiologists in the present survey were asked
whether they had encountered an adverse cardiac response to GH
treatment the majority selected “cannot answer”. The fact that only 19
did express an opinion attests to the paucity of clinical experience with
GH therapy and co-existing HCM. A total of 12 adverse reactions were
reported by the 19 respondents who answered the question. It has to be
noted that emergence or progression of HCM in the age range when GH
treatment is usually given, may also occur in the natural course of NS
and that results of this survey do not allow further specification of un-
derlying cardiac pathology of the patients reported on. In HCM, the risk
for fatal complications is strongly linked to ECG- and ultrasound mea-
sures of cardiac hypertrophy also in HCM related to NS (Ostman et al.,
2005, 2021). This might explain why 63% of the cardiology respondents
considered HCM a definite or possible contra-indication to GH therapy,
or that therapy could only take place with close monitoring. Recent
reviews also stress the need for continued cardiac surveillance for
appearance of HCM, even when initial cardiac examination is normal
(Carcavilla et al., 2020; Linglart and Gelb, 2020).

Taken together, despite the concerns coming from experimental
data, an obvious knowledge gap has been identified with lack of
empirical evidence regarding the impact of GH therapy on the incidence
and progression of HCM in NS. Clearly, there is a need for further
research on this topic, and a post-marketing surveillance registry of NS
patients receiving GH therapy containing detailed cardiac information
would help answering certain questions.

7.6. Limitations of study

The survey was distributed by national professional societies, and by
the Association of European Paediatric and Congenital Cardiology, but
respondents selected themselves by showing an interest in the topic.
Thus the aim was a snapshot of the care given by practitioners regularly
caring for patients with Noonan syndrome in different countries. As the
results are not based on exact numbers of patients and procedures, but
rather approximate classifications and estimations, we have analyzed
data based on grouping of the results into defined categories (never -
seldom - frequent - most). Unfortunately, the United Kingdom and Italy
were under-represented among cardiology respondents, so could not be
included in national comparisons, although responses from those
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countries and other countries with few responders were included in all
merged data.

8. Conclusions

The care of patients with NS or other RASopathies and congenital
heart disease seems to be largely centred in specialty care university
hospitals. Most respondents report a high need for interventional and
pharmacological management of affected children, specifically during
the first year of life. There seem to be differences in subspecialty teams
taking care of critically sick infants presenting with heart failure be-
tween countries. More research is needed regarding the use of growth
hormone in patients with NS and co-existing congenital heart disease,
and unmet medical needs have been identified.

Acknowledgements

We would like to acknowledge the following societies for their
valuable assistance with distribution of the survey: British Society for
Genetic Medicine, British Society for Paediatric Endocrinology and
Diabetes, British Congenital Cardiac Association, French Paediatric
Endocrinology and Diabetology Society (SFEDP - Société Francaise
d’Endocrinologie et Diabétologie Pédiatrique), French Cardiology So-
ciety (Société Francaise de Cardiologie), French Society of Clinical Ge-
netics (FFGH - Société Francaise de Génétique), ERN ITHACA Network,
Belgian Paediatric Endocrinology Society, German Society for Human
Genetics (GfH), German Society for Paediatric Endocrinology (DGKED),
German Society of Paediatric Cardiology and Congenital Heart Disease
(DGPK), Austrian Society for Child and Adolescent Medicine (OGKY),
Working Group Paediatric Cardiology, Paediatric Endocrinology, and
Paediatric Human Genetics, Swiss Association of Paediatric Cardiolo-
gists, Swiss Paediatric Endocrinology Society, Spanish Association of
Human Genetics (AEGH - Asociacion Espanola de Genética Humana),
Spanish Paediatric Cardiology Society (SECPCC - Sociedad Espanola de
Cardiologia Pediatrica y Cardiopatias Congénitas), Spanish Paediatric
Endocrinology Society (SEEP - Sociedad Espanola de Endocrinologia
Pedidtrica), Swedish Society of Paediatric Cardiologists, Italian Society
Paediatric Genetic Diseases and Congenital Disabilities (SIMGePeD
Societa Italiana Malattie Genetiche Pediatriche e Disabilita Congenite),
Italian Society of Paediatric Endocrinology (SIEDP - Societa Italiana di
Endocrinologia e Diabetologia Pediatrica), Italian Society of Human
Genetics (SIGU - Societa Italiana di Genetica Umana), Italian Paediatric
Society (SIP - Societa Italiana di Pediatria), Czech Paediatric Society
(CPS), Section of Paediatric Endocrinology, Association for European
Paediatric and Congenital Cardiology. The authors are extremely
grateful to the physicians who completed the survey. Several authors are
member(s) of the European Reference Network on Rare Congenital
Malformations and Rare Intellectual Disability ERN-ITHACA (EU
Framework Partnership Agreement ID: 3HP-HP-FPA ERN-01-2016/
739516) and of the European Reference Network on rare endocrine
conditions (Endo-ERN). We would like to thank Novo Nordisk Europe A/
S for funding. We are also grateful to Nick Fulcher, Chrissie Kouremenou
and Monika Schrimpf, from Ashfield MedComms GmbH (Mannheim,
Germany) for their assistance with survey development and imple-
mentation, analysis of survey results, and manuscript development, and
in particular Nick Fulcher for preparation of the figures.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ejmg.2021.104372.

Funding

The initiative was supported by an unrestricted grant from Novo
Nordisk Europe A/S, with Steering Committee members receiving

European Journal of Medical Genetics xxx (xxxx) xxx

honoraria for survey development. Novo Nordisk has had no influence
on the scientific content or materials generated as part of this project.
MZ, MT and TE are recipients of EJP-RD funding (NSEuroNet) (grant
number for MZ: FKZ 01GM1921A). MZ also received funding from the
German Federal Ministry of Education and Research (BMBF) for the
project GeNeRARe (German Network for RASopathy Research; FKZ:
01GM1902A). JL is a recipient of AZV grant No. NV18-07-00283.

Declaration of interest

C.W: Research Grants: Deutsche Herzstiftung; Speakers Bureau/
Honoraria: Novo Nordisk; Consultant/Advisory Board: Novo Nordisk.

M.Z: Speakers Bureau/Honoraria: Novo Nordisk, AstraZeneca;
Consultant/Advisory Board: Novo Nordisk, FDNA.

E.B-W: Speakers bureau honoraria Novo Nordisk, Springer.

T.E: Research Support: Novo Nordisk, Pfizer, Sandoz (speakers
honoraria paid to INSERM unit for research use).

S.G-M: no interest to declare.

J.L: Speakers Bureau/Honoraria: Novo Nordisk, Pfizer, Merck,
Sandoz.

G.S: Research Grants: Soleno Therapeutics, Inc, OPKO Health;
Speakers Bureau/Honoraria: Novo Nordisk, Pfizer, Ferring.

M.T: Speakers Bureau/Honoraria: Novo Nordisk, Consultant/Advi-
sory Board: Novo Nordisk.

A.V: no interest to declare.

1.0-S: Research Grants: Swedish Heart-and Lung Foundation, and the
Swedish state under the agreement between the Swedish government
and the County councils, the ALF-agreement.

Author contributions

SGM, EBW, AV, GS, JL, I0S, CW, MT, MZ and TE contributed to
development of the survey questions, and analysis of the results. 10S
performed statistical analysis, and C.W, I0S and MZ drafted the manu-
script, with input from all other authors. All authors have read and
approved the final version of the manuscript for submission.

References

Andelfinger, G., Marquis, C., Raboisson, M.J., Theoret, Y., Waldmuller, S., Wiegand, G.,
Gelb, B.D., Zenker, M., Delrue, M.A., Hofbeck, M., 2019. Hypertrophic
cardiomyopathy in noonan syndrome treated by MEK-inhibition. J. Am. Coll.
Cardiol. 73 (17), 2237-2239.

Brown, D.C., Macfarlane, C.E., McKenna, W.J., Patton, M.A., Dunger, D.B., Savage, M.O.,
Kelnar, C.J., 2002. Growth hormone therapy in Noonan’s syndrome: non-
cardiomyopathic congenital heart disease does not adversely affect growth
improvement. J. Pediatr. Endocrinol. Metab. : JPEM (J. Pediatr. Endocrinol. Metab.)
15 (6), 851-852.

Burch, M., Sharland, M., Shinebourne, E., Smith, G., Patton, M., McKenna, W., 1993.
Cardiologic abnormalities in Noonan syndrome - phenotypic diagnosis and
echocardiographic assessment of 118 patients. J. Am. Coll. Cardiol. 22, 1189-1192.

Calcagni, G., Limongelli, G., D’Ambrosio, A., Gesualdo, F., Digilio, M.C., Baban, et al.,
2017. Cardiac defects, morbidity and mortality in patients affected by RASopathies.
CARNET study results. Int. J. Cardiol. 245, 92-98.

Carcavilla, A., Suarez-Ortega, L., Rodriguez Sanchez, A., Gonzalez-Casado, 1., Ramon-
Krauel, M., Labarta, J.I., et al., 2020. [Noonan syndrome: genetic and clinical update
and treatment options]. Anales de pediatria (Barcelona, Spain : 2003) 93 (1), 61.e61.

Cotterill, A.M., McKenna, W.J., Brady, A.F., Sharland, M., Elsawi, M., Yamada, M., et al.,
1996. The short-term effects of growth hormone therapy on height velocity and
cardiac ventricular wall thickness in children with Noonan’s syndrome. J. Clin.
Endocrinol. Metab. 81 (6), 2291-2297.

Decker, R., Nygren, A., Kristrom, B., Nierop, A.F., Gustafsson, J., Albertsson-Wikland, K.,
Dahlgren, J., 2012. Different thresholds of tissue-specific dose-responses to growth
hormone in short prepubertal children. BMC Endocr. Disord. 12, 26.

Edouard, T.Z.M., Ostman-Smith, 1., Ortega Castello, E., Wolf, C.M., Burkitt-Wright, E.,
Verloes, A., et al., 2021. Management of endocrine aspects of Noonan syndrome
across Europe: a sub-analysis of a European clinical practice survey. Eur. J. Med.
Genet. (Submitted).

Elliott, P.M., Anastasakis, A., Borger, M.A., Borggrefe, M., Cecchi, F., Charron, P., , et al.
Hagege, A.A., Lafont, A., Limongelli, G., Mahrholdt, H., McKenna, W., 2014. 2014
ESC guidelines on diagnosis and management of hypertrophic cardiomyopathy: the
task force for the diagnosis and management of hypertrophic cardiomyopathy of the
European society of cardiology (ESC). Eur. Heart J. 35 (39), 2733-2779.



C.M. Wolf et al.

Garcia-Minadr, S., Burkitt-Wright, E., Verloes, A., Shaikh, G., Lebl, J., Ostman-Smith, 1.,
et al., 2021. European Medical Education Initiative on Noonan Syndrome: a clinical
practice survey assessing the diagnosis and clinical management of individuals with
Noonan Syndrome across Europe. Eur. J. Med. Genet. https://doi.org/10.1016/].
ejmg.2021.104371. On line ahead of print October 28, 2021.

Hahn, A., Lauriol, J., Thul, J., Behnke-Hall, K., Logeswaran, T., Schanzer, A.,

Bogurcu, N., Garvalov, B.K., Zenker, M., Gelb, B.D., von Gerlach, S., Kandolf, R.,
Kontaridis, M.I., Schranz, D., 2015. Rapidly progressive hypertrophic
cardiomyopathy in an infant with Noonan syndrome with multiple lentigines:
palliative treatment with a rapamycin analog. Am. J. Med. Genet. 167A (4),
744-751.

Hemmati, P., Dearani, J.A., Daly, R.C., King, K.S., Ammash, N.M., Cetta, F., Schaff, H.V.,
2019. Early outcomes of cardiac surgery in patients with noonan syndrome. Semin.
Thorac. Cardiovasc. Surg. 31 (3), 507-513.

Hickey, E.J., McCrindle, B.W., Larsen, S.H., Benson, L., Manlhiot, C., Caldarone, C.A.,
et al., 2012. Hypertrophic cardiomyopathy in childhood: disease natural history,
impact of obstruction, and its influence on survival. Ann. Thorac. Surg. 93 (3),
840-848.

Hickey, E.J., Mehta, R., Elmi, M., Asoh, K., McCrindle, B.W., Williams, , et al. W, G., 2011.
Survival implications: hypertrophic cardiomyopathy in Noonan syndrome. Congenit.
Heart Dis. 6 (1), 41-47.

Holzmann, J., Tibby, S.M., Rosenthal, E., Qureshi, S., Morgan, G., Krasemann, T., 2018.
Results of balloon pulmonary valvoplasty in children with Noonan’s syndrome.
Cardiol. Young 28 (5), 647-652.

Honda, T., Shono, H., Koyama, J., Tsuchiya, T., Hayashi, M., Hirayama, T., et al., 2005.
Impact of right atrial-left ventricular dual-chamber permanent pacing in patients
with severely symptomatic hypertrophic obstructive cardiomyopathy. Circ. J. 69 (5),
536-542.

Horikawa, R., Ogata, T., Matsubara, Y., Yokoya, S., Ogawa, Y., Nishijima, et al., 2020.
Long-term efficacy and safety of two doses of Norditropin(®) (somatropin) in
Noonan syndrome: a 4-year randomized, double-blind, multicenter trial in Japanese
patients. Endocr. J. 67 (8), 803-818.

Javidgonbadi, D., Abdon, N.J., Andersson, B., Schaufelberger, M., Ostman-Smith, 1.,
2018. Short atrioventricular delay pacing therapy in young and old patients with
hypertrophic obstructive cardiomyopathy: good long-term results and a low need for
reinterventions. Europace 20 (10), 1683-1691.

Javidgonbadi, D., Andersson, B., Abdon, N.J., Schaufelberger, M., Ostman-Smith, I.,
2019. Factors influencing long-term heart failure mortality in patients with
obstructive hypertrophic cardiomyopathy in Western Sweden: probable dose-related
protection from beta-blocker therapy. Open heart 6 (1), e000963.

Jeong, 1., Kang, E., Cho, J.H., Kim, G.H., Lee, B.H., Choi, J.H., Yoo, H.W., 2016. Long-
term efficacy of recombinant human growth hormone therapy in short-statured
patients with Noonan syndrome. Annals of pediatric endocrinology & metabolism 21
(1), 26-30.

Kobayashi, D., Cook, A.L., Williams, D.A., 2010. Progressively worsening hypertrophic
cardiomyopathy in a child with newly diagnosed Costello syndrome while receiving
growth hormone therapy. Cardiol. Young 20 (4), 459-461.

Li, G., Li, R.K., Mickle, D.A., Weisel, R.D., Merante, F., Ball, W.T., et al., 1998. Elevated
insulin-like growth factor-I and transforming growth factor-beta 1 and their
receptors in patients with idiopathic hypertrophic obstructive cardiomyopathy. A
possible mechanism. Circulation 98 (19 Suppl. 1), 11144-149 discussion 11149-150.

Li, R.K., Li, G., Mickle, D.A., Weisel, R.D., Merante, F., Luss, H., et al., 1997.
Overexpression of transforming growth factor-beta 1 and insulin-like growth factor-I
in patients with idiopathic hypertrophic cardiomyopathy. Circulation 96 (3),
874-881.

Linglart, L., Gelb, B.D., 2020. Congenital heart defects in Noonan syndrome: diagnosis,
management, and treatment. Am J Med Genet C Semin Med Genet 184 (1), 73-80.

Marino, B., Digilio, M.C., Toscano, A., Giannotti, A., Dallapiccola, B., 1999. Congenital
heart diseases in children with Noonan syndrome: an expanded cardiac spectrum
with high prevalence of atrioventricular canal. J. Pediatr. 135 (6), 703-706.

McCrindle, B.W., 1994. Independent predictors of long-term results after balloon
pulmonary valvuloplasty. Valvuloplasty and Angioplasty of Congenital Anomalies
(VACA) Registry Investigators. Circulation 89 (4), 1751-1759.

McMahon, C.J., Nagueh, S.F., Pignatelli, R.H., Denfield, S.W., Dreyer, W.J., Price, J.F,,
et al., 2004. Characterization of left ventricular diastolic function by tissue Doppler
imaging and clinical status in children with hypertrophic cardiomyopathy.
Circulation 109 (14), 1756-1762.

Miron, A., Lafreniere-Roula, M., Steve Fan, C.P., Armstrong, K.R., Dragulescu, A.,
Papaz, T., et al., 2020. A validated model for sudden cardiac death risk prediction in
pediatric hypertrophic cardiomyopathy. Circulation 142 (3), 217-229.

European Journal of Medical Genetics xxx (Xxxx) Xxx

Nagueh, S.F., McFalls, J., Meyer, D., Hill, R., Zoghbi, W.A., Tam, J.W., et al., 2003. Tissue
Doppler imaging predicts the development of hypertrophic cardiomyopathy in
subjects with subclinical disease. Circulation 108 (4), 395-398.

Noonan, J.A., 1968. Hypertelorism with Turner phenotype. A new syndrome with
associated congenital heart disease. Am. J. Dis. Child. 116 (4), 373-380.

Noordam, C., Draaisma, J.M., van den Nieuwenhof, J., van der Burgt, I., Otten, B.J.,
Daniels, O., 2001. Effects of growth hormone treatment on left ventricular
dimensions in children with Noonan’s syndrome. Horm. Res. 56 (3-4), 110-113.

Norrish, G., Ding, T., Field, E., Ziolkowska, L., Olivotto, I., Limongelli, G., et al., 2019.
Development of a novel risk prediction model for sudden cardiac death in childhood
hypertrophic cardiomyopathy (HCM risk-kids). JAMA cardiology.

Nygren, A., Sunnegérdh, J., Teien, D., Jonzon, A., Bjorkhem, G., Lindell, S., et al., 2012.
Rapid cardiovascular effects of growth hormone treatment in short prepubertal
children: impact of treatment duration. Clin. Endocrinol. 77 (6), 877-884.

O’Mahony, C., Jichi, F., Pavlou, M., Monserrat, L., Anastasakis, A., Rapezzi, C., et al.,
2014. Hypertrophic Cardiomyopathy Outcomes. A novel clinical risk prediction
model for sudden cardiac death in hypertrophic cardiomyopathy (HCM risk-SCD).
Eur. Heart J. 35 (30), 2010-2020.

Ostman-Smith, 1., 2010. Hypertrophic cardiomyopathy in childhood and adolescence -
strategies to prevent sudden death. Fund. Clin. Pharmacol. 24 (5), 637-652.

Ostman-Smith, I., Devlin, A.M., 2001. A simple method for assessing the regression or
progression of ventricular hypertrophy in the growing child and adult: the value of
left ventricular wall-to-cavity ratios. Eur. J. Echocardiogr. 2, 22-30.

Ostman-Smith, I., Sjoberg, G., Alenius Dahlgvist, J., Larsson, P., Fernlund, E., 2021.
Sudden death in childhood hypertrophic cardiomyopathy is best predicted by a
combination of electrocardiogram risk-score and HCMRisk-Kids score. Acta Paediatr.
110, 3105-3115. https://doi.org/10.1111/apa.16045 online ahead of print July 27.

Ostman-Smith, 1., Sjoberg, G., Rydberg, A., Larsson, P., Fernlund, E., 2017. Predictors of
risk for sudden death in childhood hypertrophic cardiomyopathy: the importance of
the ECG risk score. Open Heart 4 (2), e000658.

Ostman-Smith, 1., Wettrell, G., Keeton, B., Riesenfeld, T., Holmgren, D., Ergander, U.,
2005. Echocardiographic and electrocardiographic identification of those children
with hypertrophic cardiomyopathy who should be considered at high-risk of dying
suddenly. Cardiol. Young 15 (6), 632-642.

Ostman-Smith, I., Wettrell, G., Riesenfeld, T., 1999. A cohort study of childhood
hypertrophic cardiomyopathy: improved survival following high-dose beta-
adrenoceptor antagonist treatment. J. Am. Coll. Cardiol. 34 (6), 1813-1822.

Otten, B.J., Noordam, K., 2007. Short stature in noonan syndrome: results of growth
hormone treatment in KIGS. In: Ranke, M.B.P., D, A., Reiter, E.O. (Eds.), Growth
Hormone Therapy in Pediatrics - 20 Years of KIGS. Karger, Basel, pp. 347-355.

Prendiville, T.W., Gauvreau, K., Tworog-Dube, E., Patkin, L., Kucherlapati, R.S.,
Roberts, A.E., Lacro, R.V., 2014. Cardiovascular disease in Noonan syndrome. Arch.
Dis. Child. 99 (7), 629-634.

Rishi, F., Hulse, J.E., Auld, D.O., McRae, G., Kaltman, J., Kanter, K., et al., 1997. Effects
of dual-chamber pacing for pediatric patients with hypertrophic obstructive
cardiomyopathy. J. Am. Coll. Cardiol. 29 (4), 734-740.

Romano, A.A., Dana, K., Bakker, B., Davis, D.A., Hunold, J.J., Jacobs, J., Lippe, B., 2009.
Growth response, near-adult height, and patterns of growth and puberty in patients
with noonan syndrome treated with growth hormone. J. Clin. Endocrinol. Metab. 94
(7), 2338-2344.

Shaw, A.C., Kalidas, K., Crosby, A.H., Jeffery, S., Patton, M.A., 2007. The natural history
of Noonan syndrome: a long-term follow-up study. Arch. Dis. Child. 92 (2), 128-132.

Sherrid, M.V., Shetty, A., Winson, G., Kim, B., Musat, D., Alviar, C.L., et al., 2013.
Treatment of obstructive hypertrophic cardiomyopathy symptoms and gradient
resistant to first-line therapy with beta-blockade or verapamil. Circulation. Heart
failure 6 (4), 694-702.

Skinner, J.R., Manzoor, A., Hayes, A.M., Joffe, H.S., Martin, R.P., 1997. A regional study
of presentation and outcome of hypertrophic cardiomyopathy in infants. Heart 77
(3), 229-233.

Toyozaki, T., Hiroe, M., Hasumi, M., Horie, T., Hosoda, S., Tsushima, T., Sekiguchi, M.,
1993. Insulin-like growth factor I receptors in human cardiac myocytes and their
relation to myocardial hypertrophy. Jpn. Circ. J. 57 (12), 1120-1127.

Twickler, T.B., Cramer, M.J., Senden, S.P., Doevendans, P.A., de Vries, W.R., Erkelens, D.
W., Koppeschaar, H.P., 2004. Acromegaly and heart failure: revisions of the growth
hormone/insulin-like growth factor axis and its relation to the cardiovascular
system. Semin. Vasc. Med. 4 (2), 115-120.

Wilkinson, J.D., Lowe, A.M., Salbert, B.A., Sleeper, L.A., Colan, S.D., Cox, G.F., et al.,
2012. Outcomes in children with Noonan syndrome and hypertrophic
cardiomyopathy: a study from the Pediatric Cardiomyopathy Registry. Am. Heart J.
164 (3), 442-448.



